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FOREWORD
 

This report contains the results of the Verification Experiment Design 
Study awarded Raytheon Company under Contract No. NASW- 1920 by the 
Geodetic Satellite Program Office, Office of Space Science and Applications, 
National Aeronautics and Space Administration. 

The study was conducted by the Equipment Division of Raytheon Company, 
under the direction of Mr. Myer Kolker as Program Manager with Mr. Ephraim 
Weiss as Technical Director and Dr. Charles J. Mundo, Jr. as Program 
Scientist. 

Successful implementation of this effort was due largely to Mr. Jerome 
D. Rosenberg, Manager, Geodetic Satellite Programs, NASA OSSA, who 
initiated the effort, and provided the necessary initial direction and guidance, 
and to Mr. H. R. Stanley,' Technical Monitor, NASA Wallops Station, who 

continued the direction and guidance through the conclusion of the study. 

The primary objective of this study was to design an experiment:to verify 

the performance of a 5-meter satellite altimeter operating over the sea surface 
in 1972, and to derive data to aid in the design of higher performance altimeters. 
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ABSTRACT 

A study was conducted by Raytheon Company, Equipment Division, for 
NASA OSSA & NASA Wallops Station to design an experiment to verify the 
performance of a 5-meter spaceborne altimeter operating over the sea surface 
in 1972 and to derive data to aid in the design of higher performance altimeters. 

Four methods of verification are presented and analyzed, indicating that 
precision can currently be verified to within 3 meters, and with appropriate 
modifications, accuracy can be verified to 5 meters. Error studies identify 
current limitations on verification. Design data requirements and altimeter imp­
lications are identified for echo waveform, backscatter coefficient, and correla­
tion time. Recommendations are proposed to ensure success of the Verification 
Experiment. 
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SPACE GEODESY ALTIMETRY VERIFICATION 
EXPERIMENT DESIGN STUDY (VEDS) 

EXECUTIVE SUMMARY 

Study Objective 

The objective of this study is to design an experiment which will: 

a. 	 Verify the ability of a satellite-borne altimeter to provide useful 

geodetic data and determine how well it can perform this function. 

b. 	 Derive empirical data to aid in the design of higher performance 

altimeters for use in the mid-70's. 

These experiment objectives apply to the first satellite altimeter flight, 

anticipated to be GEOS-C in 1972,. 'SEA SAT - A is assumed to be the second 

Empirical data from the GEOS-C altimeter will be used to aid in the. design of 

the SEA SAT - A altimeter for higher performance. For purpose of this 

study, the GEOS-C altimeter is assumed to measure altitude with an accuracy 

of :L5 meters and a precision of ±5 meters. 

The experiment objectives are listed above in order of decreasing 

priority. The first experimental objective (to 'verify") is interpreted to mean 

that this study determines methods of verifying the altimeter accuracy and 

precision to :L5 meters, errors in the methods, and the geographic regions 

in which they can be conducted. The second experimental objective (to "derive 

empirical data") is interpreted to mean that this study determines what 

capability is needed on the GEOS-C altimeter for obtaining design data, and the 

implications of including such capability upon the altimeter model system 

parameters and related telemetry requirements.. The major effort in this study 

concentrated on the first objective: to "verify". 

A third priority experiment objective for GEOS-C, not considered in 

this study, is to: 

c. 	 Obtain geodetic and other scientific data consistent with the satellite 

configuration and mission constraints without compromising the 

above objectives. 
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Conclusions 

This 	study indicates the following:. 

(1) 	 Within the scope of this study, a verification experiment has been 

outlined, including methods and procedures necessary to verify 

the performance of an altimeter to an accuracy of 5 meters, and 

to a precision of better than 2 meters. 

(2) 	 There currently exists tracking capability which can be used to 

measure altitude to better than 5 meters for limited regions and 

ocean surface conditions; this represents only part of the require­

ments for verification. Based on current capabilities, accuracy can 

be verified to 15 to 25 meters, precision to 3 meters. 

(3) 	 With relatively minor modifications in procedure and techniques, 

and updating hardware to conform to that of the more accurate 

tracking stations, accuracy could be verified to 5 meters, precision 

to 1 to 2 meters. 

(4) 	 With the best use of currently available technology, verification 

could be performed to an accuracy of 1 to 2 meters, precision 

to better than 1 meter. 

(5) 	 Verification of accuracy to better than one meter is beyond the 

scope of this study; the major limitations on further error reduction 

are tracking errors and geoid location errors. 

(6) 	 The principal sources of error in verification are identified as 

follows: 

a. 	 Tracking accuracy. 

b. 	 Tracking station location. 

c. 	 Time synchronization between tracking stations. 

d. 	 Geoid location relative to the Ellipsoid. 

e. 	 Location of IMSL (Instantaneous Mean Sea Level) relative 

to the Geoid or to the Ellipsoid. 
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'(7) 	 The primary geographic area for performing the Verification 

Experiment is the Caribbean Sea; secondary is the Hawaiian region. 

'(8) 	 Four categories of verification should be incorporated in the 

Verification Experiment, with cross-checking by using more than 

'one where feasible. 

1'(9) 	 The ocean surface wave spectrum cannot be fully described with 

currently available and operational instrumentation. A spectral 

description of the ocean surface is necessary for verification. 

(l'0) 	 If the altimeter is designed to collect design data, then the 

assumed power limitation of 25 watts will be exceeded both in the 

altimeter and in the design data modes of operation. STADAN 

telemetry capability is adequate. 

,(RlU 	 The coordination and processing of data to perform verification 

requires the development of new data processing software. 

'.Recommendations 

(l) 	 An Implementation Plan should be initiated immediately to develop 

the specifics of the Verification Experiment. 

(2) 	 Some modifications should be made to ,existing operational 

facilities to upgrade performance to a level acceptable for 

verification. 

:(3) 	 An early determination should be made as to extent of Design Data 

capability to be included and whether it can be accommodated on 

board GEOS-C. This will have a direct impact on the GEOS-C radar 

altimeter design. 

(4) Planning should include use of the best available instrumentation 

for ocean surface wave spectrum. This includes evaluation of the 

combination of laser profilometer, Stilwell photography, and 

techniques for measurement of capillary ocean waves. 
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(5) 	 An aircraft should be flown over the satellite ground track to 

obtain Design Data and Ocean Truth simultaneously with Design 

Data from the GEOS-C satellite. 

(6) 	 A software and data processing study should be implemented 

immediately to provide the necessary support to the Verification 

Experiment. 

(7) 	 An early study should investigate the design and use in conjunction 

with the altimeter of surface-based transponders to perform self­

verification. 

(8) 	 An early study should investigate the use of receiver /clocks for 

supporting verification. 

(9) 	 An Aircraft Experiment Program and the GEOS-B program should 

include a phase to test simulation of the verification categories. 
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SECTION 1. INTRODUCTION AND SUMMARY
 



SECTION'l. INTRODUCTION AND SUMMARY 

1. 1 Study Objective
 

The objective of this study is to design an experiment which will:
 

a. Verify the ability of a satellite-borne altimeter to provide useful 

geodetic data and determine how well it can perform this function. 

b. Derive empirical data to aid in the design of higher performance 

altimeters for use in the mid-70's. 

These experiment objectives apply to the first satellite altimeter flight, 

anticipated to be GEOS-C in 1972. SEA SAT - A is assumed to be the second. 

Empirical data from the GEOS-C altimeter will be used to aid in the design 

of the SEA SAT - A altimeter for higher performance. For purpose of this 

study, the GEOS-C altimeter is assumed to measure altitude with an accuracy 

of :h5 meters and a precision of ±h5 meters. 

The experiment objectives are listed above in order of decreasing 

priority. The first experimental objective (to "verify") is interpreted to mean 

that this study determines methods of verifying the altimeter accuracy and 

precision to :L5 meters, errors in the methods, and the geographic regions in 

which they can be conducted. The second experimental objective (to "derive 

empirical data") is interpreted to mean that this study determines what 

capability is'needed on the GEOS-C altimeter for obtaining design data, and the 

implications .of including such capability upon the altimeter model system 

parameters and related telemetry requirements. The major effort in this study 

concentrated on the first objective: to "verify". 

A third priority experiment objective for GEOS-C, not considered in 

this study, is to: 

c. Obtain geodetic and other scientific data consistent with the satellite 

configuration and mission constraints without compromising the 

above objectives. 
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1. 2 Assumptions 

The Verification Experiment Design Study was initiated in support of 

GEOS-C," and initial assumptions were based on existing concepts of this 

satellite. 

The GEOS-C flight is anticipated in approximately 1972. The fundamental 

mission of satellite altimetry for geodesy is to measure mean sea level - not 

to measure ocean state conditions. The GEOS-C satellite is assumed to be 

limited in coverage by a 200 inclindation. Apogee at 850 nautical miles (1575 km) 

establishes maximum power requirements; together with perigee at 600 nautical 

miles (1100 km), this specifies the range of altitudes. The satellite is expected 

to have a useful life of two years. 

The radar altimeter uses 25 watts average power and transmits 5 kilo­

watts peak power. The altimeter is expected to measure altitude with an 

accuracy of 5 meters, precision of 5 meters and a resolution of 1 meter. The 

radar will operate at X-band (8 to 10 GHz), and will have a useful life of 200 to 

500 hours. 

The available tracking and communications networks are assumed to be 

similar to those used for GEOS-B. In addition, at least one Apollo Tracking 

Ship is assumed to be available for a limited time. 

It is assumed that aboard the satellite there is access to a clock stable 

to one part in 1011. It is assumed that there will be no interference between 

the radar altimeter and other experiments and instrumentation, including 

house-keeping functions. Short-term data storage is assumed available, and 

Long-term storage not available. 

In addition to the explicit assumptions, there are numerous implicit 

onstraints involving time, equipment, money, geography, additional equipment 

and the orbit. Assumptions and constraints are further enumerated in 

kppendix vi. 
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1. 	3 Study Rationale and Approach 

The approach to verification is that the instrument measurement should 

agree with an independentstandard measurement of the same quantity in a 

consistent manner, under a variety of operating conditions. The variety of 

operating conditions must be sufficient to ensure operation within the specifi­

cations under the many conditions likely to be encountered, and not just under 

an ideal environment. This requires many geographical, meteorological and 

ocean surface (sea state) combinations, with sufficient redundancy to provide 

suitable statistical confidence in the results. 

Of the many ways of performing verification measurements, four categories 

evolved. While each individually can be considered a form of verification, all 

four are proposed to contribute to verifying the performance of the altimeter. 

The four categories are illustrated in Figure 1-1: 

a. Inthe ABSOLUTE category, accuracy is verified by measuring the 

location of the satellite with a tracking system, and determining 

the location of the instantaneous mean sea level (IMSL) at the sub­

satellite point by way of geoid-ellipsoid determinations along the 

reference ellipsoid. 

b. In the RELATIVE category, accuracy is verified by means of a 

direct measurement of the satellite height near the zenith, with a 

local determination of IMSL. These measurements are both relative 

to the ranging instrument. 

c. In the SELF-CONSISTENT category, precision is verified by 

comparing the difference in altimeter measurements on two 

successive passes at a crossing with the measured difference in 

orbit heights and in ocean surface heights. 

d. In the DIFFERENTIAL category, precision is verified by comparing 

the difference in altimeter measurements over short intervals of 

time with changes in satellite altitude 

topographical differences (in IMSL). 

determinbd by tracking and 
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Figure 1-1. Verification Categories 
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1.4 Verification 

The study results indicate that precision of the satellite altimeter can 

be verified to within 1 meter, and that accuracy can be verified to 5 meters. 

1.4. 1 Performance Levels of Verification 

Three 	levels of performance were analyzed: 

o 	 Operational 

o 	 Capable 

o 	 Feasible 

The Operational Level of performance is that expected with the use of 

C and S Band tracking equipment as it now performs in the field and the personnel 

and procedures that are used on Apollo tracking missions. 

The Capable level of performance is that expected of the system if all 

components are upgraded to the best level currently operational in only limited 

regions, and tested modifications were made to the network. The changes 

considered would include: 

o 	 Upgrading the performance level of all C-Band tracking radars to 

better than 5 meters tracking accuracy, in accordance with that of 

better systems currently in use. (Includes incorporating digital 

range tracking where not currently in use.) 

o 	 Upgrading timing synchronization for tracking stations to 100 

microseconds.
 

o 	 For the absolute category of verification, 

(a) 	 Assuming all tracking stations that have been operational are 

operational at the time -of verification. 

(b) 	 Basing computations on new spheroid fitted to the geoid 

at Grand Turk. 

o 	 Assuming that currently existing geodetic and oceanographic data 

have been collected and put in useable form. 

o 	 Assuming implementation of existing computer programs and 

equations, with minor modifications where necessary. 
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The Feasible level of performance is that expected of the system if the 

system were operating at the best level that could be obtained within the limits 

of technology and of available time and money. Modifications would require 

equipment and software redesign. This would include: 

o 	 Upgrading all tracking stations to the same or better level of 

operation as the best currently available. 

0 	 Adding tracking instruments where necessary to provide good 

geometry and improve coverage. 

o 	 Assuming use of computer programs and equations designed to make 

best use of data. 

0 	 For absolute and differential verification, obtaining and incorporating 

additional survey data in selected areas to upgrade geodetic 

information (e.g., off the coast of Yucatan). 

1. 4.2 Results of Error Analyses 

The results of the error analyses for each verification category at each 

level of performance are summarized in Table I-1. 

Tracking errors are the dominant source of error for all except the 

absolute category, for which station location and geoid-ellipsoid errors are at 

times the dominant error sources. This applies with minor exception to the 

three levels of performance. 

The results indicate that precision can be verified at the operational level 

of performance to 3 meters, at the capable level to 1-2 meters, and at 

the feasible level to better than 1 meter. 

The results also indicate that accuracy could be verified at the feasible 

level to 1-2 meters with the absolute method, to 2-3 meters with the relative 

method. Although some individual tracking measurements may currently be 

made to better than 5 meters, the analyses indicate that verification'of accuracy 

cannot be currently performed (at the operational level) to better than 15 meters. 

At the capable level, the absolute method can be used to verify accuracy to 

2-20 meters, the relative method to 5-7 meters. 
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'Table i-I. VEDS Error Summary 

Verification 
Catdgory: -Accuracy Precision 

Level 
of Absolute Relative Differential Self-Consistent 

Performance: 

Operational 15 - 55 m 15 - Z5 m 3 m 3 m 

Capable 2 - 20 m 5 - 7 m I - 2 m 1 - 2 m 

Feasible 1-m 2- 3 m <1 m < 1 m 

1.4.3 Geography
 

The geographic regions for performance of the verification experiment were 

investigated. The satellite orbit limits all altimeter and surface measurements 

to the 20' latitude belt about the equator. Additional constraints are imposed 

by tracking station location and the availablility of geodetic and environmental 

data. 

Table 1-2 is a qualitative summary of the suitability of different 

geographic regions for the performance of the verification experiment at each 

level of performance. The relative category of verification can be performed 

at all three levels of peiformance throughout the 20 * zone. The Caribbean 

and Hawaiian regions are the only ones where all four categories of verification 

can be.performed at three levels of performance. 

The differential and self consistent categories lend themselves to 

measuring precision in areas where less tracking support and less surface data 

are available. The self consistent method can also be implemented near 

Mozambique and in the Indian Ocean west of Australia. In addition, variants of 

this method may be pos sible at any longitude in the vicinity of 200 latitude. 
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Table 1-2. Geographic Regions for Verification 

Accuracy Precision 

Absolute Relative* Differential Self- Consistent 

Universally within 20 X 0G 0 0
 

Universally within 10 X OCF OG OG
 
of Z00
 

Regions of Large X OCF OCF OCF
 
Geoidal Slope
 

Caribbean OCF OCF OCF OCF
 

Hawaii OCF OCF OCF OCF
 

North and West of
 
Australia 0 OCF OC OC
 

Mozambique 0 OCF oC
 

* 2 data runs per day per ship
 
O Operational level of performance
 
C Capable level of performance
 
F Feasible level of performance
 
X Cannot be performed satisfactorily
 
- Not adequately investigated
 

The differential method is also applicable beyond the scope of extensive 

tracking support, particularly in regions of large topographical variations. 

Suitable regions are the Marianas Trench, the Java Trench, the Puerto Rico 

- Trench and the Venezuela Trench. 

The conclusion of the geographic investigation is that the primary region 

for verification should be the Caribbean. 
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1.4.4 Advantages and Disadvantages of Each Category 

Verification - Advantages: 

Related directly to phehomena"of geodetic and oceanographic 

importance. 

Provides more information per unit cost than other categories 

Often employable without extensive special instrumentation 

in subsatellite region (such as ship or local surface measurements). 

Absolute Verification - Disadvantages: 

Employs extensive computation, thereby increasing possibility
 

of undetected and/or cumulative errors.
 

Errors vary considerably with lbcale, restricting present
 

geographic areas and times for experiments.
 

Effort required to reduce errors increases as function of size more
 

rapidly than for other categories.
 

Relative Verification - Advantages:
 

Incorporates a direct measurement of satellite height above
 

instantaneous mean sea level.
 

Does not require as precise orbital estimation as the Absolute 

Category, with the associated errors and coordination requirements. 

Does not require height of geoid above spheroid, or of sea surface 

above geoid. 

Measurement,may be performed from a ship in any portion of a 

large geographical region. 

Relative Verification - Disadvantages: 

Small number of measurements due to limited opportunities. 

Dependence on limited measurements on a pass, without opportunity 

for statistical improvement by tracking over larger -portion of track. 

Imposes cost and schedule problems of deployment of an Apollo ship 

(except for measurements near shore based tracking stations). 
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Self- Consistent Verification - Advantages: 

Computationally simple. 

Requires minimal additional expenditure of effort; i.e., no additional 

hardware demand. 

Relatively insensitive to errors in tracking system,. such as equip­

ment biases, propagation errors and tracking station location errors. 

Requires no knowledge of the geoid. 

lRequires only changes in IMSL, principally tides. 

Can be used as check on continuity of operational performance of the 

altimeter during its lifetime. 

Variations of this method can be performed infareas having little or 

no direct tracking support. 

Self-Consistent Verification - Disadvantage: 

For large crossing angles, is sensitive to (geometric) propagation 

of errors. 

Differential Verification - Advantages: 

Can be performed almdst anywhere; in areas with no geoidal changes,
 

can monitor drift in altimeter system.
 

Errors in the tracking system such as equipment biases and
 

propagation errors, are practically cancelled out.
 

Relatively insensitive to tracking station location errors.
 

Requires only changesin IMSL, and therefore only changes in
 

oceanographic correction and geoid slope.
 

Relatively insensitive to absolute location error. 

Exercises a method for scientific application of the altimeter to 

measurement of the slope of the geoid. 

Differential Verification - Disadvantages: 

None apparent. 
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1.4.5 	 Integration of Experimental Methods 

The results of this study lead to the conclusion that the four verification 

methods considered complement each other, and all contribute to the verification 

program. In addition to the technical justification, economic justification of the 

use of all four verification methods is based on the consideration that the 

percentage increase in cost over that for a single verification category is 

relatively small. 

In order to implement a primary objective of the verification experiment ­

verification of altimeter accuracy - the Absolute or Relative method must be 

implemented, under a variety of conditions. The Relative method is limited as 

to the number of data sequences by virtue of the geometric configuration 

requirement for a ranging station almost directly under the satellite. * The 

Absolute method is limited geographically to those regions where adequate 

geodetic and environmental data are available. These limitations inhibit 

measurements under a variety of operational and"environmental conditions, 

which are essential to high confidence in the verification of the altimeter. 

Simultaneous implementation of Absolute and Relative verification not only 

serves to increase confidence in the reliability of the measurements by virtue 

of the use of independent methods for performing the same measurement, 

but also provides increased confidence in the geodetic and environmental data 

and data processing used in the Absolute verification. The improved geodetic 

and environmental data can be used to extend the region of applicability of the 

Absolute verification method, thereby increasing the confidence in the 

verification results. In this sense, the Relative method, which has a con­

ceptually more direct approach, may be thought of as a calibration of the 

Absolute method. 

See Figure 5-3. From this figure, it is apparent that the satellite must 
° pass within 2-1/2 of zenith of the tracking station when the tracking station 

position is known relative to the subsatellite point to an accuracy of 50 meters. 

1-11
 



In principle, either Self-consistent or Differential verification can be used 

to determine the precision of the altimeter. Precision verification can be 

determined to a smaller numerical valde than is achievable by verification of 

accuracy, and provides essential information on the performance of the 

altimeter while increasing confidence in the performance results. This can be 

implemented with the same equipment used for accuracy verification, and largely 

from the same body of data. In a manner similar to that described in the 

preceding paragraph, precision verification can be used to extend the geographical 

region of applicability of verification. 

1.5 Design Data Summary 

The following represent at a minimum the types of data that should be 

derived from the GEOS-C experiment: 

Echo Waveform 

Backscatter Coefficient 

Correlation Time 

These data shouldbe gathered as a function of various transmitter pulse 

lengths (20 to 200 nanoseconds) and various ocean (sea state) conditions. 

The estimated impact on the GEOS-C radar altimeter of adding capability 

of design data is shown in Table 123. NASA's STADAN facilities can provide 

the capacitt for the maximum telemetry rate of 10Z0 bits per second. 
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Table 1-3. Estimated Impact On GEOS-C Radar Altimeter of Design Data 

Altimeter To 
Collect Design

Data 
Altimeter Altimeter Design Data 

Basic Mode Mode 

Volume, (in 3 ) 	 620 1Z00 1200 

Electonics Weight, (lbs) 20 	 40 (l) 40(l) 

Antenna Weight,(lbs) 5 	 5 5 

Power, (watts) 	 25 42 57(1) 

Maximum Output Data(Z )  Z20 220 1020
 
Rate, (Bits/Sec)
 

(1) 	Recent efforts indicate that A to D converter state-of-the-art design can 
reduce Design Data requirements to about 36 lbs and 45 watts. 

(2) 	 At 10 altitude measurements per second. 

1.6 Conclusions 

This 	study indicates the following: 

(1) 	 Within the scope of this study, a verification 'experiment has been 

outlined, including methods and procedures necessary to verify 

the performance of an altimeter to an accuracy of 5 meters, and 

to a precision of better than 2 meters. 

(2) 	 There currently exists tracking capability which can be used to 

measure altitude to better than 5 meters for limited regions and 

ocean surface conditions; this represents only part of the require­

ments for verification. Based on current capabilities, accuracy can 

be verified to 15 to 25 meters, precision to 3 meters. 

(3) 	 With relatively minor modifications in procedure and techniques, 

and updating hardware to conform to that of the more accurate 

tracking stations, accuracy could be verified to 5 meters,- pre­

cision to 1 to 2 meters. 
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(4) 	 With the best dse of currently available technology, verification could 

be performed to an accuracy of 1 to 2 meters, precision to better 

than I meter. 

(5) 	 Verification of accuracy to better than one meter is beyond the 

scope of this study; the major limitations on further error reduction 

are tracking errors and geoid location errors. 

(6) 	 The principal sources of error in verification are identified as
 

follows:
 

a. 	 Tracking accuracy. 

b. 	 Tracking station location. 

c. 	 Time synchronization between tracking stations. 

d. 	 Geoid.location relative to the Ellipsoid. 

e. 	 Location of IMSL (Instantaneous Mean Sea Level) relative 

to the Geoid or to the Ellipsoid. 

(7) 	 The primary geographic area for performing the Verification 

Experiment is the Caribbean Sea; secondary is the Hawaiian region. 

(8) 	 Four categories of verification (absolute, relative, differential
 

and self-consistent) should be incorporated in the Verification
 

Experiment, with cross-checking by using more than one where
 

feasible. 

(9) 	 The ocean surface wave spectrum cannot be fully described with
 

currently available and operational instrumentation. A spectral
 

description of the ocean surface is necessary for verification.
 

(10) 	 If the altimeter is designed to collect design data, then the assumed 

power limitation of 25 watts will be exceeded both in the altimeter 

and in the design data modes of operation. STADAN telemetry 

capability is adequate. 

(11) 	 The coordination and processing of data to perform verification 

requires the development of new data processing software. 
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Re commendations 

(1) 	 An Implementation Plan should be initiated immediately.to develop 

the specifics of the Verification Experiment. 

(2) 	 Some modifications should be made to existing'operational facilities 

to upgrade performance to a level acceptable for verification 

(enumerated in Section 1.4. 1). 

(3) 	 An early determination should be made as to extent of Design Data 

capability to be included and whether it can be accommodated on 

board GEOS-C. This will have a direct impact on the GEOS-C rada 

altimeter design. 

(4) 	 Planning should include use of the best available instrumentation for 

ocean surface wave spectrum. This includes evaluation of the 

combination of laser profilometer, Stilwell photography, and 

techniques for measurement of capillary ocean waves. 

(5) 	 An aircraft should be flown over the satellite ground track to obtain 

Design Data and Ocean Truth simultaneously with Design Data from 

the GEOS-C satellite. 

(6) 	 A software and data processing study should be implemented 

immediately to provide the necessary support to the Verification 

Experiment. 

(7) 	 An early study should investigate the design and use in conjunction 

with the altimeter of surface-based transponders to perform self­

verification. 

(8) 	 An early study should investigate the use of receiver/clocks for 

supporting verification. 

(9) 	 An Aircraft Experiment Program and the GEOS-B program should 

include a phase to test simulation of the verification categories 

(e. g., Differential over the Puerto Rico trench). 
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SECTION 2. BACKGROUND 

When plans for a NASA GEOS-C Radar Altimeter Experiment were announce, 
1 

in 1969 , it was apparent that some way of verifying the performance of the 

altimeter on the satellite would be required. The altimeter would be providing 

measurements of the satellite's height above the ocean. But there should also 

be another measurement of the satellite's height made by an independent system 

so that the satellite altimeter's performance could be evaluated. This led to the 

study of a Verification Experiment. 

Z. I Ground Rules for the Verification Experiment Design Study 

The radar altimeter whose performance is to be verified will be flown 

aboard the GEOS-C satellite. For purposes of this study, some assumptions 

pertaining to both the satellite and the altimeter were expressed as constraints. 

They are reviewed in detail in Appendix M. Briefly, however, they are as 

follows. 

It is assumed that the satellite will be in a 600 mile by 850 nileorbit for two 

years, with the inclination of the orbit at 20. The satellite is assumed to have a 

to GEOS-B, and mud]communications and tracking network similar to that available 

It is assumEof the on-board instrumentation will be similar to that aboard GEOS-B. 

that a clock will be available, and that the satellite will be attitude-stabilized with 

respect to the vertical to within :120. 

For purposes of this study, the radar altimeter is assumed to measure with 

an accuracy of 5 meters, with a resolution of readout of 1 meter. It is expected 

to have a useful life of 200 to 500 hours. An average power of 25 watts is 

assumed to be available to the radar altimeter, and the peak radiated power is 

assumed to be 5 kilowatts. 
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These are some of the more explicit constraints. In addition, there are 

some implicit constraints, such as time, equipment, money, geographical 

regions, additional equipment, and details of the orbit. All have implications on 

the design and conduct of the verification experiment, and therefore require 

careful consideration. 

It is likely that some of the constraints will change between the time of 

this study and the launching of GEOS-C. If so, the implications of the change in 

constraints must be reviewed for the effect on verification. 

2. 2 VEDS Radar Altimeter Model 

The Satellite Radar Altimeter to be flown on GEOS-C has not been built, 

nor even designed. Yet the purpose of the study is to verify the performance 

of the GEOS-C Satellite Radar Altimeter. Accordingly, an.early portion of the 

study was devoted to formulating a model for the instrument to be used for 

purposes of this study. 

The VEDS Radar Altimeter Model was based on many earlier study efforts 

of a satellite altimeter, including efforts at NASA, C&S, Geonautics, Raytheon, 

G.E., APL, RTI, University of Kansas, NYU and others. The model was intended 

to be general enough to preclude orientation toward a specific altimeter design, 

yet specific enough to provide- a meaningful instrument concept for purposes of 

this study. 

The radar altimeter for GEOS-C will have two functions. First, it is to 

measure altitude. Second, it is to provide data to aid in the development of 

altimeters of higher accuracy. 

The initial characteristics of the VEDS radar altimeter model were as 

shown in Table Z-1. A simplified block diagram is shown in Figure Z-1. 
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Figure 2-1. Radar Altimeter Model Simplified Block Diagram 



Table 2-I. "V.EDS Radar Altimeter Characteristics 

Weight of Electronics Z0 lbs 

Size of Electronics 620 cubic inches 

Weight of Antenna 5 lbs-

Size of Antenna 2 feet in diarneter 

Transmitter Tube Life 200 - 500 hours 

Prime Power 25 watts 

Maximum Peak Power 5 kw 

Readout Resolution I meter 

Altitude Accuracy 5 meters 

Altitude Ambiguity 1000 meters 

However, as the study progressed, it became .apparent that the initial 

characteristics would have to change if the function of providing design data were 

to be included along with the altitude measuring function. The final radar altimeter 

model resulting from this study is described in detail in Section 7. 

Z. 3 Role of VEDS in the GEOS-C Program 

The present study is an element in the planning for the GEOS-C Program. 

Proper utilization of the satellite requires not only that the satellite, its sensors 

and the launch vehicle be on schedule, but also that all the support be on schedule. 

The support includes provisions for verification and for the collection of design 

data. 

Verification is needed to check the altitude measurement capability of the 

GEOS-C altimeter independently of the altimeter itself. -These independent 

determinations will provide the basis for evaluating the perfbrmance of the 

altimeter­
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The design data function of the GEOS-C altimeter will be to provide data 

to aid in the development of altimeters of higher accuracy, such as the altimeter 

for SEA SAT-A. 'In addition to answering some of the design questions directly, 

the design data from GEOS-C will be used to establish a correlation at satellite 

altitude with the data from the Aircraft Experiment Program (NASW-1932). 

The major contribution of this study to the GEOS-C Program is to define 

the verification problem and to delineate a number of ways in which the Verifica­

tion Experiment can be performed. This study does not make the choice of which 

specific methods should be implemented, nor does it provide a final detailed 

experimental plan; these are beyond the scope of the present study. 

It is clear from this study that a decision is needed on which methods 

should be planned in detail and implemented. It is necessary to make such a 

commitment well in advance of the GEOS-C launch date to allow sufficient lead 

time for the extensive planning required. Among the considerations imparting a 

sense of urgency are the need for considerable interagency cooperation, the 

requirement for the development and acquisition of hardware and software to 

satisfy requirements of the verification experiment, and the possible requirement 

of some auxiliary field measurements and deployment of field measurement 

instruments. 
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SECTION 3. APPROACHES TO VERIFICATION
 

3.1 Definition of the Problem of Verification 

When dealing with a simple problem of verification in which we have 

complete control of the experiment's variables, we can device a correspondingly 

simple, short, and straightforward experiment. This would be the case if 

we were, for example, engaged in verifying in a laboratory the length of a 

measuring tape, or the readings of a pyrometer, or the geometric fidelity of 

an optical image. Verification of the performance of a satellite altimeter is 

defined to mean confirmation of the ability to measure to within specified limits. 

This is not a simple problem; there is no readily accessible standard with 

which the altimeter' s height can be compared. Futhermore, the environment 

in which the measurements will be made is entirely uncontrollable, and the 

times and places at which measurements may be made are limited. 

What does the altimeter measure? The radar altimeter transmits pulses 

of electromagnetic radiation and receives the echoes from the ocean surface. 

It measures the time interval between the transmission and reception of the 

signal (pulse) and converts the time interval into a distance measurement. This 

is a measure of the altitude from the satellite to the ocean surface. But the 

relation between the measurement and the quantity being measured is not a 

priori clear. The radar manufacturer is assumed to claim that the altimeter 

measures the distance to some easily definable location on the ocean surface, 

identifiable to the radar and identifiable to the user of the radar altimeter. 

The surface assumed for this purpose is the instantaneous mean sea level 

(IMSL), defined in Appendix N, which is a momentary average height of the 

ocean over a specified area. (See Figure 3-1). 

The problem of verification is then to verify how well the radar altitude 

measurement, Hr,compares with Hi. 
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Figure 3-1. VEDS Geometry 
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3. Z Classification of Verification Methods 

The verification methods considered may be conveniently classified into 

two types (see Table 3- 1): (a) accuracy verification, which concerns the mea­

surement of the total distance between the satellite altimeter and the sub­

satellite ocean surface (Instantaneous Mean Sea Level); (b) precision verification, 

which concerns comparison between altimeter measurements over either the 

same or nearby locations. 

Considering the first (accuracy) type of verification (see Figure 3-Z) 

distinction is made between (a) absolute verification, in which both satellite 

altimeter position and subsatellite ocean surface are measured with respect 

to a pre-established spheroid, and (b) relative verification, in which a range 

measurement is made (independently of the altimetry) between the satellite 

altimeter and the subsatellite ocean surface. The relative measurements are 

made substantially directly, without reference to a spheroid. 

In precision verification, two categories are considered (Figure 3-2): 

(a) differential verification in which changes in known ocean surface topography 

may be correlated with changes in altimeter measurements; and (b) self­

consistent verification, in which substantially the same measurement is re­

peated over the same location at different times (in different orbits). 

3. 3 Calibration and Verification 

We consider two approaches to calibration and verification. First, 

we consider an approach in which calibration and verification are kept sep­

arate and distinct. The radar altimeter manufacturer makes a calibration 

prior to the delivery to the user. Instructions are included which instruct 

the user how to convert the raw data coming out of the instrument into cor­

rected measurements which the manufacturer claims will meet specifications, 
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Table 3-1. Verification Methods 

Type of Verification Category Measurement Comparison 

Absolute. Measure satellite position 
and Instantaneous Sea Level 
with respect to established 
cobirdinates 

Accuracy 

Relative Measure satellite position 
relative to Instantaneous 
Sea Level by independent 
means 

Differential Measure changes in satellite 
position and in Instantaneous 
Sea Level to determine change 
in altitude 

Precision 
Self- Consistent Repeat altimeter measurement 

at same location at different" 
times, knowing satellite position 
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Figure 3-2. Verification Categories 
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in tbis case, L 5 meters. In principle, the verifier is not concerned with how 

measurements are made but only with an independent check on the measure­

ments. In practice the verifier is also-intimately concerned with the opera­

tion of the instrument, the principal reason being that it indicates the set of 

experimental operating conditions under which it is necessary to perform the 

verification. 

In the case of the radar altimeter instrument under consideration, the 

manufacturer's calibration is most likely to be performed in flight. Calibra­

tion is not distinguishable from verification in methodology. However, use of 

the same measurements for both calibration and verification would lead to 

truisms and verify nothing. One must, therefore, assume that some time will 

be spent on calibration and other time on verification. It is perfectly reason-. 

able to inter-twine the two in time providing the same data are not used for 

both. 

An alternate approach to calibration and verification does not keep them 

as separated as that of the preceding paragraph, but considers the calibration 

and verification to be different mathematical aspects of the same -procedure. 

In particular, a precision verification is a measure of the narrowness of the 

distribution curve of the results; that is, of the spread or rms error in the 

results. On the other hand, some constant (or bias) terms are considered.part of 

the calibration and some part of the accuracy verification. In this approach, 

clear separation is not warranted between applicability of data for calibration 

or for verification. 

Whichever of these two concepts of calibration and verification are used, 

the result must be an honest evaluation of the performance of the instrument. 
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SECTION 4. ABSOLUTE VERIFICATION
 

4. 1 Summary and Conclusions 

Absolute verification derives an altitude for comparison with the altimeter­

measured altitude by computing independently of each other the altimeter 

location at the instant of measurement and the shape of the instantaneous mean 

sea surface at that instant. Both location and shape are determined in the 

same absolute system of reference, i.e., a system that is independent of the 

altimeter location and the shape of the sea surface. 

A careful evaluation of the characteristics of possible regions throughout 

the world where experiments in the absolute and other categories might be 

made, led to the selection of the Caribbean Sea and contiguous water areas 

as a choice for region where most work should be done and of a small portion 

of the Pacific Ocean just south of Hawaii (island) as a region where experiments 

should be made but on a smaller scale of effort. The process of selection of the 

sites involved making gross estimates of the errors that would result if the 

experiments were carried out there, but after selection more detailed error 

analyses were made. 

The sizes of the errors of the altitudes computed for comparison with 

measured altitudes lie in the range 1 meter to 55 meters. They depend on the 

locality of the experiment, the time of the experiment, the method of data 

reduction, and other factors. This wide range can be broken down into a set of 

narrower ranges by using the concept of "performance levels" as shown in 

Table 4-1. -The range of errors (r.m.s.) at the operational level is then from 

15 to 55 meters,. at the capable level from 2 to 20 meters and, at the feasible 

level, from 1 to 2 meters.* 

The error analysis in the following text was made before introduction of 
"performance levels" and some of the error size values given in this para­
graph and in Table 4-1 are not supported by the same careful analysis as are 
the others, but must be considered plausible estimates. 
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Table 4-1. Summary of R.M.S. Errors(a)
 

In-Verification Experiments (Absolute Category)
 

Performance 
Level (b) 

Gro
Tra

und 
cking 

R.M.S. 

Atmospheric 
Correction* 

ERROR (Meters) 
Station 
Instrument 
Location 
Horiz/Vert. 

Altitude 
Above 
Ellipsoid 

OPERATIONAL (c) 15 - 25 1 1-10/1-50 15-55 

CAPABLE (d) 1 - 5** 1 1-3 /1-3 2-6 

FEASIBLE (e) 0.5 - 2 0.5 1-2 /1-2 1-2 

* 	 See Appendix Q 

"* (Ref.): Anonymous: 	AFETR Plan for Use of Calibration Satellite for 
Calibration and Evaluation of Range Instrumentation. 
Pan American World Airways, Guided Missile Range 
Division, Patrick AFB, Fla., 15 Dec.. 1965. 

R.M.S. 	ERROR (Meters) 
Altitude 

Altitude Geoid IMSL Above 
Performance Above Above (Above IMS 
Level Ellipsoid Ellipsoid Geold) Surface 

OPERATIONAL 15 - 55 1 - 50 2 	 15 - 55 

CAPABLE 2 -6 1 - 20 1 	 2-Z20 

FEASIBLE 1 -2 1-2 	 0.5 1-2 

NOTES: 

(a) 	 See footnote, Section 4. 1. Use of the term "r. m. s. error" implies 
they are the result of a more detailed and reliable analysis than was 
actually provided for most of them, but it is hoped that the values 
given do not differ too much from those that a more detailed analysis 
would have provided. 

(b) 	 The difference between the definitions for the performance levels 
given below (c, d, e) and those used in Section 1 should not be sufficient 
to affect the numerical results. 
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(c) 	 The operational performance level is the quality (measured as 
r. m. s. error) of performance to be expected from a given system 
if it continues operating exactly in the manner in which it was 
believed to be operating in Aug. 1969 (This date is chosen because 
the r.m.s. errors given here and in other sections of the report are 
based on data gathered earlier than that date). This definition differs 
from that given in Section 1 previously, but the difference is, I hope, 
verbal; it should not make any difference to the numbers; it is given 
to allow a more definite scheme by which errors are assigned. 
The "system" referred to includes all the (world-wide) electronic 
and optical tracking systems operating up to and on the given date and 
tracking satellites of the GEOS-A and GEOS-B type. It includes all 
personnel and equipment involved in the tracking, communications, 
and data reduction, as well as the operations and programs actually 
being used for data reduction. It does not include the GEOS-C 
satellite and altimeter, of course, and a satellite of the GEOS-B 
type in the orbit specified for GEOS-C must be assumed. A 
number of other assumptions are implicit in the evaluation but 
are for brevity not stated. 

(d) 	 The "capable" performance level of a system is here defined to be 
that level at which one could reasonably expect the system to be 
operating on a date 1 week after launch of the GEOS-C satellite 
containing an altimeter. This implies the functioning (at the 
August, 1969 level) of all tracking stations operating in August 1969 
with the same level of personnel and equipment and the functioning 
of such other stations and personnel as were operating in the past, 
were not operating in August, 1969, and be put into operation by 
NASA or other responsible organizations. It also implies the use of 
such equations and computer programs as may be required for 
reduction of the data, provided such equations were in existence in 
August 1969 or could result by minor modification of the existing 
equations and programs. It implies, furthermore, that all tracking 
instruments are located at sites that have been surveyed to the same 
level of accuracy as similar instruments were located in August 
1969, and that relevant geodetic and oceanographic data existing on 
in August, 1969 have been collected'and put in usable form. 
Existence of GEOS-C is of course implicit inithe definition. It is 
also implied that in the reduction of the data, measurements of 
range, 6t., will be introduced with their proper weights. 

(e) 	 The "feasible" performance level is that level of performance of a 
system which could be attained by a system operating two years after 
the successful launch of a GEOS-G satellite containing an altimeter if, 
at the date of launch, the system was the best possible within the 
limitations of technology, money available, time available, etc. For 
the system under consideration this implies (1) all tracking instru­
ments operating at the same or better level as the best of those 
operating in August, 1969; (2) modification of tracking instruments 
to ensure (1) if necessary; (3) emplacement of tracking instruments 
on such sites as necessary to provide good geometry and full coverag 
(4) use of equations and programs designed to make best use of data. 
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The percent of the total Caribbean in which the total error in altitude 

verification is less than 6 meters is listed in Table 4-1A, and shown 

geographically in Figure 4-lA, for each performance level. 

The principal advantages of experiments of the absolute type are: 

(1) as a by-product, they are directly related to phenomena of geodetic 

and oceanographic importance; 

(2) they require no knowledge 

of the altimeter; 

of or assumptions about the functioning 

(3) they provide more information per unit cost than other types; 

(4) they have minimal involvement 

reference standards. 

of other typds of equipment as 

The principal disadvantages of experiments of the absolute type are: 

(1) 	 the number of factors that must be considered and the amount of 

computation required are considerably larger than for other types, 

with the consequent increased chance of undetected errors being 

introduced; 

(2) 	 some of the component factors have associated errors that vary 

considerably with the geographic locale of the experiment (geoid­

spheroid separation, for example) or other experiment parameters, 

thus restricting at present the areas and times where experiments 

can be made; 

(3) 	 the effort involved in reducing the errors inherent in experiments 

of the absolute type increases more rapidly as a function of error 

size than does the effort needed to reduce errors in. other types of 

experiments. 
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Table 4-1A. Percent of Caribbean with Error Less than 6 Meters* 

Performance 
Level**. 

Percent of 
Caribbean with Error 
Less than 6 Meters* Notes 

OPERATIONAL <10 	 Assumes that stations at Grand Turk, Antigua, and 
Bermuda have total r. m. s. error of less than *5 
meters. Land probably occupies about 40% of this 
area, so usable area is <6%. 

CAPABLE <60 	 Assuming that all stations concerned have 
systematic errors <5 m. and random errors 
<1 meter. 
Assuming that C&GS and Lamont gravity data are 
made available. 

FEASIBLE >97 	 Small area just off Yucatan omitted. 

* Percent of area of total Caribbean in which the total error (altitude above 

IMA surface) is less than 6 meters. 

* See description of performance levels in footnotes to Table 4-1. 
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4. Description of Absolute Verification 

A.2. 	1 Absolute Verification Concept 

Verification is the process of showing that some theory is or does what 

it is supposed to be or do. The thing may be a number, a process, an 

instrument, or a person. We can do the verification by comparing the given 

number, etc. , directly with the supposedly correct value (called the standard), 

or indirectly by going through a chain of sub-standards, or negatively by 

showing that the hypothesis,tlhat it disagrees with the standard by more than 

allowed,is false. n the present case, we hope to verify the performance of an 

altimeter by comparing it with a standard. Since no standard altitudes between 

1100 km and 1400 km exist at present, the comparison must be indirect 

(compare, however, the discussion in Section 5, on relative types of 

experiments). It will be made by computing comparison altitudes from data 

whose errors are known and small enough in size to give computed total error 

size within the allowed limits (:L5 meters). For convenience, the data used will 

be referred to as a coordinate system which is absolute - that is, independent 

of any assumptions regarding the location of the altimeter, its motion, the 

size and shape of the earth and its oceans, etc. The verification experiment is 

then said to be in the "absolute" category. Figure 4-1 suggests the physical 

situation involved, and Figures 4-2 and 4-3 give a more detailed schematic pic­

ture of the numerical relationships involved. 

Primary data are:­

(1) 	 locations of the tracking instruments, in the absolute reference 

system; 

(2) 	 coordinates of the satellite in the tracking instrument coordinate 

system (as range, velocity radially from the station, right 

ascension and/or declination, etc.), including time; 

(3) 	 coordinates of the reference ellipsoid in the absolute reference 

system; 

(4) 	 height of the geoid above the ellipsoid; 

(5) height of mean sea-surface above the geoid (mean sea level); 

(6) 	 height of the instantaneous mean sea surface above the mean sea 

surface (instantaneous mean sea level or IMSL is this height plus 

the preceding). 
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Satellite tracking station locations are combined with tracking station 

measurements, using auxiliary data on ionosphere electron density, troposphere 

temperature, density, and humidity, tracking instrument corrections, transponder 
(and similar corrections) etc. and using suitable orbital constraints, to com­

pute altimeter location (in the absolute system) as a function of time. At the 

same time, or at least independently of the satellite computation procedure, 

geoid-above-ellipsoid data are collected or computed from other data and 

converted to the-absolute reference system selected. Mean sea level is 

computed and added to the geoid-above-spheroid separation. It is convenient, 

although not necessary, to compute from the satellite locations at times of 

measurements the approximate horizontal coordinates of the footpoint of the 

altimeter on the mean sea surface (or on the spheroid, at this stage). A circular 

area approximately 3. 5 km in radius about this point returns to the altimeter that 

part of the pulsed radiati6n that is used for altitude measurement. Within this 

area, therefore, the effects of tide, air pressure, wind waves, etc., are added 

together to give the height of the instantaneous mean sea surface above mean 

sea level, and all these various heights from the ellipsoid on out are added 

together (possibly with corrections for different directions, although such 

corrections are utterly too small to b& significant at present) to give, within the 

limited area under the satellite, the height of the instantaneous mean sea surface 

above the ellipsoid. It is now a simple matter to compute, from the altimeter 

coordinates and the instantaneous mean sea surface heights, the actual 

horizontal coordinates of the satellite footpoint'on that surface and to make 

suitable corrections (which will be negligible most of the time). A block 

diagram of the computational procedure is shown in Figure 4-2. 

To carry out an absolute procedure, we have to be able to locate in an 

absolute system (I)- the altimeter and (2) its foot point on the IMSL surface. 

Because the second requirement is the more restrictive, we consider it first. 

4.2. 2 Location of Instantaneous Mean Sea Level (IMSL)* 

We are concerned with IMSL and the associated surface not because it is 

important to the geodesist or oceanographer but because it is a visualizable 

surface that the radar engineer thinks he can connect to the altimeter readings 

* See also Appendix S. 
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(not measurements). Since the radat engineer could have dragged in a hypothetical 

surface even less remotely connected to the physical world, we should not 

complain too much about the difficulties in locating the IMSL by some means 

other than radar. 

Accepting IMSL surface as the surface to which radar measurements refer, 

we look for ways of locating it. The definition requires that the instantaneous 

sea surface be known at the instant for which a distance measurement is given, 

since otherwise we cannot average over the surface. If we assume that the 

maximum rate of change of sea level with respect to IMSL surface is 10 m/sec. 

(gravity waves), then a change of 1 meter can take place in 0. 1 sec. We would 

therefore have to catch the ocean surface within an interval of 0. 1 sec. of the 

measurement time to avoid getting an error of more than 1 meter in sea level. 

Such a requirement cannot be met. Even if it were possible to photograph the 

ocean surface adequately from airplanes at the time of measurement, the 

airplanes would prevent the altimeter from getting a true value for IMSL. 

With fewer airplanes, we would interfere less with the altimeter but we would 

get less adequate pictures of the sea surface. 

To get over this difficulty, we assume that IMSL is not really sensitive 

to changes in instantaneous sea level. Again, this invokes that powerful 

scientific ju-ju, ergodicity. The integral 

= HSL (r, t) dS 

is set approximately equal to 

I 4 
(r)T =- t HSL (-r, t)adt. 

This is an assumption, necessary but reasonable, and making it we can send 

out airplanes into the area S at convenient times before (and/or after also, 

preferably) distance measurement. In fact, if we push this assumption to its 

logical conclusion, we can send in only one airplane, which can fly as low as it 

pleases to pick 'up minute ocean wave detail, or we can dispense with the 

airplane entirely by waiting for a quiet day and then measuring IMSL. The 
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latter conclusion of codrse sets the radar engineer into gyrations, since he 

has been insisting all along that he doesn't know how waves are going to affect 

his results. How did he get himself impaled on both horns of the dilemma at once? 

Logically, we sat him there when we allowed time averages to substitute for 

area averages. But the time-averaging is perfectly reasonable from a physical 

point of view, so that we must assign his trouble to his own insistence on the 

IMSL as being what the altimeter measures. We must therefore be completely 

honest and admit that, at the present moment, we do not know if IMSL is the 

proper surface for the radar engineer to choose or not. If it is, then we, the 

verifiers, need only carry out a few experiments to verify the ergodicity of the 

surface to within a few decimeters (which is perfectly adequate error for GEOS-C 

altimeter verification). If it is not, this implies that either the radar engineer 

has been unable to, calibrate the altimeter to,measure IMSL or that our assumption 

that the IMSL is close to the time averages SL is wrong. 

In summary, then, we state the procedure for finding by an absolute 

procedure, altimeter height above fvISL as follows. 

1. 	 Location of the altimeter in the absolute system is gotten from 

a combination of tracking data with satellite orbit theory. The 

methods for doing this as used in the experiment are a minor 

modification of well-known and tested methods. 

2. 	 Location of the altimeter foot point on the IMSL surface procedes 

in stages. 

a. 	 First, the International Spheroid is defined in the same 

coordinate system as that used for locating the altimeter. 

The spheroid equation 

a u 
Z.a.. xx =0 i, j =0, 1, z1j 

relates the spheroid directly to the x1 - system in which the altimeter moves; 

geodetic or spheroidocentric coordinates are more convenient and will be 

used instead since the transformation from one kind to the other is easy to make. 

4-13
 



b. From available suryey, astrogeodetic, gravity, and satellite 

data (including non-altimetric. data from the altimeter satellite 

itself) the geoid is mapped with respect to the spheroid in the 

area of our experiment. 

c. From available data on ocean currents, salinity, temperature, 

pressure and meteorological conditions, the mean sea level 

surface is mapped with respect to the geoid. 

d. From available data on tides and seiches, the "quiet' sea 

surface is mapped with respect to the mean sea level surface 

at the instants of time at which the height measurements are 

given. 

e. The last stage would be the mapping of the instantaneous 

sea surface on the quiet sea surface and the mapping therefore 

of the IMSL with respect to the quiet sea surface. There are 

no data which give this other than data gathered at the spot at 

the instant corresponding to the height measurement. We 

therefore either have to map, at considerable expense, the 

instantaneous sea surface during the experiment and derive 

IMSL from it or to measure some other quantities that will 

differ (we hope) insignificantly from IMSL. Methods for 

carrying out the former alternative are discussed in Appendix 0; 

some of those for carrying out the second were discussed in a 

preceding paragraph. In either case, we have at least defined 

the problem and found methods of solving it, so that for the 

time being we take the possibility of the last stage as 

established. 
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3. 	 Finally, we compute by straightforward mathematical means the 

distance from the point 

P S ( x 1m Xm2 Xm3 

at which the altimeter is located to the surface (IMSL surface) which 

existed at that instant Im at which the altimeter was at point PS and 
made the height measurement h . The surface S is at a constant 
height above the spheroid and can with negligible error be assumed 

to be 	a section of a spheroid homothetic to our reference spheroid; 

the formula for the distance from an external point to a spheroid 

is well known, is given in elementary analytic geometry texts, 

and has been programmed for computation. 

4.2.3 Location of Altimeter 

Primary data that go into the determination of altimeter location are (1) 
the locations, in various reference systems, of the instruments that provide 

ranges to and/or directions to and/or velocity componenents of the altimeter, 

and (2) the measurements of these coordinates (range, etc. ). Auxiliary data 

are (1)'instrument calibration constants,. (2) troposphere and ionosphere charac­

teristics that affect the measurements, and (3) reliable values for the Earth's 

gravity field as far as it affects the altimeter motion. 

It is possible to derive the altimeter location in a series of steps, as 

was done in deriving the location of the instantaneous mean sea surface. The 
first step would be conversion of the given tracking instrument coordinates 

from their various reference systems to the absolute reference system. Some 

of the instruments use several sets of coordinates, corresponding to their 

location simultaneously in different coordinate systems. This is the situation, 

for example, of the tracking instruments at Cape Canaveral, which have coor­

dinates derived by the usual triangulation and leveling procedures, as well as 

coordinates derived by several different satellite tracking methods. Existence 

of these several sets of coordinates implies that the final single set of 

coordinates for each such instrument in the absolute reference system will have 

a smaller r.m. s. error ellipsoid than any one of the parent sets has. Note that 
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to some extent this step is actually cbntained within the first and second steps 

of the IMSL-derivation process (Section 4.2.2) and could be made along with 

the IMSL- derivation. 

Thesecond step is combination of the measurements made by the various 

tracking instruments with the tracking instruments' coordinates and with each 

other. Each measurement made by a tracking instrument is a coordinate of the 

target in a coordinate system peculiar to the tracking instrument. Conversion 

of the measurement coordinates to absolute reference system coordinates 

produces observation equations containing the reference system coordinates as 

variables. Combination of the observation equations from the different instru­

ments for the same times yields values for the variables; i.e., locations for the 

altimeter. The third step is to introduce condition equations that will allow use 

of observation equations for different tracking instruments at different times. 

These condition equations are the equations of motion of the altimeter. The 

equations of motion restrict the allowable variation in altimeter location from 

instant to instant and connect observations made at different times. 

While the step-by-step approach just described is adequate and desirable 

for initial stages of the verification experiment, it has the drawback that it does 

not make full use of the information available. The constraints placed by the 

orbital conditions on the measurements and, through the measurements, on the 

station locations are so strong, even over "short" segments of the orbit, that 

they can and should be used to improve the tracking instrument locations and 

reduced measurements. This improvement is best achieved by adjusting all 

.unknowns together (but not necessarily all data simultaneously). A sequential 

analysis procedure, while not as efficient theoretically as a complete, 

simultaneous reduction procedure, combines most of the desirable features of 

the step-by-step and simultaneous procedure, as is therefore recommended for 

use after less powerful but more rapid analyses have shown that the data being 

accumulated are of satisfactory quality. 
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4.3 Regions for Absolute Verification 

Verification experiments in an absolute system must be carried out in 

regions where computation can be accurately made of (a) altimeter location, 

(b) the spheriod, (c) the geoid, (d) mean sea level and (e) IMSL. It must also be 

feasible to make those measurements from which IMSL is computed: measure­

ments that map the instantaneous sea surface or measurements that, by time­

averaging," lead to an IMSL approximation. In practical terms, consideration is 

given to regions where there are many tracking stations of high accuracy, where 

the geoid is well known, and where many observations have been made of ocean 

characteristics. A survey of data on these matters shows that there is no region 

in the +20 to -Z0' zone which meets all the requirements completely. It also 

shows that there are a few regions which meet the requirements to some extent; 

these are: 

1. Caribbean Sea* 

2. Hawaiian Islands - Johnston Island region 

3. Marshall Islands 

4. Persian Gulf 

5. Lake Maracaibo 

6. Lake Nicaragua
 

7. Lake Victoria 

8. Lake Titicaca 

9. L ake Chad
 

10. Indian Ocean 

The dimensions and area of the regions are given in Table 4-2. 

These regions have the following characteristics in common: (1) they are 

of adequate size to allow use of an altimeter with a 7-km diameter illumination 

area; (2) their surfaces are, or can easily be, located in a geodetic frame of 

reference; (3) with the exceptions of Lake Chad and the Marshall Islands areas, 

all regions are within a short distance of NASA-supported tracking stations. 

For the convenience of the reader, a Bathymetric chart of the Caribbean Sea 
is included inside the rear cover. 
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Table 	4-2. Principal Areas of Possible Interest to VEDS 

AREA¢ DIMENSIONS (km)REGION 

.Width(Sq. kin) Length 

400 240
LAKE VICTORIA- 69,900 


CHAD 20,800 230 50
 

MARACAIBO 16,500 135 120
 

45
175
9,000
TITICACA 


NICARAGUA 7,900 170 65
 

2,800 580
SEA CARIBBEAN 1,960,000 


RED 417,000 1,785 260 

OCEAN INDIAN 73, 500,00.0 - --.-

GULF PERSIAN 230,000 875 200 

on "The Times Atlas of the World", Comprehensive* 	Mostly based 


Edition, Houghton Mifflin Co., Boston, 1967.
 

They 	differin ways that are quite important. Some of these are: 

1. 	 the cost of using them as experimental areas 

2. 	 the number of measurements that can be made during the altimeter 

lifetime 

3. 	 the accuracy with which IMSL can be measured; 

4. the variety of surface conditions to-be encountered 

It is impractical to attempt to use all -the regions intensively. One region 

is therefore selected as the site of primary experimentation; others are used 

on an "as opportunity offers" basis. 
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4.3. 1 The Caribbean Sea 

The Caribbean Sea and the Gulf of Mexico are shown in Figure 4-4. The 

Gulf ot Mexico lies for the most part above the +200 parallel and is of no concern; 

it is worth mentioning only because stations able to track the altimeter lie along 

its perimeter. The Caribbean Sea its-elf, together with a 200 km wide strip of 

the Atlantic Ocean running along the Puerto Rico-Leeward Islands coasts is 

selected as the primary region for making verification experiments in an absolute 

system. The characteristics of the region that make it desirable as a primary 

experimentation site are discussed in the following sections. 

4.'3'1.1 Characteristics (Caribbean) 

The Caribbean Sea, (Figure 4-4) has an area of about 2. 75 x 105 sq. km. 

It is about 2600 km long, from the tip of Yucatan Peninsula to the Granadine 

Islands, and about 1200 km wide between Cape Tiburon (Haiti) and the north­

western coast of Panama. These dimensions, taken with the fact that the 

Caribbean includes the footpoints of the upper part of the GEOS-C orbit, lead 

to the conclusion that most tracks of the altimeter over the region will be along 

the long dimension of the Caribbean. Figure 4-5 shows the traces (locus of 

foot points) of a series of passes of the altimeter over the Caribbean; the 

traces are numbered to show the pass sequence; a similar series of passes 

begins about 12 hours later intime. From the dimensions of the sea and from the 

orbit characteristics it follows that the altimeter measuring at the rate of one 

measurement per second could make up to 390 measurements during the decending 

phase of each passage and up to 360 measurements during the ascending phase. 

Since the altimeter will, during a Z-year period, make approximately 800 passes 

in a south-to-north direction and 300 passes in a north-to-south direction over 

the region, the approximately 1. 8 x 106 observations that can be made (at one 

per second) in a 500-hour altimeter lifetime are about four times what would be 

made if the altimeter-were always-turned on while over the Caribbean. 
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Figure 4-6 shows the number of observations of salinity, temperature, 

° and pressure (STP) made in 5 x 5' "squares" in the Caribbean-Gulf of Mexico 

region and available from the National Oceanographic Data Center 4 , 

These data were taken at different times and under various conditions; a study 

of the temporal variation of the quantities represented will be necessary and, if 

the temporal variation is large,. more data may have to be gathered to provide 

enough information to allow a reasonable guess at the correct time function. 

Figure 4-7 shows the estimated distribution of gravity data available for the area 

area 5 , 66, 67. While the number of gravity observations in the Caribbean is 

considerable, many of the data are under military control or were obtained by 

exploratory groups for oil companies and are not readily accessible. The extent 

to which such restricted data will be needed cannot be determined until the 

totality of unrestricted information has been explored. 

The astrogeodetic geoid (i. e., the geoid determined by geometric pro­

cedures from astronomic longitude and latitude measurements) has been computed 

for most of the perimeter of the Caribbean; the latest 2 computation results 

are shown in Figure 4-8. Note the gap in the geoid along the north coast of 

Soath America. While the gap will not make it impossible or even difficult to 

use the astrogeodetic geoid, a stronger solution would of course be possible if 

the gap could be filled in. Finally, to complete the picture on data relevant to 

the geoid, diagrams of the "geoid" inferred from satellite dynamics are shown 

in Figure 4-9. The geoid representation in Figure 4-9(a) dates from 19656. 
7The representation in Figure 4-9(b) is from 1969 . These two representations 

differ considerably (tens of meters) in detail, and only the general patterns 

are similar. In the small area of the Caribbean, the relative differences in 

geoids are also small, as comparison of the diagrams shows. In the present 

developmental stages of satellite geodesy, no dependence should be placed on 

absolute values of the satellite geoids. 

Figures 4-10a and 4-10b show the amount of cloud cover to be expected in 

the Caribbean region in March, when cloud cover is least, and September when 

cloud cover is greatest. These figures are based on charts given in Berry, 
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Bolay, and Beers. The data used in assembling the charts were assembled 

prior to 1943 and were obtained for the most part from land-based stations. 

Cloud cover estimates based on a larger volume of data is described in Ref. 

8. Table 4-3, taken from Ref. 9, shows the percentage of time favorable 

for observations at Baker-Nunn camera stations in Florida and Curacao. Cloud 

cover data are summarized by the estimate that the probability of successful 

optical observation (by virture of skies sufficiently clear) is less than 60% 

in the Z - 3 most favorable months, and less than 40% the remainder of the 

ye ar. 

10 
Wave height data shown in Figure 4-11 were taken from Hogben and Lumb 

Height numbers 1 to 19 are twice the wave height (and four times the wave, 

amplitude) in meters. The numbers within the rectangular outline are the 

number of reported occurrences of the heights corresponding to the listed height 

numbers. The region (area 16.of Hogben and Lumb) to which the data apply does not 

include the western portion of the Yucatan Basin nor the banks just off Nicaragua. 

4. 3. 1. 2 Tracking Station Location (Caribbean) 

The verification experiment will require, for the absolute category, 

altimeter locations at the instants of height measurement. These locations will 

come from a combination of observational data taken at or close to the time of 

height measurement with computations based on the theory of satellite motion. 

Many tracking stations other than those able toobserve the altimeter while it is 

directly over the Caribbean will be able to contribute useful data; the 

usefulness of tracking data will therefore depend not only on the kind of tracking 

station involved but on its location with respect to the Caribbean region and to the 

satellite orbit. The locations of tracking stations that are expected to contribute 

useful data are shown in three figures. Figure 4-12 shows the coverages of the 

tracking stations in the Caribbean region. Optical tracking stations locations 

are indicated in Figure 4- iZa; electronic tracking station locations are indicatedin 

Figure 4-lZb (which also indicates C-band and S-band coverage). The distinction 
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Table 4-3. Percent Observing Time Favorable for Observing 

Satellite During 1962, 1963 

STATION 

Curacao Florida 

MONTH 1962 1963 1962 1963 

January 48 30 45 43 

February 57 41 60 42 

March 44 45 38 53 

April 47 32 45 72 

May 26 30 64 50 

June 34 60 39 58 

July 54 36 59 56 

August 62 45 45 71 

September 40 37 48 51 

October 61 50 55 68 

November 55 35 45 51 

December 50 38 57 57 

Ref. 9 
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WAVE PERIOD'CODE
 

X 2 3 4 5 6 7 8 9 0 1 TOTALS 

00 1212 1661 55 22 12 1 1 4 1 4Z 48 3059 

01 62 5129 541 131 51 18 3 1 3 3 273 6215 

02 65 10311 4145 687 182 67 9 7 10 26 79 15588 

03 59 5350 7324 1790 336 109 32 12 2 3 19 15036 

04 17 1154 3629 2005 434 94 ,28 4 3 7368 

05 7 317 1460 1246 328 107 33 10 4 2 3514 

06 3 105 484 583 233 68 17 7 1500 

507 1 43 224 247 159 69 9 4 756 

08 1 12 65 112 62 37 12 4 2 307­

09 1 4 40 79 61 14 12 4 1 216 

10 3 2 10 6 10 11 1 2 45 

11 1 1 6 7 9 1 1 2 28 

12 2 4 18 12 2 4 2 2 46 

13 5 7 6 8 8 1 35. 

14 1 1 3 2 1 1 9 

15 3 3 1 1 2 10 

16 3 3 

17 1 1 

18 1 1 

19 1 2 2 5 

TOTALS 1435 24100 18014 6941 1891 613 161 63 22 75 427 53742 

Figure 4411. Wave Heights (in meters) in Caribbean Sea Region.10 
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Figure 4- 12. Coverage of Tracking Stations in the Caribbean 
(c) 4 or more radar stations for tracking 



is necessary because, for observations in-the Caribbean region, optical observa­

tions will have only a 60% to 30% chance of being successful when operating alone, 

and of course a much smaller chance when operating with other optical tracking 

stations. A satellite altitude of 1100 km was used, and a limiting zenith distance 

of 600 was set for both electronic and optical tracking stations. Although 

useful observations can be made at greater zenith distances (except perhaps by 

laser tracking devices), the 600 limit is safe and, because accuracy in deter­

mining the normal component is more important than accuracy in determining 

the tangent and binormal components, is adequate for preliminary planning 

purposes. In. Figure 4-1Zc, those regions within which 4 or more radar stations 

can simultaneously track the altineter are indicated. Those stations which are 

located so that they can observe the altimeter (at 600 zenith distances or less) 

when the altimeter is within 900 (in longitude) of the Caribbean region are shown 

in Figure 4-13, and those stations which can observe the satellite only outside 

the 90* limits are shown in Figure 4-14. The TRANET instrument locations are 

shown in Figures 4- 13 and 4-14, even those locations from which observation of 

the altimeter within the Caribbean would not be possible, because the TRANET 

instruments will not be used to provide locations directly but will be used for 

strengthening the location as derived from the orbit. Except in the case of the 

TRANET stations, a circle showing the limits within which the altimeter nadir 

point must lie in order to be observable from that station (at less than 600 zenith 

distance and above 1100 km) are drawn about each station in Figures 4-1Z(a), 

(b) and (c). 

Table 4-4, following, lists the reievant tracking stations, grouping them 

into regional categories according to their relevance to the problem. Section 

4.3. 1. 3 below, under "Conduct of Experiment (Caribbean)"; discusses both existing 

and hypothetical tracking station locations in their relation to the possible 

experiments. 
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Table 4-4. Locations of Tracking Stations for Caribbean Tests 

CATEGORY A 

S 
Location 

0 
u 
r 

Name X 4 h e TYPE 

Cape Canaveral 2790 24' 01778 280 13' 33.98 15 2 FPQ-6
 
(Kennedy)
 

and Vicinity 2790 18' 22V93 280 30' 28'22 3 2 USB
 

Homestead, Fla. 2790 36' 42.69 250 30' 24.69 18 1 PC-1000
 

San Salvador 2850 29' 43V96 240 07' 05'.52 13 2 FPS-16(a)
 

Eglin AFB 2730 12' 0644 300 25' 17706 28 2 FPS-16
 

Corpus Christi 2620 37' 17'.92 270 39' 11'.78 6 USB
 

Grand Turk 2880 52' 03.'04 210 27' 43.68 36 2 TPQ-18
 

Antigua 2980 12' 23.84 170 08' 350.'0 42 2 FPQ-6
 

2980 12' 37.'41 170 08' 51U68 7 1 	PC-1000
 

USB
 

2910 09' 42.55 120 05' 21'55 23 1 Baker-Nunn
 

2830 11' 26.52 180 04' 31798 485 1 MOTS-40
 

San Juan 2940 00' 22.17 180 15' 26.22 58 1 MOTS-40
 

Trinidad 2980 23' 23?67 100 44' 32?78 269 1 PC-O00
 

Swan Isl. 2760 03' 29.87 170 24' 16'.57 83 1 PC-1000
 

(a) No longer exists. (H. R. Stanley, private communication) 

CATAGORY B S 
0
 

Location 	 ur 
C
Name Xh 	 e Type
 

Bermuda 2950 20' 46U53 320 20' 47'53 21 3 FPQ-6 USB
 

Quito 2810 25' 14'.81 -00 37' 28V00 3649 1 MOTS
 
' 
Grand Bahama 2810'39 06!88 260 36' 54U95 14 2 FPS-16 USB
 

Cape Canaveral 2790 25' 23"77 280 28' 52V79 14 2 FPS-16
 
(Kennedy)
 

Las Cruces 2530 14' 48U25 320 16' 43.75 1201 1 Doppler
 

Stoneville 2690 09' 10'.'70 330 25' 31'.57 44 1 Doppler
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Table 4-4 (Cont.)
 

CATEGORY C
 

Location s 

Name X h Ur Type
(meters) 

Guaymas 2490 .16' 46.28 270 57' 45.96 17 2 USB 

Natal 3240 50' 1BU00 -050 55' 50V00 112 41 Special Op 

Ascension 3450 40' 20'72 -070 57' 19V04 538 3 FPS-16(b)USB 

Pretoria and 280 20' 53.'00 -250 56' 46T.05 1 FFQ-6 (c) 
vicinity 

Tananarive 470 18' 09V45 -190 01' 13'.32 1393 3 GRARR (d ) 

Carnarvon 1130 42' 57.88 -24* 53' 5065 49 3 FPQ-6 

1130 42' 55U06 -240 54' 14U86 38 3 GRARR 

' 1130 43' 27.29 -240 54 27.33 39 3 USB 

130
Guam 	 1440 44' 03U89 18' 33U28 86 3 USB
 

Hawaiian Islands 	 2020 00 0063 210 31' 26.86 380 1 USB Doppler 

2030 44' 24t'1 200 42' 37.49 3027 1 Baker-Nunn 

Gran Canaria 	 3440 23' 15V00 27° 44' 25V00 22 3 USB
 

Source 1 - 1969 - Lerch,Fiet al. Geos I Tracking Station Positions 

on the SAO Standard Earth (C5) NASA TN-D5034 

Source 2 - 1966 -Anonymous, Soddard Directory of Tracking Station 

Locations. Goddard Space Flight Center, Greenbelt,Md. 

N.A.D. 1927. 

Sourcq 3 - oae as 2, but various datums. 
(a) Also FPQ-6. (H.R. Stanley, 'prlvate communication) 
(b) Has MPS-25 (portable version of FPS-16) rather than FPQ-6, (H.R. Stanley,

private communication)
(c) Has CAPRI (mobile version of FPS-16. (H.S. Stanley, private communicatior 

CATEGORY D (Hypothetical Stations)
 S 
Location u0

r 
Name X h(meters) e Type 

180 151 00" 0 N.A. Transponder
Puerto Rico 2 2930 00' 00" 


180 45' 00" 0 N.A. Tr.
Puerto Rico 3 2930 30' 00" 


180 15' 0 N.A. Tr.
Puerto Rico 4 2940 00' 00" 00" 


180 00' 00" N.A.
Jamaica 2 2830 11' 00" 0 	 Tr.
 

Tr.
Curacao 2 	 2910 10' 00" 120 00' 00" 0 N.A. 


2760 30' 00" 120 00' 00" 0 N.A. Receiver
Bluefields 


2710 06' 00" 180 30' 00" 0 N.A. Receiver
Chetumal 


Nicaragua 2740 30' 00" 110 00' 00" 1500 N.A. Receiver
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4.3.1.3 Conduct of Experiment (Caribbean) 

In the preceding sections the general region of interest has been located, 

its physical characteristics described, its relation to the satellite's orbit 

deduced, and the locations of the tracking stations that will tie the orbit to the 

region's geometry given. With these essential circumstances settled, the 

verification experiment can be set up. This means (1) specifying how the 

measurements shall be conducted in particular parts of the general region, 

(2) stating the additional data and equipment required, (3) noting the logistical 

problems to be solved, and (4) setting up a schedule. 

Sub-Regions (Caribbean) 

The entire Caribbean region is one selected sub-region. 

We require that the altimeter make at least 4 measurements in every 

5 km 	x 5 km square area of the Caribbean, exclusive of portions closer than 

10 km 	to land. * This will mean a total of approximately 5.10 4 measurements 

in the 	Caribbean as a whole, not counting those extra measurements to be made 

in proper sub-regions. The 5 km x 5 km size ensures that sea slopes as great 

as 1' 	10- 3 will be observed. Based on the known bottom topography of the 

Caribbean, no slope as great as this is expected to be found. (It should be noted 

that, as the altimeter is at present constructed, each "measurement" is 

actually an average value over one second* * in time and 10 km x 20 km in area. 

The average heights over the 5 km squares will have to be recovered by solving 

a series of simple linear difference equations.) 

A higher density of measurements should be made in the following sub­

regions (Figure 4-15): 

A 	 - Eastern Caribbean (Z900 to 300*) 

B 	 - Misterioso Bank 

C 	 - the Panama North Coast and South Coast 

D 	 - Golfo de Venezuela 

E 	 - Puerto Rico trench 

* 	 Careful attention must be given to the effect of nearby land topography on 
the returned energy. See Appendix r. 

* 	* An average over 0. 1 seconds is assumed in most parts of this chapter. 
The one second value assumed here is a "safe" value. 
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Whether a higher density is in fact attainable will depend partly on the ability 

of-the GE.OS-C altimeter to make measurements (that is, provide measurements 

to the user) at intervals of less than 1 second of time. It will also depend on the 

exact orbit into which the altimeter is placed, and to an extent not exactly pre­

dictable. "Altimetermeasurement rate helps determine the number of measure­

ments per unit distance along the surface trace, but this number is also determined 

by the spacing between adjacent (not consecutive) traces, -and the number of­

measurements per unit distance perpendicular to the trace is of course deter­

mined principally by the spacing between adjacent traces (see Figure 4-16). 

We will consider these regions individually. 

1. Eastern Caribbean (2900 to 3000) 

The principal reason for considering concentration of effort in the 

eastern Caribbean is the location of tracking stations in relaion to 

the orbit. A reasonable tracking station geometry can be obtained 

using Grand Turk, Antigua,, and a tracking ship (TS) located in the 

vicinity of Maracaibo. This geometry can be varied by moving the 

TS to suit the orbit. The TS furthermore can be directly related to 

the Maracaibo geoid and used for relative accuracy meas­

urements in that region. This also strengthens altimeter locations. 

in the Puerto Rico trench region. The Eastern Caribbean Test 

Region (ECTR) is then a minimax region; it is the smallest region 

within which all four categories of the experiment can be- covered 

using tracking stations known to be operating, Addition of optical 

tracking stations at Curacao, Puerto Rico, Trinidad and Kingston 

as recommended considerably strengthens the tracking net and makes 

prolonged reliance on the TS unnecessary. Even more useful would 

be use of radar stations at Puerto Rico and-Trinidad. 

4-42 



d, is measurement interval 
d2 is trace interval 
Each dot represents a recorded 
measurement 

Figure 4-16. Typical Measurement and Trace Intervals 



2. Misterioso Bank 

Misterioso Bank is located in the western part of the Caribbean 

about 100 km north of Swan Island and about 600 km west of Jamaica. 

Its position with respect to radar instruments is not particularly good, 

although it is well placed in relation to the Homestead, Swan Island 

and Jamaica stations. The principal reason for singling it out is the 

steep slope from the Bank to the sea floor; the slope seems to be 

greater here than at any other place within the Caribbean, with the 

possible exception of some parts of Bartlett Deep. Furthermore, 

the slopes around the Bank can be found both in the direction of 

motion of the altimeter and reflects the topography perpendicular 

to it. If the geoid reflects the topography in this region as it does 

in the Puerto Rico trench region, li, 12 the altimeter will 

have a geoid variation of 10 m or more within 30 km or less to 

measure. This may be better than what will be measured above the 

Trench, since the GEOS-C orbit will be paralleling the Trench most 

of the time. 

3. Panama North and South (Gulf of Panama) Coasts 

At present, subregion C is very poorly located with respect to 

Caribbean region tracking stations, even if all previously active 

camera stations are included in the tracking network. Nevertheless 

this region is of particular interest as part of the Caribbean VED 

for two reasons. 
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(1) It is crossed by orbits running approximately along the 

northern coast of South America, so that the geoid along that 

coast is best determined using the geoid in Panama as one end. 

(2) 	 The diffeience in geoid height between the north and south 

coasts is known to better than 3 cm, while the height difference 
14. 

from 	spirit leveling is about Z0 cm 

The second of these considerations is of particular importance in 

checking the altimeter for differential accuracy. Since region C 

will in any case be used for differential tests, the test data can be 

put to good use strengthening the southern portion of the Caribbean 

geoid. 

4. 	 Golfo de Venezuela 

As mentioned in the discussion of the ECTR under A above, a TS 

should be available in the vicinity of the Gulf of Venezuela for 

satellite tracking. This will be important in defining orbits passing 

from the Gulf of Panama to the eastern edge of the Caribbean where 

the Antigua and Trinidad stations provide data. The geoid in the Gulf 
11 15 

of Venezuela is known on a local system, at least' I so 

that inclusion of this region in the special regions merely means that 

the measurements made there for relative category tests are applied 

to. absolute accuracy determination. 

5. 	 Puerto Rico Trench (Brownson Deep) 

The Puerto Rico Trench is an intensively studied geological 
13 

structure 1 The geoid is- known in N-S section from three 

sets of measurements: pendulum gravity measurements 

of measurements: pendulum gravity measurements 
by Worzel 5 , GEON' measurements by von Arx 12 , and 

SINS* * measurements by Butera el al. 17 The altimeter will be 
16GEON is the designation of a Gyro Erected Optical Navigation system 

a shipborne inertial navigation system. 
** 	 SINS is the military designation of a Ship's Inertial Navigation System, 

a shipborne gyroscopic system originally developed at M. I. T. 
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moving over the trench almost parallel to the main axis of the 

trench and hence perpendicularly to the present geoid profiles. 

Fortunately, the region is just within the ZOO N latitude limit, so 

that the region will be very densely covered by the orbit. Tracking 

geometry is reasonably good and should be improved, for relative 

category measurements, by use of transponder or other tracking 

adjuncts on and near Puerto Rico. The optical tracking station at 

San Juan is of course of very little use in improving height meas­

urements over the trench because of the small zenith angles involved. 

The above five subregions are designated for special attention because 

their geographical location and geophysical characteristics make such attention 

provide data that are useful in two or more categories at once. This does not 

mean that no measurements are made in other regions but only that first priority 

is given to taking measurements in these regions. 

Additional Data Required (Caribbean) 

For tests in the absolute category, we must know satellite location and 

geoid height at each point at which a comparison with the altimeter measurement 

is to be made. Information on satellite location will be provided by tracking 

stations. At the present time, information on radar errors is still not adequate 

for removal of all systematic errors in the range measurements (see Appendix I). 

However, this information need not be available before the experiment, since it 

can be derived as part of the verification experiment. The same is true of the 

information on tracking station location that is needed. The data reduction pro­

cedure will include the tracking station locations as unknowns. 

Information on geoid-spheroid separation and mean sea surface height 

above geoid cannot be derived as part of the final solution without imperiling the 

validity of the absolute category tests. Geoid-spheroid separationmust therefore 
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be found by properly combining the astrogeodetic version , the gravi­
181

metric version of D. Rice running along the chain of islands 

bounding the Gulf of Mexico and Caribbean on the northeast, and the various 

satellite geoids. Also, to be accounted for in the solution are the tracking sta­

tions in that region whose coordinates with respect to the reference spheroid 

are known and at which therefore the geoid-spheroid separation is known. 

Finally, use must be made of the gravity data available in the Caribbean region 

proper. Quantity and quality of published data or of data available but not 
18

published vary considerably from place to place in the Caribbean It 

is clear that more gravity data are required, especially between 150 and ZO 

North and West of the island chain, but more study is needed to make a good 

estimate of the densification required and the extent to which the densification 

can be satisfied from existing unpublished data. 

At the present time, the American Mediterranean is completely ringed 

by first-order geodetic control. (The island portion, of course, is put in by 

HIRAN/SHORAN type surveying). It is not ringed, however, by an astro­

geodetic geoid; this geoid stops at present in western Columbia and at Trinidad, 

nor does it bridge the Yucatan channel as does the geodetic network. Both 

mainland and island geoids Would be improved by geoid profiles across the 

Yucatan Channel and by a geoid continuation joining Panama with Trinidad. The 

latter can be achieved at low cost by making zenith camera observations at 40 km 

intervals along with gravimeter measurements. About 35 stations wouldbe 

required - a considerable number if an astronomical transit is used, but not if 

a zenith camera is used. Bridging the gap between the geoid in Cuba and that 

in Central America presents a more difficult problem. Even at its narrowest, 

the gap is about ZOO km wide; the western end is then on the tip of Yucatan, into 

which the astrogeodetic geoid has not yet been extended, and the eastern end 

approaches the shores of Cuba. Once the Panama-Trinidlad segment is closed,. 
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a geoid around the entire American Mediterranean is available. Using that 

boundary is undesirable, since it will mean (1) solving for the geoid over an 

area twice as large as is needed for the problem; (2) influencing the geoid in the 

Caribbean by the behavior of the geoid around the Gulf of Mexico. A recom­

mended solution is to extend the geoid on land northward into Yucatan as far as 

Bahia Chetuman by zenith camera observations, and to make a geoid profile 

along the edges of the triangle with apices at Jamaica, Chetumal, and Cape 
16, 17 

Gracias a Dios (Honduras), using von Arx's GEON or SINS 

Salinity, temperature and-pressure data are available in densities of 

50 measurement points per 5' x 50 sector or high except in the far western 

Caribbean. The far eastern portion has densities of 200-400 measurement 

points in the same area. STP data off 'the coast of British Honduras are un­

doubtedly too few, and there may be too few off the north coast of Panama. In 

view of the low dynamic relief (<0. 5m) of the Caribbean Sea relative to the 
19 ,1200 mb level 1 further special measurements to provide uniform measure­

ment density throughout the Caribbean is not justified. Anomalies of the type 
Z0
 

found at S. Ayes Ridge may or may not be common in the region, but they will 

not affect the anomalous height enough to require special investigation. 

If the astrogeodetic geoid completely surrounding the Caribbean region is 

desirable, this geoid is to function as a boundary condition. Such a geoid can 

be provided by running a SINS gyroscopic reference survey across the Yucatan 

Channel. Extension of the astrogeodetic geoid around the South American coast 

from 620 to 78 will involve densification of the HIRAN survey net and the 

observation of additional astronomic positions. For the densification, an ABC 

type operation should be adequate; for astronomic observation, zenith camera 

observations are recommended. 
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The amount of additional data needed on STP in the Caribbean is not known 

at present. Data for that part of the Caribbean adjacent to the Yucatan peninsula 

are sparse (see Figure 4-5'). 

Atmospheric pressured to the nearest 10 millibar along the track of the 

altimeter is desirable, since this information is needed for correction of the 

mean sea level computations. The synoptic weather map will be sufficient for 

this purpose, but further investigation of the statistics of pressure distributions 

and the effects of these distributions on surface topography is needed. 

Tiacking Stations (Caribbean) 

In order to obtain a "fix", i.e., a complete set of location coordinates, 

for the altimeter at any instant, at least 3 ranging instruments must make 

observations at that instant. The requirement for simultaneity can be relaxed 

slightly by using orbital equations for interpolation. The interval between ob­

servations is then determined by. the amount of random motion accumulated by 

the satellite between single observations. This matter is investigated further 

in a following section on error analysis; at this point, we will assume that 

simultaneity is required; the resulting station distribution needed will be altered 

after the error analysis if necessary. A simple fix is insufficient to give in­

formation on tracking accuracy unless assumptions are made about the orbit. 

Since we are going to use the orbit for interpolation, we risk creating a math­

ematical "feed back" by using the orbit for too many things at once. Such feed 

back can cause errors that are very difficult to either detect or trace, and the 

tests should be set up so as to minimize the number of assumptions that have 

to be made. A reasonable check on the "accuracy" is introducing observations 

from additional stations. Actually, such observations do not improve or check 

the accuracy but merely check the self-consistency of the tracking system 

(network). The difference between accuracy and self-consistency in a large 

system can be considered irrelevant from a practical, if not from a philosophical, 
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standpoint, and the addition of independent tracking data is therefore made part 

of the experiment setup. I will, 'in the following pages, refer to the principle 

behind this addition as the "redundancy principle". The principle will not be 

further justified; such justification is properly part of a separate study. In 

accordance with this principle, it follows that at least 3 ranging stations plus one 

additional tracking station should be used for each fix. Consulting the list of 

tracking stations (see Table 4-4 ) and the diagram of station observing areas 

(see Figure 4-12), it becomes evident that only a very small portion of the Z00 

zone is simultaneously visible from 4 radar stations, and that the locations of 

these jour stations are such as to give large rms errors in one or two of the 

altimeteYr coordinates. The optical tracking stations -are more favorably 

located, but because of weather cannot be depended on for observations more than 

30-35% of the time in a particular sector. Furthermore, a good number of the 

optical tracking stations listed are known to be inactive while others are part of 

the military SPACETRACK network and are not under NASA direction. To 

ensure that a redundant number of observations is available for satellite location, 

four more electronic tracking stations of high accuracy are necessary, and one 

additional optical tracking station is desirable. 

More than this number of electronic tracking stations is not needed for the 

absolute procedure since the fixes need only be at intervals consistent with the 

.altimeters random walk from its computed location. 

Tentatively, we place the electronic tracking stations as follows: 

1. Bakia Chetarnal, Br. Honduras 

2. Bluefields, Nicaragua 

3. Curacao, D.W.I. 

4. Jamaica 
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These four stations and their relation to the radar tracking stations are shown 

in Figure 4-17. Not shown in the figure is the location of the Apollo ship. 

This ship will not have any fixed location within the Caribbean, being stationed 

for best observation at low zenith distances of the altimeter. 

In the above discussion, we have referred to the additional "tracking" 

stations. The term is used to apply to corner-cube reflectors, transponders, 

of simple receiver-plus-counter sets. 

The optical tracking station should be located, for best geometric relation 

to the other optical stations, in Panama. However, large parts of Panama are 

almost permanently covered with clouds, and in any case the optical station 

would be used as support for the electronic tracking stations, not as part of an 

optical tracking net. The station can therefore be located in Costa Rica, where 

it is well situated with respect to both Lake Nicaragua and the Gulf of Panama, 

and where the weather is reasonably good. It is not an essential addition, pro­

vided that enough of the present optical tracking network can be used for the 

altimeter verification experiment. It is therefore not included in Table 4-4. 

Table 4-4 gives a list of the tracking stations to be included in the 

Caribbean net, their type and approximate location. The stations are grouped 

into four categories: those stations which will provide precise locations within 

the Caribbean (and Gulf of Mexico) region; those stations in the same region 

whose observations are used to increase the sampling density; and those stations 

outside the American Mediterranean whose observations are needed for orbit 

determination make up Categories A, B, and C respectively; Category D covers 

seven stations whose exact nature, location, and existence are hypothetical but 

which are postulated for the purposes of this study. All the postulated stations 

(Category D) are radar-like but act either as receivers only or as transponders, 
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or simply as reflectors. Further discussion of the possible characteristics of 

such stations is found below. Three stations close together have been postulated 

on Puerto Rico. They have been placed there because of the proximity of the 

Puerto Rico trench and the possible existence there of a (satellite-tracking) 

camera. They could, considering their nature, have been located in the vicinity 

of a C- and/or S-band radar also. The Bluefields -Nicaragua and Chetamal 

stations are postulated (a) as part of the network monitoring the western Caribbear 

and Gulf of Panama region, and (b) as part of the small cluter of stations (not 

specifically listed in Table 4-4) on and-about Lake Nicaragua for relative height 

measurement. The Jamaica and Curacao stations belong to both western and 

eastern Caribbean networks. 

The success of the verification experiment will be determined by the 

number, types, and locations of usable tracking instruments. Which tracking 

instruments will be:usable will depend on many factors not accurately predictable. 

Particularly uncertain is the number ,of optical tracking instruments (cameras 

and lasers) that will be available. This uncertainty about availability is made 

even more s.erious by the susceptibility of the stations to loss of observations 

because of poor weather, the non-professional quality of the tracking effort at 

some stations, and the heavy drain of flashing lights on available power for the 

altimeter. Reliance on electronic tracking instrumentation rather than optical 

should, therefore, be considered essential to the plan. 

One way of reducing reliance "on optical tracking devices is to place 

available C- or S-band radars at sites at which the plan otherwise calls for 

cameras. The extent to which such placement will be possible is not known; 

it will certainly be very limited. 
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Where C- and S-band radar tracking facilities are needed, do not exist and 

cannot be installed, other tracking means must be tried, such as the self-tracking 

or transponder devices. These in theory can provide the tracking accuracy 

required. Until they have been completely tested- and their performance checked, 

however, the experiment design cannot consider them as firmly emplaced in the 

design as more thoroughly tested instruments. There are two electronic tracking 

devices which must be considered for completing the Caribbean tracking set. One 

is MISTRAM, a system for tracking of Air Force and Navy rocket missiles at the 

Atlantic Test Range; the other is SECOR, a system built for the U.S. Army as a 

geodetic satellite tracker. The principles of operation of these devices are well 

known and are in any case irrelevant for the most part to the present discussion; 

only those characteristics of each that are of importance need be mentioned. 

MISTRAM stations exist at Valkyrian, Eleuthra, Bermuda, Grand Turk, 

.Antigua, and Trinidad, other locations are not relevant. Only the Valkyrian and 

Eleuthra stations measure range and range rate; the others work in cooperation 

with these two. 

This station distribution provides at least three stations (Grand Turk, 

Antigua, Trinidad) well placed for GEOS-C tracking; the Trinidad station is 

especially valuable. The Bermuda station is of no use to the experiment, the 

possibility of its relocation on Curacao for this experiment should be explored. 
MISTRAMv's performance has been tested intensively, no testing on satellite 

2 
tracking has been possible, but simulation tests on a GEOS-C type 

satellite predict tracking errors (total) of l-2 meters. 

The major drawback to use of MISTRAM is that it requires the installation 

of a transponder in the satellite. The transponder's weight (8 kg) and volume 

(6.25 liters) do not present problems; the operating power of 37 watts does, 

however. 
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Use of SECOR for filling in vacant spaces in the Caribbean tracking net has 

several attractive features. First is the mobility of SECOR, which makes it 

possible to locate a tracking station at any desired site. Second is the probable 

availability of SECOR for the tracking; the principal geodetic mission of SECOR ­

providing control in the equatorial belt - will have been practically completed by 

the time GEOS-C is launched. Relocation of unemployed SECOR stations at 

Caribbean sites would be a logical and geodetically desirable expedient for tying 

the SECOR network to western hemisphere datums. 

The above advantages of SECOR are balanced by several serious dis­

advantages. One of these is uncertainty in accuracy of the instrument. While
 

-
SECOR should be capable of measuring range with s.d. of better than ± 1 meter, 

test results known to the present writer do not show that this capability is 

realized. Comparisons of ranges measured, presumably simultaneously, by 

radar and SECOR show differences of more than 5 meters 4 8 . Another 

disadvantage, possibly connected with the first, is the frequency range (200-500 

MHz) in which SECOR operates. The range measurements are markedly affected 

by ionospheric refractions, and the uncertain accuracy of SECOR makes also un­

certain the extent to which the double frequency operation of SECOR is able to 

correct for refraction. 

These two draw backs to SECOR can be removed to a great extent by 

colocating one of the SECOR stations at a MISTRAM or radar site. Such coloca­

tion could even turn the 500 MHz frequency of SECOR to advantage, since it 

would allow much better evaluation of atmospheric refraction. SECOR, like 

MISTRAM, requires a transponder in the satellite, but power consumption is 

considerably lower. 

The above considerations lead to the recommendation that MISTRAM be in­

cluded in the Caribbean tracking net and that the use of SECOR as an alternative 

to ballistic cameras be investigated. Also recommended is the use of laser 

ranging instruments instead of ballistic cameras, with planning for inclusion 

of the French stations in the project. 
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Logistics (Caribbean), 

The absolute category tests in the Caribbean will consist mostly of tracking 

the satellite from fixed tracking stations with near-simultaneous measurement 

of altitude from the satellite. Operation routines should therefore be about the 

same as that followed for other scientific satellites, in particular previous GEOS 

series satellites. This routine is well known, reasonably standard, and need not 

be detailed here. Only the principal exceptions will be noted. 

1. 	 Inactive optical-tracking stations called for in the experiment should 

be put into operation again before GEOS-C launch. Adequate time 

should be allowed for crew training, camera calibration, and 

operational checkout. 

Z. 	 Altimeter data reduction computer programs should be ready 

(written and checked) long enough before launch to allow immediate 

use on data. 

Some of these programs will involve using altimeter measurements 

for orbit determination. Until reliable estimates of measurement 

accuracy are available and the estimates are considered satisfactory, 

these programs should not be used in the experiment to improve the 

geoid. At this time an estimated lapse of 8-14 months from launch 

to use of altitude measurements for geoid and orbit improvement 

within the experiment does not seem excessive. 

3. As a result of analysis of the data produced during the first month, 

it should be possible to decide which parts of the verification experi­

ment plan have been satisfactorily completed, which require improve­

ment, and so on. Experiment work in certain regions - especially 

those for verification of differential precision - may be able to be 

de -emphasized. 
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4. The altimeter measurements must be scheduled so that the instru­

ment is not turned on while it is over land or outside the designated 

test regions. 

5. The experiment calls for use of a tracking ship within the 

eastern Caribbean. 	 Placement of this ship for optimum tracking 

geometry can be scheduled several months in advance, but the 

desirability of such placement must be weighted against the hori­

zontal and, especially, vertical location errors. 

6. 	 Tide variations in the Caribbean are small, being less than 0. 6 m 
23, 24, z5 

in most places . No special scheduling of measurements 

in relation to tides is necessary. 

4.3.1.4. Error Analysis (Caribbean) 

The variance of the computed height of the altimeter above IMSL is 

approximately the sum of the variances of the heights of the altimeter above the 

spheroid and of the instantaneous mean sea surface above the spheroid. The 

value is approximate because (1)the component heights involved in computing 

instantaneous mean sea surface height above the spheroid do not lie on a common 

straight line with the height of the altimeter above IMSL, and (2) there is 

considerable correlation between the computed height of the altimeter above the 

spheroid and the computed height of the instantaneous mean sea surface above 

the spheroid The first of these causes has very small effect, fortunately, on 

the variance; the effect of the second is difficult to estimate but is believed to be 

small and will not be considered in the analyses. The analysis is therefore broken 

up into two parts: analysis of the error in location of the altimeter in the spheroida 

coordinate system, and analysis of the error in definition of IMSL in that system. 

Satellite Location Errors (Caribbean) 

Satellite (altimeter) location in a spheroidal system of coordinates is 

defined by two coordinates loeating a sub satellite foot point on the spheroid and 

by a third, height coordinating fixing the altimeter above that point. The standard 

deviation in the third coordinate is of principal importance to the problem and 

will be discussed at length; errors in the other two coordinates are also 

important, however, and will be given adequate attention. 
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Satblite location in the spheroid coordinate system is computed from (1) 

tracking instrument locations in that system; (2) tracking instrument measure­

ments; and with (3) assumptions regarding the satellite's motion as a function 

of time. The satellite location covariance matrix is therefore a function of the 

variances in tracking instrument location, tracking instrument measurements, 

and parameters in the satellite equations of motion. The form of this function is 

determined by the locations of the tracking instruments with respect to each other, 

by the type of measurement made by each instrument, and by the form of the 

equations of motion. Because function form is so closely allied with component 

s. d. size in determining the overall s.d. of satellite height above spheroid, we 

discuss the form factors--tracking instrument distribution, equations of motion, 

etc. -- first, then the tracking instrument location s. d. 's, and finally the measure­

ment s.d. 's. 

Satellite Location Errors (Caribbean); Form Factor Effects 

The station distribution specified for verification in an absolute frame 

of reference is such that the altimeter, while it is in one of the proper sub­

regions designated above, is observable simultaneously by at least three 

electronic ranging stations and, in clear weather at night, by at least one 

optical tracking station. When the satellite is not in one of the proper sub­

regions, it is observable simultaneously, under proper conditions, by at 

least two electronic ranging stations and one optical tracking station. Since, 

for planning purposes, optical tracking stations cannot be expected to observe 

the satellite on more than one out of three passes, and then only over a 100 

(topocentric) arc unless a Baker-Nunn camera is being used, locations out­

side the proper sub-regions must rely on orbit theory to provide locations 

in most instances. An error analysis covering the entire verification experi­

ment is discussed in ippendices B and D of :this report. 
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Looking only at the geometric (static or instantaneous) configurations 

that the satellite and tracking network can assume, we see that the following 

ones are significant. First (Figure 4- 18a),the satellite and surface range 

tracking stations may be situated near.positions that lead to minimum 

spherical rms error in satellite coordinates. Satellite and stations will be 

near vertices of a regular tetrahedron. Second (Figure 4-18b),the satellite 

may be nearly above one of the tracking stations. This will give an oblate 

error-ellipsoid for the station coordinates, with the minor axis vertical. 

Third, the satellite nadir may be well outside the triangle formed by the 

three ranging stations (Figure 4- 18c), giving again an oblate spheroid but 

with the minor axis tilted and all axes larger than in the preceding situations. 

Corresponding to each of the preceding configurations there are two variations 

(not pictured) in which the satellite is either considerable higher than in the 

optimum situation or considerably lower. As the height increases, the 

equatorial axes of the error ellipsoid increases rapidly in length but the minor 

axes increase only slightly. As the height decreases from optimum, the 

spheroid becomes prolate, with the minor axis increasing rapidly in length 

and with the equatorial axes decreasing to a minimum that is slightly less 

than the smallest s. d. of the polar axis. 

Addition of range-measuring stations to the configuration will result in 

decreasing the radius of the error-sphere but will not significantly alter the 

above conclusions. A drastic change in the error pattern occurs, however, 

if one or more direction-measuring instruments are included in the configu­

ration, especially if the rms error of the direction-measuring instrument is, 

when converted to linear units, close to that of the ranging instruments. (In 

the case of GEOS-C, for instance, if we take the range s.d. as ±5 meters and 

the satellite height as 1200 km, so that range varies from 1200 km to 2400 krn, 

the required direction s. d. is about 01.15 since angular error is approximately 
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Figure 4-18a.
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Figure 4-18. Geometric Arrangement of Ranging Station Locations 
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independent of distance.) While 0.?5 would be considered large by astronomers, 

artificial satellite trackers in general cannot average the object's coordinates 

over a period of minutes or even seconds as astronomers can, so that 01.t5 

must be considered a small, though not unattainable s.d. for the GEOS-C 

experiment. Since a s. d. of tZ meters or less for the electronic ranging 

instrumentation may be possible, a s. d. of ±0.'2 in each of right ascension 

and declination should be looked for. This is not an unreasonable goal, even 

using present equipment, if conditions are favorable, measurements precise, 

and if adequate data-reduction procedures are used. While many configura­

tions of satellite direction-measuring instruments (referred to hereafter as 

cameras for convenience but without prejudice to other types), and range­

measuring instruments (referred to hereafter as radars, again for convenience 

and without prejudice) can be conceived, only a few of these can be operation­

ally realized while showing significant differences in the error ellipsoids. 

Experience of ESSA and the European Satellite Triangulation Network has 

shown that, as one would expect, simultaneous observations of a satellite 

by two cameras is considerably less frequent than observation of a single 

camera, while simultaneous observation by three cameras is very infrequent. 

Since even simultaneous observation by two cameras has an information 

redundancy of 33%, we can dismiss three-camera configurations as unnecessary 

and improbable. Of the two-camera configurations, we need consider only 

that in which the satellite and cameras are placed to minimize height s. d. 

with the satellite at a zenith distance (z. d. ) of less than 600 . Below 600 

simultaneous observation opportunities decrease rapidly and refraction­

caused errors increase. As zenith distance decreases, on the other hand, 

the height s.d. increases. The two practical situations therefore appear to 
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be (1) both cameras observing near 60 ° z.d. and (2) one camera observing 

near 600 z. d. and the other observing near the zenith. The first of these is 

shown in Figure 4-18d; the second is not shown but has been subjected to 

error analysis. 

Considering the total milieu within which the experiments will be carried 

out in the Caribbean (see preceding sections), the most frequent situation 

involving cameras will be that in which one camera observes simultaneously 

with two or three radars. (By "simultaneously" here, and elsewhere, is 

meant at times close enough together that location can be computed for a 

common time with a s. d. not significantly different from what would have been 

achieved with true simultaneity. Most camera-radar combinations permit 

simultaneous observation in this sense; laser-type ranging devices may be 

exceptions. ) Considering again the error characteristics of radars and 

cameras, we see that in the three-radar, one-camera situation (Figure 4-18e), 

with the satellite height and radar station separations nearly equal, the camera 

placement is not critical; the camera information introduces a 67% redundancy 

and reduces the total rms error correspondingly. In the two-radar, one­

camera situation, the redundancy is only 33%. The greatest variance in 

height will result when the camera is observing at maximum z. d. and the 

radars are observing nearly right angles to the line of sight of the camera 

(Figure 4-iaf). The principal configurations of camera, radar, and satellite 

being defined, we proceed to make a numerical estimate of the s. d!s. asso­

ciated with the configurations. We do this by selecting radar and/or camera 

locations from the list (Table 4-5) of possible tracking stations in the Caribbean 

and contiguous regions to give surface configurations close to those discussed 

above. The satellite orbit elements a, e, i are taken from Appendix M 

elements (D and 0 are given a number of values to provide a representative 

set of longitudes, latitudes and heights for the satellite over the Caribbean, 

and ay is set arbitrarily equal to zero. Times are selected to give satellite 

locations at about 20 second intervals (corresponding to about 150 km distance 
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Figure 4 -18 c. 
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Figure 4-18d. 
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Figure 4-18f. 
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Table 4-5. Tracking Station Locations for the Caribbean 

EARTH CONSTANTS 

RA 6378388.000 El 0.0819918899 k2 = 0.0 

Station 

LONGITUDE LATITUDE HEIGHT _0NGITUDE LATITUDE K Y Station Name Number 
DOD MM SS.SSS D0n MM SS.SSS (METERS) (RADIANS) (RADIANS) 

279 24 1.700 28 13 33.960 15.0 4.87645855 0.49263848 918620.0 5548636.5 2998655.5 CAPE CANAVERAL FP 

279 18 22.930 28 30 28.220 3.0 4.87481576 0.49755565 907102.8 5535488.1 3026124.4 CAPE :ANAVERAL USB 2 

279 36 42.690 25 30 24.600 I8.O 4.88314755 0.44517822 961816.7 5679453.1 2729898.4 i3AbSrEAO FLA. PC-I03 3 

285 29 43.960 24 7 5.520 13.0 4.98283724 0.42094200 1556190.9 5613138.2 259D277.4 SAN SALVAD3R FPS-16 

273 12 6.440 30 25 17.060 28.0 4.76827073 0.53095369 307469.6 5496418.0 3210804.9 E LIN AFa FPS-1 

262 37 17.920 27 39 11.780 6.0 4.58361238 0.48264065 -726079.4 5607085.1 2942569.0 CORPUS C4RISTf US8 5 

288 52 3.040 21 27 43.680 36.0 5.04166917 0.37458489 1920499.1 5619715.3 2319132.2 ZRAND TURK TPZ-18 7 

298 12 23.840 17 8 35.000 42.0 5.20468740 0.29920276 2861682.0 5372823.0 1866002.8 ANTIGUA FPQ-5 4 

299 12 37.410 17 8 51.680 7.0 5.20475319 0.29928363 2881948.2 5372470.7 1868482.5 ANTIGUA PC-1OO I 

291 9 42.550 12 5 21.550 23.0 5.08173240 0.2t099843 2251891.9 5817218.7 1327085.8 CURACAO BACER-NdNN 13 

283 11 26.520 18 4 31.980 485.0 4.94261012 0.31547786 1384224.0 5905981.0 1966510.0 JAhAIA NOTS 40 11I 

294 0 22.170 18 L5 26.220 58.0 5.13137548 0.31864971 2465154.6 5535226.7 1985490.0 SAN JUAN MOTS-40 12 

298 23 23.670 10 44 32.780 269.0 5.20788635 0.18749093 2980052.6 5513813.0 1181091.2 TRINIDAD PC-1000 13 

276 3 29.870 17 24 f6.570 83.0 4.81812621 0.30376762 642558.1 6054269.4 1895656.1 SWAN ISL PC-IO0 14 

295 20 46.530 32 20 47.530 21.0 5.15476464 0.56455356 23d9039.8 -4874621.5 3393019.8 BERMUDA FPQ-6 15 

281 25 14.810 0 37 28.000 3649.0 4.91171920 0.01089861 1263650.8 6255300.0 -69086.7 3UITO 4OfS 15 

279 25 23.770 2S 28 52.790 14.0 4.87685605 0.4970929q 918626.0 -5535018.1 3023547.6 CAPE CANAVERAL FPS-16 17 

293 0 0.0 18 15 0.0 0.0 5.11381470 0.31852259 2367653.8 -5577842.8 1984706.2 PUERTO RICO 2 TRANSPONJER 13 

293 30 0.0 18 45 0.0 0.0 5.12254135 0.32724923 2409236.5 -5540864.5 2037190.0 PUERTO RICO 3 TRANSP3N3R 19 

294 0 0.0 18 15 0.0 0.0 5.13126799 0.31852259 2464639.9 -5535672.0 1984106.2 PUERTO RICO 4 TRA4SP,'3ER 23 

283 11 0.0 18 3 0. 0.0 4.94248155 0.31415926 1383950.0 5908231.0 1958408.4 JAMAICA 2 TqA&SPONDER 21 

291 10 0.0 12 3 0.0 0.0 5.08181700 0.20943951 2253120.4 5818930.0 1317417.7 :URACA3 2 TR4NSPONDE1 22 

276 30 0.0 12 D 0.0 0.0 4.82583538 0.20943951 706378.0 -6199800.6 1317417.7 BLUEFIELDS RECEIVER 23 

271 0 0.0 18 30 0.U 0.0 4.72984221 0.32288591 105601.4 -04902.B 2010966.9 CHETUMAL RECEIVER 24 

274 30 0.0 11 0 0.0 1500.0 4.7909?879 0.19198622 491423.6 -6244129.8 1209306.1 MICARASUA RECEIVER 25 

/, 



between nadir points); satellite and station locations are then used to calculate 

the elements of the geometric structure matrix, and the variances in 

satellite coordinates computed from the matrix and the variances of station 

observations and stations locations (see Appendix B). 

Table 4-6 gives the tracking station combinations used in the analysis. 

Some of these combinations contain stations not included in Table 4-5, 

such stations are assumed to be relay stations (transponders or reflectors) 

or simple receiver stations. The special sites selected for these stations are 

given in Table 4-5, Category D. Not all combinations of stations from these 

categories need be taken; the few combinations given in Table 4-6 give a com­

pletely adequate idea of the variances to be expected from any of the practicable 

combinations. Table 4-7 summarizes the result of the error analyses for the 

15 different tracking station combinations. 

Table 4,6
 

Station Configurations
 
(See Table 4-5 for locations)
 

SET RADAR CAMERA
 

A San Salvador Eglin Corpus Christi Homestead
 

B San Salvador Grand Turk 
 Homestead
 
C Grand Turk Antigua Curacao
 
D San Salvador Grand Turk Eglin Jamaica
 

-E San Salvador Grand Turk 
 Swan
 

F Grand Turk Antigua Jamaica
 
G San Salvadcr Grand Turk Antigua
 

H San Salvador Grand Turk Antigua Swan
 
I Grand Turk Antigua Puerto Rico
 

S San Salvador Grand Turk Eglin
 

K San Salvador Grand Turk 
 Eglin Jamaica
 
L Grand Turk Antigua
 
M Grand Turk Antigua Curacao
 

N Curacao Grand Turk Antigua
 

0 Curacao 
 - Grand Turk Antigua Curacoa 
P Puerto Rico#Z Puerto Rico#3 Puerto Rico
 
Q Puerto Rico#Z Puerto Rico#3 Puerto Rico#4
 
R Puerto Rico#2 Puerto Rico#3 Puerto Rico#4 Puerto Rico
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HEIGHT ERROR (in Meters) 

StationTe A B C D E F G H- I I j -K I , M N 0 P Q R 

Radar' 
/ 

4.5,6 4,7 17,8 4.6,7 4.7 7,8 4.7,6 4,7,8i 78 4,5.7,'8 4,5,7,8 7.8,21 7,8,21 7,8,21,22 7,8,21,ZZ 18.19 18,19,0Z 18,.9,ZO 

Camera 3 3 10 11 '34 11 14 12 - 11 10 O 12 12 
Satellite 
Positior, " 

103 6.2 

104 5.8 5.9 7.9 

105 5.6 6.3 .5.4 8.1 

106 5.5 5.7 5.2 7.8 77.3 4.9 7 8 5.4 7.7 5.4 

107 5.0 6.0 6.7 57.5 6.9 5.7 57.0' 4.5 5.Z 4.3 5.2 4,3 

108 4.4 5.2 5.4 5.7 39.5 5.5 4.8 4.1 37 3.8 3.6 

109 4.6 4.8 5.1 4.9 7.5 45 4,3 3.9 3.6 3.2 3.3 4.2 36.1 3.7 

110 5.7 4.6 4.3 18.7 4.3 4.2 4.2 3.8 3r3 3.3 3.8 12.2 3. Z 

111 4.5 4.2 11.2 5.0 4.2 4.8 4.1 4.1 3.7 3.9 16.8 3.2 

112 4.7 4.8 5.9 6.4 4.4 5.9 4.7 5.4 4.3 4.5 42.8 3.9 

209 6.9 6.0 8 2 

209 6.4 5.7 8.3 

210 5.9 5.5 8.0 92.9 5.2 7.8 5 3 7.3 5.2 

211 5.4 6.3 7.1 6.4" 88.9 7.3 5.9 82.3 5.0 7.0 4.5 5,4 4.2 

212 5.4 5.9 6.4 5.9 71.3 6.3 5. 1 7.3 4.4 4.3 3.7 

213 6.0 5.7 6.5 5.4 60,4 5.9 4.8 8.0 4.5 4.0 3.6 

214 7.1 5.6 5.1 55.5 5.9 4:6 9.1 4.8 4.3 3.7 

z1 . 5.6 5.2 48.6 6.6 4.7 10.5 5.1 5.2 4.2 

216 5.8 6.0 44.3 7.8 5.0 12.4 5.6 6.8 4.9 

308 8.6 

309 7.5 8.6 Z50.7 9.7 7.2 13.6 5.9 9.4 5.5 

310 6.7 7.8 6.5 135.8 7.9 5.9 10.3 5.1 6. z 4.4 

311 6. z 6.7 6.0 77.8 6.7 5.0 8. Z 4.8 4.4 3.8 

312 5.7 6.5 5.1 44.3 5.6 4.5 6.7 4.5 3.6 3,6 

313 4.9 4.4 21.2 5.1 4.3 5.4 4.3 3.8 3.6 

314 4.5 4.4 5r1 5.8 4.3 5.1 4.3 5 0 4.1 

401 3.8 8.3 3.1 

402 3.8 6.6 3.1 

403 3.8 6.9 3.1 

404 3.8 7. 8 3.1 

405 8.9 10.6 3.2 

406 4.0 16.0 3.2 

501 3.8 6.7 3.1 

502 3.8 3.9 3.1 

503 3 8 4.4 3.1 

504 3.8 6.5 3.1 

505 3.9 10.5 3.2 

506 3.9 13.6 3.2 

601 3.8 6.0 3. 1 

60Z 3.8 4.1 3. 1 

603 38 4.7 3. 1 

604 3.9 7.3 3. 1 

605 3.9 to& 3. 

606 3.9 14. 3.2 

Station Configurations are given in Table 4-6 
... See Station numbers in Table 4-5 

See Satellite Positions in .Tables A-10 and A-Il (Appendix A) 

Table 4-7. Results of Error Analyses for the Caribbean 
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Satellite Location Errors (Car{bbean); Observation Error Effects 

At least three distinct kinds of tracking equipment will be used for 

observing the altimeter satellite: radar; laser ranging, and camera. Each kind 

of tracking equipment will be present in several types, each with its own charac­

teristic set of standard deviations. The literature on the standard deviation of 

a unit observation is voluminous for radar (see e. g. , ref. 43-48) and cameras 

(see e. g., ref. 56-58); literature on laser range errors is scanty but increasing 

(see, e.g., ref. 59-61). It is not the purpose nor the responsibility of this study 

to present either a critical analysis of the range and direction errors, nor are 

the resources available for the study adequate to permit estimation of the effects 

of these errors in their many possible combinations. The problem of best 

accounting for measurement errors has therefor been solved by using, for all 

tracking instrument measurements of a given kind, the same nominal standard 

deviations regardless of the exact type of instrument, satellite location or 

velocity, etc. These standard deviations are considered as being reasonable 

estimates of what the tracking errors are at present in well-run systems. The 

nominal values for the standard deviations are (in absolute value): 

Instrument Measurement Standard Deviation 

Systematic Random Total 

radar 4-4.8 m. 1-2 m. 5 m. 

laser 1-1.5 m. 1-1.5 m. 2 m. 

camera 0'5 0.8-11.18 111-2" 
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Satellite Location Errors (Caribbean): Station Location Error Effects 

The resultant standard deviations in satellite locations given are 

dependent not only on the observation error standard deviations but also on 

the errors present in the tracking station location given. A discussion of the 

difficulties caused by combining errors of the station location type with 

standard deviations will be found in Appendix H. Such difficulties can be 

traced to the circumstance that the standard deviations given for satellite 

locations are in large part measures of scatter of satellite locations while 

the standard deviations given for station locations are more like error-limit 

estimates. 

In Table 4-8 column 2, the standard deviations for horizontal coordinates 

of certain of the tracking stations neighboring the Caribbean are listed. Those 

data, however, were computed on the assumption that the standard deviation 
26 27increases in accordance with Simmons' formula ' . Ref. 4 notes that the 

values derived are of doubtful meaning bedause the quantities used in the formula 

do not have precise meaning. Using that reference's own estimate of the meanings 

of the quantities, we get the value given in the third column of Table 4-8. The 

fourth column gives the values that could be expected if the results of the C&GS 

satellite survey were used. Since the C&GS stations do not approach any of the 

VEDS stations except near Antigua, the method of incorporation is not straight­

forward, as the table would indicate, but must be indirect, i. e., by interpolation 

via the triangulation network. The final solution would make use not only of 

C&GS data but also the GEOS tracking data themselves; hence, a self-consistency 

of -±Z meters in horizontal location throughout the Caribbean and Gulf of Mexico 

tracking network (exclusive, in other words, of stations farther north than 

Cape Canaveral and farther west than Corpus Christi) should be attainable. 

The question of determining the vertical coordinate s.-d's. is another 

kind of problem. Station heights above mean sea level can be assumed to 

have s. d's. of less than 0. 1 meter in the Caribbean and Gulf of Mexico, 'since 

these heights have been determined by or (as in the case of Antigua and 

perhaps other stations) can be determined by spirit levelling. The 0. 1-meter 
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Table 4-8. Standard Deviations of Horizontal Coordinates of Certain
 
Tracking Station Sites Relative to Grand Turk Station*
 

S.D. S.D. S.D. 
Station (original) (reduced by 67%) (with C&GS data)":
 

Grand Turk 0 0 0
 

San Salvador 5 Z 1
 

Grand Bahama 8 3 Z
 

C. Canaveral 10 3 2
 

Antigua 10 3 2
 

Curacao 15 5 3
 

Guaymas Z3 8 6
 

- Based on data in Ref. 28
 

* B. Chovitz, 1968, private communication 

4-70
 



estimate is probably close to a 3a value, so it is certainly a safe 1-a value. 

Since we intend to provide horizontal coordinates for the stations to k2 meters, 

we can assume that geodetic distances between stations are known to j2 meters. 

In view of the small area involved, the'corrections to these distances for geoid­

above-spheroid can be neglected. Differences between mean sea level and a 
19

Caribbean geoid are less than 0. 5 m in most places; the error in 

the difference is estimated, therefore, at less than 0. 3 meter. 

The most important contribution to the total standard deviation of 

instrument vertical coordinate error is made by the uncertainty in geoid-spheroid 

separation. This uncertainty or error can have a standard deviation of much less 

than 1 m. near the datum point, and can increase to 20-30 m or more at distances 

of 2000 km or more away. The subject of geoid-spheroid separation errors is 

extremely complicated. Since it must also be considered in deriving the s. d. 

in IMSL above spheroid, detailed discussion of the general problem is deferred 

to the next section. The problem of errors in tracking instrument heights above 

the spheroid is somewhat different from the more general problem in that these 

heights can also, and in some cases have been, determined from the satellite 

observations themselves. The size of the s.d. 's in vertical coordinate varies 

with the kind of instrument used, method of data reduction used, etc. Baker-Nunn 

camera locations, for example, have spherical s. d. 1s of about ±Z12 m. (ref. 62). 

Some of the C&GS satellite tracking network stations (optical) in the Caribbean 

have s. d. 's of about :L3 m. in height (ref. 63). Some of the radar stations in 

the Caribbean region have vertical coordinate s. d. 's of the same order of 

magnitude (ref. 64). A properly conducted experiment would therefore combine 

the surface survey information with satellite-tracking derived information to 

arrive at the finally adopted and used values for satellite location in the spheroidal 

reference system. 
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The variances of station location coordinates determined directly from 

observations of the satellite in range, direction, and even velocity coordinates 

are basic to the location problem. As long as the satellite locations are going 

to be derived ultimately by statistically fitting data to short segments of the 

orbit, the variances derived directly from observations will be much more 

important than variances resulting from theoretical deficiencies in the orbit. 

The orbit, in fact, serves primarily as a means of smoothing the observational 

data. If the tracking stations are located closely enough together, then between 

fixes the satellite follows a trajectory that is smooth to within the resolving 

power of the tracking instruments. If the tracking devices were free of sys­

tematic errors, the short segment procedure could then be used to find the 

altimeter accuracy standard deviation or precision standard deviation to any 

desired degrees of confidence. (This would not be true if a full orbit were 

used for trajectory fitting, because an orbital trajectory conputed from 

observations over a complete revolution or more contains systematic errors 

that cannot be removed. ) The next step is therefore to modify the results of 

the preceding analysis of isolated observation errors by applying the orbit 

equations in such a way as to smooth out the observations. 

(Eventually, when altimeters height variances are being computed 

from actual data, the satellite-above-spheroid variances will be computed 

in a single step. 'During the planning stages, the analysis procedure is sub­

divided into short steps to ensure that no critical details are overlooked. 

The effect of the orbit on satellite location variances is accordingly 

considered in two parts. First, the variation of a computed orbit from the 

true orbit is considered. Then the amount of smoothing done by the computed 

orbit on the satellite coordinates is estirnate4. 
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The purpose of the first part is to find over what length of arc a computed 

orbit (actually, an orbit segment) can be trusted. If the segment were made 

significantly longer than this without correction from observations, a signifi­

cant systematic error would be introduced into the satellite altitude by the 

orbit and, as shown in Appendix H, this error would appear in and could not 

be removed from the standard deviation of the altimeter measurements as 

computed. The equations to be used are derived and given in Appendix D. 

Resources were unfortunately insufficient to permit the computation of repre­

sentative deviations from data available for various parts of the Caribbean. 

An estimation method was used which is considerably less realistic, but also 

considerably easier to perform by hand. ' This method is reasonably familiar 

to most people working on satellite dynamics, and an outline is presented here. 

The estimation method assumes the existence of pulse or impulse type 

forces along a ty-pical trajectory in the normal, tangent, and binary directions 

and of integrating the accelerations'over very short segnehts. ' Within an 

orbital period of 110 minutes, the satellite passes through a 16-th degree 

tessera in 7 minutes. Perturbing accelerations can therefore be considered 

to be applied over. intervals of 7 minutes or less if present-day orbits are 

considered reliable as far as the 16-th degree harmonics. (Whether orbits 

are actually reliable to this extent is arguable; see e. g., Ref. 27). 

An examination of actual gravity anomalies shows variations of 20 to 

40 milligals per 100 km to be common, with variations of 100 milligals over 

100 km to be a frequent occurrence in regions of high relief. Taking a value 

of 200 milligals per 100 km for the gravity perturbation magnitude in the 

Caribbean, the 100 km corresponds to a wavelength of 27/400 and the rate 

of diminution of the accelaration with height would be about (6.417.4)4 0 2 , 

which is close enough to zero to be ignorable. Assuming instead an average 

acceleration of 50 milligals over the 7 minute interval, the attenuation at 

satellite height would still be about (6. 4/7. 4)9 or one-sixth of sea-level 
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value. An acceleration of 20 mgal acting for 7 minutes, treated as an impul­

sive perturbation, produces about 1. 5m change in height. This is an order­

of magnitude estimate only, because of (1) the lack of knowledge concerning 

the surface gravity variations in the Caribbean and (2) the lack of knowledge 

of the accuracy variances of the gravity field coefficients. 

A closer estimate would result by using the equations in Appendix D, 
with a reasonable estimate of the variance in FN, FT and FB . For the pres­

ent work, the value 1. 5m can be used if its tentative nature is understood. 

Hence, a spacing of 85s or 600 km between fixes would reduce the deviation 

between true and computed orbit to 0. 1 meter. The value of 600 km is taken 

as the maximum allowable gap between areas of triple coverage (see Figures 

4-1Z(a), 4-12(c) since a distance greater than this will result in the introduction 

of 0. lm error into the satellite height. Since the above estimates are of the 

Tworst-case" variety, the allowable spacing might be more like 1200 km or 

greater if more exact calculations were carried out. 

With the geometric error estimated and the length of the "no-data" 

interval established, the last estimate needed is the reduction in satellite 

height error that can be expected by using a set of orbit equations as a con­

straint on the observations. The theory required for such estimation is 

discussed in Appendices D and H, where equations are derived by which the standard 

deviation of satellite height above the spherical may be computed, given 

the satellite orbit parameters and the s. d. of the observations. These equa­

tions must be applied with great care, as explained in Appendix H, to avoid 

getting the systematic and random errors confused. They have not been used 

for computation in this study because of lack of available time. It is not neces­

sary to use them if, as at present, an order-of-magnitude estimate is sufficient. 
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The explanation of the theory given in Appendix E is enough to show that 

the results of introducing the orbit as a constraint is equivalent (for short 

segments) to smoothing out the observations. The analysis of Appendix H 

shows that systematic errors in the tracking data will remain. Furthermore, 

the analysis or orbit accuracy in the preceding paragraphs shows that sys­

tematic variations of the computed orbit from the theoretical orbit, insofar 

as they arise from theoretical deficiencies, can be made negligible. There­

fore, ignoring the minor corrections that adherence to small-sampling theory 

would entail, the following conclusions are made: 

(1) 	 over the segment lengths of concern within the Caribbean, 

simultanity of observation by different tracking stations is not 

essential; 

(Z) 	 the .standard deviation of the satellite height is given approximately 

by. 

4Ya. / 4, (4-Z) 
1 

where n is the number of independent observations on the satellite 

in a region where the geometric situation gives a standard devia­

tion of ar.;
1 

(3) 	 the standard deviation given above does not take into account the 

systematic errors in the observations. These errors cannot be 

removed statistically but must be removed either empirically or 

by locating the cause of 'the systematic errors. 

In sunnary, then, the -satellite altimeter location-can be found, using
 

orbital constraints on its motion over short segments of the orbit and so on,
 

to within 1-2 meters.
 

All possible corrections are made and to within 2-6 meters if the systematic 

errors present in ground tracking station instruments are not removed. 
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Geoid-Above -Spheroid Separation Errors (Caribbean) 

The foregoing discussion estimated the geoid-spheroid separations 

at the tracking stations. At these stations, the possibility exists of contin­

ually reducing the mean square error by forcing agreement between satellite 

observations and the orbit. No such possibility exists for getting a better 

geoid at general points in the Caribbean unless the altimeter measurements 

themselves are used. Such use is, of course, out of the question, at least 

in the early stages of the experiment. Knowledge of the geoid in the Caribbean 

must, therefore, be derived from sour ces other than altimeter data. 

There are three major routes to the determination of the geoid-above­

spheroid separation: (1) through astrogeodetic measurements, (2) through 

gravimetric measurements, and (3) through relation to satellite motion. Of 

these, only the astrogeodetic method rests on a secure theoretical foundation; 

the other two at present, involve assumptions which are known to be theoreti­

cally unsound. The task of evaluating standard deviations for the astrogeodetic 

method in the Caribbean is not much easier than doing it for the other two, 

however, because there are insufficient data readily available for exact 

analysis. For these reasons, a rough estimate only of the s. d. 's is made 

here; a critical evaluation should be made as part of the final design. The 

estimation will be carried out here for each of the three methods separately, 

and the results of combining the methods then estimated. 

1. 	 The astrogeodetic method for getting the geoid height hI at a 

point P depends basically on measuring the slope s. of geoid 

with respect to spheroid at a number of points Pi between PI and 

an initial point P at which the geoid height h I is known. To a 

satisfactory approximation, hI is given by: 

P 

+h = I tan ds ,(4-3) 

P 
1 
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the integral being taken along some path- on the spheroid, s being 

the distance (on that path) from P to the point where is measured. 

Two major sources of error occur:
 

(a) 	 The slopes are measured with appreciable errors. On 

land, Ia I is about 011.'3 if a good first-order set of observa­

tion is made; a I a I of 0". 1 is obtainable but the median is 

probably closer to the former value. Measurements of 

at sea 	are feasible using gyroscopic reference axes or 

stabilized platforms, as with the SINS system or the GEON. 

The s. 	d. 's are then much greater, the magnitude depending 

the state of the ocean, the kind of navigation system used, 

distance from location reference stations, etc. Under 

favorable conditions, I a I can be assumed to be about 7"; 

during 	an extended cruise in mid-ocean, it could conceivably 

be much greater. If navigation is by observation on a 

TRANSIT-type satellite, then it would be fallacious to 

assume that the navigation s. d. of ±6" can be-compounded 

with the ±7" s. d. with excellent knowledge of location to give 

±9" s. d. for t . A number of 's will have been measured 

between navigation fixes, and these will, therefore, have 

correlated errors. Considering navigation uncertainties as 

they now exist, an estimate of +20" would probably be closer 

to the truth. Navigation fixes in parts of the Caribbean will 

be quite good, and ±7" should be obtainable over large regions. 

(b) 	 The second major cause of error in determining hI is the 

discreteness of the measurement intervals. , is not measured 

continuously along the curve joining PI to P but is measured 

at I points along the curve, with intervals AS. between points 

P'. and P il" The formula employed for determining hI is, 

therefore 

4-77
 



I-i 

h 1 = h1 + - tan , AS. (4-4)
 

1=1
 

The error is, therefore 

Pi+I
 
P 

i 

or, if ,. is a suitably chosen value, by
1 

5 h 7 (tan - tan .)AS. (4-6) 

The length AS. may be as low as 20kmor as high as 2 00km,1 

depending on the epoch of the observations and the topography 

along the circuit. The difference (tan i - tan i)depends on 

the topography and geology between P.i and Pi+l" Itcan be 

reduced by using gravemetricmeasurements between P. and 

P i -' but in mountainous regions or regions of great geo­

logical inhomogeneity, a very dense set of gravity measure­

ments is required to get deflections to better than 1". An 

order - of'- magnitude estimate can be made for the Caribbean 

region usinfg 6000km as the distance from P 1 to PI, 60krn 

for AS i and d±3" for -c. The result-is d:9 meters. The 

contribution of the measurement s. d.. T can be neglected.s 


No measurements of S within the Caribbean have been made 

as yet. Taking £7" as the s.d. of a GEON or SINS measure­

ment, assuming that measurements are made at intervals of 

5kin, and that navigation errors are negligible, we come up 
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with an estimated ah of ±O. 7 m per 100km. This is somewhat 

better than intercomparison of the SINS, GEON, and gravity­

geoid results would indicate for 100km, but is still reasonable. 

The results obtained by such surveys over extended distances 

in the Caribbean - getting a profile between British Honduras 

and Jamica, for instance - would be poorer because of the 

greater distance involved as well as because of the greater 

navigation errors. 

2. 	 There are a number of ways of applying gravimetric data to the 

determination of geoid heights. One is to apply Stoke's formula 

(or a suitable modification thereof) to the problem using gravity 

,data throughout the world. This method, while theoretically possible, 

is out of the question for the Caribbean region because of the accu­

racies required. If we write for the formula to be used, 

- 2Wgoa Ag (p,A) F(p) dp dA 	 (4-7) 

0 0 

where F(p) is a suitable weighting function, p is the length from 

P 1 to'P on the sphere, A is azimuth, and a and g are average 

radius and gravity for the spheroid, then the error 6h is 

6h I = gaoAg (p, A) F(p) dp dA - Ag. F(p.) AS. 
1 lug 0a 0 	 SSJ i i 

AS. (4-8) 

Or, using the law of the mean, the error 6h. contributed by the 

difference over the small area AS. is1 

6h = K [ Ag(p., A.) 3(p.) - Ag (p., A.) a (pi)] AS,. (4-9) 

These differences become appreciable where gravity data are 

sparse, even though 3becomes'small for large p. The proper 
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2 

approach is therefore to compute h not as an "absolute" value but 

relative to an h taken as standard within the Caribbean. The 

formula then becomes, for this difference Ah, 

Ah = K (P) -S(P1) dP dA (4-10)55 Ag 

where the distance pip is the distance from the point P to P.. 

The difference S (p) - S (p) approaches zero more rapidly than 

5(p) or ff(pi) if the region over which thla is to be computed 

is of moderate size. 

There are too many unknowns contained in the gravimetric formulae 

to allow them to be used to derive an unobjectionable estimate of 

the variance of a geoid height. If we assume that values of gravity 

are available for all I' x 10 tesserae within a region the size of 

the Caribbean and if we assume that these values give average 

values that differ from the true averages Ag(p' A) by a = &5", 

then the variance of h calculated at a point within the region comes 

to about ±1 meter. There are too many questionable assumptions 

involved in the estimate to allow it to be trusted. 

Because gravity values in the Caribbean are sparse, the calculation 

of geoid heights based on isostatic considerations offer a better 

chance at present of computing geoid heights than does the straight­

forward computation using the modified Stokes' formula. If isostasy 

is assumed throughout a region, a few free air gravity anomalies 

actually measured can be used in the estimation of gravity anomalies 

and geoid heights in the region. The method has been used for com­

putation of the geoid along the chain of islands from Florida to 
29 

Antigua . A standard deviation of :h 1 to d 2 meters is esti­

mated for the geoid heights. If isostasy does not obtain, however, 

the method will give erroneous answers. 
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3. 	 The third method of finding the geoid height h is to go through 

the following series of equations: 

r.1 = r J (X s'S X)1 

a, = a (X X.) 

S= 6. (X , , etc. (4-11) 
j 3 s 1 

where r., a., and 6. are range, right ascension, declination, etc., 

observations and X , X. are the satellite and observing station js 3
 
vectors, respectively, each j representing an observation.
 

) dX 	 = F+(v 	 (4-12) 

where V is the (earth-) gravitational potential and F is the composite 

vector of nonterrestial gravitational forces. From (4-11) and (4-12), 

Cmthe constants and Sm in the potential 
n n 

T -o I m2(cos4 ')rG Co mxS2 in 
v k 2 M a 0nfl 

m 

m 
m 

a r n n n 

rnn 
(4-13) 

are determined, where r, F' and X are the satellite coordinates. 

V. is 	 set equal to some suitable value V that will give the geoido 

height at the selected datum point. The equation is then solved for 

r at longitude K and latitude 4', and the resulting r converted to 

height above the spheroid. This height should be further corrected 

for the gravitational attraction exerted by matter (mass) outside 

the reference sphere of radius a . o 

Because the satellite motion is insensitive to gravity perturbations 

of short wavelength (except for resonance frequency perturbations), 

because there are theoretical difficulties in the way of bringing the 

gravity values down to the surface, and for other more involved 
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reasons, geoid heights derived in this way are not as trustworthy 

as heights derived from astrogeodetic data or, for limited areas, 

from gravimetric data. The reliability of orbit-derived geoids 

cannot be computed from satellite data alone, since these give 

merely estimates of, the consistency of the geoid relative to the 

observations that went into the computation of orbit constants. 

Comparison of geoids derived by different people gives another 

method of estimating satellite geoid accuracy, and comparison of 

satellite geoids with astrogeodetic and gravimetric geoids give 

still another method. None of the above methods is particularly 

satisfactory. A comparison of three geoids (Ref. 10, 30, 31) 

shows differences of up to 15m. A realistic estimate of the s. d. 

of a given satellite geoid over the whole earth is ±l0m. In selected 

regions, this could be +I meter. 

The preceding discussion has analyzed the errors in geoid-spheroid 

separation as derived independently by three different methods. An important 

question to be answered is: what is the standard deviation in geoid-spheroid 

separation if the best possible values are derived by a combination of the 

three methods? This question cannot be answered at present. A simple 

averaging process is definitely not satisfactory. All three methods provide 

geoids whose heights above the reference spheroid contain large systematic 

errors. Such errors can be removed only by using an approach that accounts 

properly for the causes of the systematic errors. Given an adequate amount 

of gravity data in the Caribbean, a careful fitting together of astrogeodetic, 

gravimetric, and satellite geoids should enable determination of a single 

Caribbean geoid in which the systematic error is less than 1 meter with a 

probability of 67%. This estimate is based on the figures given previously 

for the s.d. 's of geoid heights computed by the different methods independently, 

but is obviously not easily justified since no attempts have been made, as 

far as we can determine, to derive a geoid of this kind for the Caribbean. 
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(Work done in the past toward combining astrogeodetic, gravimetric and 

satellite data has been carried out in order to get best values over the 

entire Earth, the results have been less than optimum over restricted 

areas.) 

Errors in Estimation of Instantaneous Mean Sea Surface with Respect 
to the Geoid (Caribbean) 

An estimate is derived here of the amount by which the true instantaneous 

mean sea surface may differ from the computed IMSL surface. Alarge number 

of assumptions must be made, but if Sturges' estimate 19 of 0. 5m variation in 

topography over the Caribbean is anywhere near correct, the errors incurred in 

estimating these errors should be considerably smaller than this even if the 

assumptions are not very good. We proceed from geoid to IMSL by the following 

step s:" 

Estimate the variance in the height of mean sea level (MSL) above 

the geoid - i. e., find the difference in mean sea level minus geoid 

height. The principal contributors to the deviation of mean sea 

level from the geoid are differences in specific volume at corre­

sponding depths, geostrophic water accumulation, and differential 

air pressure. Given two adjoining water columns of equal areas, 

- one column will rise to a greater height than the other, ceteris 

paribus, because of differences in specific volume along the heights 

of the columns. The following equations apply (Ref. 32 , 33 ). 
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The error, &2, in column height difference, A, from an error 
6 p, in density difference, Ap, is: 

0 

d_ p dzP (4-14) 

zI 

or approximately 

d2 2 	 h (4-15) 
p 

Since p = 1, an error of 10- 5 on Ap over a depth of 2000 meters 

will cause an error of 0. 02m in surface height. 

The density difference is a function of temperature and salinity 

difference; the error in density difference is a function of (1) the 

number of measurements made per unit area; (2) the rate of change 

of temperature T and salinity S with horizontal and vertical dis­

tance; and (3) the unknown changes in T and S since the measure­

ments were made. 

The smallest number of observations available per 5 * x 50 figure 

in the Caribbean is that for the region just east of Yucatan - a little 

less than 14 measurements, or a linear measurement density of less 

than 1 per 100 km. The next greater number of measurements is about 

50, .or about, 1.2 measurements per 100 km.' 

In the Caribbean, the density at 400 meters depth varies from about 

26. 8 c 10 - 3 to 27. 0 c 10- 3; at 1000m depth, it is about 27. 8 except 

near the coast of South America, -and at depths of more than 2000 

meters, it is 	 practically constant. We, therefore, make a first 

estimate of s. d. of density as :E5 x 105 above 2000 km and ±0. 0 
below that depth. The salinity varies by about 5 x 10 5 over the 

5 
Caribbean, although at 400m depth, it varies by about 8 x 10 
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The density, accordingly, varies by about the same amount 

(actually about 80% as much, but the difference is insignificant). 

This agrees with the previous estimate. The variance in column 

height would then be 0. 1 meter over the entire Caribbean (from 

salinity'variation). The variation between adjacent columns 100 km 

-square would be expected to be considerably less. 

- 4 
The density variation with temperature is approximately -3 x 10

per degree centigrade at the same salinity and 00 C. A variance 

of 10 C in temperature, therefore, corresponds to a variance of 

less than 900 x 10 - 8 in density. Over a depth of 2000 kin, this 

results in a variance in column height of 0. 6 meters. Temperature 

uncertainties, therefore, are particularly important. The varia­

tions in temperatures are small and predictable, fortunately. At 

50m depth, the change in t is less than 0. 1' daily and can be well 

fitted by a sine curve. The annual variation in vater temperature 

in the open ocean at the surface is 1. 70 between 20' N and 200 S. 

The variance in temperature, because of unaccountable time 

variation, is therefore, probably less than 0., 10 C at depths 

greater than 100 meters; the effect of the top 100 meters on height 

difference is less than 0. 01 meter and can be ignored. The big 

question is, therefore: What is the variation in temperature with 

horizontal and vertical distance? Measurements by LaFond and 
21 

LaFond with thermistor chains show a nearly vertical 

slope of temperature. Other data also indicate slow change 

horizontally, at least in the open oceans. It is likely that the 

existing data in the Caribbean are sufficient to allow the temperature 

at depths greater than 100 meters to be determined with a variance 

of less than 0. 010 C. Investigation of these data have not been 

sufficient to verify this, however, and it should be checked. The 
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existence of temperature anomalies in a vertical direction is 
20, 21 

well known ' , but the small vertical extent of such 

anomalies makes their effect negligible. 

In summary, then, the uncertainty (standard deviation) in mean 

sea level caused by specific volume uncertainties is certainly 

less than 0. 6 meters; if the rate of change of temperature with 

distance is less than 0. 1 per 100 kin, the uncertainty is less than 

0. 2 meter. 

The geostrophic currents cause water to rise above the equipo­
34 

tential surface. The paper by Sturges indicates that in the 

Caribbean the height anomaly is less than 0. 5m; the uncertainty 

is assumed, therefore, to be less than 0.3n. 

The combined s. d. for determination of MSL height above geoid is, 

therefore, of the order of 0.3 meters. 

2. 	 The next step is to go from mean sea level to that surface which 

is affectedby tides. In the Caribbean, the daily tide amplitude 

is less than lm almost everywhere; the uncertainty in tide level 

can be taken as less than 0. im (Ref. .Z3, 24, 25). 

3. 	 Finally, the variance of IMSL with respect to the tide-varying 

surface is required. No data on this are at hand. However, it 

seems reasonably clear that IMSL and the tide-affected surface 

do not differ at all except for the water "blown out" of the affected 
30 

area 	by the wind. The amount is not known; various estimates 

gives 	 it as equivalent to between 0. 1 and 0.2 meters. 

Some 	of this, of course, is the result of vertical pressure, not 

horizontal. 
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The varying atmospheric pressure must be accounted for. The height 

difference in cm caused by a pressure difference Ap in mbar is approximately 

equal numerically to the pressure difference. An error of 10 mbar in esti­

matihg the pressure differences along the altimeter path would, therefore, 

cause a height'error of 10 cm. Such pressure differences must be determined 

on a day-to-day basis. 

In summary, the total standard deviation of IMSL with respect to the 

geoid is probably less than 0. 4 meters. 
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4. 3. 2 Hawaiian Islands Region 

The Hawaiian Islands region, or more particularly, that part of the 

Hawaiian Islands region lying in the immediate vicinity of Hawaii and south 

of +20', is a logical choice a a region where absolute (as well as relative 

and self-consistency) verification procedures can be carried out for several 

reasons. First, it is one of the few regions within the h2O ° zone where there 

is adequate satellite tracking equipment of all kinds available and a good know­

ledge of ocean characteristics exists. Secondly, the geodetic framework with­

in which the tracking stations are located is satisfactory as far as horizontal 

errors are concerned, and may be satisfactory as far as vertical measure­

ments are concerned. Johnston Island has been connected to the Hawaiian 

chain by several methods, including HIRAN and satellite surveys, and 

the islands of the chain are also connected through HIRAN traverse as 

well as by conventional triangulation. 

A number of factors make the region less than optimum for VEDS. The 

horizontal ties, especially between Johnston and the Hawaiian Islands, are 

weak compared to continental triangulation; the only (unclassified) tie verti­

cally between Johnston and the Islands is through satellite surveys. Further­

more, the orbit carries the altimeter up to the island of Hawaii, but no further, 

so that all tracking situations will follow the pattern shown earlier in Figure 

4-18c or, occasionally, that of Figure 4-18b. Although the latter pattern is 

satisfactory for altimeter performance verification, it will occur most frequently 

in the neighborhood of Johnston Island where ocean and geodetic data are least 

favorable. For these reasons, only measurements ixi a region close to Hawaii 

could be expected to be susceptible to verification and these would be largely in the 

relative and self-consistency categories. Verification in the absolute category 

may be practicable and should be tried, since it provides an experiment that 

is independent of those done in the Caribbean. 
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4.3.Z. 1 Characteristics (Hawaii) 

Figure 4-19, taken from H.O. chart 5800, indicates by a heavy black 

line the northern limit of the zone of height measurements by the altimeter. 

Lapan Island is at about 260 North and 1710 West; Hawaii is at 200 N and 

1550 W. Figure 4-Z0 shows the geodetic control for the region and Figure 
- 7 

4-21 shows the satellite -geoid . The amount of data on S. T.'P for the region
 

4
available from National Oceanographic Data Center is shown in Figure 4-ZZ 
10Hogben and Lumb gives no sea-state information on the Central Pacific region. 

- Very general data on the "East Equatorial Pacific" (Table 4-9) are given in 
35 

Bigelow and Edmundsen . These data, as Bigelow and Edmundsen note, were 

based on Schumacker's graphic synopsis of world-wide, sailing ship d'ata. 

Schummackerls data for the Central Pacific do seem to include the Hawaiian 

Islands region, to judge from his chart. The relevance of these data to the radar 

altimetry performance, or to radar scattering in general, is uncertain, and it is 

best for the'time being to use them merely to get a feeling for the kind of sea 

states that may be encountered, without attaching any importance to the numbers 

themselves. 

The question of cloud cover in the Hawaiian Islands - Johnston Island 

region is different for the verification experiment than it is for ordinary 

satellite tracking because the experiment will be carried out in a small region 

9
in the inmmediate vicinity of Hawaii. Table 4-10 -gives the amount 

of observing time lost at the SAO observing station on Maui because of cloud 

cover. These data refer to loss of observations on satellites passing at least 

within 600 zenithdistance of the observatory and at all azimuths. 
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Figure 4-19. Verification Experiment Area (Hawaii) 
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Table 4-9. Wave Height Data For East Equatorial Pacific 

Height From 0 1 1.3 2.3 4 6.5 
Range 
(meters) To 1 1.3 2.3 4 6.5 

Frequency 
(%) 25 35 25 10 5 

Table 4-10. Cloud-Cover Data For Maui 
(in % of observing time lost) 

MONTH YEAR 
1962 1963 

JAN 23 59 
FEB 41 17 
MAR 56 70 
APR 39 78 
MAY 33 52 
JUN 5 Z8 
JUL 38 29 
AUG 18 Z3 
SEP 20 39 
OCT 16 39 
NOV 26 3Z 
DEC 33 30 
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4. 3. 2. 2 Tracking Station Location (Hawaii) 

Figure 4-23 shows the locations of the known tracking stations in the 

Hawaiian Islands - Johnston Island region. The stations are listed in Table 

4-li. There are additional radars located on Johnston and Kauai Island, but 

their locations are necessarily so close to those listed in the table that their 

inclusion in the error analysis is not worthwhile. As noted earlier, the geom­

etry of the situation is far from optimum. Geos-C does not pass far above 

the 20 ° latitutde line, so that the radars on Kauai do not get a vertical look 

at it. The Johnston Island radar does, but the Johnston Island radar is not 

under NASA control. 

As emphasized elsewhere in this report, use of the Johnston Island 

radar does not have the same importance to the verification experiment in 

its present form that it would have if the experiment extended all through the 

Hawaiian Islands - Johnston Island region. The variances in the coordinates 

of the Johnston Island radar with respect to Hawaiian datum need not be 

materially improved unless the experiment is extended in geographical scope. 

There is also an AF Baker-Nunn camera on Johnston Island. Its use in the 

net would not significantly improve location of the altimeter over what is pro­

vided by the other tracking stations, and it is therefore omitted from further 

consideration. 

Use of a tracking ship and/or special equipment is recommended and 

discussed in Section 4.3.2.4 following. Since the tracking ship will not have a 

fixed location, it need not be further discussed here. 
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Figure 4-23. Satellite -Tracking Radars and Cameras in the 

Hawaiian Islands - Johnston Island Region 

(Locations shown by crosses +) 



Table 4-11. Tracking Stations in Hawaiian Islands --


Johnston Island Region
 

Site Location Type Agency 

Name - A H(meters) 

Johnston Island-1 1900 29' 09'.5 160 45' 38.77 8 MPS-25 PMIR 

Kauai-1 2000 13' 06'210 220 01' 31718 13 APS-25 PMR 

Kauai-2 2000 19' 53.96 2,20 07' 35?03 1260 FPS-16 NASA 

Maui 20-V 44' 24'08 200 '42' 37.'50 3034 Baker- SAO 
Nunn 
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4. 3. Z. 3 Additional Data Required (Hawaii) 

The amount of data already available on the Hawaiian Islands- -Johnston 

Island region is sufficient for carrying out the limited varieties of experiment 

planned for that region. By restricting the experimental area to that immed­

iately south of Hawaii, the need for knowledge of the geoid anywhere but in 

that area is eliminated. STP data are adequate in quantity, although a check 

of their quality is desirable. 

Perhaps even more important than the geoid at Johnston Island is the 

geoid along the Hawaiian Islands from Kallai to Hawaii. Additional useful 

data may be obtained by running a GEON or SINS instrument from island to 

island. The tolerance of either device is too large to allow it to improve on 

the astrogeodetic/gravimetric geoid, but the profile will be invaluable in pro­

viding values for the change in the deflection between astro stations. The 

combination of, e. g., SINS data with conventional data should allow the geoid 

to be determined to ± 1 meter referred to the Oahu datum. 

Serious consideration should be given to the possibility of running geoid 

profiles from Johnston Island to Maui and Oahu. Satellite geoids (Figure 4-21, 

for instance, ) show a nearly constant slope between Johnston and the Islands, 

but the satellite geoids are not with reference to a local (Hawaiian) datum. 

The geoid profile is not considered essential because the principal contribu­

tion of Johnston Island to the verification experiment is to determining the 

horizontal coordinates of the altitude measurement point, not to height deter­

mination. Johnston Island location uncertainties are therefore not critical 

to the verification experiment unless the region of investigation is extended 

westward to include the entire region from Johnston Island to Hawaii. 

4. 3. 2. 4 Conduct of Experiment (Hawaii) 

The following sections specify the major desiderata for conduct of abso­

lute category experiments in the Hawaiian Islands- -Johnston Island region. 
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Tracking Stations (Hawaii) 

The radar tracking stations on Johnston Island and Kauii and the camera 

station on Maui, listed earlier, are to be used. Without the Maui station, 

solution for satellite location is useless; the Maui station is essential in the 

absence of an additional station. Even with the Maui station operating, how­

ever, the geometry is far from good. Therefore the plan of operations recom­

mends that an auxiliary tracking station be located on Hawaii. 

An alternative to the use of special devices on Hawaii is to use a 

tracking ship in the region. Observations from the ship will have to be 

made within a distance from the island that will ensure that the ship's height 

above the local reference spheroid is known. After verification of the altim­

eter's performance in the differential category, satellite altimeter readings 

can be used to gradually extend the geoid from the immediate vicinity of 

Hawaii to the rest of this region, and the ship location can be related to sat­

ellite location (for relative location experiments) rather than to the geoid un­

dulation uncertainties. (One tracking ship is required in the present design 

for nearly full-time use in the Caribbean; a second ship would have to be avail-* 

able for tracking off Hawaii.) The Hawaiian Islands tracking would require 

less than 25% the amount of ship's tracking time that the Caribbean phase 

does, because of the small extent of the region and the gradual extension 

of tracking effort outward from Hawaii. 
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Under the conditions of this experiment, the Johnston Island radar does 

not play a critical role in determining satellite location. Observations from 

Johnston Island are useful in lowering the variance of the satellite's horizontal 

coordinates, but are not as effective in providing a small variance for the ver­

tical coordinate. Unless the Maui station cannot be included in the tracking 

net and complete orbit theory used for finding satellite location, inclusion of 

Johnston Island radar in the experiment is desirable but not essential. No 

requirement for extension of this geoid to Johnston Island is known at present, 

and the que'stion of whether or not to retain the Johnston Island radar to support 

the Hawaiian Island tracking effort can therefore be decided solely on this basis 

of convenience at the time of the experiment. 

Logisti.s (Hawaii) 

All essential data listed for scheduling of observations, etc., in the 

Caribbean apply to the Hawaii region experiment schedules. Differences in 

procedure are minor. 

4. 3. 2. 5 Error Analysis (Hawaii) 

The same kind of error analysis is applicable to the Hawaii region tests 

that was used for the Caribbean region tests. Analysis is simpler because the 

region being used is considerably smaller, there are fewer tracking stations, 

and the datum point is close to the test area. As in the analysis for the Carib­

bean, the analysis here has three phases: satellite location error, geoid height 

error, and IMSL height error. 

Satellite Location Errors (Hawaii) 

The geometric errors were investigated first, using three tracking 

station configurations and six satellite locations with each configuration. One 

station combination was provided by the radar stations on Johnston and Kauai 

plus the camera station on Maui. A second was obtained by substituting a 

ranging station on Hawaii for the camera on Maui, and the third combined all 
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stations considered. Appendix A lists the satellites and station configurations 

employed. The geometric analysis (see Appendix B) preceded as for the 

Caribbean tests, and the results are tabulated in Table 4-12. 

Standard deviations for configurations includiig all stations (i. e., with 

the one on Hawaii) are significantly better than those for the other configura­

tions. The question of how far the satellite will deviate from the computed tra­

jectory while traversing the test region is irrelevant in this case, because the 

satellite can be kept under observation by all stations during its stay in the 

region. Reference is made to Appendix -I for a discussion of the relation be­

tween measurement errors and comparison standard errors. Applying the 

averaging equivalent of the adjustment equation in Appendix B, it appears that 

there are hough observations available for the test to reduce the random 

standard deviation to less than 1 meter. As pointed out in Appendix H, the 

critical item here is not the tracking random standard deviation but the sys­

tematic error. The geometry of the test is such that observations are con­

sistently made in one sector of the sky by all instrument, so that biases from 

this cause can enter. The use of four tracking stations, one of them a camera, 

should allow estimation of systematic errors to within a meter, even if the 

Johnston Island station were dropped. 

Geoid-Spheroid Errors (Hawaii) 

The datum point at Oahu West Base is about 500 km, to 700 km. from 

the test area. An uncertainty of *2 meters in the location of the geoid with 

respect to the spheroid at the Kauai and Hawaii locations is assigned as a 

reasonable value. This value may be reducible to below 1 meter using sat­

ellite orbits. 

IMSL - Geoid Errors (Hawaii) 

Considering density of oceanographic observations in the region, no dif­

ficulty should be encountered in keeping rms error in location of IMSL with 

respect to geoid below 40 cm. 

' 4-101 



Table 4-12-. Geometric Error in 
Tracking in 

(RMS Error Relative 

Station Configuration*: 

Satellite * 
Location 

701 


702 


703 


704 

705 

706 

26-27-29 

4.9 

5.2 

5.6 

5.9 

6.4 

6.8 

Satellite Height for Ground 
Hawaii Area 

to Spheroid, in Meters) 

26-27,-28 26-27-28-29 

3.5 3.5 

7.3 3.8 

4.7 3.8 

9. z 4.1 

9.3 4.9 

13.5 5.2 

* See list of stations and Satellite locations for the Hawaii area in 

Appendix A. 
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4.3. 3 Marshall Islands 

The principal reason for considering the Marshall Islands region as one 

suitable for verification experiments are the existence of tracking stations on 

various islands in the group, the excellent geometric relations of the islands 

to each other, and the existence of a computed geoid (gravity-based, of course) 

for the region. Against use of the region are its physical remoteness, the 

lack of accurate geodetic coordinates for most of the islands with respect to 

each other, and the paucity of ocean data for this region as compared with the 

amount of data for e. g., the Caribbean. These considerations place the Mar­

shall Islands region a poor third in the list of regions where an absolute frame 

of reference will be used and probably eliminate it completely as a region 

where relative frames of reference are used. The Marshall Islands region 

is well suited for experiments in the self-consistency category, at least in the 

portions near Kwajalein and Eniwetok. Experiments to determine difference 

accuracy. are probably not suitable, since geoid (MSL) variations are not too 

well known and tide variations are small (less than a meter). 

4. 3. 4 Lake Maracaibo 

Lake Maracaibo is one of the few water bodies of large size within the 

zone covered by the GEOS-C orbit whose relation to the geoid is well known. 

It will be traversed about 20 times in an ENE direction and the same number 

of times in the ESE direction. Use of the region will require less than 7 min­

utes of altimeter time and will, at 10 measurements per second, provide about 

4, 000 points on the surface. Since the lake is tied to the geoid in Venezuela, 

the dense altimeter coverage would allow a thorough check of performance. 

There are some possible difficulties to using the region, and these are dis­

cussed below. 'One of these is the presence of artificial objects. The lake is in 

a natural oil basin from which oil is still being extracted, and consequently is 

cluttered with drilling towers, pump stations, etc. There is also a heavy pas' 

senger and freight traffic over the lake. Vessels, drilling installations, etc., 

may or may not reflect enough radio wave energy back to the altimeter to make 

a difference. 
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Another difficulty may be the provision of adequate tracking data, since 

descending segments of the orbit pass south of all Caribbean tracking stations. 

This difficulty can be overcome by using the type of instrumentation described 

in Section 4.3. 1.3. 

4. 3.4.1 Tracking Station Location (,Maracaibo) 

Only one tracking station--the SAO 36"--camera station at Curacao 

is in the vicinity of Lake Maracaibo and Gulf of Venezuela. Its -coordinates 
28 

are 

Longitude 201 ° 09' 43L'97 
Latitude Z 05' 26131 
Height (above MSL) 4. 9m 

The experiment design for the Caribbean as a whole calls for location of a 

tracking ship in the immediate vicinity of the Gulf of Venezuela. A combination 

of tracking ship and camera station gives necessary and sufficient conditions for 

a fix, but at least one more source of observations should be available for 

tracking the altimeter on segments of the descending portion of the orbit. 

4. 3. 4. 2 Additional Data Required (Maracaibo) 

At present, there does not appear to be any need for surface data not 

otherwise available. Depths in the middile of the lake are about 33m., so that 

variations in specific volume across the lake will have negligible effect on sur­
11 15 

large volumes of gravity data in existence I, face topography. There are 

that can be used to get geoid-spheroid separations across the Lake and in the 

Gulf. 

4.3. 5 Lago De Nicaragua 

Because Lago De Nicaragua lies adjacent to the Caribbean test area, is 

well tied into horizontal and vertical control, and is large enough to serve as 

a test area, it is considered for use as an area where verification experiments 
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may be carried out. The following sections describe those characteristics 

relating to its suitability as a verification test area. Its use is not recommended 

for verification. Figure 4-24, taken from ACIC chart ONC K-25, edition 2. 

scale 1:1, 000, 000 shows the region containing the Lake. Elevations on the 

map are in feet, contour intervals are 1000 feet. 

4.3.5. 1 Region Characteristics (Lago De Nicaragua) 

Lago De Nicaragua is a fresh water lake about 170 km in its longest dimen­

sion and about 65 km in width, with the long axis at an inclination of about 600 

to the equator. 

It is at an altitude of about 40 meters, although elevations of land points 

surrounding it and in it rise considerably higher. There are several islands 

in the lake, but only one of them, Isle de Ometepe, is of great size: about 

30 km long on a line running NW to SE and about 8 km wide at its widest, 

taking up about 2% of the lake area. Satellite paths over the lake will, at the 

average latitude of the lake, be at an azimuth of about 600 for segments of 

the ascending phase and about 1200 for segments of the descending phase. This 

is approximately perpendicular to the long axis and at an angle of about 20' to 

it, respectively. During the two year lifetime of the altimeter, there will 

therefore be about 40 passes from southwest to northeast and about 15 passes 

from northwest to southeast. 

Cloud cover in the region can be found from Figure 4- 9. However, 

there is considerable variation in cloudiness from one part of Nicaragua to 

the other, so that microclimatological surveys must be consulted for realistic 

information about cloud cover over specific land points. Since experiment 

design does not call for a tracking station per se in the immediate vicinity 

of the Lake, cloud cover information is irrelevant at present. 

The astrogeodetic geoid in the Lago De Nicaragua region is shown in Figure 

4-25 . Dashed Lines indicate lack of full confidence in contour. 
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Figure 4-24. Region Containing Lago De Nicaragua 
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Figure 4-25. Astro Geodetic Geoid Around Lago De Nicaragua 
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4. 	3. 5. 2 Tracking Station Location (Lago De Nicaragua) 

There are no known permanent or semi-permanent tracking stations located 

at present in the Lago De Nicaragua region. The paths of subsatellite points 

pass, at the eastern end of the Caribbean, between Puerto Rico and Antigua if the 

path is ascending or passes south of Lake Maracaibo if the path is descending. 

In 	either case, the tracking situation is unsatisfactory. 

4. 	3.5. 3 Additional Data Required (Lago De Nicaragua) 

There is at present a need for additional data to determine if the terrain sur­

rounding the lake would interfer with the transmitted pulses. It appears that the 

terrain would intercept the wavefront due to the low curvature of the wavefront 

and the height of the terrain relative to the surface of the lake. (See Appendix F) 

Lake Nicaragua is therefore not recommended. 

4.3.6 	 Lake Titicaca 

Two large lakes--Lake Titicaca in Peru and Lago De Nicaragua in Nicaragua-­

lie in the Western Hemisphere with the 20 0 zone covered by the sub-satellite 

path. Although Lake Titicaca is somewhat the larger of the two, it is con­

siderably farther from the main experimental area (the Caribbean). A 

satellite at 1000 km. altitude would, given clear weather, be visible to per­

haps 5 optical tracking stations, but with good geometric relation to only 2 

of them. It would not be within useful range of a radar station at any time. 

Cloud 	cover would be an important factor in evaluating the areas suitability.
 
3


Weather maps show that the mean cloudiness in the Lake Titicaca 

area varies from about 20% in May to over 90% in September. Cloud cover 

over the lake are not as important as cloud cover between the lake area and 

the optical tracking stations. The mean cloudiness in the areas containing 

the lake and one of the tracking stations other than the one at Arequipa varies 

between 40% and 90%. The probability of getting a location of the altimeter 

while it is over or near the lake is therefore extremely low; the probability 

of 	getting observations of it even at low elevation is less than 60%. For these 

reasons, Lake Titicaca is not recommended as an area for verification ex­

perimentation. Similar reasons remove other large lake areas in South 

America from consideration. 
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4. 	3.7 Other Regions 

The other regions investigated in some detail for their possible use as 

verification experiment (absolute category) sites were the Persian Gulf, Lake 

Victoria, Lake Chad, and the Indian Ocean. All of these had to be eliminated 

because there are not a sufficient number of tracking stations able to provide 

adequate tracking in these regions. While tracking stations could be placed to 

give the required measurement density, the cost of providing such tracking would 

be far out of proportion to the usefulness of the data. 

4. 	4 Critique of Absolute Verification 

A test in which the satellite location and ocean surface location are 

determined independently and in reference frames independent of the satellite, 

is called for on absolute test. It has the advantage over other kinds of tests that the 

ocean surface location can be determined without reference to the experiment 

and the satellite location can nearly be so determined. This makes it useful 

as a check on methods which compare the altimeter measurements with 

measurements of the same quantity using some other kind of instrument as a 

standard. It has the further advantage that, properly designed, it can reduce 

the systematic errors in the satellite location to a very low figure and even, 

under certain circumstances, construct the geoid used in its checking. 

The principal disadvantage of absolute verification is the difficulty 

in separating the geoid systematic error from the altimeter error. This is a 

serious problem, only partly solved by the expedient of using local datums. 

There is no a priori basis for judging how much of the altimeter variance is 

contributed by the geoid (other sources of error can be ignored). It appears 

at present as if the best way of effecting the separation is the obviously pains­

taking one of analyzing the altimeter measurement residuals to identify certain 

kinds of residual behavior with geoid variation and other kinds with measurement 

variation. 

Two major areas of testing have been specified: the Caribbean (in which
 
sub-areas were designated), and the Pacific Ocean in the immediate vicinity of
 

Hawaii. The experiments were planned in similar fashion for both areas: track
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the altimeter with enough instruments that a redundancy of observations is 

available for each location; apply equations for short segments of the orbit as 

conditions on the observations; measure the geoid-spherbid and IMSL-geoid 

separation independently; compare observed and computed heights and compute 

the variance of the altimeter measurements. 

By providing more than enough independent observations to fix satellite 

location, systematic errors in that quantity can be virtually eliminated from the 

computations. The errors can be removed to the extent that the form in which 

they enter the equations is known; to the extent that the errors cannot be 

demonstrably eliminated, they do not affect the philosophy of this verification 

study. The output of the system formed by combining the altimeter plus satellite 

plus tracker cannot be proven wrong on the basis of any data gathered by the 

system itself. The operating system is made self-consistent by absorbing the 

error as a calibration constant. The only way in which the error (if it exists) 

can be detected is to make independent measures on the system from outside the 

system. But the outside measure then constitutes a calibration, and the cali­

bration can be used to reduce the error. 

If the entire experiment were contained within the Caribbean, it might 

be somewhat difficult to remove the systematic error in the geoid. But "geoid" 

measurement in Hawaii (and perhaps on Lago De Nicaragua), provide other 

independent ways of estimating geoid separation. With systematic errors in 

satellite location and geoid height removed, the magnitude of the variances 

in satellite location and geoid height become irrelevant; as shown in Appendix H, 

the variance of the altimeter measurements can be computed exactly from the 

variances of the measured and computed quantities. 

It is worth noting that the procedure calibrates the tracking systems as 

part of the adjustment. 

Using absolute verification, verification of the accuracy of the altimeter 

(expressed as a standard deviation) can be carried out. The variance of the 

altimeter measurements will be found to be: 
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and c is the square of the smallest systematic error present in the geoidg 
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SECTION 5. RELATIVE VERIFICATION
 

5.1 Summary 

The investigation of this approach to verification concludes that a ref­

erence altitude accurate to 15 to 25 meters can be predicted with confidence 

for the C-band equipment now operational on some Apollo ships. With ap­

propriate modification of current equipment, results accurate to 5 to 7 meters 

can reasonably be expected. With a greater level of effort, accuracy of 2 to 

3 meters is achievable. 

Errors in relative verification are shown in Table 5-1. 

Table 5-1. Relative Verification Error Summary 

LEV ELEVEL RANGE 
R 

SHIP/ 
IMSL 

D 

OFF 

ZENITH 
ERROR 

X 
PROPA-
GATION Hi 

OPERATIONAL 15-25m* <2m Zm lm 15-25m* 

CAPABLE 5-7 m 0.3-1m 0.1-0.3m lm 5-7 m 

FEASIBLE Z-3 m 0.3 m 0.1-0. 3m 0. 5m Z-3 m 

AN/FPS-16 Shipboard Radar currently not suitable for zenith tracking 

The relative verification method is best performed in a geometric con­

of the zenith of the rangingfiguration in which the satellite is within 2-1/2 0 

platform. Additionally, the location should be in a region where a large number 

It would also be desirable to carry out the experimentof passes can be used. 


in a region in which other terification methods can be performed, and thus
 

where tracking is available.
 

In principle, relative verification can be performed wherever a ship 

can operate within the Z0' belt. In practice, multilgle passes are most often 

experienced close to 20 ' latitude. Furthermore, greatest tracking station 
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coverage is obtained in the northern regions within the Caribbean indicated in
 
°
Figure 4-12(b). The Caribbean in the 180 to 20 latitude region, which is within 

the area of greatest satellite path density (see Figure 6-1), is recommended as 

the primary location for performance of relative verification. 

Relative verification can and should be performed on those relatively in­

frequent occasions when the satellite passes sufficiently close to the zenith of a 

land-based tracking station. Their lack of mobility reduces their opportunity for 

measurement relative to that expected from ships. However, a total of more than 

700 opportune passes are available, as follows: 

Latitude* No. of Passes 

Grand Turk 21.40 200 

Kuai 22.10 100 
Tanarive 190 300 

Guam 13.50 

Antigua 170 100 
Ascension 80 

Johnston Island 180 
* see Figure 6-1 

Each laser station could provide up to 300 additional passes, subject to 

visibility limitations, if located sufficiently close to 200 latitude. 

Range measurements are made from a platform, which may be landbased, 

a ship, a buoy, or an aircraft. A land-based ranging station is most reliable, but 

provides infrequent opportunities for measurement. A ship is suitable and re­

liable, and hence is recommended. A buoy could be constructed to servethe 

purpose, but requires considerable effort. An aircraft is unsuitable if only be­

cause its altitude cannot be adequately determined. 

Whatever the platform, ranging instrumentation must be available. C-band 

radar is operational on the Vanguard Apollo tracking ship, and is therefore most 

suitable. Other alternatives considered are transponders, receivers only, and 

surface-based synchronized clocks. Radar corner reflectors are shown to be 

impractical. 

The ground support system for relative verification, in addition to providing 

range information from the platform to the satellite, must provide the zenith 

angle to the satellite (or its equivalent), platform height above IMSL, and ocean 

truth information (as for all methods).. 
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The principal advantages of relative verification are: 

1. 	 The approach incorporates a direct measurement of the satellite 

height relative to instantaneous mean sea level. 

2. 	 It does not depend upon orbital estimation involving uncertainties 

in gravitational field and tracking station location. 

3. 	 There is no dependence on the geoid relative to the spheroid or 

IMSL relative to the geoid. 

4. 	 The measurement can be performed from a ship in any portion of 

a large geographical region, within the 18' to 20' belt. 

The principal disadvantages of the relative verification are: 

I. 	 The range measurement is limited in accuracy by the capability 

of a single station in a single (or at best limited) measurement, 

rather than the statistical improvement of tracking over a large 

portion of an orbit by a tracking network. 

2. 	 For a given tracking facility, the opportunities to make near­

zenith measurements (by virtue of satellite position) are relatively 

few and far between. 

5. 2 Description of Relative Verification 

5. 2. 1 	 Relative Verificationi Concept 

This approach to verification employs an instrumentation system that 

measures the height of the satellite above a reference point when the satellite 

is at (or very close to) the zenith of the instrumentation system. (Figure 5-1). 

The height of this reference point above the instantaneous mean sea level 

(IMSL) is measured simultaneously. Thesum of these measurements is the 

height of the satellite above instantaneous mean sea level, which provides a 

reference against which the performance of the satellite altimeter is evaluated. 

The Relative Method employs a Range Tracking System, such as a radar, 

and a system which can measure the height of the reference platform of the 

Range Tracking System above the instantaneous mean sea level. 
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Figure 5-2- is a block diagram representation of the methodology of a 

typical relative verification procedure. The satellite tracking system is used 

to predict satellite location, and provide the zenith angle at the time of mea­

surement. A land-based or ship measurement ranges to the satellite near 

zenith, and that measurement is corrected for zenith angle. (Ship motion 

compensation may be required. ) A measure of the ship or other station alti­

tude above IMSL is added to the vertical compoient of range to determine the 

altitude of the satellite above IMSL for verification purposes. 

5. 3 Geometry 

In this section, the Verification geometry is considered, with the ob­

jective of establishing the requirements that must be met in the system to 

provide a verification reference. The geometry of relative verification is 

shown in Figure 5-1. The verification system is attempting to measure H. 
1 

at the same time and place that that the altimeter measures H . The dif­
r
 

ference of these two measurements E(H) provides the basis for verifying
 

altimeter performance. 

E(H) = H. -H (5-1)
1 r 

where
 

H E I and H IHrF (5-2)

r r 

The objective of this section of the verification study is to establish how well 

the verification system can establish I Hi] . Hence the error in verification 

is given by 

E(v) =H.- H. (5-3)
1 Iv 

where H. J. , and H. is the estimate of N. made by the verification
 
iv Hv Ia v 
 1 

system. These quantities are related by the following equation 

H = R i- D X (5-4) 
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where 

R = slant range from the range tracking system to the satellite 

D = height of the sensor above its IMSL 

X = -vector from IMSL at the sensor to the subsatellite point 
IMSL 

5.4 Error Analysis 

The contribution to the error in verification, E(V), due to the error 

in R results from the error in the magnitude of R, or the error in R, and 

from the error in the direction of R, or the zenith tracking angle, 0.. Since 

the contribution of R to H. is given by I cos 0, the error in this term is
I 

E(R cos 0) = dR cos 0 - R sin 0 dO (5-5) 

0 is the angle between R and H., and differs from the zenith trackingI 

angle, G., by the Earth central angle between the satellite and the tracking 

station. The first of these two error terms is of the same order as dR. The 

second term can also be expressed in terms of x (where x = R sin 0): 

R sin O dO - x dx (5-6)H 

This indicates that the error can be determined equivalently by measurements 

of 0 (or, equivalently, 0 ) or by measurements in x, the distance from the z 

sensor to the subsatellite point. 

5.4. 1 Errors due to X: 

Figure 5- 3 shows the numerical value of the error in H. due to an error
I 

in 0, or x, as a function of x. The parameter is dx, the accuracy with which 

position can be determined by various systems. 
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The measurement of the platform position relative to the subsatellite 

point dan be accomplished by tracking the satellite from known shore stations 

(which can be readily accomplished to an accuracy of better than 50 m and 

hence is no problem) and navigating the surface sensor system. This latter 

function presents a more serious problem. The best available system cur­

rently in use provides rms accuracies in horizontalposition of from 200 to 

400 m; typical is the system available in the Vanguard ships, which integrates 

SRN-9 (Navigational Computer) with INS (Inertial Navigation System), and
68 

which has been evaluated. The horizontal position accuracy could be im­

proved to 60 meters using Differential Omega techniques and limiting obser­

vation to ideal propagation conditions. 6 9 This would require five Omega 

receivers at shore stations in the Caribbean to correct the Omega fixes taken 

by the Vanguard ships. Omega equipment is not currently available on the 

Vanguard ships. 

The other approach to establishing H. 
lV 

from Range Data would require 

tracking the satellite in angle from the Apollo ships. Such tracking depends 

upon knowledge of the local vertical at the tracking ship plus the angular track­

ing accuracy of ship's radar. The limitation that now bounds this approach
70 

is the FPS-16 radar which has an expected error of 0. 2 milliradians or 

about 350 m at 1750 km range. This accuracy could be greatly improved by 

optical tracking techniques. The rms errors in the optical system, such as 

a stabilized camera plus that in establishing a local vertical reference should 

be better than 0. 04 milliradians or about 50 m. Such a system would be limited to 

clear weather tracking. 

What does this imply from an operational point of view if 0. 5 meter 

error is allotted to this source? Vanguard ships as currently instrumented can 

provide the required accuracy for the coordinate system if they were located 

within 1. 3 km from the satellite track. If an upgraded system were to be used, 

the Vanguard ship could be operated as far as 24 km from the ground track of 

the satellite and still measure within the 0. 5 m error budget for H.. 
1 
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5.4. 2 Establishing Instantaneous Mean Sea Level 

The direct method depends upon establishing the height of a reference above 

instantaneous mean sea level. Two approaches can be taken: space averaging 

and time averaging. 

Ergodicity can be assumed; i. e., that time average and horizontal dis­

placement average are interchangeable over a limited distance. An average 

measurement of the height of the range sensor above instantaneous mean sea level 

(IMSL) can be performed over an area by measuring the pressure of a deep pres­

sure gage, (i.e., 1000 ft) maintained at an oceanographic isobar. A subsurface 

buoy 3 6 that maintain a constant depth, can be equipped with a transponder that 

indicates the depth of the buoy relative to a ship and the prevailing pressure at 

that approximate depth. Sonar ranging from the platform on the surface to the 

deep water buoy will provide a reference accurate to better than 1 ft. A profile 

of the velocity of sound as a function of depth must be established by a velocity 

profiling instrument such as a Sing Around Velocimeter 3 7 . Such instruments 

measure sound velocity to accuracy of better than 5 parts/million. The subsurface 

buoy then provides a mean sea level reference for an area of approximately 4000 

feet in diameter. 

An equivalent reference could be provided at or close to the surface by 

making a time average of the height of the range sensor above instantaneous 

mean sea level, using a vertical accelerometer that is maintained upright by an 

inertial reference unit. Such a system is available on Vanguard's ships. Un­

fortunately, the averaging computation currently performed are not adequately 

closely coupled in time base for the correction of radar range data 3 8 to the 

desired accuracy of 1 meter. Estimates are that as the system is currently 

used, errors could be as large as 8-10 meters. However, simple calculation 

indicates that integration of the PICA accelerometer output could be configured to 

control mean sea level smoothing estimate to 0. 7 meter over a 20 minute 
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smoothing interval. Load/Salinity displacement curves are available to 

establish the metacenter of the Vanguard ship at different fuel loading levels. 

These are obtainable from the Marine Engineering Department at General 

Dynamics in Quincy 3 9 . This result could be translated from the metacenter 

of the ship to the radar and used to correct radar height data to an accuracy 
40

of 1 m , using INS data. The ship system is not currently programmed to 

accomplish the required level of accuracy so that nominal revision in software and 

hardware would probably be required. A review of ocean power spectra 4 1 indi­
2cms 

This indicates that the rms of the displacement residual averaged over a 20 

minute period would not be as large as 20 cms, which is an acceptable level. 

cates that energy in waves with period exceeding 5 minutes is less than 0.5 

5.4. 3 The Measurement System for Range (R) 

In this section, the errors that can be expected in the measurement 

of Range from a station on the ocean surface will be examined. Assuming 

that Range measurements will be made from the Vanguard Apollo tracking 

ship, this study will then estimate what might currently be achieved with 

Vanguard. An estimate is then made of what can be accomplished on the basis 

of results obtained in the Wallops Island C-band evaluation results. Finally, 

an outline is presented of what might be done to provide the desired accuracy 

for the verification system. 

5.4. 3. 1 Current Ranging Capability 

Evaluation test results by different groups differ substantially in their 

conclusion. The best results generated on the basis of a single station indicate 

that the Vanguard ship as now instrumented can provide a GEOS C tracking 
42 

accuracy of the order of 6 meters . It is not unreasonable to expect that 

this system could be upgraded to provide 3 meters accuracy. Several other 

alternative sets of instrumentation might also provide this accuracy. On the 

other hand, more pessimistic results of AS-50543 and AS-50644 Metric. 
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tracking performance analysis indicate that Vanguard tracking residual errors 

are of the order of 10 meters; when ship position are corrected, range bias 

measurements are accurate to 20 meters. These, results are based upon 

multi-station track fitting. The bias differential between S- and C-band 

tracking is somewhat larger: of the order of 50 metets. In contrast with 

these pessimistic results are the results that have been achieved with the 

FPQ-6 radar and the FPS-16 radar-at Wallops Island, which have been differ'-

Mos 4 6 ently interpreted by various authors.45." and Brooks 4 7 estimate -the 

FPQ-6 to provide better than 2 meters operating with a beacon and, 3 meters­

for skin tracking while the FPS-16 should yield 5 meters accuracy. Thes-e 

results were obtained from comparison of colocated systems of the primary 

geodetic tracking system. BotkAN/FPQ-6 andAN/FPS-16 radars were compared 

in this exercise. An orbit was generated from the AN/FPS-16 radar and laser 

results were used to verify the results. The AN/FPS-.16 range resilduals were 

referenced to this orbit. A more comprehensive investigation by- Leito and 

Brooks4 8 indicates comparable results of 2 meters for short arc analysis, of 

AN/FPQ-6 results and. better than 5 meters fbr long arcs., 

Experiments that were conducted in fall of 1969-at Wallops Islhnc indicate­

that over a 3 month period, the AN/FPS-16 radar maintained a constant bias­

within two meters relative to the AN/FPQ-6 4 9 ' 50. Further, all the, laser 

tracking systems were within 5 meters bias of the results of the other two, 

systems. 

From these results, it is apparent that test data for Vanguard tracking 

ships do not currently offer sufficient accuracy for the measurement of' Range. 

However, it is expected that the Vanguard system. is being sufficiently improved 

to provide a reference for the experiment, making better use of inherent 

capability of the system. 
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Brumberg* has raised another problem: that of gimballing limitations 

that exist on the FPS- 16 at zenith. Normally, such limitations primarily 

effect angular tracking accuracy because of polar gimble lock. An angular 

accuracy is of secondary importance in this application, specific studies 

should be conducted to determine what (if any) implications this problem 

may present for range tracking at zenith. 

It should be pointed out that the performance limitations that exist 

are not inherent physical measurement limitation but rather constraints 

that have arisen because of the particular constraints on the design and use 

of the Vanguard System. The only primary physical constraint in range 

measurement that does not lend itself to compensation are questions relevant 

to propagation. The results and their implications are summarized here. 

The expected error is given in Table 5-2. 

Table 5-2. Propagation Errors 

Frequency Correctable Uncertainty 
Region (GHz) Bias (Meters) (Meters) (la) 

Free space all .3** 

Ionosphere 3 1.3 0.30 

7 0.2 0.05 
10 0.1 0.025 

Troposphere 3 Z.4 0.037 
7 2.4 0.037 

10 Z.4 0.037 
Total 3 3.7 0.30 

Atmosphere 7 2.6 0.062 
10 2.5 0.045
 

It should be noted that the uncertainty listed for a particular set of readings 

does not constitute solely a random error, and cannot be reduced by averaging, 

but includes an unknown bias for that set of data. 

*Personal communication with Paul Brumberg of Goddard Space Flight Center. 

**-Because of uncertainty in the speed of light. 
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5.4.4 	Possible Alternative Ranging Instrumentation 

Surface Transponders 

The use of transponders on the surface presents an interesting possibility 

for measuring Range. There are two possibilities in particular that make this 

alternative of interest: 

* 	 The Motorola Arod System 

* 	 The design of the altimeter to incorporate its own evaluation system. 

A surface transponder would be accessible to have its performance monitored 

and undergo calibration as required. Discussions with Vega indicate that 

a marked improvement in performance would be achieved for transponders 

operated under surface conditions of maintenances and availability, where 

operating conditions could be closely monitored. 

Motorola has designed a precision range tracking system based on 

surface transponders. The accuracy of this system is expected to be 0. 5 

meters bias and 0.2 meters rms error at 20, 000 kilometers 5 1 . (For use at a 

range of 20, 000 meters and as a consequence, the weight size and power are 

excessive for this application.) 

A second alternative that could be accomplished at little or no increase 

in power is to use the altimeter system to perform its own verification. The 

pulse from the altimeter could be used to actuate the transponder. The trans­

ponder would incorporate a precision 1 i sec delay to prevent the transponder 

from interfering with the altimeter range tracking system. The output of the 

receiver would be gated into a second range discriminator after the altimeter 

signal finished. The time difference between the altimeter and the verification 

signal could be used directly for verification. The primary criticism of this 

approach would be that the only part of the system that was being verified was 

its interaction with the water surface and the range gate tracker. Many of the 

instrumentation errors of the altimeter would be common to both systems. 
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Surface Corner Reflectors 

A corner reflector on the ocean has been suggested for evaluating the 

altimeter performance. Our study indicates that a corner reflector is not 

suitable for the verification experiment. The satellite altimeter would measure 

range to the reflector. The advantage of this approach is that no auxiliary 

electronic equipment need be required. To obtain a signal of magnitude 

comparable to that of the ocean surface return*, the corner reflector** should 

be approximately 17 meters on an edge. For adequate signal discrimination, 

the reflector must be larger and of sufficient rigidity and accuracy so that the 

inside surface was maintained to an accuracy of 1 mm. By standards of current 

antenna fabrication, this would be extremely difficult. In order not to interfere 

with the Satellite altitude measurement, the corner reflector would have to be 

placed at least 5 miles off the satellite track which would greatly increase the 

accuracy requirements for positioning the reflector. The cross track positioning 

error should be kept to better than 100 feet, which is well beyond expected 

navigational tolerances. Surface corner reflectors are therefore not considered 

suitable. 

Synchronized Clock Systems for Measurement of Range 

Satellite altitude could be verified either from the satellite or from the 

surface, utilizing the altimeter signal and a synchronized clock system. The 

method is discussed in Appendix P, although not in sufficient detail to make 

recommendations concerning its use at this time. 

m2* p. 7-11: o- 0 = (4x i07 in2 ) (10 dB) = 4x 108 i-s the radar cross-section. 

** Barton, D. Radar System Analysis, Prentice-Hall, 1964; p. 71 
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SECTION 6. VERIFICATION OF ALTIMETER PRECISION 

-This section is divided into two independent parts: section 6.1 on self­

consistent verification, and section 6. 2 on differential verification. Both these 

sections are concerned with verification of altimeter precision, involving com­

parison between-altimeter measurements either over the same or nearby locations. 

6. 1 Self-consistent Verification 

The self consistency of data that is taken at a given geographical location 

can be readily used to determine the precision of the altimeter instrument. This 

technique for verification is significant because it is less sensitive to bias errors 

in the tracking systems and requires only a determination of change with time of 

the parameters that contribute to the altitude difference. Variations of this 

approach can be used at locations where tracking and surface coverage is greatly 

reduced from that required by other approaches to verification at the expense of 

only modest deterioration in performance. The method can also be used as an 

ongoing check to-assure that the initially verified performance is maintained 

throughout the life of the altimeter. 

6. 1. 1 Error Summary 

The precision measurements that can be expected by this approach are 

given in Table 6- 1. The errors presented in this table represent what might be 

expected from this system in a well monitored area such as the Carribean. In 

such an area the operational level of performance is adequate for 3 meter verifi­

cation of precision. There would be some degradation if this technique were to be 

used in a less well mionitored area. In order to achieve the operational level of 

accuracy it has been assumed that the data has been selected to reject such data as 

is taken when timing syncronization is worse than 100Igs. 

6.1. 2 Geography 

The geographical regions which lend themselves to the self consistency 

approach to verification are somewhat more extensive than for the absolute or the 

relative method because of the less stringent data requirements. On the other 
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Table 6-1. Self-Consistent Verification Error Summary 

Tracking Ceoid IMSL Propagation o-
Total(m) 

Operational 2-3 - 1 m I rn 3 m 

Capable 1-2 - 1.0 m 1. m 1-2 m 

Feasible < 1 - .3 m .3 m < I m 

hand, the amount of self consistent verification data that.can be garnered from a 

particular area is very highly latitude dependent. As can be seen from Figure 

6-1, the density of suborbital track crossings is thirty times larger at Z0 ° than it 

is at the equator for the planned GEOS C orbit inclination. Hence, regions such 

as the Carribean, Hawaii, Mozambique, and the region East of Austrailia which 

meet the dual constraint of being at a latitude of 20 and having tracking capabil­

ities particularly lend themselves to this application. The South Pacific, the bulk 

of the Indian Ocean and the South Atlantic which, because of a paucity of tracking 

stations do not ideally lend themselves to verification, can also be used if a 

variant of the self consistency method is used. Two such variants are the loop 

closure method, & the orbital retrace method. 

6. 1. 3 Ground Support System 

The supporting system for verification depends upon the level of performance 

sought. 

The operation level of performance can be achieved with the operational C­

and S-band tracking systems. Provided that the points chosen to accomplish 

verification are adequately removed from shore areas to avoid the shore line 

tidal effects, there is no requirement for surface monitoring to provide the 

accuracy sought. However, the data must be selected to insure that tracking 

stations are sychronized to about 100,±s. 
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The capable level of performance can be achieved by improving the 

inter.station timing synchronizations between tracking sites to 100 us and adding 

optical tracking stations. Again under open ocean conditions, surface monitoring 

is not required. 

The feasible level of performance requires both upgrading of the tracking 

network and improvement of the surface monitoring system. In addition to the 

improvements required for capable, the following additions are required. 

* Redesigning of the C-band transponder 

10 Providing precision movable range tracking units, such as transponders. 

* Input of tidal prediction data 

* Input of synoptic air pressure data 

6. 1.4 Data Requirements 

Let us next address the question of data required by the self-consistent 

method. 

6. 1. 4. 1 Tracking Data 

The tracking data required by the self-consistent method is substantially 

less than that required for the absolute method, as the requirement for removing 

the measurement biases is materially reduced. Only tracking data for the two 

orbits under comparison is required. 

6. 1. 4. 2. Surface Data 

The surface data requirements for self-consistency is materially reduced 

in comparison with the absolute method because only the time-dependent part of 

the measurement enters into the precision computation. As a consequence, the 

geoid uncertainties canbe completely eliminated; and the time variations from 

temperature and salinity are likely to be neglegible. Only the pressure pattern 

and tides have a time variation that will reflect in this precision measurement. 

These will only reflect at the feasibility level of measurement. The pressure 

6-4
 



pattern can be corrected from synoptic data and the tides from their well 

established cyclical patterns. 

6. 	 1. 4. 3 Sea State Monitoring 

Sea State Monitoring. Data requirements will be the same as the data requir­

ed for the absolute approach as this data tells only the state that is under 

observation. 

6. 	 1. 5 Advantages and Disadvantages
 

The principal advantages of self-consistent verification are:
 

1. 	 Computationally simple and brief. 

2. 	 Requires nominal additional expenditure of effort; no additional 

hardware demand. 

3. 	 Relatively insensitive to errors in tracking system, such as equipment 

biases propogation errors and tracking station location errors. 

4. 	 Requires no knowledge of the geoid. 

5. 	 Requires only changes in IMSL, principally tides. 

6. 	 Can be used as check on operational performance of the altimeter 

during its lifetime.
 

The principal disadvantage of self-consistent verification is:
 

1. 	 For large crossing angles, is sensitive to (geometric) propogation 

of errors. 

6. 	1. 6 Self Consistenty Verification Concept 

Self consistenty verfication is based upon the supposition that t a given 

geographical position successive altitude measurements that are generated by the 

altimeter should be consistent. The subsatellite point of each orbit intersects the 

subsatellite point of every other orbit at two cross-over points. Therefore 

measurements of altitude and orbital height made at these cross-over points on 

successive orbits should be self consistent; that is to say, the difference in the 

altitudes measured by the tracking method should agree with the differences that 
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are measured by the altimeter. Inasmuch as the same stations in the tracking 

network are viewing the satellite under essentially the same circumstances on the 

two orbits, traces that are independent of time which are associated with particular 

stations should be the same, and as a consequence tend to cancel out in our 

computation of altitude change. In addition, the uncertainty factors in establishing 

ISML that are space-dependent rather than time'dependent should also be reduced 

to negligible magnitude. 

Figure 6-2 is an illustration of this method, illustrating a measurement at 

Pi on orbit i and another measurement at the same location, designated Pj on 

orbit j. 

The equations governing the self-consistency tests are 

h -=h .- lh. (6-i) 

h *---h.- h (6-2)
ojsjmj 

Then subtracting 

h M) (h (6-3)hhmi - (b - h)sj (h oiho 

(6-4)
Ah =Ah Ah 

m s 0 

where it is assumed that, except for tides, 

Ah h . -h . 0 (6-5) 

It can be'shown that the number of crossing points after n revolutions 

is given -by 

N = n(n-l), or for n -l by N = n (6-6) 
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Assuming a total of 10, 000 revolutions,- approximately 108 intersection points 

are contained within the 400 wide zone about the equator, so that the average 

density is 6000 intersections per square degree. Obviously, the actual density 

will be about six times as great near the zone boundaries and about one sixth as 

great near the equator. This can be seen from Figure 6-1 where the density of 

satellite tracks is plotted as a function of latitude. 

6. 1. 7 Error Analysis 

The self consistency method is based upon equations 6-4 and three assump­

tions. Equation 6-4 is a mathematical identity whose terms are measured by 

different techniques. The errors then arise from the degree to which these 

assumptions are true. These assumptions are: 

I. 	 That the satellite on the ith and jth orbit are being tracked by the same 

set of tracking systems under essentially the same conditions so that 

the errors in the determination of altitude difference at the cross-over 

°point cancel out. This is more nearly so for orbits crossing near 20 

latitude. 

2. 	 That points i and j correspond geographically. 

3. 	 That the height of the surface being measured (IMSL) is independent 

of time, except for tides. 

Let 	us examine the errors that arise from these assumptions: 

Assumption I 

The errors that result from Assumption 1 are shown in Table 6-2, resulting 
in the first column of figures in Table 6-1. 

Assumptions 2 and 3 

The errors that result from Assumptions 2 and 3 are shown in Table 6-3 

and explained in Section 4. 3. 1. 4 and/or the accompanying notes. 
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Table 6-2. Tracking Errors in Self-Consistent Verification, 

Cause of Magnitude of Errors Source of 
Err orInomtn Operational Capable Feasible Information 

Bias - Station Height 2 0.5 0. 1 Note 1 
and Location 

RMS Random Error 1 >0.1 >0.1 

RMS Propagation 1 0.5 0. 5 Table 4-1 
Error 

Tracking System 2 0.5 0. 5 Note 2 
Drift 

Timing Synchronization 0. 2 0.02 0. 02 Note 3 

Note 1: 

Tracking Station height and satellite location errors propagate into the 

computation of the altitude of the ith and jth orbit in exactly the same 

way, particularly for orbit crossings close to 20' latitude. The expected 

error in height difference is less than 10% of the assumed error in 

tracking station height. 

Note 2: 

Tracking System Drift - This error results from drift characteristics 

in the transponder, the radar delay uncertainty and timing reference. The 

current transponder has repeatability to better than Z meters 5. The 

transponder could be redesigned to provide a repeatability of 0.5 m. 

Note 3: 

Timing Synchronization between Ground Tracking Stations is critical to 

this method. The error coefficient is 3 meters/millisecond. It is 

assumed that when timing synchronization error exceeds 1 millisecond, the 

data will be rejected. Errors of this magnitude can be determined best later. 
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Table 6-3. Errors that Result from Location Difference and Time Difference 
Between Points i and j 

x - position'displacement 

Cause 	of Magnitude of 
Error 	 Error
 

h () max 0.03 metersfmeter (2) 
S 

ax 

(i) 	 (Geoid >1 x 10- 3 meters/meter 
8h
 

a XIMSL I x 10 - 4 meters/meter
 

Geoid Insignificant
 

3h T/S Pattern Insignificant

0
 

at Tides 0.3 m
 

Pressure 0.3 m
 

(1) 	 Points i and j correspond geographically 

(2) 	 The ellipticity of the orbit results in an error in satellite altitude if either 

the epoch of the satellite or the position of the satellite is uncertain for an 

orbit that has a height differential of ZOO miles. This value will vary from 

0 to 0.03 meters/meter. 
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6. 1. 	8 Variants of the Self Consistent Method 

There are two powerful variants of the simple self-consistent method: 

* 	 The closed loop method 

o 	 The retrace method. 

These methods have three significant advantages over the simple single 

point approach: 

* 	 The errors that result from errors in position measurement cancel 

out, if the geometry remains constant. 

* 	 The time dependence of IMSL cancels out under some circumstances 

* 	 These methods reduce the dependence of the satellite altimeter system 

on surface tracking stations to an extent that it can be a useful survey 

instrument. 

The closed loop method is based upon three or more orbits whose sub­

satellite traces intersect at three or more points on the surface and enclose a 

small region on the surface, Figure 6-3. The density of occurence of such loops 

is high in the region between 150 and 200 latitude. The reason that this method 

yields an improved error performance is that the errors which result from 

position uncertainties are canceled out because the difference in altitude 

between the ends of the leg is relatively insensitive to small translations of the 

leg 	along its own path. 

The retrace method is based upon two orbits whose subsatellite traces 

follow very nearly the same ground track (see Figure 6-4). Such orbits will 

measure essentially the same surface topography. It can be simply shown that 

in the region close to 20o over the two-year life of the satellite that pairs of 

orbits will have subsatellite traces that do not depart from each other by more 

than 	150 meters for distances well in excess of 600 miles. Such orbits can be 
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used to make a direct comparison of the surface topography. With this technique 

the orbital characteristics can be corrected over the complete satellite revolu­

tion. Trenches and other topographic features which represent harmonies well 

above those that influence the orbital dynamics can be compared to establish the 

precision of the instrument. 

6. 2 Differential Verification 

6. 2. 1 Summary 

Differential verification compares the change inaltimeter readings over a 

short segment of an orbit with independently determined changes in satellite orbit 

and changes in IMSL over the same orbit segment. This approach requires 

knowledge of changes in IMSL over the interval of measurement and hence of 

topography, or the geoid. The geoid need not be known in an absolute sense. 

Similarly, tracking requirements are reduced to knowledge of changes in altitude 

rather than accurate orbital tracking. 

This method provides a high precision measurement of satellite altitude, 

and has high accuracy in application to measuring the slope of the geoid. -It is 

insensitive to errors in absolute location of the satellite, and to errors in the 

location of mean sea level. On the other hand, there are limited areas of applica­

bility, and the verification information on the altimeter is limited to precision 

rather than accuracy. 

Figure 6-5 suggests the experimental concept of differential verification. 

Figure 3-1 is helpful in relating various quantities of interest. 

Figure 6-6 is a block diagram representation of the methodology of a 

typical differential verification procedure. A tracking network provides informa­

tion on the change in satellite altitude (relative to an Earth-fixed coordinate 

system) between two satellite readings. Using knowledge of the geoid at the 
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subsatellite points, and local oceanographic corrections, the difference in IMSL 

at the two subsatellite points can be determined. The changes in the two ends of 

the altimeter ranging points are combined to-provide the verification determination 

of the net altitude change in differential verification. 

The summary of errors in differential verification, shown in Table 6-4, 

indicates that current procedures and equipment can verify differences in alti­

meter readings to 3 meters, with 1 to Z meters achievable with minor modifi­

cations, and better than one meter ultimately expected. 

Table 6-4. Differential Verification Eiror Summary 

Sea Surface 
Tracking: Tracking S r 

A AiDeg AI Total 
Propagation Geoid IMSL 

Operational . 5- Im 2-3m 1 m . 5- Im 3m 

Capable . 5m I-Zm . 7m . 3-. 5m l-Zm 

Feasible .3m <lm .5m .3m <lm 

The "operational" category refers to currently available systems, including 

instrumentation, personnel and currently available reporting activities. A total 

rms error of 3 meters is expected under these currently available conditions. 

With some effort, the operational conditions can be upgraded by (a) 

improving tracking accuracy - mainly through timing to at least 100 micro­

seconds for all stations - thereby reducing the largest error source; (b) reduction 

in geoid slope error by examination and reduction of existing geoid and gravity 

survey data; (c) improved. knowledge of changes in IMSL through increased 

geographical and/or temporal density of surface data in the measurement region. 

The total rms error could thereby be reduced to 1 - 2 meters for this "capable" 

category. 

6-17 



With considerable effort, a "feasible" category can be obtained for reducing 

the rms errors for the GEOS-C verification experiment to less than 1 meter. 

This 	involves upgrading operational features as follows: 

(a) 	 Propagation error reduction through increased local meteorological 

data, such as that obtained from rockets; 

(b) 	 improved tracking accuracy through greater care in taking and 

processing data, station procedures, and selection of specific test 

locations; 

(c) additional geoid slope data through local surveys at test locations 

(d) additional ocean surface data through instrumentation at test areas. 

The 	 principal advantages of the differential verification are: 

1. 	 Performance can be almost anywhere; in areas with no geoidal 

changes, results indicate drift in the' altimeter system. 

2. 	 Errors in the tracking system, such as equipment biases and 

propagation errors, are practically cancelled out. 

3. 	 Station location errors are not critical; changes in position are more 

significant than the positions themselves. 

4. 	 Errors in the determination of IMSL (including changes in the geoid 

elevation, and in oceanographic corrections) are reduced significantly 

by being concerned with the change between two points, and canceling 

out dependence on a tracking station network, or an ellipsoidal 

coordinate system. 

5. 	 Only local changes in geoid topography need be known; surveys need 

not be known over extended areas. 

The principal disadvantages of the differential verification are: 

1. 	 Ability to measure topographic changes can be determined in limited 

areas where topographical features undergo substantial changes in 

elevation over short distances, such as at the Puerto Rico Trench 

(Brownson Deep) and on the two sides of Panama (at selected times). 
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Z. 	 It does not verify accuracy, but precision or changes in altitude. 

3. 	 Abnormal gross changes in altimeter operation or readings are not 

checked, and would not normally be noticed. Bias cannot be detected. 

6.2.2 Support Data 

The support data necessary for implementation of differential verification 

include: 

(a) 	 Tracking data, particularly for changes in the tracking height relative 

to the geoid; 

(b) 	 Geoid slope data, which is a much less stringent requirement than 

absolute location of the geoid relative to the spheroid; 

(c) 	 Changes in IMSL relative to the geoid over the track length, which 

is a less stringent requirement than the IMSL itself; 

(d) 	 Changes in propagation errors over the track (which are also 

usually small); 

(e) 	 and ocean truth monitoring, which is required to about the same 

degree for all verification methods. 

6.2.3 Geography 

The regions considered most suitable for differential category tests are as 

follows: There is a group of specific locations where there are known to be 

substantial changes in the IMSL (or geoid): (a) Puerto Rico Trench; (b) Offshore 

on either side of the Isthmus of Panama. 

In addition, there are other locations which have not been specified, to be 

determined on the basis of the following criteria: (a) location in the Caribbean 

below 200. (Possibly also near Hawaii, also below Z0O . ) (b) In region where 

tracking is favorable, based on station locations; (c) availability of geoid data 

through gravity survey, etc. ); (d) availability of ocean surface data; (e) availability 

of atmospheric (including meteorological) data. The last three imply that this is 

a 'busy" or "interesting" area, or else that one is willing to compensate for the 
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absence of data. Determination of specific locations based on these criteria is a 

recommended objective for further study. 

6. Z. 	4 Theory 

A differential test of the altimeter is a test in which the height difference 

between two surface points P 1 and P 2 is found by comparison of the difference 

computed from altimeter heights above these points with a height difference 

arrived at by measurements at the surface. Figure 6-7 shows the geometric 

relationships existing between the points concerned, and the following relations 

are evident: Heights measured at the surface are with respect to the sea surface 

first, with respect to the geoid by immediate consequence, and with respect to 

the reference spheroid by further computation. Since differential tests are by 

definition and preference made entirely within local geodetic systems, the refer­

ence surface (Pe) can be made to pass through Pg, without prejudice to the 

experiment. In its passage from PSI to PS 2 the altimeter height above the 

spheroid therefore changes from PSI Pel = PSI Pg 1 to PSZ PeZ, or by an 

amount Ash. The surface height difference measured with respect to the geoid 

by standard techniques such as spirit leveling, etc., gives the quantity, 

AD 	 = A(P i Pg) (6-7) 

In making the test, the various heights must be reconciled. This involves 

the following computations (see Figure 3-8): 

1. 	 Determine Ash, the change in height of the satellite above the 

reference surface (ellipsoid). Only short segments of the orbit are 

used, with a considerable number of fixes on-the satellite along at 

least one portion of the segment; this reduces location standard. 

deviations below that for a singled fix. 

2. 	 Resolve Ash into its components along Hi (or hi) or H2 (or h 2 ). 

3. 	 Resolve (D + Deg) into components along H 1 (or hl) or H Z (or h 2 ) for 

the values at Psi and PsZ" 
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4. 	 Determine Aoh, the difference between the values of (D + Deg) at 

Ps, and at Ps 2 . 

5. 	 DetermineAh = (Ash - Aoh) 

6. 	 Compare with (HrZ - Hr), the difference in altimeter readings from 

Psl to Ps2" 

6.2.5 Error Analysis 

There is a negligible error involved in determining the position of the 

satellite relative to the geoid by (P 5 Pi) + (Pi Pg) rather than by (Ps Pg), 

as shown in Figure 6-7. This can be seen by assuming a difference between sea 

slope and geoid slope of 1:104 as a worst case, which for a satellite height of 

2000 km makes an error of about 10 mm. 

The error between (Pge) and (PgPe) can be found by assuming the differ­

ence between the geoid slope and spheroid slope to be 1:103 as the worst case, 

which, for a satellite height of 2000 kin, makes an error of less than 1 meter. 

A 1-meter error is too great to be allowed if an alternative is available. Such an 

alternative is available because we know the geoid slope approximately in the 

area, which can provide a correction to the measured height. Since the geoid 

height itself is not used, the correction does not imperil the validity of the test. 

The correction can, in theory, be obtained from the altimeter measurements 

themselves by taking (satellite) height differences corrected for Ash close 

together and computing the geoid slope (which is for our purpose close enough 

to EMSL slope). 

Assuming that the experiment is not performed in localities with special 

effects such as bores, etc., the maximum rate of change of IMSL (relative to 

the geoid) can be assumed to be less than 0. 3 mm per second (during which the 

satellite travels approximately 7 kin). 

Over a time interval of 300 seconds, an error of less than 0. 1 meter will 

be incurred if we are ignorant of the geoid at the second point with respect to 

the first. 0. 1 meter is negligible as far as the problem of verification is 
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concerned. A time interval of 300 seconds is equivalent to a horizontal distance 

between points of over 2100 km - a distance greater than any we shall assume 

for application of the differential verification method. In order to avoid having to 

cope with too many uncertain quantities, we will assume that points P 1 and P 2 

are less than 1000 km apart. 

Passing from PS, to PS., the altimeter changes its height above the spheroid 

by an amount Ash. The height of the instantaneous mean sea level (IMSL) above 

the spheroid changes by an amount Aoh. The altimeter changes its height above 

IMSL approximately by this amount: 

Ah -- A h - A h (6-8)s o
 

The term approximately is used because the quantity Ah is not exactly the change 

in height of the altimeter above the IMSL. For most regions the difference is 

insignificant. If the local deflection is 100" and the satellite is at 2000 km alti­

tude, the difference between h and the true altitude is 0. 5 m. At least part of 

this error can be removed by computation using an estimated value of the local 

deflection. The quantity Ah can, therefore, be computed from the measured Ah 

and from the computed Ash, which is obtained either from the orbit or from 

tracking data directly. 

The error theory applicable to differential measurements is essentially 

the same as that given for the absolute category of experiments (particularly 

4. 3. 1.4) and in the relevant appendices. The main difference is that the errors 

we are concerned with are those in the increments rather than in the total quan­

tities. The important difference errors are those in satellite locations, geoidal 

height, and IMSL. We consider the errors in that order. 

A. Satellite Location Error 

The error AZhs in difference of satellite height, Ash, arises from (1) 

orbit errors and (2) tracking errors. In the first category, we have 
dH 

Ash (from orbit) dse As (6-9) 
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.2 
where As is the distance between Psi and PS, . The error Ah s is therefore 

dH
 
Ah =A- h dfl t As (6-10) 

s s dS 

Only short segments of the orbit are used. The segments are determined from 

observations whose s.d. in range is estimated 4 8 at 6m; of which 5m are 

assumed to be systematic and 3 n are assumed to be random. The estimates 

are liberal. Using the same arguments as in Section 4, we find that 

3h dr1 &h dr z 
dh _ s 1 s + (6-11)

ds-Dr I ds + Sr 2 ds 

where r I , r 2 , are the ranges measured from starting (or with suitable modifi­

cation, right ascension, declination, etc.). The error Lzhs is therefore 

2 h dr.
 

Azhs As s A d_
= csr. ds (6-12) 

and 

T-)hS0 2 .c4 3h (6-13)Ash Ir rj 

where is the variance matrix of the set -- s. Writing 

Ar
 

dAr. dr. 
- - A , (6-14) 
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the constant part of the systematic error in rj drops out. Because we are using 

an orbit segment to constrain the hi, the variance in _sh is taken to be n- I/2 

times the variance in rj (the random portion), where n is the number of observa­

tions used in deriving the segment (this approximation is good enough for the 

present purpose). The s.d. inAsh over a segment 3000 km long is therefore 

about 0. 3 m. We will ignore the contribution of systematic, non-constant errors 

in rj because, while definite information on the nature and magnitude of such 

errors is lacking, information available says that the errors are considerably 
48

smaller than the constant errors . These considerations lead to the conclusion 

that over an orbital segment controlled by observations along its length, the 

variance of hi differences, Lsh, is 0. 1 m plus the variance caused by deviation 

of the true orbit from the computed orbit segment. For lack of exact data on the 

Caribbean gravitational effects, we use the estimate that an acceleration of 200 

mgal at the surface, acting dver a horizontal distance of 1500 krn on a satellite 

at 1000 km altitude, will affect the height of the satellite by less than 0. 1 meter 

over this distance. This amount is negligible; the effect of the error in direction 

of gravity at satellite height is als6 negligible. The standard deviation of hs is 

therefore estimated to be less (in absolute value, of course) than 0. 3 m over a 

1000 km distance. 

B. Oeoid Location Error 

Since we are limiting the distances s between points PS 1 and PS 2 to 1000 kin, 

satellite geoids are of no use for getting geoid height differences. Only gravi­

metric and astrogeodetic data are of value for good height difference computation. 

Using either kind of data, we can put the error at P., equal to zero. The error 

at the other end can then be estimated using the formulae given in Section 4. 

Geoid height difference errors from astrogeodetic observations turn out to be 

0.8 meters per 50 km interval, assuming that the variation of geoid slope, e, 

between statiorns introduces an average error of 10 times the error in e at a 

single station, taken to be 0.3". A 1000 km distance would therefore cause a 

height uncertainty of less than 4 meters. This can be reduced to less than 1. 5 

meters by halving the distance between stations, and can of course be reduced 

still farther by using gravimetric data to interpolate between stations. 
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The above estimates are for geoid variations on land or along a coast. 

Using GEON or SINS for finding e in open ocean, the error in g at a single 

station is at least 61, but the variation in between stations would remain 

the same as before. In this case the interval between measurements will have 

to be reduced to 10 km in order to reduce the error in e to 1.5 meters. Data 

on the s.d. 's(accuracy) of SINS and GEON measurements are not available; 

the only data on this point refer to the differences between GEON, SINS and 

gravimetric geoid profiles. SINS and GEON heights agree to within 2 meters 

(ref. 17), GEON and gravimetric heights agree to within 4 meters, or with 

about 2 m variation. The s.d. of the gravimetric profile itself is not -known. 

The s.d. of geoid height differences derived from gravimetric data will 

not be estimated here because (1) too many unknown factors are involved to 

make any estimate believable, and (2) gravimetric profiles will not be used 

anyway.
 

C. Error in IMSL with Respect to Geoid 

This subject is covered in Section 4. 3. 1.4. The errors in IMSL difference 

along coastal waters are certainly less than 10 cm and can be ignored; in the 

open ocean they are less than 40 cm and can be ignored. 

The principal contribution to the standard deviation, aAh, of the height 

difference are satellite location s.d., estimated at less than 0. 3 m, and the 

standard deviation 0 hj , estimated at less than 4 meters for a worst case and 

at less than 1. 5 m for reasonable cases. If possible we would wish to reduce the 

geoid height difference s.d. to a value comparable to that for the satellite height 

difference s.d. The easiest way to do this is to make the interval between the 

points P 1 and P 2 small. The regions selected in test areas should have the 

available test points separated by less than 100 km. A worst-case standard 

deviation is less than 1 m for these cases, and the s.d. can be reduced farther 

if data are available. 
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Another source of uncertainty is pressure variation, which can cause 

amplitude variations over a long period of 0. 5 m 3 0 . Synoptic weather data 

can be used to compute the amount of variation, however, and an uncertainty of 

less than 0. Z m is expected. 

Summary 

The error analysis for differential verification indicates that satellite 

height (above spheroid) differential introduces an rms error of 0. 3 meters, 

Geoid height differential introduces about 1. 5 meters, and the height differential 

in IMSL is negligible. The total rms error is thus about 1. 6 meters. 

Differential verification is therefore suitable for measurement of altimeter 

precision. 

6. 2. 6 Regions of Experimentation 

The region considered for carrying out the tests in the differential category 

of tests are: 

I. The Caribbean Sea; 

Z. Lake Nicaragua; 

3. Gulf of Panama plus Northern Coast of Panama; 

4. Puerto Rico Trench 

These are considered individually. 

'6.2. 6. 1 Differential Measurements Over the Caribbean 

The theory given in the preceding paragraphs, and the error analysis 

given in the following, both show that in order to be sure of keeping the standard 

deviation of the comparison difference to within ± 1 meter, the distance between 

points PS, and P.z must be less than 100 km. This requirement makes impos­

sible measurement of height differences over the entire Caribbean. Instead, 

point pairs P1 - P 2 must be chosen within short distances of each other in offshore 

regions, or may be chosen in open ocean regions where large IMSL differences 
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can be expected. Selection of offshore point pairs must be made in such a way 

that reliable, measurable differences exist. Considering the small tidal varia­

tions in the Caribbean, most such differences will amount to no more than 

30-40 meters and then must exit over time, not distance, intervals. 

There are a few regions in the Caribbean where large variations of IMSL 

with distance can be expected. One of these is just north of Swan Island, at the 

edges of Mysterioso Bank. No astrogeodetic measurements are known for this 

region, but a large number of unclassified gravity data exist that should be con­

vertible to geoid profiles. These same data could be explored for the existence 

of suitable regions elsewhere in the Caribbean. 

6. 2. 6. 2 	 Differential Measurements in the Lake Nicaragua Region 

Consideration was given to measuring the height difference between 

Lake Nicaragua and the Pacific Ocean to the west, and between Lake Nicaragua 

and the Caribbean to the east. Spirit leveling extends both ways from Lake 

Nicaragua, and the height difference of about 35 meters is, therefore, known 

to better than ±10 cm. Tracking instrumentation in the region is practically 

non-existent at present. 

Use of the Lake Nicaragua region would have the advantage that it could 

eventually provide a tie between the geoid in Central America and the geoid in the 

West Indies. 

Closer examination of topographical maps indicate that the mountains in 

and near 	Lake Nicaragua interfere with altitude measurements, thus making 

this region unsuitable for such verification measurements. 

6. 	2. 6. 3 Differential Measurements in the Gulf of Panama -

Panama North Coast Region
 

The difference between mean sea level at Balboa and mean sea level at 

Cristobal is about 20 cm, according to leveling work done in the 1930's. This 

is insufficient, by itself, for testing the altimeter. The range in tides is quite 
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different at the two places, being about 4 meters at Balboa and 1 meter at 

Cristobal. The difference of up to 5 meters is measurable by the altimeter, and 

the small range in this at Cristobal compared to that at Balboa makes possible 

the use of height differences from measurements on a single pass, without need 

to worry about correlation of heights on the two sides. 

6. Z. 6. 4 Differential Measurements in the Puerto Rico Trench Region 

The Puerto Rico Trench, or Brownson Deep, lies to the north of Puerto 

Rico and is outside the Caribbean Sea proper. It is included here because it 

does lie within the Z0 ° zone and its profile (south to north) has been measured 

gravimetrically by GEON, and by SINS. Half of the passes of the altimeter over 

the trench will unfortunately be parallel to the long axis of the trench; the other 

half, on the ascending portion of the orbit, will be at an angle of about 600 to the 

existing profiles. The geodetic situation is sufficiently advantageous that every 

effort should be made to process the altimeter data for receover of the trench 

profile. This should be checked against geodetic data obtained using (one or 

more of) the techniques described in Section 4 (p. 4-64). 

6.2.6.5 Differential Measurements East of the Caribbean 

A particular region east of the Lesser Antilles has been suggested by 

Mr. Talwani as a possible site for differential measurements due to relatively 

large changes in geoid heights, apparently unaccompanied by a corresponding 

trench or ridge. Further study would be required to confirm its suitability for 

verification, particularly with regard to its proximity to tracking and telemetry 

stations. 
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SECTION 7. DESIGN DATA (INCLUDING DISCUSSION OF
 
VEDS RADAR ALTIMETER MODELS)
 

In addition to the main objective of'verifying the performance of the satellite 

altimeter, the experiment has the second objective of deriving empirical design 

data to assist in the development of higher performance altimeters for use in the 

1970's, such as SEA SAT-A. It is this second objective which this section 

addresses. To gain perspective on the effects of design data on the altimeter, 

this section inciudes the discussion of the VEDS altimeter models. 

For the development of high accuracy altimeters, it will be important to 

understand the interaction of the electromagnetic radiation with the ocean surface 

at near-normal incidence, where there is currently inadequate data. Most studies 

of radar-ocean interaction have involved large incident angles. Even in those 

cases concerned with near-normal incidence, geometric features of the experi­

ment generally reduce the near-normal angular resolution, thereby limiting the 

applicability of results to satellite altimetry. For example, at satellite altitude 

of 1000 kin, a 50 nanosecond pulse has a footprint corresponding to an angle of 

about 1/,2 degree on the ocean surface (see Fig. 7-1), whereas at aircraft 

altitude of 4.6 km (15, 000 feet), a pulse of the same length subtends an angle 

of 6.5 , or more than ten times as large. 

In addition to the angular resolution, the rate of area coverage is much 

greater from a satellite. In the example cited earlier, the ratio is greater than 

200. The satellite "sees" waves with wavelengths about 15 times that seen from 

the aircraft. The effect on the returns from the satellite relative to that of the 

aircraft is at present estimated on the basis of theory, but unverified experi­

mentally. Extrapolation of experimental results from the aircraft to experiments 

at satellite altitudes thus entails some risk, and cannot satisfactorily substitute 

alone for satellite measurements. On the other hand, satellite experiments may 

be correlated with data from aircraft experiments in order to validate the applic­

ability of additional results from the aircraft experiment. 

The main reason for being concerned with design data is that a satellite 

altimeter has never before been flown and tested; when the altimeter is finally 

tested, the tests will be much more meaningful when design data are obtained, 
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both in the sense of validation of the instrument, and in terms of the additional 

design know-how for the more accurate altimeters needed for the SEA SAT 

satellites; 

The first part of this section develops a radar altimeter model for the 

verification portion of VEDS. This model is adequate for purposes of planning the 

verification portion of the experiment. 

The second part considers the impact of the design data requirements on the 

radar altimeter model, and the third part develops a modified model of the radar 

altimeter which would be applicable to both altimetry and design data. The 

modifications would have substantial impact on altimeter design requirements, 

but do not significantly affect the verification portion of the study. The areas of 

design most affected are the sizc; weight, and power requirements. 

The fourth part deals with the implications of pulse compression. The fifth 

part covers the telemetry capability required for GEOS-C. 

7. 	 1 Radar Altimeter Model - For Verification Only 

7. 	 1. 1 General Description 

Although the final specifications for the GEOS-C radar altimeter are not yet 

available, and the GEOS-C radar altimeter has not yet been designed, the basic 

operation of the altimeter can be described sufficiently for purposes of the VEDS 

program. 

The satellite is expected to be placed ina near-circular orbit, with an inclina­

tion of about ZO to the equator. The nominal orbital altitude is expected to be 

about 1000 kilometers, with heights ranging from 600 to 850 nautical miles 

(i.:I x 106 to 1.6 x 106 meters). The altimeter is assumed to be a range tracking 

pulse radar, with its antenna fixed to the satellite to point down at the earth's 

surface. The satellite attitude would be within two degrees of the normal to the 

earth's surface, with the radar beam looking straight down, as shown in Figure 

7-1. 

Altitude measurements would be made over the ocean surface with an 

accuracy of 5 meters. The altimeter would be programmed or controlled to 

initiate operation when the satellite reaches a position over the ocean, and term­

inate operation when the satellite is to pass over a land mass. Operation will be 

restricted to conserve satellite power, which must be shared by all of the equip­

ments housed within the satellite. 
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Figure 7-1. Radar Altimeter Operation 
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A simplified block diagram of the radar altimeter is shown in Figure 7-2. 

The transmitter will generate pulses of X-band radiation which will be directed 

by the transmit/receive switch to the antenna. The antenna will beam the pulses 

toward the earth's surface. The echoes from the surface will be received by the 

antenna, and diverted to the receiver by the transmit/receive switch. These 

signals will be amplified and detected in the receiver. The range tracker will 

track the leading edge of the received echo; the time difference between the time 

of transmission and the reception of the echo leading edge is a measure of the 

satellite height above the ocean surface. The timing generator will provide timing 

pulses to the transmitter, receiver, and tracking circuits. The timing reference 

10 I I .will be supplied from the satellite, accurate to about one part in 

The radar altimeter may operate with an ambiguous pulse repetition 

frequency. That is, the time of travel of the pulse from the satellite to the ocean 

surface and back may exceed the time between pulse transmissions. Under these 

conditions, the tracker range measurement, which is the time from the most 

recent transmission to the leading edge of the echo, must be added to an integral 

number of interpulse periods to get the true ranging time. The ambiguity in the 

number of pulse periods to be added can be resolved from a knowledge of the 

approximate orbit of the satellite. 

If the satellite orbit is eccentric with apogee and perigee of 850 and 600 

nautical miLes respectively, and a period of 100 minutes, the maximum altitude 

rate will be about 250 meters per second. The time at which each altitude meas­

urement is made must be known within about one millisecond, to keep the error 

in altitude measurement due to orbit eccentricity (and thus altitude rate) well 

below one meter. 

7. 1. 2 Expected Radar Altimeter Characteristics 

Since the GEOS-C radar altimeter has not yet been designed, its character­

istics have been assumed for the VEDS study. Parameters have been taken from 

many sources, within and without the Raytheon Company, and represent state-of­

the-art values. 

The major physical and system parameters are given in Table 7-1. 
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Table 7-1. VEDS Radar Altimeter Characteristics 

Weight of Electronics 20 lbs 

Size of Electronics 9 x 6 x 11. 5 inches 

Weight of Antenna 5 lbs 

Size of Antenna 2 feet-in diameter 

Transmitter Tube Life 200 - 500 hours 

Prime Power 	 25 watts 

20Spacecraft Attitude Excursion 

Readout Resolution 1 meter 

Altitude Accuracy 5 meters 

Minimum Altitude Ambiguity 	 1000 meters 

The size and weight given in the table are the values that are expected to be 

available for the altimeter. The space at the bottom of the satellite will permit the 

use of a 2-foot diameter antenna without interference with other satellite-borne 

equipment. The tube life of 200 to 500 hours is based upon the use of a magnetron 

transmitter. Longer lifetimes would be available if a TWT were used as the 

output tube, but more volume, weight and power would be needed for a TWT 

transmitter. 

The prime power, 25 watts, is the amount expected to be available for the 

altimeter. Spacecraft attitude will be held within 2 degrees of normal. The 

altitude measurements from the altimeter will have an accuracy of 5 meters, and 

the readout resolution will be 1 meter. Because of the long ranging time, about 

7 milliseconds for a height of 106 meters, it may be desirable to use an ambiguous 

pulse repetition frequency, and resolve the measurement ambiguity from a 

knowledge of the satellite orbit. The minimum ambiguity is specified as 1000 

meters, to insure that the ambiguity can be resolved. 

Typical radar altimeter transmission characteristics are presented in 

Table 7-2. 
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Table 7-2. VEDS Radar Altimeter Transmission Characteristics 

Altimeter Frequency X-band 

Pulse Length 50 nanoseconds 

Peak Power 5 kilowatts 

Pulse Repetition Frequency 1 kilohertz 

It is assumed that the altimeter will operate at X band, since this represents a 

good compromise between the antenna gain and beamwidth values that can be pro­

vided. A high gain value will increase the altimeter sensitivity. However, the 

antenna beanwidth must be kept wide enough to maintain operation as the satellite 

attitude varies. In addition, there is a wide variety of tubes and components 

available at X-band, and they are of lighter weight than similar components for 

lower frequencies. The values for pulse length, peak power and prf have been 

selected to provide high range accuracy, with low peak power and enough average 

power for adequate sensitivity. Peak power must be kept low to limit interference 

within the satellite, and to keep the altimeter transmitter size and weight within 

bounds. 

7. 1. 2. 1 The Echo Shape 

Figure 7-1 shows a sketch of the satellite and the radar pulse intercepting 

the earth's surface. The received ech6 on the average will have a shape similar 

to that shown in Figare 7-3. The signal will rise linearly over a time period 

(tl-t2 ), equal to the radar pulse length. The signal level will then remain al­

most constant and then drop off slowly as the echo is received from the edges of 

the beam. The total pulse width will be several microseconds long, for the 
J 

VEDS parameters. The time interval between the pulse transmission and the 

tl-tZ portion of the echo represents the desired altitude measurement. A 

leading edge tracker will be used to track this initial portion of the pulse. 

7. 1. 2. 2 Range Ambiguities 

The use of an ambiguous pulse repetition frequency rather than an unam­

biguous pulsye repetition frequency increases the average radiated power of the 

altimeter, and thus its measurement accuracy, for a peak power limited system. 

Several pulses will be "in flight" in the ranging space from the satellite to the 

ocean surface and back to the satellite. Since the altimeter cannot relate 
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Figure 7-3. The Echo Waveform 

received pulses to their original transmission times, it will measure the interval 

from the most recent transmission time to the leading edge of the next received 

waveform, as shown in Figure 7-4. The actual ranging time is calculated by 

adding to this measured interval an appropriate number of interpulse periods, 

determined from independent orbital data. 

7. 1. 2.3 Signal Integration 

With a satellite period of about 100 minutes, and an observed surface area 

7 kilometers in diameter for a 50 nanosecond pulse width, each spot on the surface 

will be viewed for about one second. Thus an output data rate of one second will 

permit processing all of the collected information for each surface resolution cell. 

A one second integration time would be about optimum, since one altitude 

value would be provided for each location of the ocean surface. A longer inte­

gration time would average readings over more than one resolvable area, and 

thus degrade the attainable measurement accuracy. Shorter integration times 

could be used if the redundant altitude measurements were relayed to the surface, 

where readings for each resolvable area could be averaged on the ground. It is 

conceivable that the raw data in the tracker could be of some use and could be 

relayed to earth. If data is to be sent more frequently than once per second, the 

data rates would be increased. 
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7. 1.2.4 Atmospheric Effects 

Range errors due to the atmosphere and ionosphere can be compensated to 

within a fraction of a meter, as discussed in Appendix Q. However, clouds, fog 

and precipitation can produce two other effects. The altimeter signal will be 

attenuated by scattering in passing through the atmosphere, and may be reflected 

at an interlayer boundry. Neither of these effects should interface with 

altimeter operation except when extremely heavy rainfall is present. 

If rainfall fills the 3. 5 degree beamwidth to a height of 6000 feet above the 

surface, that is, a storm 30 nautical miles in diameter and the rainfall rate is 

heavy (16 mm per hour), the signal attenuation will be only i. 2 dB. The back­

scatter level will be 2 x 105 square meters. For a 50 nanosecond pulse and a poor 

surface reflectivity of +5 dB, the radar cross section of a 7 kilometer diameter 

circle is 108 square meters, 27 dB above the rain cloud backscatter level. Only 

rainfall rates in excess of 16 mm per hour will degrade the altimeter operation. 

7. 1. 3 Detailed Description of the VEDS Radar Altimeter Model 

Figure 7-5 shows a detailed block diagram of the radar altimeter. The 

transmitter, driven by the modulator and high voltage power supply will generate 

an RF pulse that will be radiated by the antenna. The received echo will be 
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directed by the transmit/receive switch to a preamplifier and a mixer, where it 

will be converted to an intermediate frequency. An AFG circuit will hold the 

local oscillator on frequency. The output of the IF will go to the leading edge 

tracker when the received signal will be tracked, and a gated AGC generated to 

maintain the level of the signal from the IF amplifier. 

7. 1. 3.1 Altimeter Parameters 

The assumed parameters of the altimeter (for satellite attitude of ±20) are: 

Peak Power (PT) 5 kilowatts 

Aitenna Diameter 2 feet 

Antenna Beamwidth 	 3. 5 degrees 

Antenna Gain (G) 33 dB 

Wavelength (X) 3 cm 

Pulse Length 50 nanoseconds 

Signal Bandwidth (B) 20 MHz 

Noise Figure (F) 5 dB 

System Loss (L) 2 dB 

Altimeter Altitude (R) 106 meters 

Target Area (a-) 	 4 x 107 m 2 (7 km diameter 
circle) 

Backscatter Coefficient (ao) +10 dB 

Altitude Ambiguity 1000 meters 

Pulse Repetition Frequency (PRF) 	 1 KHz 

7. 1. 3. 2 Radar Range Equation 

The values tabulated above can be substituted into the radar range equation 

to provide the single pulse signal-to-noise ratio. 

(7-1)PT G X o- ° 
(47)3 R 4 KTBFL 

where S is the single pulse signal to noise ratio, K is Boltzmann's constant,2Z3
 

1.37 	x 10 joulesper oK, T is the reference temperature 290°K, and the other 

With these values, the single pulse signal-to-noisep4rameters are defined above. 
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ratio, will be equal to +9. 5 dB. Of course, the tracker will provide a substantial 

amount of post detection integration, further improving the smoothed signal-to­

noise-ratio. This signal level is adequate for accurate tracking. 

Since the illuminated ground area increases directly with altitude, the 

received signal power varies inversely as the cube of altitude. A change in 

altitude from 600 to 850 nm will cause a 4. 5 dB decrease in signal level. 

7. 1. 4 Altimeter Data Output 

There will be three types of data telemetered from the altimeter. First will 

be the altitude measurements. Second, time measurements to identify the time of 

measurement of altitude. And third, the performance of the altimeter will be 

monitored. In addition, the raw data from the GEOS-C altimeter will require 

processing on the ground to put it into useful form. 

7. 1.4. 1 Altitude Measurements 

Altitude has a maximum value of perhaps 2000 kilometers, and a resolution 

of 1 meter. This would require a 21 bit word. In practice, fewer bits would be 

needed with an ambiguous prf, or, with an unambiguous prf, a fixed value could 

be subtracted from the reading and only the increment transmitted. 

7. 1. 4.2 Timing 

Due to the high altitude rate that could exist with an eccentric orbit, the 

altitude measurements must be made accurate in time to 1 millisecond. If time 

is to be designated to this accuracy out of 24 hours, 27 bits will be needed. 

However, although the measurements would be timed to this accuracy, it will be 

pQssible to report time each minute using many fewer bits, to identify a sequence 

of altitude measurements. 

7. 1. 4. 3 Performance Monitoring 

To check on altimeter operation, it will be desirable to monitor several 

parameters of the unit. For example, the following could be monitored: 

a. Input Voltage 

b. High Voltage Power Supply Voltage 

c. Transmitter Current 

d. Receiver Noise Level 
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e. AGG Level 

f. Signal Level (output) 

g. Range Servo Error 

h. Transmitter Temperature 

i. Receiver Temperature 

Each of these could be monitored with about 4 bits accuracy. 

7. 1.4.4 Altimeter Data Rate 

If the altitude data is sent once per second and the timing and performance 

data once per minute, the combined data rate would be about 22 bits per second, 

only slightly more than the rate for the altitude measurements themselves. 

With altitude measurements made at arate of 10 per second, and the timing 

data sent 10 times per minute, the combined rate would be about 2Z0 bits per 

second. The higher data rate, while desirable, may be limited by the capacity of 

the telemetry link. 

With a prf of 1000 Hz, the maximum ranging interval would be 1. 5 x 105 

meters, and 19 bits of data would be needed for an altitude measurement. With 

timing indicated to one second out of a day, 17 bits would suffice. The use of 

these reduced word sizes would lead to slight reductions in the total data rates. 

7. 1.4. 5 Processing of the Altimeter Data at Ground Stations 

The raw data from the GEOS-C altimeter will require processing at the 

ground to put it into useful form. Calibration will be needed to compensate for 

known or determinable errors in the measurement, such as fixed time delay errors 

in the tracking circuits and refraction errors. There may also be calibration 

errors that depend upon surface conditions such as sea state or the presence of 

severe storms with unusually high rainfall rates. The stability of the satellite 

clock should be checked periodically, time measurements synchronized with the 

ground, and corrections made for known errors in timing or synchronization. 

And, of course, the altitude measurements must be corrected to eliminate the 

effect of orbital parameters, as well as surface and environmental effects that 

will cause the altitude measurements to deviate from those which the altimeter 

is supposed to measure. 
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7. 	 2 Collection of Design Data for SEA SAT-A 

It should be feasible to obtain data from GEOS-C to aid in the design of 

SEA SAT-A, if added weight size and power consumption will be permissible 

beyond that needed for the altimeter itself. In addition, higher communications 

capacity will be needed to handle the increased data flow, and the altimeter will 

need some extra data storage and processing capacity. 

7. 	 2. 1 Purpose 

For the development of high accuracy altimeters it will be important to 

establish the precise shape of the leading edge of the echo waveform, under a 

variety of ocean surface conditions. Presently available data on backscatter 

measurements at near normal incidence indicate a wide scatter for the back­

scatter coefficient. Additional data is now being collected. Backscatter measure­

ments are being made over a range of frequencies from 0.4 to 8.9 GHz by NRL's 

Wave Propagation Branch. A NASA/Raytheon program is in progress that includes 

flying an altimeter experiment in an aircraft to measure radar backscatter levels 

and waveforms at altitudes up to 18, 000 feet. These measurements are expected 

to investigate the return pulse shape, and to provide some information on back­

scatter vs angle under various ocean conditions. However, these measurements 

are limited by the geometric constraints, and by the limited nature of the experi­

mental equipment employed. They were intended to provide information useful in 

the design of future radar altimeters, including that for GEOS-C. 

For SEA SAT-A, more precise waveform information at satellite altitude 

is needed. The signal processor is sensitive to the waveform shape, particularly 

that of the leading edge; hence an understanding of the shape under various ocean 

conditions will have an influence on the SEA SAT-A processor design. Waveforms 

should be obtained under various ocean surface conditions, and also with a variety 

of values of equipment parameters. 

7. 	 2. 2 Data Collection 

Two types of data are needed as a minimum: the shape of the leading edge 

of the echo, and the backscatter coefficient. 

7. 2. 2. 1 Echo Waveform Data 

For GEOS-C to provide echo waveform data for use in the design of advanced 

altimeters, three additional capabilities must be added to its altimeter. First, a 

* 	 Space Geodesy Aircraft Experiment NASA - 1932, 1970
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waveform sampling device is needed; second, data storage will be needed to hold 

the samples until they are transmitted to the ground; and third, the data trans­

mission rates to and from the ground must be adequate to provide the increased 

capacity needed, or an alternate mode defined. 

Waveform Sampler 

This device will periodically sample the echo waveform, and convert the 

samples into a series of binary words giving the amplitude of the waveform at a 

series of points-in time. The sampler will consist of a device to select a series of 

measurements along the waveform and an analog to digital converter to measure 

the voltages at the selected times. 

Since the waveform sampler will operate on single pulses, it should be 

feasible to sample pulses with arbitrary spacing. This will permit determination 

of the time over which the echo is decorrelated, and changes its shape. 

Sampling Rate 

The sampling rate could be as high as the altimeter pulse repetition 

frequency - 1000 pulses per second - or as low as desired. The upper limit will 

impose a heavy burden on the data link, and on the storage capacity within the 

altimeter, and will also provide for more data than will be necessary for this 

function. For example, with a 100 minute orbit, and 1000 samples per second, 

6 million samples could be taken each orbit. A more reasonable sampling rate 

would provide several samples, perhaps 10, for each resolved area on the surface. 

Since the resolved area changes each second for a 50 nanosecond pulse width, this 

would mean a sampling rate of 10 per second. It would be desirable to relate the 

echo waveforms to ocean surface conditions, and sampling may be limited to. ocean 

areas where we have a knowledge of wind, sea state, tidal, and storm conditions. 

If waveforms are collected only for those ocean areas where surface conditions are 

known, the average sampling rate over the orbit would be much lower than 10 per 

second.
 

Number of Measurements for Each Sample 

The average echo waveform is expected to consist of an almost linear ramp, one 

transmitted pulse length in duration, followed by a slowly decaying amplitude, 

whose duration will depend upon the altimeter antenna beamwidth, and the variation 

of backscatter coefficient with viewing angle. With a 50 nanosecond pulse, and a 
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3. 5 degree beamwidth, the rise time will be about 50 nanoseconds long and the 

decay will last for a few, (I to 2) microseconds. In collecting data for SEA SAT-A, 

we will be concerned with the ramp and the effect of ocean surface conditions on 

the waveform. Our measurements, then will be concentrated around the ramp 

itself. 

The present state-of-the-art of sampling and hold circuits can provide 

sampling times of a few nanoseconds. However, power consumption, circuit 

complexity, and size and weight will increase with very short sampling times. 

Some compromise will be needed to select an adequate sampling time so that the 

needed hardware will fit within the satellite. If we sample from 25 nanoseconds 

before the ramp to 25 nanoseconds after, using a 10 nanosecond sampling gate, 

then we will collect 10 measurements for each sampled waveform. It would be 

desirable to collect more points. The waveform is expected to contain data about 

ocean surface conditions, and the quality of the waveform reproduction on the 

ground will determine its usefulness. 

Amplitude Measurement Accuracy 

The accuracy with which each measurement should be made, should be 

sufficient so as not to degrade the signal to noise ratio of the echo waveform. 

With the signal-to-noise ratio at the top of the ramp at 10 dB, six bit sampling, 

to 2% should be adequate, even with a square law detector. If high signal to noise 

ratios are expected, the number of bits in each measurement should be increased, 

to take advantage of the higher quality of the data. 

Data Storage 

With six bit measurements, and 10 measurements per sample, each wave­

form will be described by a 60 bit word. These sixty bits are collected in a very 

short time, possibly within a pulse repetition interval. They must be stored for 

transmission to the ground. If data are to be collected over areas where data 

links are not available, the entire series of waveforms iust be stored, along with 

timing and signal to noise measurements. It is more likely that waveforms will be 

collected over instrumented areas so that surface measurements are also available. 

In this case, the data storage capacity need only be- sufficient, to store data that the 

transmission system capacity cannot accept. For example, with a transmission 

capacity of 600 bits per second, ten waveforms per second could be transmitted, 

and needed storage would be limited to a 60 bit word. 
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If the transmission rate were lower, say 100 bits per second, then the 
storage must be adequate to store the extra 500 bits for each second of time for 

which data is collected. 

Data Transmission Rates 

As noted above, a 600 bit per second rate would be needed to transmit 

waveforms at a 10 sample per second rate, where each sample waveform consists 

of ten 6 bit measurements. -in addition, a 27 bit timing word and 40 bits of per­

formance monitoring should be transmitted periodically, perhaps for each one 

minute of data. As noted above, storage and transmission rates are interdependent, 

and both influence the experiment design. 

The most demanding analog to digital (A-to-D) converter requirements 

are those for the waveform sampling. For that application, ten 6-bit words must 
be formed in less than one pulse interval. 

Buffers will be needed with the capacity to store data between transmissions. 

If the sequence of data is repeated each minute, then one minute of data must be 

buffered to-be assembled for transmission. 

7. 2. 2. 2 Backscatter Coefficient Measurement 

The backscatter coefficient can be computed from a knowledge of the altimeter 

parameters and the amplitude of the peak echo. In sampling the echo waveform a 
partial measurement will have been made of the peak echo size. To complete the 

measurement the AGC level must also be monitored. With these two values, the 
AGC level, and the amplitude of the echo at its peak, it will be possible to calculate 

the backscatter coefficient. 

7. 2. 3 Correlation Time 

An important design parameter for altimetry is the correlation time between 

pulses; i.e. , the time interval between pulses for two successive pulses to be 

decorrelated. This sets an upper limit on the pulse repetition frequency (prf). 

It also has statistical implications which relate to time constants of the altimeter 
system. The method for determining correlation time will be to obtain pulse 
shape data on successive pulses which are paired an interval to apart, where to 

is the inverse of the prf. As the prf is increased, and to decreases, one would 

expect greater correlation. 
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7. 2.4 Monitoring Conditions 

Waveform shape, correlation time and backscatter coefficient are 

of interest in themselves, particularly in the absence of any data at all. 

In designing the experiment, however, one must consider the conditions under 

which they should be monitored. One set of conditions involves various ocean 

surface conditions. These are not pre-programmable, but they are predictable 

to some extent. Clearly, for this purpose, availability of advance forecasting 

would be helpful in deciding which areas should be given higher priority. The 
'probability of obtaining various ocean conditions (sea states) is available from 

several sources (e.g. Reference 10). In addition, some real time measurement 

of ocean surface conditions will be required. 

Another parameter of interest is altitude. The GEOS-C satellite is expected 

(for purposes of this study) to vary in altitude between 600 nmi (1100 km) and 

850 nmi (1575 km); this is a factor of 1. 4, which significantly affects the geometry 

of the problem. Accordingly, it would be of interest to compare results at the 

extremes of altitude, all other things being equal. 

Ideally, a designer would like to twiddle knobs and change a variety of 

parameters while his prototype instrument is performing.. Perhaps a great 

variety of equipment parameters could be varied on command, but this tends to be 

expensive in many ways. As a minimum, it would be of interest to determine the 

effect of different pulse widths on the return signal. This should be coupled with 

different pulse power levels. The results of different pulse widths would provide 

specific design information on which pulse width seems to perform best, and 

would also provide improved understanding of how the electro-magnetic energy 

interacts with the ocean surface. We would expect to find different signal-to-noise 

ratios, and slightly different pulse shapes. The determination of when to change 

pulse width is open to several options. The change could be pre-programmed on a 

time basis, 'such as 25% of each day's available operation could be allotted to each 

of four different pulse widths. Or, there could be a "normal" pulse width most of 

the time, with occasional periods when another pulse width would, be used. Or, the 

pulse width could be changed by command, or programmed by command, depending 

on other considerations. Inasmuch as experience with the GEOS-B satellite 

indicates considerable time constraints on operation of the satellite, it would seem 

advisable to program by command, based on criteria prepared well in advance, 
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and up-to-date history of satellite use. Four pulse lengths are recommended: 

20, 50, 100 and 200 nanoseconds. The minimum pulse length is determined 

primarily by expected limitations on detection of return signal. 

The processor to be used in the GEOS-C altimeter has not been designed. 

There are undoubtedly some design parameters within the processor which could be 

varied, and the results of which would be an understahding of methods of improving 

the processor design. While processor design has not been studied within the 

context of the Verification Experiment Design Study, introducing capability to 

change processor parameters should be considered. 

7. 3 Radar Altimeter Model - Incorporating Design Data Capability 

The radar altimeter for GEOS-C will have two functions. First, it is to 

measure altitude accurately, to 5 meters, from its location in orbit to the 

instantaneous mean sea level of the ocean surface. Second, it is to provide data 

to aid in the development of altimeters of higher accuracy. 

This second altimeter function will significantly affect the altimeter design. 

The data to be collected by GEOS-C will be echo waveform shapes for different 

transmitter pulse lengths, and backscatter coefficient measurements. Thus the 

transmitter must be capable of generating several pulse widths. We have selected 

four values: 20, 50, 100, and 200 nanoseconds. To make ten measurements over 

a time period of twice the pulse width, the receiver bandwidth must be widened to 

250 MHz for the 20 nanosecond width, 100 for the 50, 50 for the 100, and 25 for 

the 200. The normal tracking bandwidth using a 50 nanosecond pulse would be 

20 MHz. This bandwidth increase will degrade the single pulse signal to noise 

ratio in the waveform sampling channel compared to that needed for tracking alone. 

Since a 5 KW transmitter pulse would be adequate with a 50 nanosecond pulse width, 

and a 20 MHz signal bandwidth, a power increase of 11 dB is needed to provide the 

same signal to noise ratio in a channel with a 250 AHz bandwidth. This increase in 

power level could be attained either by increasing the-transmitted pulse length using 

pulse compression, or by increasing the transmitted peak power. For the purpose 

of defining the altimeter characteristics for VEDS, either approach is acceptable. 

A peak transmitter power of 50 KW would be suitable for meeting these requirements. 

The average transmitter power would be held constant with pulse width changes by 

varying the transmitter pulse repetition rate. 
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GEOS-C design data, in addition to directly answering some design questions 

for SEA SAT-A will be used to establish correlation at satellite altitude with data 

from the NASA/Raytheon Aircraft Experiment Program at aircraft altitude. This 

will validate extrapolation of Aircraft Experiment data, greatly increasing the 

number and scope of its applicable relationships. 

7. 3. 1 Model Characteristics 

The VEDS radar altimeter model with provisions for collecting design data 

is assumed to have the following characteristics: 

Operating Frequency: 


Antenna Diameter: 


Antenna Beamwidth: 


Peak Transmitter Power: 


Transmitter Pulse Lengths: 


Pulse Repetition Frequency: 


Transmitter Tube Life: 


Average Prime Power: 


System Accuracy: 


Resolution of Output Data: 


Data Processor: 

Type of Tracker: 

Integration Time: 

Waveform sampling: 

Rate: 

X band 

Z feet 

3.5 degrees 

50 kilowatts- (could be reduced 
significantly if pulse compression 
were used) 

20, 50, 100, and 200 nanoseconds 

variable with pulse length from 500 
to 5000 Hz to keep the average 
transmitted power at 0. 5 watt 

200 - 500 hours 

42 watts for altimeter operation alone 
57 watts to collect design data and 
altitude measurements 

5 meters, rms 

1 meter 

leading edge 

0. 1 to 1. 0 sec 

i0 waveforms per second 
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Samples: 10 amplitude measurements per 
waveform, over a time span of 
twice the pulse width* 

Sampling Accuracy: 6 bit amplitude measurement 

Bandwidth Requirements: 250 MI-Iz for 20 nanosecond pulse width 
100 MHz for 50 nanosecond pulse width 
50 MHz for 100 nanosecond pulse width 
25 MHz for 200 nanosecond pulse width 

Backscatter Measurement: 

AGC Measurement: 6 bits per single measurement 

Peak Signal Measurement: 6 bits per single measurement 

7. 3. 2 GEOS-C Radar Altimeter Measurements 

There are two categories of measurements that will be provided by the 

GEOS-C radar altimeter - those measuring altitude, and those to be used in the 

design of higher accuracy altimeters. 

7. 3.3 Altitude Measurements 

The satellite is expected to be at a nominal altitude of 106 meters, with a 

possible range of 600 to 850 nautical miles (1. 1 x 106 to 1. 6 x 106 meters). 

Measurement to Z x 106 meters, unambiguously, with 1 meter resolution will 

require a 21 bit word. Due to the high altitude rate with the 600 by 850 nautical 

mile orbit, each altitude measurement would need a time tag accurate to 1 milli­

second. Twenty-seven bits are needed to designate time to this accuracy out of 

24 hours. The altitude measurement rate would be one per second corresponding 

roughly to the time of observation of a single surface resolution cell. 

Not every altitude measurement needs to be relayed with a Z1 bit word or to 

be identified with a time tag. Each time tag could identify a block of altitude 

measurements, so that the time would be identified once for each minute of data. 

The altitude measurement could be ambiguous, with the ambiguity resolved by 

knowledge of the satellite orbit; with 1000 meter ambiguity, 10 bits should suffice 

for each altitude measurement. 

*This does not preclude consideration of other alternative samplings, such as 
trailing edge, or simply a larger time span; these could be performed for some 
selected tests. 
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In addition to the altitude data, the operation of the altimeter would be 

monitored, by measuring parameters such as the input voltage, the high voltage 

supply, transmitter current, receiver noise level, signal level, AGC level, 

tracker error, and transmitter and receiver temperatures. These measurements 

should require about 40 bits of data, and could be monitored once each minute. 

Only the altimeter performance monitoring would use analog data. 

The maximum total simultaneous data rate for altimetry and monitoring would be: 

Altitude Measurement: 21 bits per second 

Timing: 27 bits per minute 

Monitoring: 40 bits per minute 

Total: 22 bits per second 

If the measurement rate were increased to 10 per second, the total data rate would 

increase to about 220 bits per second. 

7. 3.4 Design Data Measurements 

A minimum of two types of data are recommended to be collected - echo 

waveform shapes and backscatter coefficient measurements. The echo shapes 

would be sampled for relaying to ground stations. Ten waveforms would be sent 

each second, with each sampled 10 times in a time span of twice the pulse width 

centered about the leading edge of the echo as shown in Figure 7-6. Each measure­

ment would be made with 6 bit accuracy to provide reasonable accuracy in repro­

ducing the waveform and enough dynamic range to allow for noise on the echo. 

Each waveform will be represented by a 60 bit word, and with 10 waveforms 

collected each second, the waveform data rate will be 600 bits per second. 

To measure backscatter coefficient, both the AGG level, and the peak echo 

amplitude would be measured, each with 6 bit accuracy. With an AGC time 

constant of about one second, the AGC level could be sampled three times per 

second. Peak amplitude measurements could be made 30 times per second for 

a combined data rate of about 200 bits per second. 

7-22
 



Pulse Width 
I 

Bpi Echo 

IPeak Amplitude 

Pulse 
Leading 
Edge 

* 10 AMPLITUDES PER WAVEFORM 
DATA RATE:* ACCURACY: 6 BITS 

* 10 WAVEFORMS PER SECOND 

Figure 7-6. Echo Waveform Measurement 

Thus the total data rate for design data wduld be:
 

Echo Waveform: 600 bits per second
 

Backscatter Coefficient: 200 bits per- second 

Total 800 bits per second 

7.3. 5 Size, Weight and Power Requirements 

There are options available in the design of the altimeter that permit trading 

off performance against size, weight and power. For example, a basic altimeter 

could be designed using a magnetron transmitter to provide about 500 hours of 

lifetime. This lifetime could be extended to about 2000 hours if a traveling wave 

tube amplifier were used. However, the travelling wave tube requires more 

volume, weight, and power. The addition of the capability to collect design data 

will add further to the size, weight and power consumption of the altimeter. 

Table 7-3 contains estimates of the volume, weight and power consumption 

of three versions of the altimeter. 
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Table 7-3. Estimated Physical Parameters of Optional Altimeter Designs 

Altimeter to Collect
Basic AltimeterDsgnat(T )Ddsign Data (TWT) 

Altimeter Design Data 
Magnetron TWT Mode Mode 

Volume (in ) 620 1140 1200 1200 

Electronic Weight (ibs) 20 34 40(1) 40(1) 

Antenna Weight (lbs) 5 5 5 5 

Power (watts) 25 42 42 57(G) 

Maximum Output 
Data Rate (bits/sec)( 2 ) ZZ0 220 220 1020 

(1) 	 Recent efforts indicate that A-to-D converter state of the art design 
can reduce Design Data requirements to about 36 lbs and 45 watts. 

(2) 	 10 altitude measurements per second. 

Although a detailed analysis has not been carried out of the size, weight and 

power consumption of the components of the altimeter, it does appear reasonable 

to assume that a basic altimeter using a magnetron transmitter can be designed to 

meet the constraints listed in the table. Replacing the magnetron with a TWT 

transmitter will lead to the increases shown. The TWT is a larger and heavier 

tube, less efficient in operation, and requires more filament power. To arrive at 

the weight of an altimeter capable of collecting design data, the added space and 

power requirements have been based upon values for an experimental, high per­

formance A/D converter typical of the type needed to sample waveform data. 

7. 4 Implications of Pulse Compression in the Altimeter 

The use of pulse compression in the altimeter is completely analogous to 

generating a higher peak power level, so far as altimeter performance is 

concerned, except for three effects - the generation of range sidelobes, the effect 

of doppler on range measurement, and the effect if the target area changes within 

a transmitted pulse length. With proper design, the use of pulse compression 

should pose no fundamental problems. 

Range sidelobes are generated in the process of compressing one long pulse 

into a short one. Their amplitude can be controlled much as the sidelobes of an 

antenna can be shaped. For the altimeter, it should suffice to specify a range 

sidelobe level that will not affect the range measurement. This could be done by 

setting the sidelobe level requirement so that the largest sidelobe will be below 

noise level. 
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In compressing a dispersed pulse, it is passed through a filter with a time 

delay that is a function of frequency. The doppler shift of the received signal due 

to the satellite altitude rate will cause a range error that must be calibrated, and 

corrected. This should be a small error, and will be a function of the pulse 

compression parameters. 

System performance could be affected if the target, the ocean surface, were 

to change shape within the time period of the transmitted pulse. To have an effect, 

the motion would have to be a fraction of a wavelength within a pulse width. For 

this application, the vertical velocity of elements of the echo surface would have 

to be 

V 0 ix 01) (3 x 10- 300 meters per second, (7-2)
r 10-6 

assuming the minimum detectable change is one percent of a wavelength, and the 

transmitted pulse width is one microsecond. Thus the velocity of the ocean 

surface would have to be about Mach 1 to have an effect. This is not a likely 

situation. 

Within the tolerance of a first order estimate, the volume, weight and power 

in Table 7-3 for the "Altimeter to Collect Design Data" apply to a pulse compression 

system. Such a system would significantly reduce the 50 KW transmitter peak 

power, the reduction depending on the selected pulse compression ratio. 

7.5 Telemetry Capability 

From the analysis in sections 7.3.3 and 7.3.4, the maximum telemetry 

down link capacity required is 822 bits per second for an altimeter operating at a 

measurement rate of 1 per second, and 1020 bits per second for a measurement 

rate of 10"per second. NASA's STADAN (Space Tracking and Data Acquisition 

Network) facilities can provide the capacity for the maximum rate of 1020 bits
52 

per second on a single channel. The STADAN network coverage includes the 

entire Caribbean area, as well as other portions of the satellite orbit, including 

possibly Hawaii. Reference 52 compares the STADAN system with the USB 

(Unified S-Band), including considerations of data rate availability, compatability 

with analog/digital data, coverage, etc. These considerations were not 

considered critical for purposes of this study. 
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SECTION 8. EXPERIMENT INTEGRATION CONSIDERATIONS 

8. 1 Introduction 

The assemblage of all the available information into a neat little package 

for VEDS is not a simple step-by-step process. In fact, the main purpose of the 

Verification Experiment Design Study was to demonstrate feasibility of the experi­

ment, and to indicate methods of performing the experiment. This section in­

dicates some of the major considerations that enter into an integrated experiment, 

mainly to indicate their impact on the experiment, and to suggest either methods 

of handling the considerations or what must be done in order to handle them. The 

list is by no means compete, since manr system problems are indicated through­

out the report. In most cases the amount of concern depends strongly on decis­

ions which have not yet been firmly established. The discussions attempt to 

indicate the basis for decisions. 

8. 2 Design Data and Verification 

This section considers the interrelationship between the Design Data 

portion of the experiment and the Verification portion of the experiment, both in 

terms of their impact on each other and in terms of their competition with regard 

to the GEOS-C satellite. 

In principle, the Design Data portion has very'little to do with the Verification 

portion. Verification requires transmission of altitude and time information to the 

ground stations. The Design Data equipment need not function in order to perform 

altimetry; however, the altimeter must be functioning in order to obtain design 

data. This is necessary for two reasons: (a) the design data depends on the 

return signal from the altimeter for its data, and (b) the design data requires 

timing information (the time of the return pulse) to enable sampling to start at 
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the relevant time. This is the extent of the direct impact of the two portions of 

the experiment upon each other. 

With regard to the GEOS-C satellite, the design data portion involves ad­

ditional equipment, with added weight* and volume. 

Power is a consideration, since the design data power requirement* makes 

the equipment package exceed the assumed power allocation of 25 watts. 

Storage is not required for on-line transmission of information. But if design 

data and altimeter data are both required in areas where on-line transmission 

cannot be performed, then they compete for the storage allocation, if any. 

Telemetry need not be a problem, since our study indicates that adequate 

telemetry can be made available. With on-board storage, data collection in 

remote areas would probably create a demand for higher telemetry rates. 

8. 3 	 Storage and Telemetry 

Storage and telemetry are interrelated in that if all available telemetry 

channels are filled, and data are being developed at a rate in excess of the tele­

metry capacity, then storage must accommodate the excess data (beyond the 

telemetry capacity) until such time as the data can be telemetered (while no 

additional data are being developed). This could occur if the altimeter data 

rate were very large, and/or if the design data rate were very large, relative 

to the telemetry rate, or if alternating methods were not used. 

* 	 Recent efforts indicate that A-to-D converter state of the art design can 
reduce Design Data requirements to about 36 lbs and 45 watts (last 
column in Table 7-3). 
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Data rate for the altimeter alone, when sampling ten times per second, is 

about ZZ0 bits per second. Increasing the sampling rate would increase the bit 

rate approximately in the same proportion. 

'The data rate for the design data, when sampling 10 waveforms per second 

each in ten places is about 600 bits per second; when sampling for backscatter 

coefficient 30 times per second, the data rate is about 200 bits per second. Both 

these would change approximately in proportion to the change in sampling rate. 

The total of the aforementioned data rates is 1020 bits per second, which 

is well within capabilities of current telemetry capabilities. 

In the absence of on-board storage, there is no'question that there is no 

point in operating anywhere in the absence of a live telemetry link. If there is 

some on-board storage, then several advantages are offered: 

1. 	 There is the opportunity to obtain both altimetry data and design 

data over remote regions under environmental conditions which 

have low probability in the regions where tracking stations are 

located; this would improve the opportunities for making measure­

ments (such as design data) under these otherwise rare circumstances 

2. 	 There is the opportunity to obtain geodetic information in regions not 

involved in the verification procedure. Although the accuracy speci­

fications for the GEOS-C altimeter do not meet many, if not most, 

geodetic requirements, they do satisfy some; and should be used 

for that purpose if possible. In fact, precision rather than accuracy 

is adequate for many geodetic requirements, which should extend the 

applicability of altimeter results to geodesy. 
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3. In view of the expense involved in the GEOS-C program, it is 

important to extract as much useful data from the program as 

possible. On-board storage would ensure that all available tele­

metry links were kept busy at least to the extent of the storage 

capacity. Thus, even if reliability were only fair, an inexpensive 

(in terms of size, weight, power as well as dollars) large-capacity 

storage device may be a worthwhile risk. 

The orbital period is in the order of 100 minutes or 6000 seconds. If all 

the Earth were ocean, then at 1020 bits per second, a complete revolution could 

be stored in about 6 million bits. STADAN with about 4, 000 bits/see (using all 

available channels) would take about 25 minutes to telemeter that much information. 

USB, with 51.2 kHz (approximately bits per second) would require about 120 

seconds (2 minutes). The storage requirement is obviously much less, since 

(a) the Earth is not all ocean, even in the 200 belt; (b) during transmission, which 

takes place twice during many of the orbits, the stored data is removed, thereby 

enabling the same storage to be used more than once per orbital revolution; (c) 

not all areas on the ocean are of interest. 

One can readily justify some modest amount of on-board storage, such 

as 10, 000 bits, or 1Q00 bits, or even 100 bits. With such storage available, 

one could take altimeter readings at lower rates, such as 2 per second (about 

45 bits/sec), and obtain more than 20 seconds worth of data in 1000 bits. Design 

data could be taken at a different time, and for a smaller number of samples. 

These limited amounts of storage would still provide useful design data, and 

possibly useful geodetic data. They are needed for data acquisition, not due to 

transmission constraints. 
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As pointed out in earlier sections, verification can be performed 

primarily in the Caribbean. Existing telemetry channels are adequate to meet 

the bit rate requirement for live data transmission, both for verification and for 

design data requirements. Additional verification or design data out of the range 

of the telemetry network would require some on-board storage, the quantity ­

depending on how much such data can be justified. Even with very limited on­

board storage, selected readings can be made in remote regions and telemetered 

at the next convenient telemetry station. 

8.4 Time and Timing 

Time is an essential ingredient in measurement, and particularly when the 

measurement is sensitive to small changes in time. The meaningful data from 

the altimeter consists of pairs of numbers indicating altitude and the corresponding 

time; lengths of the order of a meter are significant, and the time it takes light 

to travel one meter is about 3 nanoseconds. Thus timing of the order in nano­

seconds is significant. It takes about 4 milliseconds for electromagnetic radiation 

to travel a distance of about 1100 km (600 nmi). *This time must, of course, 

be entered in all ranging calculations as a correction. However, the accepted 

value of the velocity of light has a standard deviation, or uncertainty, of about 
6

1:3 x 10 , corresponding to an uncertainty of about .37 meter in 1100 km. This 

uncertainty in the velocity of light is a scaling factor that applies equally to all 

measurements and represents the limit of current technology. It will therefore 

not be considered further. 

Timing has an effect on the calculation of satellite position in orbit. Con­

sider, for example, that the path (orbit minus time) is known precisely from 

tracking. Since the satellite velocity is typically 7 km/sec along the orbit, an 

error of 1 millisecond in time would produce a tracking error of 7 in. Addi­

tionally, the altitude rate of the satellite is typically 100 meters/sec; a timing 

error of 1 millisecond would then correspond to an altitude error of . 1 meters. 

This is in addition to an altitude error by virtue of the tracking along the orbit, 

which can be of the same order of magnitude as the track error itself - i. e., 
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about 7 meters for each millisecond. Errors due to timing must be smaller 

than 0. 1 millisecond in order to reduce satellite altitude error due to timing to 

less than about 1 meter. 

It is thus essential to have accurate correlation of altimeter 'height meas­

urements with time. This has implications for the stability of the altimeter clock 

and for the data rate. It is pointed out in Appendix P that synchronization between 

satellite clock and ground station would probably be required every 2 days in 

order to maintain an error of less than 3 nanoseconds (I meter) in transit time 

of the ranging signal. Even if synchronization were a daily requirement, it could 

be met, at least in principle. (Of course, there are other considerations between 

feasibility and deployment.) Once synchronized, time signals are largely un­

necessary for a day or two. Alternatively, the satellite could be scheduled to 

send out a timing signal at regular time intervals, such as every 10 seconds; 

during that time interval, the satellite will have travelled about 70 kin, which is 

a convenient tracking distance. The timing signal is perfectly suitable for a crude 

time-check, while the short-term increment can be either programmed or in­

crementally number tagged. Programming is adequate, providing the number of 

readings in the interval is not so large as to cause a loss of count, and providing 

the probability of an error is sufficiently low that large blocks of data will not be 

lost due to lack of synchronization. 

Timing is also essential to the collection of design data. The pulse length 

of 50 nanoseconds (corresponding to a range of 25 feet, or about 8 meters) and 

the sampling schedule on the pulse for design data introduces the requirement 

that the start of the return signal (ramp) be known to the order of 10 or 20 nano­

seconds; otherwise, sampling must be extended at either end of the signal in 

order to be sure to include the significant portions of the ramp. (10 to 20 

nanoseconds corresponds to 1-1/2 to 3 meters in altitude.) 
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The on-board clock is assumed to have a stability of about 1:10 

This is adequate stability over a few minute of time, or for any single pass. 

Hence the clock stability will satisfy the requirements for the collection of 

design data. It is then up to the altimeter design to provide circuit stability 

which will enable the design data circuits to sample at the right time. 

Timing considerations appear in several portions of this study. Appendix C 

provides information on frequency and time standards. Appendix P is concerned 

with synchronization of the satellite clock with surface receivers in order to triangt 

late on the altimeter signal. In addition, each time distances to accuracies of the 

order of one meter or less are measured with time signals (ranging), all the 

problems of timing and clocks come to mind. It is not our purpose here to 

review in detail the techniques of precision timing, but rather to remind the 

casual reader of the pitfalls which may arise in experiments which appear con­

ceptually simple. It should also be recognized that equipment performance in 

the laboratory is often difficult to obtain in the field under conditions of limited 

control. 

In summary, time is a constant source of worry in any precision experi­

ment such as this. Technology is capable of dealing with many of the timing 

problems, and there are no fundamental problems which cannot be dealt with 

adequately, at least in principle. Timing must be built into the planning of the 

experiment, in order to ensure the integrity of experimental results. 

8. 5 Power, Weight and Volume-, 

Setting aside volume for the moment, the specifications on altimeter 

weight is Z5 lbs, and on power is 25 watts average, 5 kilowatts peak. The 

altimeter designed only for altitude measurements can readily meet these speci­

fications. The addition of design data requirements raises the weight to about 

40 ibs, and the power to 4Z watts for altimeter operation, and 57 for design data 

requirements. These are first order estimates. 

* See footnote, P. 8-2 
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Volume is probably not a problem, since earlier discussions on space 

availability indicated that there was a high probability that some space could be 

made available, if necessary, to meet excess requirements over that nominally 

alotted the altimeter. Power is probably the most serious gating item. 

The power constraint simply stated as 25 watts average is somewhat 

inadequately expressed, since the power system has its own problems. First 

° of all, the source of power is an array of solar panels, which (for 20 inclination) 

does not collect solar energy during a portion of each orbit. The storage bat­

teries of GEOS-B had 3 storage batteries with a total capacity of about 490 watt­

hours, but whose schedule must be carefully monitored to prevent excessive 

discharge; similar constraints are likely on GEOS-C. The power schedule of 

the altimeter and telemetry system must be scheduled compatibly with other 

power demands. Of particular concern are demands for high power for short 

periods of time, -such as for the transponder (25 to 30 watts during interrogation) 

and the optical batteries (whose beacons draw about 670 watt-seconds per flash). 

It has been estimated that a power drain df about 1200 watt-minutes would be 

reasonable 3 7 . This would correspond to availability of 42 watts for altimetry 

data over Z8% of the orbit, or 57 watts for design data (including altimetry) over 

21% of the orbit. These constraints are certainly not a problem as far as verifi­

cation is concerned and appear reasonable from the point of view of design data. 

(assuming that large portions of the ocean are probably uninteresting most of the 

time). 

In summary, the power constraint is reasonable. The large power (in 

excess of specifications) called for in the design data portion is probably tolerable 

by the system with proper scheduling. Weight may be a problem from the point 
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of view of weight distribution within the satellite and of payload. Volume is 

probably not a real constraint. 

8. 6 Ocean Truth & Atmospherics 

Two aspects of the ocean have a large impact on the VEDS results: the 

description of the ocean surface, and the location of IMSL. 

Ocean Truth, a description of the ocean surface, is necessary both in 

verifying altimeter measurements and in developing design data; in both cases, 

it is important to know the conditions of the sea surface on which the measure­

ments were made. The condition of the ocean is characterized by many param­

eters. A description of the parameters, as well as a review of current methods 

of measuring them, is given in Appendix 0. 

Our investigation indicates that instrumentation for the measurement 

of ocean descriptors- is relatively primitive, is more often than not custom­

made, and is usually quite expensive. In the hostile ocean environment, it 

is usually difficult to collect good data. 

Despite the difficulty in obtaining satisfactory ocean truth information, 

every attempt should be made to plan and implement a realistic program for 

attaining ocean truth, both for altimeter verification and for design data. 

An adjunct to the measurement of ocean.truth is the determination of 

te atmospheric environment; the effects on radar are mainly in the tropo­

sphere and in the ionosphere. These are discussed in Appendix Q. For 

purposes of VEDS, atmospheric environment can be adequately measured, 

but some additional work will be needed to relate particular altimeter mea­

surements in time and space to the corresponding atmospheric conditions. 

8. 7 Instantaneous Mean Sea Level (IMSL) 

IMSL is a critical parameter in VEDS because it is the location of the 

surface to which the satellite altimeter measures. In verification, it is 
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therefore necessary to be able to locate it. Section 4.3. 1. 4 and Appendixes 

R and S discuss the location of IMSL. 

In the case of Absolute Verification, where IMSL is calculated, the calcula­

tion involves a number of assumptions which, while they have reasonable scientific 

basis, cannot be assigned a high degree of confidence. This is due to the many 

uncertainties involved in the assumptions, in the paucity of detailed data which 

is directly and reliably applicable to the specific calculation of IMSL, and to the 

general uncertainties in the data themselves. 

In the case of Relative Verification, the location of IMSL is determined 

locally by direct observation. In calm waters this would present no problem, 

since the distance from a shipborne radar (for example) to a calm surface would 

be readily measurable. In more turbulent waters, the problem becomes more 

complicated due primarily to the difficulty of locating IMSL. 

8. 8 Software and Data Handling 

Each time a new instrument has been introduced into the National 

Geodetic Satellite Program, new software has been required for reducing the 

data. The radar altimeter will be no exception. New software will be required, 

not only for use in connection with the Verification Experiment, but for use in 

preprocessing the data so that it can be used by Principal Investigators who 

will be using the measurements for their own studies in various scientific fields. 

The sources of data in the GEOS-C Radar Altimeter Experiment are: 

1. Satellite and its radar 

2. Participating tracking stations 

3. Various sources of environmental data 

a. Oceanographic 

b. Atmospheric and Meteorological 

c. Tropospheric 

d. Ionospheric 
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The measurement rates under consideration for the GEOS-C radar altimeter are 

1 to 10 measurement per second. By ;.the time the altimeter has operated several 

hundred hours, several million measurements will have been telemetered to the 

ground. Moreover, millions of bits of data on ocean conditions, atmospheric 

conditions, ionospheric conditions, and tracking station observations will have 

to be correlated with the altimeter measuiementg. This is necessary to correct 

for refractivity error in the altimetry data, to be able to relate the-conditions 

of the ocean with the satellite altimeter measurements, to provide the geodetic 

position of the measurements, and to relate the orbit to the IMSL surface so 

that the verification experiment and geodetic and oceanographic analyses can 

be carried out. 

It will be essential to have the software for the Verification Experiment 

completely ready at the time the satellite is launched. In this"way it will be 

possible to conduct Verification studies and analyses early in the life of the 

satellite and learn what its capability and accuracy are quickly before going 

on to experiments of a scientific nature. 

It will also be important to have documentation prepared for providing 

the Principal Investigators with a complete description of all the preprocessing 

that is done to the data prior to their receiving it. 

A data handling plan should be prepared, based on an experiment design 

plan, and should trace the data flow through the system. It should include 

data acquisition, format, processing, programs, analysis, results, etc. It 

should contain built-in checks for gross errors, and occasional readouts to 

permit monitoring. Provision for calibration should be part of the system. 

The location of human decisions should be included, and the criteria and de­

cision required should be specified. 

In order to provide effective data handling, it is necessary to have a good 

understanding of the expected results, including format, density of output, and 

evaluation. Advanced planning is essential to economic extraction of the full 

value from the data. 
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A quote from a report 5 3 entitled Preprocessing Electronic Satellite 

Observations illustrates this point: 

"One of the purposes of the National Geodetic Satellite Program is to store 

the data obtained from geodetic satellites in a central location, where it may be 

utilized by qualified personnel involved in geodetic rdsearch. In accordance with 

this purpose, the Geodetic Satellites Data Service (GSDS) was established within 

the National Space Science Center at Greenbelt, Maryland. Alarge amount of 

data has now been obtained by the various agencies involved in the National 

Geodetic Satellite Program, and is deposited in the GSDS. However, difficulty 

has been experienced in the utilization of this data because of an insufficient 

knowledge of the preprocessing procedures and the corrections applied to the data 

before submission to the GSDS." 

8. 8. 1 Software Recommendation 

It is recommended that efforts be started toward the objective of having 

the necessary software available concurrently with the launch of GEOS-C early 

in 197Z. 

It is further recommended that the software required for Verification and 

the software for preprocessing the data for later use by Scientific investi­

gators be prepared jointly as a single project. 

Specifically, the following steps are recommended: 

1. 	 - Describe the data the satellite and the altimeter will generate. 

This included the media on which the data will be recorded on 

the ground, the types of data, amounts, timing,. format, etc. 

2. 	 Describe the data that will be available from the tracking stations 

and the preprocessing software that exists and which could be 

utilized to preprocess the data prior to its delivery to the scientific 

investigators. 
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3. Describe the data that will be available from the various sources 

of environmental data, the media, the format, etc. 

4. 	 Present these descriptions to the scientific investigators. After 

the scientific investigators have reviewed these, have them provide 

their assessment of their needs for data and the preprocessing they 

want done before the data is delivered to them. 

5. 	 Compare what the scientific investigators want with what will be 

available and determine what new preprocessor software is needed. 

6. 	 After defining the new preprocessor software requirements, prepare 

a functional specification for the software­

7. 	 Upon approval of the functional specification, design the preprocessor 

software. This would include the development of the appropriate 

editing, smoothing and compaction algorithms. Document the de­

sign of the preprocessor software. 

8. 	 Design a Data Reduction Operations System. This would include 

the development of a plan for implementing the system. 

8. 9 	 Experiment Integration 

It is apparent that the performance of the experiment will be very sensitive 

to experiment constraints. Among the decisions having substantial influence on 

the experiment will be the following: 

1. 	 The question of whether design data will be included at all. (The 

preliminary design considerations used in this study may be super­

ceded by technological developmental improvements, such as the 

more compact A-to-D converters noted recently.) 

2. 	 The question of whether there will be on-board storage. (This 

determines whether any data will be taken out of range of a 

telemetry station. ) 
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3. 	 The question of priority in GEOS-C power and telemetry scheduling. 

4. 	 The question of whether to plan for a 500-hour use of the altimeter, 

or some other number. 

Regardless of the answers to the above, one of the objectives of the experi­

ment is to obtain the most useful information from the data. It is therefore 

important to try to take advantage of all the data available. Several ways of 

utilizing the data have been proposed. An outline of a static error analysis is 

presented in Appendix B, and an outline of' a dynamic error analysis is presented 

in Appendix D. These can be guides to the effective use of all available data. 

The appendices referred to above are concerned primarily with the tracking 

problem which involves minimizing errors in tracking as well as improving 

tracking station location. The latter is a fall-out of the experiment, and can be 

used subsequently to improving tracking. Other aspects of the problem of experi­

ment 	integration await other decisions. For example: What mix should there be 
of the 	four different approaches to verification? In particular, the relative 

method requires zenith tracking as the satellite passes overhead. Clearly this 

will not be performed often; and while it is being performed, it is perfectly com­

patible to simultaneously perform absolute, differential and self-consistent 

verification simultaneously. In large measure, these methods use portions of 

the same data, and in one sense they represent different ways of looking at the 

data. 

It is not likely that the verification experiment will be completely optimized. 

It is likely that as the answers to the outstanding questions are formed, decisions 

will be made which direct the experiment. But such direction is beyond the scope 

of this study. 
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APPENDIX A 

LIST OF TRACKING STATIONS 

C-Band Radars: Table A-I. 

FPS - 16 
MPS - 25* 
MPS - 26** 

Coordinates 

Site Name ?,. h(meters)(c) 

Cape Canavaral (Kennedy) 279.4 28.5 14 
Ely, Nevada (MPS-19c) 244.9 39.3 -
Grand Bahama (a) 281.6 36.6 14 
San Salvador(b) 285.5 24.1 5 
Puerto Rico(b) - -

Bermuda 295.3 32.3 18 

Gran Canaria** 344.4 27.7 35 
Anclote, Fla. - -

Pretoria* 28.3 -25.9 1626 
Woomera 136.8 -30.8 151 
Green River, Utah - -

Kauai* 200.3 22.1 1140 
Kauai 200.3 22.1 1155 

Pt. Arguello 239.4 34.6 646 
San Nicolas, Calif. - - -

White Sands 253.6 32.3 1Z32 

B1anding, Utah* 
Eglin AFB 

.-
273.2 30.4 

-

28 

Cape San Blas, Fla. - -

Wallops Island 284.5 37.5 10 
Tananarive - -

Johnston Island* 190.5 16.8 6.8 

Edwards AFB, Calif. -

Sources: (1)	Goddard Directory of Tracking Station Locations NASA/Goddard, 
1966. 

(2) 	 Geodetic Satellite Observation Station Directory NASA/Goddard, 
.1969
 

(3) 	 Geonautics Memorandum, 30 January 1969, subject J184 Task 7-4 
(from G.E. Graham). 

(4) 	"Listing of Range and Space Flight Tracking and Data Acquisition 
Equipment of the DOD and NASA", by the Space Flight Ground 
Environmental Panel of the Aeronautics and Astronautics Co­
ordinating Board, July 1967. 

(a) Converted 	for AN/FPS-13 
(b) 	Not active. 
(c) 	Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 
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Table A-2. 

C-Band Radars: 
FPQ-6 
TPQ-18* 

Coordinates 
Site Name ° ° h. (meters)(c) Source 

Patrick AFB 279.4 28.2 15 1, Z 
Merritt Isl., Fla. * 279.3 28.4 1Z 1, z 
Grand Bahama* 281.7 Z6.6 1z 1, 2 
Grand Turk* 288.9 Z1.4 Z8 1,2 
Antigua Z98.2 17.2 58 1,2 
Bermuda 295.3 32.3 19 1, 2 
Ascension* 345.6 -08.0 143 1, z 
Carnarvon 113.7 -Z4.9 6Z 1, z 
Vandenberg AFT* Z39.4 34.7 10Z 1, z 
Wallops Island 284.5 37.8 13 3 
Canton Island 188.6 -2.5 0 

Sources: (1) 	 Goddard Directory of Tracking Station Locations NASA/Goddard 
1966. 

(2) 	 Geonautics Memorandum, 30 January 1969, subject J184 Task 7kA4 
(from G. E. Graham). 

(3) 	 Geodetic Satellites Observation Station Directory NASA/Goddard, 
1969. 

(4) 	Heights are with respect to North American Datum, 1927, for 
points on that datum, and above MSL for other points. 
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Table A-3. 
USB - 30 ft. XMT 2.09 - Z. 1Z Gc/s
 

USB - 85 ft. Antenna* RCV 2. 7 - Z. 3 Gc/s
 

Site Name 

Merritt Isl., Fla. 
Grand Bahama 
Bermuda 

Antigua 

Gran Canaria* 

Ascension 

Madrid* 

Carnarvon 

Guam 

Canberra* 

Kauai 

Moj ave* 
Guaymas 
Corpus Christi 
Johanne sburg 

7° 

279.3 
Z81.8 
Z95.3 
344.4 

345.7 
355.8 

113.7 

144.7 


149.0 

ZOO.3 

243.1 

Z49.3 


Z6Z.6 

Coordinates 

° 4) h(meters)(c) 

z8.5 10 
Z6.6 18 
32.3 z1 
17.0 Z8 
27.7 40 
-07.9 562 
40.5 8Z5 
-25.9 58 
13.3 127 

-35.6 1148 
ZZ.1 1150 
35.3 965 
Z7.9 19 
27.7 10 

Sources: (1)Goddard Directory of Tracking Station Locations, 1966. 
(Z) 	Geonautics Memorandum, 30 January 1969, subject J184 

Task 7-4 (from G. E. Graham). 
(3) 	 Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 
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Table A-4. 

GRARR 

Coordinates 

?\° Site Name -V_ h(meters)(Z) 

Fairbanks 212.5 65.0 371 

Rosman 277.1 35.2 876 

Santiago 289.3 -33.2 695 

Tananarive 47.3 -19.0 1385 

Carnarvon 	 113.7 -24.9 51
 

Sources: (1) 	 Goddard Directory of Tracking Station Locations, NASA/Goddard 
1966. 

(2) 	Heights are with respect to North American Datum, 1927, for 
points on that datum, and above MSL for other points. 
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Table A-5. 

MO TS
 

Coordinates 

Site Name 7 ° ° h(meters)(3) 

Ft. Myers, Fla. 278.1 Z6.5 z0 
Quito 281.4 - 0.6 • 3555 
Lima 282.8 -11.8 155 
Santiago Z89.3 -33.1 920 
Johannesburg 
Tannanarive 

27.7 
47.3 

-Z5.8 
-19.0 

1530 
1375 

Woomera 136.9 31.4 152 
Blossom Pt. 28Z.9 38.4 5 
Mojave, Cal. 243.1 35.3 905 
St. Johns, Newf. 307.3 47.7 \ 60 
College, Alaska 212.1 64.9 .160 

E. Grand Forks, Minn. 262.0 48.0 255 
Winkfield, Eng. 359.3 51.4 60 

Rosman, N.C.' 277.1 35.2 915 

Ororral, Australia 148.9 -35.6 93Z 

Sources: (1) Goddard Directory of Tracking Station Locations, i966. 
(2) 	Geodetic Satellite Observation Station Directory, 1969. 
(3) 	 Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 
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Table A-6. 

USAF PC-1000* 

Coordinates 

Site Name -A V° 

Semmes, Ala. Z71.7 30.8 80 
Homestead, Fla. 279. 6 Z5.5 Z0 
Jupiter, Fla. Z79.9 27.0 25 
Grand Turk, Bahamas 288.8 21.4 8 
Antigua Z98.2 17.1 7 
Curacao 291.1 12.6 25 
Trinidad 298.4 10.7 270 
Swan Island 276.1 17.4 85 
Greenville, Miss. 269.0 33.5 45 
Stoneville, Miss. 269.1 33.4 44 
Colorado Springs 255.1 39.0 2191 
Pago Pago 189.3 -14.3 5 
Natal, Brazil 324.8 - 5.9 31 
Paramaribo 304.8 5.5 17 
Hunter AFB, Ga. Z78.8 32.0 15 
Quito, Equador Z81.6 - 0.1 2663 
Aberdeen, Md. 283.9 39.5 6 
Kindley AFB, Bermuda 295.3 32.4 25 

Sources: (1) NASA TN D-5034 (1969). 
(2) 	 Geodetic Satellite Observation Station Directory NASA/Goddard 

1969.
 
(3) 	 Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 

- The above locations have been occupied by PC-1000 cameras. These sites 
may not be occupied at present. 

A-6
 



Table A-7. 

Special Optical Cameras (MOTS 40 and PTH 100 

Coordinates 

Site Name 	 V____ h(meters)(4)° 	 Source 

Edinburg, Texas 261.7 Z6.4 65 1,2 
.San Juan, P.R. 294. 0 18. Z5 60 ,2 
Jupiter, Fla. Z79.8 27.0 25 z 

(4 cameras) 
Kingston, Jamaica 283.2 18.1 485 1,2 
Bermuda Z95.3 32.3 20 1,2 
E. Grand Forks, Minn. Z63.0 48.0 250 1, 2* 

Columbia, Mo. 267.8 38.9 Z70 1,2 
Denver, Colorado 255.4 39.6 1800 1, z 
Sudbury, Ont. Z79.0 46.5 Z75 1,2 
Greenbelt, Md. ** 283. 1 39.0 55 1,z 

(2 cameras) 

Clarksville, Ind. 274.3 38.4 190 2 
Wallops Island** 284.5 37.8 4 3 
Carnarvon, Australia** 113.7 -Z4.9 39 3 

Sources: (1) Goddard Directory of Tracking Station Locations, 1966 
(Z) 	NASA TN D-5034 (1969) 
(3) 	 Reference 50 
(4) 	Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 

* Station is at E. Grand Forks, Minn., Ref. Z site name refers to location 
of U. of N. Dakota.
 

** PTH 100 Camera
 

Note: The above stations have been in operation. A majority are probably
 
no longer active.
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Table A-8. 

TRANET
 

Coordinates 

Site Name ° ° h(meters)(Z) 

Smithfield, Australia 138.7 -34.7 40 
San Miguel, Phil. 1Z0.1 15.0 10 
Tafuna 189. Z -14.3 5 
South Point, Hawaii 202.0 21.5 380 
Sao Jose Dos Campos, BR. 314.1 -23.2 605 
Mahe, Seychelles 55.5 - 4.7 595 
Misawa 141.3 40.7 20 
Thule 
Las Cruces Z53.Z 32.3 iZ00 
APL, Howard Co., Md. 
Stoneville, Miss. 269.1 33.4 44 

Sources: (1) NASA TN D-5034 (1969) 
(Z) Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 

Note: Stations without coordinates are not considered for experiment. 
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Table A-9. 

SAO Tracking Net (Baker-Nunn and Special Cameras) 

Coordinates 

Site Name h(meters)(4) 

Mt. Hopkins, Ariz. 249. 1 31.7 2348 
*Jupiter, Fla. 279.9 27.0 13 
*Curacao 291.1 1Z.1 7 

Arequipa Z88.5 -16.5 Z457 
Olifantsfontein 28.3 -25.9 1560 

*Villa Dolores Z94.9 -31.9 598 

Comodoro Rivadavia 292.4 -45.9 200 
Maui 203.7 Z0.7 3034 
Mirny, Antartica 93.0 -66.5 z00 
Woomera 136.9 -31.4 141 
Helsinki Z4.9 60.1 40 
Dodaira 139.2 36.0 910 
Naini Tal 79.5 29.3 19Z5 
Addis Ababa 39.0 8.7 19Z3 
San Fernando 353.8 36.5 26 
Natal 324.8 -5.9 42 
Dionysos 23.9 38.1 400 

Oslo 10.8 60.Z 576 
Johnston Island (USAF) 190.5 16.7 5 
Cold Lake Alberta 249.9 54.7 702 
Edwards AFB Z42.1 34.9 760 

Sources: (1) Goodard Directory of Tracking Station Locations, 1966. 
(2) 	Geodetic Satellite Observation Station Directory NASA/Goddard 

1969. 
(3) 	 Weiffenbach, G. (private-comm.) 
(4) 	Heights are with respect to North American Datum, 1927, for 

points on that datum, and above MSL for other points. 

* Special Cameras 
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Table A-10. Satellite Positions for the Caribbean 

Satellite 
Position 
(Caribbean) 

101 
X 

-699751.93-
Y 

7264917.44 
Z 

2653434.34 
Lat 

T.7 
Lon g
5M-9f0 

height (m) 
7724.7 

102 -302738.41 7301450.13 2659622.45 19.999 -92.374 1398270.42 
103 94960.06 7319252.92 2657652.85 19.955 -89.257 1409012.04 
104 492298.47 7318365.44 2647565.14 19.847 -86.152 1419716.37 
105 888242.34 7298814.25 2629423.27 19.678 -83.061 1430351.11 
106 1281770.21 7260911.65 2603314.96 19.447 -79.989 1440884.45 
107 1671876.09 7204654.53 2569351.04 19.157 -76.935 1451285.13 
108 2057571.65 7130323.08 2527664.73 18.809 -73.904 1461522.54 
109 2437888.37 7038179.42 2478410.95 18.404 -70.895 1471566.78 
110 2811879.50 6928526.26 2421765.50 17.946 -67.911 1481388.75 
111 3178621.96 6801705.43 2357924.28 17.436 -64.952 1490960.21 
112 3537218.03 6658096.45 2287102.41 16.875 -62.020 1500253.83 
113 3886796.95 6498115.03 2209533.43 16.268 -59.115 1509243.30 
114 4226516.45 6322211.60 2125468.34 15.615 -56.237 1517903.31 
115 4555564.08 6130869.76 2035174.77 14.920 -53.386 1526209.68 

201 -2122796.85 6964262.51 2649674.76 19.998 -106.952 1369385.56 
202 -1740724.83 7082035.96 2647305.19 19.951 103.809 1380064.23 
203 -1354269.77 7181479.76 2636758.42 L9.840 100.679 1390794.27 
204 -964471.78 7262414.43 2618100.61 19.665 -97.565 1401542.59 
205 -572369.86 7324709.76 2591422.37 19.429 -94.468 1412276.30 
206 -178999.14 7368284.28 2556838.08 19.132 -91.392 1422962.84 
207 214611.86 7393104.55 2514485.14 18.776 -88.337 1433570.05 
208 607443.75 7399184.31 2464523.22 18.364 -85.307 1444066.29 
209 998488.73 7386583.64 2407133.36 17.897 -82.302 1454420.47 
210 1386752.88 7355407.88 2342517.18 17.378 -79.323 1464602.21 
211 1771258.38 7305806.64 2270895.90 16.809 -76.372 1474581.82 
212 2151045.50 7237972.60 2192509.46 16.192 -73.449 1484330.47 
213 2525174.61 7152140.36 2107615.56 15.529 -70.554 1493820.20 
214 2892727.92 7048585.19 2016488.67 14.824 -67.687 1503023.97 
215 3252811.20 6927621.75 1919419.08 14.079 -64.848 1511915.76 
216 3604555.35 6789602.80 1816711.89 13.297 -62.036 1520470.62 
217 3947117.86 6634917.85 1708686.01 12.480 -59.252 1528664.69 
218 4279684.11 6463991.87 1595673.17 11.631 -56.492 1536475.26 
219 4601468.95 627T283.87 1478016.93 10.752 -53.757 1543880.82 
220 4911717.23 6075285.59 1356071.66 9.847 -51.045 1550861.11 

301 -1622134.01 7361663.56 848622.63 6.423 -102.426 1207491.62 
302 -1241550.83 7418851.24 989914.50 7.497 -99.500 1208491.00 
303 -857305.01 7455071.21 1127937.01 8.548 -96.560 1210109.91 
304 -470473.56 7470247.95 1262236.75 9.572 -93.604 1212342.63 
305 -82140.30 7464371.48 1392374.15 10.566 -90.630 1215181.28 
306 306607.97 7437497.04 1517925.23 11.526 -87.639 1218615.86 
307 694685.45 7389744.60 1638483.22 12.448 -84.630 1222634.32 
308 1081011.12 7321297.94 1753660.09 13.331 -81.601 1227222.58 
309 1464512.61 7232403.57 1863087.98 14.170 -78.553 1232364.61 
310 1844129.87 7123369.27 1966420.49 14.962 -75.486 1238042.55 
311 2218818.76 6994562.47 2063333.90 15.705 -72.400 1244236.72 
312 2587554.52 6846408.28 2153528.22 16.396 -69.296 1250925.76 
313 2949335.12 6679387.42 2236728.10 17.032 -66.176 1258086.75 
314 3303184.38 16494033.84 2312683.69 17.611 -63.040 1265695.23 
315 3648154.96 6290932.23 2381171.24 18.130 -59.890 1273725.40 
316 3983331.14 6070715.35 2441993.71 18.589 -56.729 1282150.17 
317 4307831.41 5834061.19 2494981.13 18.985 -53.558 1290941.32 
318 4620810.84 5581690.09 2539990.90 19.317 -50.380 1300069.58 
319 4921463.27 5314361.68 2576907.93 19.584 -47.198 1309504.78 
320 5209023.23 5032871.85 2605644.70 19.786 -44.015 1319215.94 
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Table A-i. Fictitious Satellite Positions Over Puerto Rico 

EARTH CONSTANTS
 

RA = 6378388.000 El = 0.0 E2 = 0.0 Satellite 

Position 
LONGITUDE LATITUDE HEIGHT LONGITUDE LATITUDE X Y z (Caribbean) 

DOD MM SS.SSS 000 MM SS.SSS (METERS) (RADIANS) (RADIANSI 

- 67 6 0.0 18 46 0.0 1490960.0 1.17111593 0.32754012 2899357.3 6863740.1 2531686.5 401
 

- 66 37 0.0 18 44 0.0 1490960.0 1.16268017 0.32695835 2957738.4 6840388.7 2527351.3 402
 

- 66 6 0.0 18 42 0.0 1490960.0 1.15366263 0.32637657 3019895.9 6814782.5 2523015.2 403'
 

- 65 42 0.0 18 35 0.0 1490960.0 1.14668132 0.32434035 3069505.9 6798201.9 2507832.2 404 

- 65 15 0.0 18 34 0.0 1490960.0 1.13882734 0.32404946 3123108.9 6774546.9 2505662.3 405 

- 64 32 0.0 18 32 0.0 1490960.0 1.12631914 0.32346769 3208226.0 6736268.4 2501322.0 406 

- 67 10 0.0 18 32 0.0 1490960.0 1.17227948 0.32346769 2895345.9 6876554.2 2501322.0 501 

- 66 38 0.0 18 28 0.0 1490960.0 1.16297106 0.32230413 2960381.8 6851972.7 2492638.7 502 

- 66 8 0.0 18 25 0.0 1490960.0 1.15424441 0.32143147 3020942.0 6827864.6 2486124.1 503 

- 65 45 0.0 18 20 0.0 1490960.0 1.14755398 0.31997703 3068037.3 6810790.2 2475262.1 504 

- 65 12 0.0 18 17 0.0 1490960.0 1.13795467 0.31910436 3134178.7 6782984.1 2468742.5 505 

- 64 48 0.0 18 10 0.0 1490960.0 1.13097335 0.31706815 3183589.8 6765472.7 2453522.6 506 

- 67 10 0.0 18 15 0.0 [490960.0 1.17227948 0.31852259 2900110.4 6887870.1 2464395.0 601 

- 66 45 0.0 18 10 0.0 1490960.0 1.16500727 0.31706815 2951535.1 6869884.0 2453522.6 602 

- 66 12 0.0 18 6 0.0 1490960.0 1.15540796 0.31590459 3018494.2 6843842.6 2444820.9 603 

- 65 45 0.0 18 4 0.0 1490960.0 t.14755398 0.31532282 3072735.7 6821220.2 2440468.9 604 

- 65,17 0.0 In 0 0.0 1490960.0 1.13940911 0.31415926 3129376.3 6798542.1 2431762.3 605
 

- 64 50 0.0 17 55 0.0 1490960.0 1.13155513 0.31270482 3184175.5 6776948.5 2420874.4 606
 

IF: 



Table A-lZ. Tracking Station Locations for the Caribbean 

EARTH CONSTANTS 

RA = 6378388.000 El = 0.0819918899 E2 = 0.0 

Station 
LONGITUDE LATITUDE HEIGHT LONGITUDE LATITUDE x y z Station Name Number 
ODD MM SS.GSS DO MM SS.SSS OMETERS) CRADIANSI (RADIANS) 

279 24 1.780 28 13 33.980 15.0 4.87645855 0.49263848 918620.0 -5548636.6 2998655.5 CAPE CANAVERAL FPQ 1 

279 18 22.930 28 30 28.220 3.0 4.87481576 0.49755565 907102.8 '5535488.1 3026124.4 CAPE CANAVERAL US6 2 

279 36 42.690 25 30 24.600 1B.0 4.88014755 0.44517822 961816.7 "5679453.1 2729898.4 HOMESTEAD FLA. PC-lODO 3 

285 29 43.960 24 7 5.520 13.0 4.98283724 0.42094200 1556190.9 5613138.2 2590277.4 SAN SALVADOR FPS-16 4 

273 12 6.440 30 25 17.060 28.0 4.76827073 0.53095369 307469.6 5496418.0 3210804.9 E3LIN AFD FPS-16 1 

262 37 17.920 27 39 11.780 6.0 4.58361238 0.48264065 -726079.4 5607085.1 2942569.0 CORPUS CHRISTI US8 5 

288 52 3.040 21 27 43.680 36.0 5.04168917 0.37458489 1920499.1 5619715.3 2319132.2 GRAND TURK TPO-18 7 

298 12 23.840 17 8 35.000 42.0 5.20468740 0.29920276 2881682.0 5372823.0 1868002.8 ANTIGUA FPQ-6 3 

298 12 37.410 17 8 51.680 7.0 5.20475319 0.29928363 2881948.2 -5372470.7 1868482.5 ANTIGUA PC-LOQO 

291 9 42.550 12 5 21.550 23.0 5.08173240 0.21099843 2251891.9 5817218.7 1327085.8 CURACAO BAKER-NUNN 1:) 

283 11 26.520 I 4 31.980 485.0 4.94261012 0.31547786 1384224.0 5905981.0 1966510.0 JAMAICA MOTS 40 11 

294 0 22.170 18 15 26.220 58.0 5.13137548 0.31864971 2465154.6 -5535226.7 1985490.0 SAN JUAN MTS-40 12 

298 23 23.670 10 44 32.780 269.0 5.20788635 0.18749093 2980052.6 5513813.0 1181091.2 TRINIDAD PC-1000 13 

276 3 29.870 17 24 16.570 83.0 4.81812621 0.30376762 642553.1 6054269.4 1895656.1 SWAN ISL PC-1OO 14 

295 20 46.530 32 20 47.530 21.0 5.15476464 0.56455356 2309039.8 4874621.5 3393019.8 BERMUDA FPQ-6 is 

281 25 14.810 0 37 28.000 3649.0 4.91171920 0.01089861 1263650.8 -6255300.0 -69086.7 QUITO 40TS is 

279 25 23.770 28 28 52.790 14.0 4.87685605 0.49709299 918626.0 -5535018.1 3023547.6 CAPE CANAVERAL FPS-16 17 

293 0 0.0 18 15 0.0 0.0 5.11381470 0.31852259 2367653.8 -5577842.8 1984706.2 PUERTO RICO 2 TRANSPOND2ER 13 

293 30 0.0 18 45 0.0 0.0 5.12254135 0.32724923 2409236.5 5540864.6 2037190.0 PUERTO RICO 3 TRANSPONDER 19 

294 0 0.0 18 15 0.0 0.0 5.13126799 0.31852259 2464639.9 5535672.0 1984706.2 PUERTO RICO 4 TRANSP3ODER 23 

283 11 0.0 18 0 0.0 0.0 4.94248155 0.31415926 1383950.0 -5908231.0 1958408.4 JAMAICA 2 TRANSPONDER 21 

291 10 0.0 12 0 0.0 0.0 5.08181700 0.20943951 2253120.4 5818930.0 1317417.7 :URACAO 2 TRANSPONDER 22 

276 30 0.0 12 0 0.0 0.0 4.82583538 0.20943951 706378.0 -6199800.6 1317417.7 BLUEFIELOS RECEIVER 23 

271 0 0.0 18 30 0.0 0.0 4.72984227 0.32288591 105601.4 -6049902.3 2010966.9 CHETUMAL RECEIVER 24 

274 30 0.0 11 0 0.0 1500.0 4.79092879 0.19198622 491423.6 -6244129.8 1209306.1 NICARASUA RECEIVER ?5 



Table A-13. List of Stations for the Hawaii Area 

EARTH CONSTANTS 

RA = 6378388.000 El 0.0819918899 E2 = 0.0 Station/ 

Satelhte 
LONGITUDE LATITUDE HEIGHT LONGITUDE LATITUDE X Y Z Station Name Position
ODD MM SS.SSS ODD MM SS.SSS (METERS) (RADIANS3 (RADIANSI
 

190 29 9.500 16 45 38.770 8.0 3.32460739 0.29253061 6007106.1 1111830.1 1827523.3 JOHNSTON ISLAND MPS-25 RADAR 26
 

200 19 53.960 22 7 35.030 1260.0 3.49644698 0.38617848 5544265.2 2054369.0 2387889.4 KAUAI-2 FPS-16 27
 

205 0 0.0 19 30 0.0 4000.0 3.57792496 0.34033920 5454665.1 2543552.1 2116963.9 HAWAII FPS-16 28
 

203 44 24.080 20 42 37.500 3034.0 3.55593420 0.36146496 5466258.6 2404075.2 2242535.6 MAUI BAKER-NUNN 29
 

200 0 0.0 20 0 0.0 1490960.0 3.49065850 0.34906585 6951025.1 2529966.2 2677662.3 HAWAII SATELLITE POSITION T31
 

200 0 0.0 17 0 0.0 1490960.0 3.49065850 0.29670597 7073299.7 2574470.5 2288770.3 HAWAII SATELLITE POSITION 73?
 

205 0 0.0 20 0 0.0 1490960.0 3.57792496 0.34906585 6704073.3 3126160.7 2677662.3 HAWAII SATELLITE POSITION 703
 

205 0 0.0 17 0 0.0 1490960.0 3.57792496 0.29670597 6822003.8 3181152.6 2288770.3 HAWAII SATELLITE POSITION 734
 

210 0 0.0 20 0 0.0 1490960.0 3.66519142 0.34906585 6406099.4 3698563.2 2677662.3 HAWAII SATELLITE POSITION 735
 

210 0 0.0 17 0 0.0 1490960.0 3.66519142 0.29670597 6518788.3 3763624.1 2288770.3 HAWAII SATELLITE POSITION 735
 

Is; 



APPENDIX B 

MATHEMATICAL BASIS FOR GEOMETRIC ERROR ANALYSIS 

An error analysis is developed for' a static geometric configuration in 

which range and angle measurements are made on a satellite with no consideration 

of satellite dynamics. The effects of satellite dynamics on the error analysis is 

considered in Appendix D. 

In analyzing geometric (static) tracking errors, we consider a tracking 

network made up of nr range-measurement stations and nd direction measuring 

stations. The range-measuring and direction-measuring stations are located at 

points Pi (Xi 4' h.) with longitude X., latatide i' and height h. above a standard 

ellipsoid (see Figure B-1); the coordinates have associated standard deviations 
Z 

Tic Tio and orih or, in matrix notation, Zij with*ij denoting the covariance matrix. 

Range measurements r.1 from station i to the satellite have associated standard 

deviations (T ; right ascension (a.) and declination (6i) measurements haveir 11 

standard deviations Ti. and Ti6 respectively. For convenience, we designate 

the matrix of standard deviations for the observations as a whole byZ Q and the 
2

covariance matrix by Z. The standard deviations and covariance matrices of 

the satellite coordinates xs, xs2 , xs3 (where 1, Z, 3 denote x, y, x, respectively) 

are denotedbys andZ.s respectively. 
5 5 

The observations r., a., 8., the station locations kX' i h, and the 

satellite location s', 0', hs are related by the equations 
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Figure B-1 
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r. 	 = (x.- xij)
 

j=l
 

z 3 
Co CL E (Xs. () 

, c=Z (x.k -xk) / ( - ik 

k=l j=l 

sin 2 	 )=(x '))3 


si 6i1 s3 i3 /. ('sj i 

j=l
 

in these equations, the space-fixed rectangular coordinates xij, xsj are obtained 

from the geodetic coordinates ki, 4i" h. of the station and ks , s' hs of the 

satellite through the equations (for each station i and satellite location s): 

F 	 l cos 4cos F0 0 0 cos 4cos e 

xi = (N+h) cos csin I 0 0 0 cos 4 sin 0 (2) 

L 	 sin 0 0 Ne2j sin e 

N is 	 the radius of curvature in the prime vertical,G is the angle 

=a comt -aC 
G 

where M is the rate of rotation of the earth, t the time elapsed since epoch, 

e is the eccentricity and aG the right ascension of Greenwich at epoch. 

B-3
 



The above equations non-linear in x.ij., x sj, are exchanged in the usual 

way, for equations linear in the corrections Ar., AC, A6i, Axi, Ax sj, to give 

(in matrix form) the equation 

[] = [Aij] [sj] +[Bij] [Ax.ij] 	 (3) 

Ar 1 

Arr6 

as (4)The matrix [A ] is defined 	 Ac 7 


A8
 
7 

A58 

A89 

where theAr.'s are defined as the observed measurements minus computed
1 

values of radar range, and theAc 1 aandA6 	 are defined as the observed measure­1 

ments minus computed values of the right ascension and declination, respectively, 

6f the satellite from a camera station. 

In a straightforward manner, this equation is converted to the homogeneous 

equation 

[i -B] [A] = [A] x 	 (5)
sj
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or, for short 

[c1 [AQ] = [A] [Ax] (6) 

The covariance matrix[4] is therefore given by = 

JA][ A]) [A]JT[GC] [E [C] [A] ( [A] T[A]l) T (7) 

z 
and the covariance matrix [E ], which contains the standard deviation, O.h' of 

g 
the altitude, is given by 

S z T 
[E]

g 
= [D] [E]

s 
[D] (8) 

where [D] is the inverse of the Jacobian of equation (2). 

The computer program embodying these error equations provides space 

for data from nine tracking stations - six radar and three camera stations ­

for a total of twelve observations per satellite position. Weighting matrices 

are not used; their use would have entailed extended justification of the weights 

used, and the results would have been little more reliable then they are without 

weighting. Anumber of assumptions were made to simplify the programming; 

they relate to the transformation of variances from a rotating to a non-rotating 

frame of reference and do not affect the results of the error analysis. 

The preceding pages give the equations used for computing the standard 

deviations of the satellite location from the standard deviations of the observa­

tions and the observing station locations. These equations apply to static, 

(instantaneous) situations only. 
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'APPENDIX C
 

CHARACTERISTICS OF FREQUENCY AND TIME STANDARDS
 

Cited here, as examples of frequency-standard performance, ' are the speci­

fications for (a) the Rohde-Schwarz XSR rubidium frequency standard, (b) the 

H/P crystal oscillator standard, and (c) the H/P cesium frequency standard. 

These specifications are given in Table C-1. Rohde-Schwarz specifications are 

traditionally conservative, sometime excessively so;,H/P specifications are 

optimistic but reasonable. 

For further background information, the reader is referred to the Pro­
27 

ceedings of the IEEE, February 1966, or some of the 1967-69 issues of the 

periodical Frequency. 
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Table C-i. Frequency Standard Specification
 

Rohde/Schwarz H/P XTAL H/P Cesium 
XSR . 106A/B 5061A 

Frequency Variation 

Long-term ±6-10-11 <9-10- 9(2) ±1-10-11() 

Short-term (3) 

1 ms <3"10­9 8.10- 5-10-
10 ms <3-10 - 1.9-10-10'0 i0 ­

1 s <6.10-'2 1.9-10-11 7-10-12(4) 

Frequencies Generated (Mc/S) 0.1 0.1 0.1 
1 1 1 
5 5 5 

Clock Output N.A. N.A. N.A. 
Jitter (10) N.A. N.A. 2x10-8 S 

Perturbation Effects 
Air Pressure <.lO-IZ/lOOmutg 

Not Known Not Known 
Temperature/0 C <1 .10 

-1Z 8.10 - 0 <5.10 -12 

Magnetic Field/gauss 7i'i0 -1' N.K. <2.5.10-12(5) 
Voltage/volt <2"-0 -1 2 <4.10-12 <1.10-11(6) 

Reference (7) (8) (9) 
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NOTES TO TABLE C-I 

1. 	 The cesium frequency standard is a primary standard, and conse­

quently has, properly speaking, no long-term frequency variation. 

The figure given is therefore in the nature of a performance guar­

ante e. 

Z. 	 Crystal oscillators of the commercial variety usually have their 

"long-term" frequency stabilities given for 24-hour periods. The 

figure given here is calculated from the H/P specification assuming 

random variation over a 1 year interval. Since at least part of the 

specified long-term stability is drift, and therefore predictable to 

some 	extent, the actual frequency stability is probably much lower 

than 	that given (lower numerically). 

3. 	 For use as a ranging instrument, we are interested in df/dt, or 

in Af/At for At-'0. Hence the "short-term" variations gotten by 

averaging are not really significant for our problem. 

4. 	 Estimated from H/P chart, ref. 

5. 	 Estimated from Z-gauss field value. 

6. 	 Estimated from 8-volt range value. 

7. 	 1969-Anonymous ATOMIC FREQUENCY STANDARD XSR - Data 

Sheet, Rohde & Schwarz, MIunchen. 

8. 	 1968 - Anonymous H/P REFERENCE CATALOG - 1969, Hewlett-

Packard Co., Palo Alto. pp. 648-651. 

9. 	 1968 - Sames as Ref. 8, pp. 643-645. 
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10. 	 Jitter, as here understood, is the rms variation (in seconds) 

between times of emission of successive pulses. It is not enough 

that the frequencies remain constant; a random variation of 20 n 

sec. in pulse transmission interval is equivalent to a 6-meter 

variation in comptted distance. Such variation is of no importance 

in measuring range differences; it is very important in measuring 

range. Commercial, ready-made counters can measure time in­

tervals to 10 n sec., custom-made counters should be able to 

measure to 5 n sec. or even 1 nsec. Such measurement accuracy 

is of no use for range measurement unless the emitted pulse comes 

out at intervals t. ± 5 n sec. or better, where t. is the assumed
1. 	 1 

interval. 
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APPENDIX D 

MATHEMATICAL BASIS FOR ANALYSIS OF ERROR IN 
SATELLITE LOCATIONS (DYNAMICAL SITUATIONS) 

An Earth satellite follows a two-dimensional path imbedded in 

four-dimensional space. The two-dimensional path is called a trajectory. 

The one dimensional timeless portion of a trajectory is called a path. The 

actual trajectory of a satellite differs from the trajectory computed obser­

vation of the satellite. The following pages derived simple equations for 

estimating the scatter of computed satellite locations about actual locations. 

In designing an experiment in which at least partial dependence 

is to be placed on a theoretical orbit, we will want to know how far to trust 

that orbit (set of equations). That is, we will want some estimate of the 

accuracy variance associated with the theoretical orbit. The following 

equations are used to find an expression for the variance matrix of the 

quantities. 

xX true x computed 

=Ay Ytrue - Y computed 

AZk= Ztrue - Zcomputed 

In the process of deriving the final equations, a number of assumptions have 
I 

had to be made to keep the mathematical effort within the bounds of this 

study. The most suspect of these assumptions is the one that permits a 

simple transition from perturbation error to perturbation variance. 

The assumption is certainly effective, and it appears at present 

to be sufficiently plausible to allow its introduction. 
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54 
We start with the usual perturbations in their Gaussian form 

but slightly changed from the usual form given in most works. The symbols 

a, e, i, w, Q and c have their usual meanings; F N is the perturbing force in 

the direction of the radius vector to the orbit point (positive outwards), F T 

is the perturbing force in the (momentary) orbital plane and perpendicular 

(positive in the direction of motion) to the radius vector, and F B is the per­

turbing force in the direction FN x F T V is the true anomaly, E is the 

eccentric anomaly, n the mean motion, r the radius vector, and p = a(l-e z ) 

the seni-latus rectum. Then 

da 2e sin V F +)
 
dt n(1-e2) N nr T
 

de =((1-e 
2 ) sin V FN + (1-e2) (cos E + cos V) FT 

dt na na 

d~i= r _cos(+V) F 
2 B
dt a n(le2)-1 


__._ .__ (1~e ) 

L. (1-e2)l C V2 Fsin 
dt nae (P nae T 

os V FM + V+ 


tan sin(0w+V)
 
+E 2 FBa na(le2)i F­

dS r esc i sin(W+V)
 
dt a2 n(l-e2) FB
 

d_ j 2r + e(l-e2 )2 cos V 

ItL na 2 na[1+(l-e2) ] J N 

+ Kp + (1-e2)2 sin VJ F 

(i- ) (l-eD-Z22) x--2 F 
nee2 -B 

D-Z
 



Defining 

n E (1-e2) 

and using the relations 

r = ai2/(l+e cos V) 

8 E mean longitude at epoch = o + -W 

we get the equations 

da 2e 2--- sin V FN + (I + e cos V) Fdt nTl nfl T 

de n sin ++dt na F n aa (cos E + cos V) FT 

di cos (V+m) F
 
dt na(l+e cos V) B
 

d_ =- _cos VF + sin V 2 + e cos V FTdt nae N nae i + e cos V 

cos i n sin(V 0) F 
sin i na(l+e cos V) B 

_Td sin(V+w)
 
dt na sin i(l+e cos V) FB
 

dI = Fcos V 21 e cos VFN 
dt na L e +e cos V 1+SnjN 

+ E_ sin(V+ wn)(1-cos i FB
 na (1+e cos V) siB 
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These equations are linear in the perturbing forces FT , FN and FB , and can 

be abbreviated to 

da
 
d = a11 FT + a12 FN + al 3 FB
 

de
 
dt = a21 FT + a2 2 Fn + a2 3 FB 

dit

di 
 a 3 2 FT + a 3 2 

F
EN 

+ 
+ a 3 3 FB 

dt = FT + aa4 1 + a 3 FB (D-l) 

= a 1 FT + a5 2 FN + a5 3 FB 

dc 

dt= a 1 FT + a62 
FN + a63 FB
 ,
 

or in matrix form, 

[dqi/dt] = [a..] [F.] 

where
 

[dqi/dt] [da/dt, de/dt, di/dt, dw/dt, cl/dt, dor/dt] T 

afid 

F[

T
 

F 

B
 

We define the perturbing force [F.] as the difference between the actual force 

acting on the satellite and the theoretical force obtained from the best 

satellite tracking-data derived constants defining the Earth's gravity field, 
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atmosphere, and radiation environment, and the luni-solar gravity field. This 

definition of [Fj] is not very useful, since the work involved in finding the "best" 

set of constants would take more time and money than the problem can justify. 

If we change the definition by using, instead of "the best", the phrase "a set 

of commonly-used", we get a useful definition but one whose application to 

our problem can be criticized because we should be using the best orbit. For­

tunately, we are concerned only with orbital segments less than 10, 000 kn. 

and mostly about 5, 000 km. long, and it can be shown that for such short 

segments the differences between various orbits are insignificant. One way 

of showing this is to compare an analytic orbit with an orbit of a few terms 

fitted to the same observations. We have done this with a set of 3rd degree 

polynomials, fitting these to fictitious observations computed from an analytic 

orbit; for segments of 1000 km. length the empirical and analytic orbits dif­

fered by less than two meters. Therefore we can probably safely assume that 

over short segments analytic orbits fitted to. observations over these segments 

Will differ, in their predictions, less from each other than from the true 

orbits. The actual errors Aqi accumulated in the elements qi between times 

t, and t 2 are derived from equations (D-1) by integrating each equation with 

respect to time over the interval t? - ti. 

t2
 

Aqi (a l FT + aiz FN + a.3 FB)dt5 
The forces FT I FN' F B are functions of'the satellite coordinates and there­

fore functions of time. They could, if we were interested in Aqi, be repre­

sented as a small number of terms of a Fourier series fitted to. actual or 

guessed-at gravity differences: 

FT = Re ZAT e 
- ikt ] 

27
 
with similar formulae for F N and F B 
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The 	present problem concerns, not Aqi, but a., the standardq1
 

deviation in the Aqi. -Wetherefore need not the FT FN F, but their 

standard deviations uT' a N , ' or, generally the covariance matrix Z . The 

elements of Zr are also functions of time, but we can reasonably expect that 

, 	 , 

F 
they will change less rapidly than the F's themselves since they are average 

values, not the values themselves. Assuming for the moment, therefore, 

that Z is constant over the short arc segments we are interested in, and
F 

substituting for the F's their average errors, we find that 

tz 

Aqi = [A] [F]dt 
ti 

212 [A] Z [A]T at 
q F 

=[B] 	 ZZ [B] T 
F 

xhere 

[B] 	 - V [A] dt.
 
ti
 

his 	step is, as earlier remarked, open to criticism, but is taken as an 

xpedient measure to avoid the following further and more complicated steps: 

(a) 	 express the variations FN' FTI F B as linear Fourier series 

in V ro t as the independent variable; 

(b) 	 integrate each term of the form 

a. [K. cos (nV) + L sin(nV)], etc.
1 	 jn in 

(c) 	 combine terms. 
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There does not seem to be the need-for such a complicated procedure for the 

simple situation we are trying to analyze. 

We integrate these equations with respect to the true anomaly V 

by using the equations 

dt ) 2 1
 

,TV- a
 

(1+e cos V)
 

and integrating. The individual integrands, denoted by a , are
13 

- 2
all = 2e sin V (1 + e cos V) (fl/n) 2 

-1 
a12 = 2(1 + e cos V) (n/n)2 

= 
 0
a1 3 


- 2
a 2 1 = (1 + e COs V) (T1/n2 a) 

~ n4 1 T,2 _ 3 
= -­a2 2  ni2 (1+e COs V)+ cos V 3J
 

a23 = 0
 

a 31 =0 

= 0 ­

a _ 4 
2cos(V+)
 

a32 


n
a(l+e 
cos V) 3
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~ = cos V a4 l 2 ­n ae (1+e cos V)2 

]42= -- sin V + 1 
V)2
n2ae L(l+e cos (+e cos V) 

- n sin (V-Me) 
- - Cot ia 4 3 

n a (+eC cos V)3 

a 5 1 = 0 

a52 = 0
 

- C sin(V+0W)
a3 

2n a n+e cos V)3 ' 

V) 2 
nae L (1+ )(1+e COS (1 + e COS V)3 

= 0a62 

aS = 4 (I+COS 0(sin(V)a6 ni2a \Sin i \l+e COS V)3
 

Tle integrands occuring in these equations are easily, if not quickly, inte­

grated, and the intermediate steps leading to the elements b.. of [B] are 

therefore left out. In order to conserve space, I give the indefinite integrals; 

each expression is to be evaluated twice; once for cos V(tl), and once for cos 

V(t,), and the first result subtracted from the second. (Considerable com­

puting time is saved by evaluating common factors only once, of course). 

The same integrals occur again and again in the b.., and the following notation 
13 

is therefore used. 
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q E (e+ x)/(l + ex) 

1 - -[arcsin(q)/Al-e9 

I (-e2)--z 2e a + ) 

13 2 
-e-e 

Then we have 

-
b = 2a2 (1 + ex) ' 

b12 = -2 

bzz =_ 
 12 

b2 3 = 0 

.b31 = 0 

b32 = 0 

-Il 4 Cos b) sinW 
b33 = - r eo (I( 2 ++13) + m 

n2a 2e(1+ex) 2 

b 41 = 2- 1n ae l -- e 

3+2exb42 = 
2n ae (1+ex) L 2(1+ex)
 

11 cot iF COS(A CAo I1
 
b 43 '=T o S0-sin W(I2 + 1 3) 

2
n ae L2(l+ex)2
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o51=0 

b5= 0 

b = csc is cos sincn(1 2 + 1n2ae 
 L2(l+ex)
 

n aeLZ
t 
(T2 + 13) - 2e
 

b62 = 0 

b63 ... + sin WIl 

S sin i 2e(l+ex)2 
e(1+cos ± Cos 10 inns 
na / 

More useful than the element variances are the variances in 

location referred to the moving brihedron with origin at the satellite. Again, 

because the orbit is of low eccentricity, we can use the variances in the 

direction of FN , FT, and F B instead. To the accuracy we need for calculation 

of variance, we can take the variance in r, the variance in Wi or, and the 

variance in a suitable function of i, p. and V. Then we have 

2 
[ [Al)[Z [ALIT 

where [2]3is the covariance matrix for the errors Ar, (,w + Wr) and the 
L
 

error AT in the transverse direction, [2Z ] is the covariance nmatrix of the 
aI 

elements, and the matrix [A] has the elements as follows 
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a, r = 2e cosV1 = a13  0
 a -2+1+e cos V
a12 

a e sin V e sin Va14 l+e cos V as l+e s aCo = 

= 0 a 2 , 0 = 0a 21 a2 3 

a24 = r a., = 0 = ra26 

a,, = 0 a32 = 0 a 3 = r sin(U+V) 

a34 = 0 a3, = r sin i sin(H-V) a., = 0. 

The preceding pages derived simple equations for estimating the 

variance of actual measured satellite locations compared with locations com­

puted from a theoretical orbit. 
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APPENDIX E 

EFFECT OF ORBITAL CONSTRAINTS ON LOCATION ERRORS 

The equations derived in Appendix B are free from any assumptions re­

garding the orbital motion of the satellite. They therefore are very useful for 

studying the effects of various satellite-and-tracking-station configurations and 

for getting :order-of -magnitude" estimates of satellite locations, but are not as 

useful for making close estimates of satellite location. For fine work, the equa­

tions must be mbdified to take into account the correlation between locations 

that the orbit equations introduce. It is of course not necessary to introduce into 

the variance analysis an orbit complete with-tesseral harmonics up to degree 

and order 20, luni-solar perturbation, atmospheric drag, and so on. We are 

dealing with arc segments less than 300 km long which are fitted individually 

to the tracking data. This effectively eliminates the need for considering 

secular and long-period pertubations. In fact, it is sufficient to approximate 

the segment, for our purposes, by a low-degree power series or harmonic 

series. A set of third-degree polynomial equations has been found to give 

satellite locations that differ by less than 1 meter from those provided by a 

complete orbit, when fitted to the same tracking data, over a 1800 km segment, 

so that our approximation is reasonable. We therefore repeat the observation 

equations of Appendix B. 

AY = AAX (1) 

where AY is the observation matrix, LX the matrix of satellite. location errors, 

and A the coefficient matrix. To this (matrix) equation we add the condition 

equation 

C = B AX (2) 
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where the matrices B and C are not yet defined. One way of handling the con­

ditions would be to require that the coordinates lie on the path described by the 

orbit. This would require eliminating the time from the equations for the co­

ordinates. Since in general the path (time-independent space curve) is better 

determined than the orbit, such a condition would be rbalistic. Because the 
rdapproximation of orbits by sets of 3 degree polynomials has been successful 

in keeping the rms error in all three coordinates down to better than one fifth 

of the radar tracking a, restricting the condition to the satellite path would not 

be worth while. We therefore use the time-dependent equations 

t 3[X] = [I t t2 t4 ] [] (4) 

where [D] is the set of constants i..13 defining the orbit segment. With the con­

dition equations in this form, we can substitute directly for AX in (1) andi drop 

equation (2), so that 

AY = A* T L (5) 

where L consists of the elements l.. and T is the matrix 

t. t 13 t. ? j.(6) 

The covariance matrix for AL is then 

T2 T T -I T 2 T T TA T 
z L = (TA AT) TA Z AT ( AAT) (7) 

&iththe covariance matrix for X being 

2 2 T z X = TZL T. (8) 
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APPENDIX F 

*INFLUENCE OF LAND TOPOGRAPHY ON RETURN PULSE 

The pulse emitted by the altimeter is assumed to have a duration of 50 nsec. 

If the altimeter were designed so that it pays no attention to energy returned 

more than 50 nsec. after energy from an emitted pulse starts to return, then 

an altimeter 1100 km. above a flat surface would receive and make -use of 

energy scattered from a circular area about 6 km. in radius. If the area were 

occupied entirely by watre, the surface could be considered spherical on the 

average even if the surface were rough. If the area were occupied partly by 

land, a flat or spherical surface would fit poorly because the land surface would 

project above the average water level, but would not be visible below water­

level, to the radar. In fact, any land outside the area which were high enough 

to reflect energy back to the altineter during the 50 nsec. interval that the 

altimeter was paying attention to returned energy would cause the altimeter to 

measure an incorrect altitude. The following table shows the land heights 

h(in meters), which at the given distances d (in km.) would return energy to 

the altimeter during the 50 nsec. interval. 

Distance d (kin) Height h (meters) 

From Footpoint of Land 

10 30 

15 85 

20 165 

30 400 

40 700 

50 1100 

75 2500 

100 4500 

Setting a limit of 15 km. as the smallest allowable distance from altimeter 

footpoint to land would therefore safeguard against interference from land­

caused echoes unless the coast were lined with exceptionally high trees or 

cliffs or there were high mountains close inland. 
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The situation is not quite as simple, however, as one might think from 

the above discussion. Any bit of land returning energy during the 50 nsec. 

interval would affect the shape of the returned-energy versus time at any 

instant by an amount proportional to the ratio of the land area to the total area 

that would be returning energy at that instant if that area were at the same 

distance from the altimeter as the land. If the altimeter were able to dis­

tinguish 100 different levels of energy, then the land would have to occupy 

0. 1% or more of the total area to be distinguishable. This statement must 

be modified somewhat, since it assumes that the equivalent scattering cross 

section (T-o) of land is the same as that of water. It will have to be modified 

further because of radio noise; e. g., part of the energy that the altimeter 

interprets as echo actually originates within the receiver or leaks in or is 

scattered into the receiver from other sources than the emitted pulse. These 

considerations lead to the conclusion that the effects of land on the signal are 

not calculable from land height alone (which would greatly exaggerate the 

effects) but must be calculated, if the matter is important, using land height, 

land area, land scattering cross section, noise level in the receiver, and 

energy level resolution. Earth curvature need not be taken into account, 

obviously, since at 1100 km. altimeter height the pulse's wave front recedes 

from a flat surface more than six times as fast as an average spherical earth 

surface does.
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APPENDIX G 

VERIFICATION METHOD USING PATH INTERSECTIONS 

An interesting way of looking at the self-consistency data has been 

suggested, considering the heights above path-intersection points as being 

related thru loop-closure equations. As shown in Figure G-l, the points P i 

on the reference surface lie at the intersection of projections of the satellite 
paths onto the reference surface. At every P. three independent heights are 

1­

identified: the height ho. of Q.i above pi, the MSL surface above the reference 

surface; and two heights h . of S. above P:,, the altimeter above the reference 
S1 1 1 

surface. From this viewpoint, the height differences (ho+i -hoilo,i1.) around 

any closed circuit, and in particular about a circuit around an elementary 

4-point cell, must sum up to zero and hence, if satellite heights hsi are re­

duced to the common value of some one height hsl at which hoi. is known, we 

find that the changes in the altitude (h .- h *) must sum to zero around any 

circuit (or must sum to the same value over any two paths between a given 

pair of points). 

We write h . for the measured altitude above point Q.. Above a givenml 1 

point P. we therefore have
1 

hmil hsil o il (G-l) 

hmiz h si2 hoi2 

for the two measurements denoted by the subscripts 1 and 2. 

We write 

h mi h - h sl, (G-2)hmi z (hsi z - 
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S1 4 

3 

P2 

P.1 - points on MSL surface 

Qi - corresponding points on MSL surface 

Si - points occupied by altimeter at first passage 

over P. 
I 

Figure G-1. The Path-Intersection Grid 
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which refers the second altitude of a pair above P. to a common equialtitude 

surface thru the point S 

It is easy to show that any circuit (P. P ........ P. ) can be expressed
 
1 1 1k 

as a finite sum of circuits about elementary 4-point circuits, which I will call 

cells. The set of cells therefore forms a basis for the space consisting of 

circuits in the reference plane, and the closure condition for the problem is 

therefore exactly (completely and sufficiently) expressed by the set of closure 

conditions for the cells. Letting 

Ah .- h - h (G-3)
mi m, 1 m, 1 

be the difference between altitudes at two successive (clockwise) points of 

a cell, we have 

0 = A hmi + Ahmi + Am k + Ah (G-4) 

Equation G-4 pliis a sufficient number of given altitudes, then constitute 

a description of the experiment. (In a gross sense; there are of course many 

details to be attended to, but these do not affect the main line of the argument). 

This viewpointis mentioned here because it provides a different and 

possibly, in some cases, a more useful way of writing the equations for self­

consistency tests. The equations are different only in their appearance; 

mathematically, they are exactly equivalent to those given in the main part 

of the memorandum. A rapid topological verification is gotten by noting that 

if we sum over all cells, we are left with a single closed circuit around the 

boundary of the cell simplex. 

This means that if the equation G-4 imposes rigorous conditions on 

the ha., the value of hm. at any point within the simplex is determined by the 
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altitudes along the boundary and by equation G-4. But all altitudes are 

measured independently of all other altitudes; we can change any one hmi 

or h . without changing the other h .Is or h .Is either in the interior or on 
Olml O1 

the boundary. 

Algebraically, to show the equivalence of this formulation with the self­

consistency formulation (SCF), given in the main part of the study, we have to 

show that either formulation can be derived from the other. The algebra in­

volved is so simple that it will merely be outlined. If there are N cells in 

the simplex, there there are ZN + 2 points. Since there are N independent 

equations of the type G-4, N + Z altitudes are required. Going from SCF to 

the present formulation merely means taking N + Z pairs of the h 
mi

. in G-v 

as given, and writing the remaining equations in the form­

fl i miU mi m, i+2 m, i+l )
hmi =hmi+ (h -h- )h -h 

(h m,i+3 = h m, i+2 ) (G-5) 

+(h -h 

M, i m, i+3 

with 
h* = h .(G-6) 6 

oi I oi 

Going from CMF to SCF merely unwinds the development in the other direction 

and I need not write it down. 

Two points should be noted. First, in order to get by with only N + 2 

given altitudes, we must have given also the values of the quantitites in G-4. 

If those values are not given, the full ZN+ 2 altitudes must be known. The 

equations G-4 in that case cannot function as condition equations. But as 

pointed out earlier, the Alh's in our problem are not independently known. 

If the hoi are independently known and the hsi by definition are known, we are 

merely back at the problem of verification by an absolute method. 
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APPENDIX H 

NOTE ON RELATIONS BETWEEN STANDARD DEVIATIONS INVOLVED 
IN THE VERIFICATION EXPERIMENT 

We have set up four categories for classifying the types of procedures 

used in verifying altimeter performance: absolute, relative, self- consistent, 

and differential. In each of these categories, the measured altitude hmi is 

compared with another quantity, given or calculated or measured, to determine 

the scatter of the measured altitude about a true value (giving an accuracy 

standard deviation) or about an average value (giving a precision standard 

deviation). (For convenience, we assume a Gaussian distribution; questions 

of number of samples, etc., are irrelevant to the present argument. ) Un­

fortunately, while what we want from the Verification Experiment are the 

standard deviations mentioned, what we will get is something different be­

cause in no case do we have "true" values available for comparison. In every 

case, we must compare the h . with values which themselves contain errors, 

and these errors may or may not be known. This note explains the difficulties 

that must be removed in order to go from 3 the standard deviation of hmi,m mi 

calculated from available data, to ar, the standard deviation of h . given 

the true altitude (see Figure H-i). 

First, note that although we have available I altitude measurements 

h .measured above J points P. on the reference, ellipsoid, we have at the 
mi 
 3 

most two heights at each P., so that a particular ocean-above-ellipsoid height3 
hoi is measured only twice and, furthermore, from two different altitudes. 

Any questions as to the altimeter'-s precision -- i. e., ability to consistently 

give the same answer when measuring the same thing -- can be answered 

only by inference and not by direct computation. At every point, Pk above 

which two measurements h and h have been made, we have 
m I m 2
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hti h i.= i.- h 

fl­

p o 

SFigure H-1. 
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h = h -h 	 () 

and 

h =h -h (2) 
M2 s2 02 

with the condition 

h =h .	 (3)
°1 z2

Here, h and h refer to ocean and 	satellite heights, respectively, above the 
0. S 

ellipsoid reference surface and the subscripts I and 2 refer to the order of 

measurement. Had both measurements been made from a height h. 1' or if 

the difference Ahsk = hsz - hsl were known exactly, we could get a precision 

s. 	d. a for h.n over the grid of points Pk from 

)2
Z (h - Ah - h 


2 k MsZk k mlk
 
(K = 2(Z K-i) 	 (4) 

where k = 1 to K. Obviously, this 	a is the same for all the points Pk if theP 

uncertainty in Alhsk is the same but not otherwise. Furthermore, it is mis­

leading to the extent that we are uncertain of what Ah sk may be. A bit of 

algebra shows that the difference between a 2 , the variance about the true
 
-2
 

value, and a P1 the calculated variance, is given by, 
2
 

2 -2 K s
 
ay - a - 2K-i - - f- (a 	 (5)
P 2 5 P 

where a is the standard deviation of h sk* This equation shows that the true 
s 

precision s. d. of the altimeter can be computed if we know the s. d. of hsk. 

Again, we find an unfortunate obstacle to achieving our objective aTp; the 

a in (5) is the accuracy variance of satellite height above reference surface; 
s 

what orbit computations give is closer to a precision variance. What to do 

about this difference requires more attention than can be devoted here, and we 

merely note the fact and pass on to the second case where we seek the accuracy 

s.d. ofh.* 
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Let h 
mi

. be the measured satellite height above the sea surface at point 

P., and let a be the standard deviation of h . Note first that 
I.m nfl 

- hti)
2
 

Z (hmi 


a m 4 1I (6) 

where h. is the true value, and second that of necessity the sum is taken 

over i and therefore applies to observations made at different points. The 

problem would have been much simpler could we have compared h -Is madeI mi 

at a single point, but for a given i, there is only one j * i for which P. = P.. 
J I 

The number could be increased by generalizing the concept of "point" appro­

priately, but we will not discuss the results. 

Let h . be the given "height" of satellite above the reference surface 

at P., and a , the standard deviation of h .. Let h0 .be the height of the sea 
1 Sl Si el 

surface above the reference surface atP. and let a .be the s.d. of h .. We 
1 1 01 

write, also 

., E . andc . (7) 

mi 51 01 

for the corrections to hmi, hs. and ho. respectively, and separate each of 

these corrections into two parts; a constant correction and a random variable 

correction, denoting the former by the subscript 1 and the latter by the 

subscript 2. 

The two quantities in which we are most interested are the accuracy 

standard deviation a and the precision standard deviation at. Consider 

first a 
m
 

We write 

hi = h *+E +Eti mi im + 2mi 

+
ti hsi + is EZsi (8) 

0oti = h Di + +E 0 

01 lo Hoi 
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so that 

h -hi = lm + (9).mi 

Since 

h. = sti oti , (10) 

we have also 

hmi - hti h mi sti - oti 

=hm .- h.-h.- (c +E ) (c t E . (Ii) 
m i oi( Is EZsi) lo - oi 

A bit of simple algebra then shows that the difference A between the variance 
2 ~ 

a for which we are looking and the variance a that we compute by
m m 

z [hmi -(hSi hoi) 2 

-2 i
 
a mn = I (12)
 

is given by 

2 -2 2 
a -a0 = 

m Im 
2 2 2 

= (I - ) aa4- a2 

27- 2o) - 2si di 

+ (C lo - is Td + 2 (13) 

Here a o2and a2 are the variances of the E2o and E2s respectively, and 

Td . dil/ 

Edi = (hmi -hSi + hjoi (14) 

~-2 - 2. 
In this equation, only a ,'Cdi and e can be considered known. a is what 

2 2 m 

E IS ) , we are looking for; the quantities (e 1o - a 2o and (a2 s may be found from 

given information about the standard deviations of the satellite location, sea 

surface, geoid, etc., or they may not. The question can be devised only by 
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finaing out how the given s. d. 's are related to those in the equation. Consider 

first the relation of EIs and or2 S to the standard deviation Us, of a satellite 

height above ellipsoid that is given as input. a .does not correspond to a i 

a2s or E Is' It is computed from the covariance matrix for the orbital ele­

ments, and gravity field constants. These in turn are computed from the 

covariance matrix of the observations and tracking coordinates. Complete 

analysis of the relation is outside the bounds of this study; it is enough here 

to note that for I (the number of observations) large, and for a well-derived 

orbit (and I do not go into the definition of "well-derived"), 'a should be 

close to a s" If the equations for hs. and as.will be a function more of the 

amount of unresolved "constant" error in the tracking data than of the defi­

ciencies in the orbit itself. 

The relation of " and aZo to the standard deviation ' . given as inputlo oo 

is much more complicated even than the relations of satellite height just dis­

cussed. hot is the sum of several parts; height of geoid above spherioid, 

height of mean sea level above geoid, and height of IMSL above MSL. The 

last two of these have small variances compared to the variance of the geoid 

spheroid separation and will be ignored in this appendix. The variance of the 
2 

geoid-spheroid separation will then be considered to make up the whole of J ..01 

There are three basic ways of finding h . at present: 

1. from astrogeodetic measurements; 

2. from gravimetric measurements; and 

3. from satellite motion measurement. 

Other methods are for the most part combinations of these. Taking these in 

order, we find that the standard deviations they give for h . are related as 

follows to the quantities in equation (13) above. 
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The s. d. of h . derived by astrogeodetic techniques depends 

on the s.d. 's of the geodetic coordinates of the intermediate 

-points P. (j<i), the s. d. 's of the measured deflections . and q., 

and on the (unknown) values of t and 71 between P. and-P.tI. In 

regions where deflections do'not vary rapidly, as, e. g.; in 

geologically uniform plains areas, the s. d. 's build up slowly with 

distance, a value of ±1. 5 m over 2000 km being not unreasonable. 

In regions where deflections vary rapidly, the build-up will be 

much greater, and a s. d. of ±15-20 m, in the same distance 

could be expected. This number can be reduced by gravimetric 

interpolation, by identification of astro-geodetic points with 

points whose geoid-spheroid separation were determined geo­

metrically, etc. 

2. The s.d. of h . derived by gravirn6tric techniques depends on the 

s. d. of the gravity measurements, the density 'and number of 

measurements, the equations used, and the location of the point 

at which h . is being computed. If we use a global concept, find­

ing h . from gravity values over the entire world, evaluation of 

the s.d. of h . would involve the equation 

o2 = K2[F] [Z2 g ] [F]T (15) 
01 A 

where K2 is a constant, [z is the covariance matrix of the
Ag 

gravity anomalies, and [F] is the area weighting function appropriate 

to finding h .. In the VED, however, we limit our attention to a small 

area and are concerned not with h . referred to a best globally-fitted 

sphere but with h . referred to a sphere best-fitted to the Caribbean 01 

region. This means that we need 
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<22 o 	= (h. -h )>, (16)
Ah01 00 

which means a reductionof e lo' since we eliminate a large block 

of dubious material from the computation. 

3. 	 The s. d. of h 01. derived from tracking data by way of orbit theory 

depends for the most part of the s. d. 's of the tracking data used 

as input. If we look at the basic equation 

V = 	 V(X., h cm, S) . (17)
o i n n 

We see that the variance of h. is determined by the variances 

of the coefficients cm, Sm of the harmonic expansion of the 
n n 

potential V (V is suitably selected value). There are only a few 

coefficients available -- perhaps 200 if we strain the credibility 

gap. Hence, the variance of h . will be slowly changing function 

of K and 4 and furthermore, the error it measures will be 

reasonably constant over great distances, or in the jargon, will 

be highly correlated. 

In summary, the accuracy s. d. of the altimeter measurements can be 

derived from the s. d. relative to geoid and/or satellite heights above the 

spheroid if the systematic and random errors of these heights are known 

(or can be reduced to negligible quantities). The magnitudes of these errors 

in relation to the required altitude s. d. are then irrelevant. In the VE, the 

required knowledge of the errors is not available to begin with, and it is part 

of the design task to set up the experiment so that those errors which are 

present are either made inoccuous or are determined as part of the experi­

ment. Discussion of this aspect of the VED does not belong in this appendix. 
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APPENDIX I
 

NOTES ON BIASES, SHORT-PERIOD VARIATIONS, AND
 
OTHER COMMON CONCEPTS
 

Nothing is really constant except by definition. Hence when, in com­

paring an observable with its theoretical value, we distinguish between a con­

stant part of the difference and a varying part, we do so with the knowledge 

that the division is artificial. A more realistic nomenclature might be to call 

the variations long-period and short-period, with long-period variations being 

those that we cannot get rid of by averaging over the time interval for which 

we have data. Short-period variations, if they are random, can be given 

meaningful scatter-measures such as r. m. s. error, standard deviation, etc. 

Long-period variations can be, and frequently are, given scatter measures, 

but the meaning is then quite different from what it is for the scatter measures, 

of short-period variables. At present, custom does not provide different sym­

bols for the scatter measures of long-period versus short-period variables. 

The user of s. d. Is etc. , must therefore be very careful in distinguishing be­

tween them, especially if they are provided by someone else, and the only 

sure way of distinguishing is to study the nature of the parent variables. 

Another division of errors is into systematic and non-systematic (ran­

dom) errors. While these terms are sometimes used as synonyms for con­

stant and short-period errors, respectively, such use is erroneous. System­

atic errors are those which can be expressed as functions of the independent 

variables of the problem, non-systematic errors are, of course, those which, 

because they occur randomly, cannot be expressed as functions of the inde­

pendent variables. In one sense there are no non-systematic errors on the 

microscopic scale; events are considered random when our theory is inade­

quate to deal with them. One can usually remove systematic errors by 
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introducing enough empirical terms into the theory to account for them. This 

is quite permissible for applications of theory but gives no insight into the 

causes of the errors. Ad Hoc approaches are good for the short run, not for 

the long haul. 

The term "bias" has no widely-accepted meaning. It is used impartially 

for constant error, long-period error, long period systematic error, and for 

systematic error. It is also used by some workers as a synonym for, or 

measure of skewness. Perhaps its most widespread use is as a vague des­

criptor of any error that cannot be clearly identified as random. , 

Note carefully that the binary divisions discussed above are not clear­

cut dichotomies but merely convenient separations. A given error "variable" 

may fall into one, both, or neither of the two binary divisions. The import­

ant thing in error theory is not how we classify the errors but how we handle 

them. 
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APPENDIX J 

REMOVAL OF EFFECTS OF CERTAIN TYPES OF SYSTEMATIC 
ERRORS FROM OBSERVATIONS 

Let [Q be a set of I observations on a set of corresponding quantities 

ifq . The qi are assumed unknown and unknowable. The differences { bqJ­

ifQ. - q. are called residuals; they are the errors in the observations. We 

assume that the Sq. can be separated into two parts, 6ql i and 6q2 ., such that 

6qi = 6qi+ 6q 2 . (1) 

and 

I 

lira 5 q2 i = 0 (2) 
Io0o i=l 

The 6q 1 . are systematic errors; we assume that they are slowly varying with 

respect to the 6q 2i . 

Suppose that the qi are not independent but are related by J condition 

equations 

0 = fk (q ql), j = I to J (3). . .. . . 

so that 

-Aj = f (Q..... (4) 

where Aj is the discrepancy resulting from substituing Qi for qi 
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Then 

o = f 

+ 3 
f. Sf.
 

+ S 

+ higher order terms (5) 

or 

8f. at. 

Aj = q1q 1,Sql+ Sq. 6qL-_Sq2 i (6) 
i 1 

If the Sql i are systematic errors, they can be considered constant over suitable 

chosen sub-sets of i. Using the usual least-squares procedures, we can-deter­

mine the Sql along with the satellite coordinates, but not the 6qZ. The condition 

equations then become 

Of. 

Aj 8 5q i (7) 

and the systematic errors 6ql i that are found will have variances determined by 

the way the random perturbations 

6f.
 
6q3i Sqqzi (8)
 

enter the problem. 

If, as seems to be the case with the electronic tracking instruments, the 

systematic errors 6ql are large compared to the random errors 6qZ., the 

equations (7) can be solved directly for the Sq1 .. In the tracking problem, these 

equations will involve the observations from only 4 or 5 stations at a time, but the 

standard deviations in the station locations must be accounted for in the solution. 
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APPENDIX K 

PURPOSE AND ORGANIZATION OF ERROR ANALYSIS 

Error Analysis, 

The error analysis serve two purposes. First, it shows the way in which 

station coordinate errors, tracking errors, altimeter orbit errors, etc., combine 

to give a final altitude error; hence, they can be used to guide changes in the 

experiment set up, the tracking station arrangements, etc., being adjusted to 

minimize the altitude error. Secondly, it serves to demonstrate that the set 

up finally arrived at does indeed allow the altitude to be found (independently 

of the altimeter measurements) to the accuracy required for verification. Since 

design of the experiment set up is partly an art involving many trials and almost 

as many errors, the design procedure is best served by error analysis consisting 

of separate and individually applicable portions, each of which describes the 

effect of a different part of the set up. Three types of error analyses are dis­

tinguished for convenience. Type I, which is concerned with the effect of the 

geometry on the Height error; Type I, which is concerned with the effect of 

theory deficiencies on the Height error; and Type ImI, which is concerned with 

the effect of imposing constraints on the altimeter location. 

Error Analysis - Type I 

This analysis studies the effect of station arrangement, station location 

error, tracking measurement, and tracking measurement error on satellite 

coordinate error. It is completely geometric in nature and does not involve the 

satellite orbit. The orbit enters only as a convenience in preparing input data. 
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From given orbit elements and a set of times, and from a given set of 

station coordinates, sets of satellite coordinates are computed. These 

coordinates, together with tracking station cbordinates, are used to compute the 

elements of the observation coefficient matrix [a.j] or [A]. The equations 

are given in Appendix B. 

Error Analysis A Type II 

The most important deficiency in theory is the inadequacy of the theory 

to describe the orbit o the altimeter. There is no way of removing this 

deficiency in the reduction; in practice, the multiplication of observations 

reduces the effect of theoretical insufficiencies. Although the deficiency cannot 

be removed, its effect can be estimated, and the mathematics is given in 

Appendix D. 

Error Analysis - Type Ifl 

Two kinds of constraints appear in the theory. One is the type applied 

to the solution for the ocean surface heights h.. Knowledge of the surface andoj­
of the geoid in particular itself is unsatisfactory, but knowledge of limits on 

allowable slopes is quite good. The good condition inequalities, therefore, are 

in their original form, 

S1 < aho/O x<s 2 

s 3 < 8h /Bx < So 4 

where the S. are constants and, for practical work, S, = S3 and S = S4o For 

computation, the inequalities are turned into equations by adding nuisance 

variables. 

The second type of constraints is that placed on the heights h s of the 

satellite above the reference surface by requiring that the satellite coordinates 

X . satisfy the equations of the orbit. The mathematics for imposing this 

condition are given in Appendix E. 
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APPENDIX L 

CONFIDENCE LIMITS FOR THE STANDARD DEVIATION OF 
THE ALTIMETER HEIGHT 

h.= hli - hci i =i toN
 

(Y hl 2 h 
h =l +T c uhlh = (h li h . =" oh cih c= 0 i 
2 2 

Errors in h. are N(o, a-2hc) where Y-h is known. 

2hl 2h 2 
Errors in hij are N(o, Y2 h 1 ) where T h1 < o- oo is a specification 

N 

s Ah - N-I
 

i=l
 

N
 

Ah = Y .

N / 411 

How large must N be so that probability requirements for the following 

statements are met: 

E(Ah) - 0 
2h 2
 

c h 1 a oo
 

The quantity t = Ah/sAh 4N is distributed as Student's t with 

(N=I) degrees of freedom, the hypothesis being E(Ah) = 0. The 

(1-a) = y confidence interval is 

-t sAh h - sAh 
(Zkh-tN-i;l- 2 -jN ) < 'h< (Ah~tN-1;l-a 2 /N 
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Figure L-1 5 5 can be used to determine sample sizes so that the 

(1-a) = -y confidence interval will be shorter than L where L 

is a multiple of the unknown orAh. The length of the interval is 

ZtN-l;1-a 2 (skh/N) . 

2 Ah 2 2 "2h 2 
b. 	 Assume that if- Ah a- oo 4-+ 2h then h 1 - oo. The 

quantity (s 2h/&I N-1)/(aA h) is distributed as chi-square 

with (N-i) degrees of freedom. The (1-a) confidence interval is 

(N-i)ss 5TZ _h(N-x) s Ah
 
2 2
 

X n-x;X-f/Z 	 X N-x;a/2 

Figure L-2 55 can be used to determine sample size so 

that the hypothesis H 0 can be tested against the alternate 
o 

hypothesis H.
 
H 2zk 2 2h
 

S: o-Ah = o6 +rhc
0 

2 2 2h 
H : Ah > T oo +-hc 

Example 

i. 	 Let y = 0.99 or a = 0. 01. 

Determine N so that we can be 90% sure that the y con­

fidence interval is less than 0. 75 wtAh. From Figure L-1 

N -60. 

2. 	 Let a = 0.005 

Determine N so that the test is performed with a power 

0. 95 	and so that the ratio. 

R = h < 1.4. From Figure L-4 N- 75. 

dY oo fa h 
c 
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Figure L-t. 	 Graphs of sample size required to insure with a given 
probability - that a confidence interval for the mean 
with confidence coefficient .99 will be shorter than L. 
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a is the Type I error, i. e., the probability of rejecting a 

perfectly good hypothesis. P is the Type II error, i. e., the 

probability of failing to reject a false hypothesis. Power = i-1. 
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APPENDIX M
 

CONSTRAINTS ON VEDS
 

This section enumerates the explicit constraints on VEDS, as well as many 

of the implicit constraints embodied in the scope of this document. 

M-l Explicit Constraints on VEDS 

The constraints enumerated below were reviewed with and approved by 

Mr. J. D. Rosenberg of NASA as a basis for this study. 

M-1. 1 Satellite Orbital Parameters 

Apogee 850 nautical miles (1575 kin) 

Perigee 600 nautical miles (1100 kin) 

Inclintation 20 degrees 

M-I. 2 Satellite Attitude 

Maintained within Z of the normal (to the Reference Ellipsoid) 

at least 90%o of the time. 

Attitude angles known in retrospect for all times to within 10 

Attitude angle rate "small"; less than 1/3 degree per minute (of time) 

at least 95%/ of the time. 

M -1. 3 Satellite Lifetime 

Useful satellite lifetime during which the Verification Experiment 

may be performed is two (2) years. 

M-I. 4' Satellite Power Availability for Radar Altimeter 

Average prime power available to radar altimeter: 25 watts; 

Maximum peak power into antenna by radar altimeter: 5 kilowatts; 

Assume no schedule problem in power availability to radar altimeter*. 

* The power schedule may preclude use of the radar altimeter concurrently with 
the flashing beacon. This will restrict camera tracking to portions of the track 
during which the satellite altimeter is not ranging, and will require closer 
examination of the power schedule. 
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M-1. 5 Satellite Data Storage Available to Radar Altimeter 

Assume short-term processing storage is always available. Consider
 

no available long-term storage.
 

Consider some long-term storage, such as tape recorder, as an
 

alternative.
 

M-1. 6 Communications and Tracking 

Assume availability of the existing tracking nets.
 

Assume access to primary on-board instrumentation as necessary.
 

Assume availability of Apollo Tracking ships, with possibility of
 

strategically placing one ship for limited time.
 

Assume limited equipment in addition to existing equipment at stations.
 

M-i. 7 Primary On-Board Instrumentation 

Doppler Beacon
 

Laser Reflectors
 

Flashing Lights
 

C-Band Transponder
 

Goddard Range and Range Rate
 

Unified S-Band
 

RADAR ALTIMETER
 

M-1.8 Clock 

Assume availability of best classical clock flyable; of the order of 

10 11 stability. 

M-I. 9 Space and Weight 

Assume no problem for the present. 

This item may be re-opened, if necessary. 
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M-1. 10 	 Satellite Housekeeping 

Assume none will interfere, with radar. altimeter during its operation, 

and during verification. 

M-1. 11 	 Other On-Board Experiments 

Assume none will interfere with radar altimeter during its operation, 

and during verification. 

M 1. 12 	 Radar Altimeter Specs Assumed for GEOS-C, for VERIFICATION 
EXPERIMENT DESIGN STUDY 

ACCURACY 	 ± 5 meters; 

PRECISION ± 5 meters;
 

RESOLUTION 1 mete'r;
 

USEFUL LIFETIME ZOO to 500 hours;
 

FREQUENCY X Band; 8 to 10 GHz
 

M-Z Experiment Scope and Implicit Constraints on VEDS 

The experiment is to find out whether or not the given satellite altimeter 

can, from heights of 1100 km to 1575 km above the surface, measure these 

height to ± 5 meters rms error. It is explicitly assumed.that the altimeter 

manufacturer claims that the heights are measured from the altimeter to a 

surface called instantaneous mean sea level. It is implied that the ±L 5 meters 

(or better) should be obtained regardless of the state of agitation of the ocean 

surface and that the 1100 km lower height limit is not a limit on the altimeter, 

which should retain the d: 5 meter error down to Z00 km or lower, but is a limit 

on the experiment's capabilities. The scope of the experiment is actually much 

narrower than the above description allows, due to constraints imposed upon the 

experiment, as summarized in the previous section. 
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While most of the obvious constraints on VEDS have been enumerated 

earlier, several constraints which have substantial impact are explored in­

dividually and in greater detail, as of the initiation of this study. 

M-Z. 	I Time 

Time is the one variable that controls the scope of all projects. The 

verification project is limited by the 

(1) 	 useful life of the altimeter, and the 

(2) 	 useful life of the verification er oeriment results. 

The first of these facts is dependent upon among other things, the life­

time of the altimeter power supply and of the power supplies of associated 

equipment in the satellite. This lifetime hs been set at 2 years, so that 

the field measurement phase of verification experiment must be completed 

within two years after the date of launch. 

The second factor has not yet been given a numerical value. We can 

assume, of course, that results must be available before design and con­

struction of a successor altimeter such as SEA SAT-A is unchangeably under 

way. Also since VEDS also has the responsibility for getting data useful in 

designing a successor altimeter, these data should be coming out well before 

design is fixed. The following are judged to be reasonably expensive of the 

time requirement: 

(1) 	 the experiment shall have at least tentativ e values for the altimeter 

rms error within 4 months of the launch date; 

M-4
 



(Z) it shall have reasonably good values for rms error under dif­

ferent conditions withint Z years of the date of launch and shall have accumulated 

all needed or possible satellite dependent data by that time; and 

(3) it shall have final values on altimeter performance within 2. 5 years 

of the launch date. 

M-2. 2 Equipment 

The equipment to be used will be dictated not only by what is available 

and allowed, but by the time within which the experiment must be carried out, 

the volume of data we can usefully handle, the areas in which we can work, 

etc. This section will be concerned with the availability and allowed as­

pects. 

The amount of equipment required will include, in addition to the satellite 

and its launching equipment, a certain amount of tracking equipment to tell where 

the satellite was known to be; computing equipment to tell, from the tracking data, 

where the satellite was between observations, telemetry (communications) equip­

ment to get altimetry data from the satellite to the ground, more computing 

equipment to reduce the altimetry data, and more communications equipment for 

use in coordinating tracking, altimetry, and computing effort. 

In addition, it will be'necessary'to put into the field non-satellite as­

sociated equipment to independently establish the IMSL. This may involve 

use of at least one hydrographic survey ship equipped for measuring gravity, 

ocean depths, and salinity, temperature and pressure variables. Location of 

the survey ship with respect to established tracking stations will require certain 

equipment. This will be of standard types and will include a set of HYDRODIST 

or AUTOT APE. At least one high-altitude (10 km to 20 km) flying airplane 
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equipped with a precision wide angle mapping camera and radar altimeter may 

be required, to check sea state in the altimeter spot. Finally, a certain amount 

of miscellaneous equipment such as measuring engines, automatic plotters, clocks, 

etc., will be needed. Such items will not be detailed here. 

Primary concern is with the tracking equipment. All NASA and NASA­

supported tracking stations will be assumed available for tracking, and all 

will be assumed to be allowed for contributing data to the orbit determination. 

Figure M-I shows the stations involved, their types and their locations. Ap­

pendix A gives the station coordinates to 0. 0, which is adequate for planning. 

Not all these stations will be used for precise, orbit-independint, fixing of 

altimeter position, however. Some will be unable to track the satellite because 

it will be invisible (or near enough as makes no difference) to them; others 

will be located where no geodetically significant altitudes are to be measured, 

and some will not be used because they cannot fix the satellite location ac­

curately enough. In particular, we can eliminate from consideration because 

°of area requirements, all tracking stations above +Z5 0 (N) or below -25 (S). 

Because they are not in geodetically useful areas, we can probably ignore some 

stations such as Al0, 9006, A5, and M9. Because of their large instantaneous 

measurement r.m. s. errors, we will eliminate the MINITRACK stations and 

TRANET stations. 

In addition to the stations shown in Figure M-1 and M-Z, we assume that 

those USAF PC-1000 camera stations in geodetically useful areas may be asked 

to cooperate at specific times. Status of the U. S. C. & G. S. net at time of 

verification is not known, but we will assume that at least three stations will 

be available for tracking in North or Central America at some time. 

M-2. 3 Geographical Regions 

The orbit of the altimeter is scheduled at present to have an inclination 

of about 20 * . Only regions within latitudes +20' and -20O on the Earth are 

therefore open to the verification experiment. Furthermore, only water areas 
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need be cbnsidered; political and engineering considerations eliminate exper­

iments over land areas. This effectively limits the areas to Lake Nicaragua 

and Lake Victoria, to large bays like Lake Maricaibo, and to open oceans. 

A further restriction on the regions open to the experiment is set by the 

requirement that only those regions be used where there is sufficient geodetic 

information to allow verification. This restriction is not as severe as it seems 

because very little geodetic information is needed to verify some aspects of 

altimeter performance. In fact, we can identify at least four categories of 

verification, only one of which induces a strong regional limitation. Here, 

however, the monetary efficiency restriction must be noted. Having selected 

an area of well known geodetic characteristics, we should carry out in that 

same area all other verification experiments that require appreciably more 

money to be spent unless there are essential aspects of the altimeter's per­

formance that cannot be verified by experiment in that area. Since experi­

ments in the absolute and relative categories are the ones needing most money 

to be carried out, we can conlude that these should be co-located, and that 

the experiments in the last two categories may be carried out. anywhere cir­

curnstances allow except for those parts of the two experiments that will re­

quire special equipment (such as new tidal stations, aircraft flights, and so 

on). 

An additional consideration in. the selection of experimental regions 

is the availability of sufficient oceanographic and geographic information to 

determine instantaneous sea level where necessary, either from available 

data or by use of additional measurements. 

M-Z.4 Additional Equipment 

Not shown in Figures M-l1 and M-Z are the ships used by NASA as mobile 

tracking stations. At least one of these ships can be expected to be available 

to the experiment where the experiment is carried out in accessible waters. 

Exact time and numbers of ships must be left indefinite at present. 
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In addition to the tracking equipment discussed above, there is consider­

able optical tracking equipment in operation as part of the European Satellite
 

Triangulation Network. The instruments in this network have varying accur­

acies, but with careful use should be able to get directions to :h 0'5 to +Ll1'0. 

Where appropriate (i. e., in the few cases that the camera stations can see the 

satellite), cooperation froi the countries using these cameras might be obtained. 

M-2.5 Orbit 

The orbital elements a, e, i, Q , o, r suffice to determine the location 

of the altimeter at a given time t. a is the semi-major axis of an ellipse, e 

the eccentricity of that ellipse, and i the inclination of the plane of that ellipse 

to the equatorial plane. 0 is the right ascension of the intersection of the 

ellipse plane with the equatorial plane, wothe angle from the line of nodes to 

the line of apsides (at perigee), and T is the time at which the true anomaly of 

the satellite is zero. 

The most important restriction is imposed by the inclination i, since it 

limits the altimeter to making measurements over the zone between latitudes 

+iand -i; here, i = 20 . 

The next most important restriction is that placed by a and e conjointly. 

The semi-major axis is approximately 7, 780 km and e, the eccentricity, is 

about 0. 025. This will cause the altimeter to bob up and down between alti­

tudes of about 1150 km to 1600 km (neglecting the flattening of the earth). At 

a 600 zenith distance limit for useful observations, the satellite carrying the 

altimeter can be tracked out to distances (projected on the earth) of less than 

1200 km at minimum altitude and of less than 1700 km at maximum altitude-­

say about 1500 km average. 

The line of nodes at 20' inclination will regress at the rate of about 50 

per day. As far as the altimeter is concerned this merely increases the 

spacing between successive tracks by about 0.40, an amount that can be 
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ignored in preliminary planning. More important is the motion of the line of 

apsides., at 20 inclination of the orbital plate, the line of apsides (connecting 

extremes of altitude) progresses at the rate of about 0. 1 0 per .revolution or 

2.40 per day. The altimeter will therefore maintain minimum altitude over 

the Caribbean, for example, for only 4-5 days at a time, or for 16-20 days 

in 2 years. AppIroximately these same values apply to times during which the 

altimeter will have minimum height over the Hawaiian Islands-Johnston Islands 

area and over the Marshall Island. Unless the orbital elements are selected 

with great care, the altimeter will pass over Lakes Chad, Maracaibo, and 

Nicaragua less than 30 times (each) during a two year period, for example, 

for a total of less than 400 individual measurements. 

The element T is of importance only in its relation to the weather to be 

expected at the tracking stations. The altimeter and electronic tracking devices 

will work satisfactorily in most kinds of weather except electrical storms; 

optical equipment such as cameras and lasers will work satisfactorily only in 

clear weather. The time of launch should therefore be selected to put the 

altimeter in its most favorable position with respect to optical tracking sta­

tions during seasons that are usually clear. If the launch time, and hence i-, 

cannot be controlled, the observing schedules must be drawn up with the given 

T and 0 in mind. 
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APPENDIX N 

TERMINOLOGY & DEFINITIONS 

Many terms used in this report have not before been used with precisely 

the denotations given them in this report or have not before been given precise 

denotations. The most frequently used terms are therefore defined below; 

other terms with special meanings are defined at the place of their first use, 

I. 	 Distance and Related Terms 

Distance is the length of a geodesic between two points. For the pur­

poses of this report, the satellite altimeter is assumed to be a geometric point 

and all tracking stations are assumed to be points. The distance from the al­

timeter to a tracking station will occasionally be referred to as a range; the 

distance from the altimeter to the altimeter footpoint on a given surface will 

be called the height. (A footpoint is that point at which a perpendicular from 

the altimeter intersects the given surface. We assume one and only one foot­

point for each location of the altimeter and each given surface). Unless other­

wise stated, distances between ground points will be distance calculated on 

the International Spheroid between the footpoints of the ground points. Also 

unless otherwise stated, the distances are distances in vacuum; i. e. refrac­

tion effects have been taken into account where necessary. 

Z. 	 Measurement 

An altimeter distance measurement (or measurement) is a number given 

to the experimenter and purporting to be the altimeter height. It must be ac­

companied by a specification of a time corresponding to the measurement. 

The construction of the altimeter system to be used in the experiment is such 

that the measurement will not be the same as any actual height of the altimeter 

above a real surface. In determining height, the altimeter system produces a 

number which is the result of averaging and manipulating in a complex fashion 
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a large number of observations. Neither the averaging process nor the mea­

surement technique had been fully specified at the time of this study. It was 

assumed that the measured height would be the measured height of the altimeter 

above a surface called instantaneous mean sea level, defined below. (Measured 

height is not the number sent from the satellite as "height" but is the result of 

applying a number of calibration corrections to the telemetered "height" num­

ber. The nature and validity of the calibration corrections are not the concern 

of the experimenter in his role as verifier of the altimeter performance; they 

are of concern to him only insofar as he is expected not only to verify perfor­

mance but also to show performance may be improved.) 

3. 	 Sea Level 

Sea level is the height of the sea at a given longitude and latitude at a 

given instant. It is synonymous with "sea height" and a host of other terms. 

Sea level is measured with respect to a reference surface associated with 

North American Datum 1927. (NAD 1927 specifies the Clarke 1866 spheroid. 

In following sections of the report locations and computations are assumed to 

be made on the International Spheroid or Reference Ellipsoid rather than the 

Clarke; transformation from one spheroid to the other as necessary is assumed.) 

The set of all sea levels at a given instant of time defines the sea surface at 

that instant (defined as the Momentary Sea Surface, A s). To avoid complicated 

explanations and-procedures on minor matters, this study will concern itself 

only with continuous sea surfaces, and will not consider spray, surface mist 

or fog, foam, etc. 

4. 	 Momentary Sea Surface 

The Momentary Sea Surface, is a real-world concept of the figure of the 

ocean surface "frozen" at a given instant of time over an area. (Distrations 

such as air-sea interface and air pockets will be neglected for purposes of 

this study.) 
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5. Instantaneous Mean Sea Level 

Instantaneous mean sea level (IMSL) at a given instant is defined only 

for a given area of sea surface. It is the height of that surface whose (constant) 

height above the International Spheroid (see above) is ocean level at that instant 

within that area. Stated slightly differently, the IMSL is defined as the momen­

tary sea surface averaged over a specified area, subsequently defined as the 

fobtprint. (The averaging is performed by selecting an ellipsoid, from the 

same family as the reference ellipsoid, for which the volume of water above 

that ellipsoid is equal to the volume of air below, over the footprint area. ) It 

is presumed that the IMSL is not sensitive to the precise size of the footprint, 

and does not change significantly from one area to the neighboring area. In 

following sections we shall frequently assume that IMSL within an area differs 

by an insignificant amount from the height found by averaging, over a few min­

utes or time, the heights at a few points widely spaced throughout the area. 

The time period must be short to avoid significant contributions from the tide 

or seiches; the wide spacing is desirable to ensure that persistent differences 

in wave pattern between various parts of the area will not bias the IMSL. 

Radar altimeter measurements are averages of measurements made 

over a 1-second interval. During this interval the altimeter has moved a 

distance of about 7. 5 km parallel to the spheroid and up to 500 meters per­

pendicularly to it (in altitude). The ocean surface probed by the altimeter, 

(i. e., which contributes to the measurement process) is called the footprint, 

and is in an area about 10 km wide and 20 km long. 

6. Mean Sea Level 

Mean sea level is the average value of sea level, at a given longitude 

and latitude, over a specified period of time. No matter what period of time 

is taken for the avergaging, it will be found that second average over another 

equal but non-overlapping period will have a different value from the first. If 
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we specify the time interval to be 20 years, so that it includes the saros, we 

find that all major tidal, tsunami, meteorological, and wind-wave effects 

average out. Mean sea levels in successive Z0-year periods will then differ 

by only a few millimeters, in the open oceans at least. These persistent 

differences may be caused by changes in water volume, water mass, current 

changes, etc. 

7. 	 Altimeter 

The altimeter is used in more than one sense. In the narrow sense, it 

refers to the radar hardware system on-board the satellite, including the 

antenna and on-board data processing, but excluding other satellite substems 

such as telemetry, storage or the clock; ground support equipment is ex­

cluded. In the broader sense, it includes all related-hardware and software, 

including ground tracking systems and ground-based computers. 

In any event, the output of the altimeter consists of pairs of numbers 

of altitude and associated time. The altitude is a measure of the distance from 

the satellite to the IMSL, and the time is the instant at which the altitude is 

applicable. These pairs of numbers are the ones to be verified. 

Whether the term altimeter, or altimeter system, or satellite altimeter, 

etc. , is intended in the narrow or in the broader sense is determined by the 

context in which it -is used. For purposes of describing the radar, the altim­

eter is described in the narrow sense, while for purposes of verification the 

altimeter (or altimeter system) is thought of in the broader sense. 

8. 	 Geoid 

The geoid is here defined as that equipotential surface which has a 

height of zero meters at the Meade's ranch, Kansas, monument. This defini­

tion makes the geoid inaccessible at the point where it is defined, but does 

relate the geoid to the same physical point as that used in defining NAD 1970. 
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9. Convention and Geometry 

As a matter of convention, the following symbols are adopted (see Fig­

ure N-I): P designates points, and A designates areas; the subscripts specify 

the particular point or area. Unless otherwise specified, all areas A will be 

defined with dimensions of the order of the size of the radar footprint area, 

centered about a point designated as P, where A and P have the same sub­

script. 

(In general, H is used for a height or Satellite-to-Earth measurement, 

while D is used for distances of less than 100 meters. ) 

The fundamental reference for all positions is the Reference Ellipsoid. 

This is the International Reference Ellipsoid of 1930, an acceptable reference 

for geodetic data as well as for tracking data. 

P is defined as the instantaneous position of the satellite, which changess 

with time. 

P e is a point on the Reference Ellipsoid corresponding to P s , such that 

P lies on the normal (perpendicular to the Reference Ellipsoid) which passess 

through P . The distance between P and P is defined as the Height of thee s e 

satellite, a vector quantity with magnitude H . e 

P is a point on the Geoid lying on the normal (to the Reference Ellipsoid)g 
passing through P e 

e 

MSL is Mean Sea Level, not further defined at this time. (Oceanographers 

would refer to this as climatological sea level. ) P is a point on MSL lying 

on the normal through P 'e 

A is the momentary sea surface (described earlier) of size the order 
s 

of the footprint about the normal to the Reference Ellipsoid; A is the rough
5 

"picture" of the real ocean. 
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Pi is defined as the intercept of the height vector with the instantaneous 

sea level. The intercept of the height vector with A is designated P.. The1 1 

distance from P to P. is called H.. It is assumed (and discussed subsequently)s 1 1 

that the radar tries to measure H.. 

R is defined as the radar uncorrected (or uncalibrated) range reading. 

This is the best radar estimate of the ocean surface location in the absence 

of calibration; it is raw data. P is the point a distance R from P along the r s 

height vector. 

C is defined as the radar calibration correction, resulting from correla­

tion between the radar ranging values R and other information about the real 

world. 

H is the best radar measurement of H. (Pi) after calibration correctionr 1 1 

C. 

E is the residual radar error, or uncertainty in the radar measure­r 

ment H 
r 

Piv is the verification experiment measurement of P.; i. e., it pre­

supposes that P. cannot be determined precisely, even for verification pur­

poses. 

E
V is the residual verification error, or the uncertainty in the verifica­

tion experiment measurement P. 
IV
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Figure N-I. VEDS Geometry 
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APPENDIX 0 
OCEAN SURFACE CONDITIONS (OCEAN TRUTH) 

B. Kinsman 

0-1 Descriptions of the Ocean Surface and Their Relation to Radar Altimetry 

0-1. 1 Descriptions of the Ocean Surface 

Were the ocean at rest on the rotating earth and free of all forces except 

gravity, the surface of the ocean would be singularly easy to describe. In a 

word, it would coincide with a level geopotential surface. But the ocean is 

neither at rest nor is it free of driving forces. The great oceanic circulations 

powered by the differences in solar energy reaching the earth tilt the surface 

over great distances and over long time intervals. At lesser scales the sun 

and moon induce-periodic displacements, and earth movements cause intermittent 

tsunamis. At still smaller scales the wind generates waves, while at the smallest 

scales even a fish breaking water makes ripples. The simple geopotential sur­

face (whose precise determination is anything but simple) is never encountered 

in nature. 

If the level geopotential surface is taken as a reference, and 11 is the 

departure from it, then a complete description of the sea surface would require 

a specification of Tffor all positions on the two-dimensional curved surface of 

the earth and for all time. We ask for 'n = 'n (x, t) where xis a suitably restricted 

two dimensional position vector and - oo <t<+oo. Clearly the request is pre­

posterous. The sea is far too large, and the forces too many and too little 

known. Instead of a complete description of the ocean surface, we have many 

partial descriptions, each fashioned to meet some need sufficiently well. The 

seaman has fashioned a crude description which permits him to communicate to 

other seamen the aspects of the ocean important to him. George Darwin, studying 

tides, describes an ocean surface which varies smoothly with a complex periodicity 
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Current tilts, tsunamis, wind waves, and ripples have all disappeared, but tidal 

predictions based on his partial description are of the greatest utility to shipping. 

The scientist studying wind waves may have trouble "removing the tide" from his 

actual record, but in the end he describes his wind waves as though the ocean 

were tideless. Corresponding to each problem on which attention is focused, 

there is a conceptually ideal partial description and a number of more or less 

satisfactory practical partial descriptions which have actually been created. The 

problem of radar altimetry is no different from other problems. It sets the re­

quirements of a useful partial description. If we must first create the appro­

priate partial description, gather the data, verify the description, and, in short, 

hatch the whole thing ab ovum before we can attempt radar altimetry, we are 

clearly in a bad way. 

Our first task is to review briefly the requirements of the radar altimetry 

problem and then, just as briefly, inspect the partial descriptions of the ocean 

surface created for other problems. We can hope that with luck some one among 

them will also be useful to us, and at the very least, there will be clues and usable 

fragments. 

0-1.2 The Requirements of Radar Altimetry 

At root the measurement of distance with a radar altimeter consists of 

illuminating a distant target with a burst of energy of a specific sort and sensing 

the energy reflected from the target. If both instrument characteristics, e.g., 

beam width, burst duration, frequency, etc., and the nature of the illuminated 

target, e.g., surface shape, orientation, dielectric properties, etc., are known, 

the reflected signal is easily interpretable and can be used to compute a distance 

to the precision of the instrument. The instrument characteristics are well 

known. However, application of radar altimetry to the real world ocean presents 

it with a poorly known target which makes the reflected signals difficult to 

interpret and decreases our confidence in the distance we compute. 
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One of the important parameters of radar altimetry which depends on both 

the instrument and the target is the scattering cross section per unit area 

denoted by a0 . The area to be illuminated can be designed into the instrument 

and is of the order of 7 kilometers or so. This at once tells us that gross struc­

ture -- features with the scales of the current tilts, tsunamis, and tides -- need 

not appear in our descriptions. They will tilt the entire target only slightly; 

departures of the order of a few seconds of arc at the most are a reasonable 

expectation. It is also immediately clear that we will want to know the fine 

structure of the sea surface -- the wind waves and possibly the ripples. Further, 

if we are to mount our instrument in an orbiting satellite which passes over the 

entire ocean in a few hours, we will find a description that incorporates the 

variation with time of the fine structure over the world ocean of the greatest 

utility., 

Among the characteristics of the sea surface target that will affect G' 

we may mention: 

1. 	 The wave heights, both their size and their distribution over 

the illuminated area, 

2. 	 The slopes of the sea surface within the target area, 

3. 	 The gross tilts of the area, and 

4. 	 The dielectric properties of the sea water. 

It is characteristics such as these which, because they cannot be controlled 

as the instrument characteristics can be, pose the real problem of determining 

proper values for a' . Ofthose enumerated, it is 1 and Z, the structural height 

and slope properties of ,the sea surface, which are most important at radar 

frequencies. For a normally incident beam, a surface reasonably describable 

as "rough" returns a smaller signal than does a "smooth" surface. However, at 
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grazing incidence the "rough' surface returns much the -stronger signal. Prop­

erty 3, the gross tilts, will have its greatest effect indirectly through 1 and Z 

by changing the nominal incidence of the beam. The effect of 4 is minor. To 

radio waves the dielectric properties of sea water are sensibly constant over 

the entire range of salinities and temperatures encountered in the -open ocean. 

It thus becomes clear that two kinds of description of the sea surface are 

pertinent to radar altimetry. One kind will address itself to the "fine structure, 

the other to global variations of the fine structure. Unless a description of the 

sea surface promises information of these kinds, we can ignore it. 

0-2 A Review of Likely Descriptions of the Ocean Surface 

0-2. 1 The Fundamental Theoretical Sinusoid 

In the early part of the 19th Century, George B. Airy produced an approxi­

mate solution of the equations of motion and continuity for an inviscid, incom­

pressible fluid with a free surface under the influence of gravity. He found that 

a permanent sinusoidal deformation of infinitesimal amplitude was compatible 

with Newton's second law if it moved, i.e., exhibited wave behavior, at a phase 

speed c = L/T, where L, the wave length, and T, the wave period, are func­

tionally related. The depth of the fluid, h, also plays a role. For a wave in 

deep water, one whose length is no more than twice the water depth (h/L< 1/2), 

the relation between T and L is T = (27 L/g)l/2 where g is the acceleration of 

gravity. For radar altimetry, the size of the illuminated patch makes waves 

with lengths greater than 4000 feet uninteresting. Any wave with L <'4000 ft 

will be in deep water whenever the depth h > 2000 ft. Since most of the world 
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has depths in excess of 2000 ft, it is clear that within the context of our interest 

we will usually be dealing with deep water (or alternatively "short") waves. 

Airy's sinusoidal wave gained importance when Fourier created an analysis that 

permitted the decomposition of the most complicated sea surfaces into sums of 

pure sinusoids of appropriate amplitudes, periods, lengths, phases, and direc­

tions of propagation. The interpretation of these Fourier component sinusoids 

as Airy waves is attractive but requires caution. It is exact only if the equations 

governing the sea surface are linear, which they usually aren't. However, we 

are fortunate that in many cases we are not led seriously astray by the. identifi­

cation. Most descriptions of the sea rely on Fourier decomposition into Airy 

waves when theoretical support is required, and they usually violate the con­

ditions of the highly simplified theoretical model in at least one of two ways. They 

either assume that a result derived for waves with infinitesimal heights which 

you can't see will do just as well for a wave a foot high which you can see, or 

they assume that it will do no harm to deduce results from an extrapolation of 

a linear combination of the Fourier components as though they were Airy waves. 

0-2. 2 A Collection of Material From Simple Descriptions 

For centuries seamen have been watching waves and recording what they 

saw in their logs. More recently scientists began to observe waves with instru­

ments which have become increasingly more sensitive and sophisticated. Not 

one of them has ever seen an Airy wave. The component sinusoid has one height, 

one length, one period -- one of anything you choose to talk about. The waves 

of the sea have many heights, many lengths, many periods -- many of anything. 

If you want a simple description of the sea, you must single out some particular 

feature, say a height you consider characteristic, or you must boil down the 

chaos with statistics. For example, you might report some average wave height. 

The simpler the description, the more of the essential welter of the sea surface 

you lose. If you will keep this firmly in mind, you will be better able to see 
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what the following material tells you and, even more important, what has been 

left out. It is a collection which mixes observations, deductions from Airy 

waves, and very simple energy transfer considerations. 

We have seen that both the height and the slope structures of the sea 

surface are important. Table 0-1 shows a common classification code for the 

condition of the sea surface with respect to height, H, the difference in elevation 

between any crest and the succeeding trough. 

Table 0-1. Sea State Classification 

(Douglas Sea Scale) 

Term Code H (ft) 

Calm 0. 0 

Smooth 1 1 

Slight 2 3 

Moderate 3 5 

Rough 4 8 

Very Rough 5 12 

High 6 20 

The values of H given in the third column are supposed to be the maximum 

wave heights corresponding to each class. The table is carried only to 20 ft 

waves since waves higher than this are rare. 

A crude measurement of the slope of the sea surface is the wave steepness, 

H/L. Clearly, a wave 5 feet high and 35 feet long (H/L = 1/7) is a much different 

thing than one 5 ft high and 350 ft long (H/L = 1/70). Table O-Z gives a code in 

terms of steepness. "Instability" indicates that many of the wave creasts are 

breaking. 
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Table 0-2. Wave Classification by Steepness 

Wave Type s Criterion 

Low H/L <0.01 

Moderate 0. 010 < H/L <0. 040 

Great 0.040 < H/L ---0. 143 

Instability 0. 143 < H/L 

Wave heights, as even Ulysses knew, are related to the wind speed. A simple 

empirical relation suggests that we use H = 0. 026W z with H in feet ando , the 

wind speed in knots at anemometer height (10 m) above the water. The sea gains 

energy from the wind, and as it does, the waves grow. The process cannot go on 

indefinitely. For any given wind speed, there is a wave state which loses energy 

as fast as it gets it. Such a saturated sea is called fully developed or fully 

arisen. A certain minimum time and sea room are necessary if the sea is to 

become fully arisen. The length of time a wind of a given speed has blown is the 

duration D and the extent of the water surface over which it blows is the fetch, F. 

Table 0-3 gives for each sea state the requisite wind speed, the representative 

wave .height, and the length, phase speed, and period of three characteristic 

waves. Table 0-4 gives the minimum fetch and the minimum duration necessary 

for a given wind to produce a fully developed sea. Table 0-5 gives empirically 

based frequencies of occurrence for wave height in the various oceans while 

Table 0-6 gives observed maximum and minimum wave lengths. The large 

range of wave lengths in all oceans is striking. 

0-2. 3 The Power Spectral Representation of the Ocean Surface 

Visual observations and simple descriptions of the sea surface are not 

without their value, but the currently fashionable representation uses the power 

spectral density. Very compactly, the power spectral density function correspond 

ing to a sea surface is the Fourier transform of its autocorrelation function. It 
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Table 0-3. Deep-Wave Relationships For Fully Developed Sea 

Sea ..
 

State Wave Type: Low Mode_ate Great
 

Code U(knots) H(m)* L(ft) C(knots) T(sec) L(ft) C(knots) T(sec) L(ft) C(knots) T(sec)
 

0 0 0 0 0 0 0 0 0 0 0 0 

1 6.2 0.3 100 13.4 4.2 25 6.7 Z.1 7 3.6 1.1 

2 10.7 1.0 300 23.2 7.3 75 11.6 3.7 21 6.2 1.9 

3 13.9 1.5 500 30.0 9.5 125 15.0 4.7 35 7.9 Z.5 

4 17. 5 2.5 800 37.9 12.0 z00 19.0 6.0 56 10.0 3.20 
oo 5 21.5 4.0 1,200 46.6 14.6 300 Z3.2 7.3 84 12.3 3.9 

6 27.8 6.0 2,000 60.0 18.9 500 30.0 9.5 140 15.9 5.0 

c/u= Z.16 1.08 0. 58 

Thus, for sea states 1-6 the variation in period, T, is approximately from 1 to 19 seconds 

and in wave length, L, from 7 to 2, 000 feet for a fully developed sea. 

"'Wave Height, H, is crest-to-trough (peak-to-peak). 

** The wave age, c/U, is a dimensionless measure of the length of time necessary for the wave to grow. 



Table 0-4. 

Minimum Fetch & Duration vs. Wind Speed 

for a Fully Developed Sea
 

Wind Speed Minimum Fetch Duration
 

U (knots) F min (n mi) D min. (hr.)
 

10 10 2.4
 

20 75 10
 

30 280 23
 

40 710 42
 

50 1,420 69
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Table 0-5. Relative Frequency of Waves of Different Heights in Different Regions 

4-7 7-12 12-20 ..!20
Ocean Wave Height: 0-3 3-4 

Region (feet) % % % % % % 

North Atlantic 20 20 20 15 10 15
 

Mid-equatorial Atlantic 20 30 25 15 5' 5
 

South Atlantic 10 20 20 20 15 10
 

North Pacific 25 20 20 15 10 10
 

East equatorial Pacific 25 35 25 10 5 5
 

West wind belt of South 5 20 20 20 15 15
 
Pacific
 

North Indian Ocean 55 25 10 5 0 0
 
(Northeast monsoon season)
 

25 20 15 10
0 North Indian Ocean 15 15 

- (Southwest monsoon season)
 
0 Southern Indian Ocean 35 25 20 15 5 5
 

West wind belt of southern 10 20 20 20 15 15
 
Indian Ocean
 

(Bigelow and Edmondson, 1962)
 

Table 0-6. Length of Storm Waves Observed in Different Oceans
 

Ocean Area Wave Length (Feet) Number of
 
Maximum Minimum Average Cases
 

North Atlantic 599 115 303 15
 
South Atlantic 701 82 226 32
 
Pacific 765 80 242 14
 
Southern Indian 1121 108 360 23
 
China Sea 261 160 197 3
 

(Bigelow and Edmondson, 1962)
 



is a function of vector wave number and frequency and contains vector position 

and time as parameters. In more immediately accessible terms, the power 

spectral density function is a bookkeeping device that takes the energy stored in 

a wave system and sorts it into the energy of the various Fourier component waves 

by period, wave length, and direction of travel. It carries vastly more information 

than the simpler descriptions, and, if the energy of the system is what your 

problem requires, it can be very useful. From it such statistics as the average 

heights of component waves within specified frequency and wave number bands 

can be calculated. However, these are still statistics. The precise details of 

the time and space histories are lost. Another way of saying this is that the 

phase relations among the Fourier components vanish. All disturbances in 

which the components have the same energies appear the same to the power 

spectral density no matter how they are put together. It is clear that seas dif­

fering widely in detail will be regarded as the same so long as their energy 

structures are the same. 

The full wave number-frequency energy density spectrum is inaccessible 

becaase it requires too much input information of kinds we cannot now get. It is 

therefore the practice to use various reduced versions. The simplest is the 

frequency power spectral density function which can be computed from a time 

history of the water elevation at a single point. It is a function of frequency 

and has time and the probe position as parameters. It reports the energy cor­

rectly and sorts it by component periods, but it is totally unable to tell you from 

what directions the energy in waves of a given period is reaching the probe. A 

somewhat more elaborate version is the line spectrum which can-be computed 

from a record of water elevation along a line made at some instant of time. It 

will sort the energy by wave number (wave length) as it appears to the line. If 

you are willing to assume that the Fourier components are Airy waves, then the 

relation between period and wave length will allow you to deduce directional in­

formation with a bilateral ambiguity. If you can get a record of the water 
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elevations over an area at an instant of time, then the vector wave number 

spectrum, sometimes called the two-dimensional spectrum, becomes possible. 

An engineer I know once called this "the fingerprint of the sea." Since the 

record from which it comes is instantaneous, there is a 1800 ambiguity about 

which way the components are traveling. In this case since waves generally 

run with the wind, you can resolve the ambiguity. 

Many attempts, some of which have met with reasonable success, have 

been made to relate the spectrum to be expected when the wind field is known. 

This is of interest to our problem since wind fields can be deduced from weather 

maps. Complete success would permit us to describe the sea state by the energy 

spectrum for the entire globe, given a complete weather net. 

Another line of endeavor which is still in its infancy bears on the propaga­

tion of waves. Waves run and a storm off New Zealand can furnish waves for 

Bermuda days later. Forecasts of wave propagation based on a linear super­

position of Airy waves is simple in principal, although tedious to execute. Most 

methods in use today have this as their base. However, wave propagation is a 

non-linear problem, and, while the non-linear effects are small, -the distances 

and running times are so long that non-linear effects can build up to the point 

where a linear analysis can lead us astray. So far, a beginning has been made 

at understanding the physics of non-linearity, but little has been achieved that 

permits practical application. 

0-2. 4 Very Fine Structure 

For radar altimetry surface slope is one of the most important parameters. 

On the sea surface, the most extreme slopes are associated with the ripples or 

capillary waves. Except in flat calms and very light airs, the ripples are always 

there. The first waves that appear at the onset of a wind strong enough to make 

waves are capillaries with lengths of the order of a centimeter, and in mountainous 
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storm seas the ripples are still found riding the large waves. Studies of 

capillaries frequently handle their slopes by considering them as facets set 

ih the larger gross structure. To give you a feeling for this description, we 

can hardly do better than quote from Marks, W. (1965) "The application of airborne 

radar to -the measurement of the state of the sea:" (i) 

"The radar observes reflections from facets on the surface of a wave; 

the strength of the reflected signal depends on the size and orientation of 

the facets with respect to the angle of incidence and frequency of the radiated 

signal. 

"The wind speed is the primary factor that influences the roughness and 
slope distributions of the tiny wavelets in the sea and (that) these distributions 

are significantly unique in different states of sea. By carrying out a dimen­

sional analysis, it was shown that air momentum (M) and air viscosity (i]) 

acting on a water surface that resists deformity through gravity (g), water 

density (pw) and surface tension (T), produces a roughness condition (R), 

characterized by a slope distribution(s) 

S = f [ T; (Fhv)] 

In this expression, the air momentum is expressed in terms of air density 

(pa) fetch (distance over which wind blows) (F), the effective height of the , 

wind (h) and the wind speed (v). The term
 

gPwPa
 

is considered to be constant. The fetch determines the state of wave 

development for any given wind speed and the effective height prescribes 

uniformity in correlation of wind speed with sea state. Therefore, it is 

the wind speed that primarily governs the slope characteristics of the waves." 

(i) "Oceanography from Space," edited by G. C. Ewing, WHOI, Ref. No. 65-10, 1965. 
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0-3 	 Sources for Occasional or Continuing Information About the State of the
 
Sea and Pertinent Associated Qualities
 

0-3. 	1 The Fleet Numerical Weather Center (FNWC) 

Numerical wave and swell analyses have been made twice daily atFNWC, 

Monterey, Calif., since 1961. Wave and swell (waves which have propagated 

away 	from their generating area) fields are merged by an rms technique to 

provide wave heights, directions, and frequencies. From the accumulating 

analyses, monthly means and standard deviations for the wave heights are com­

puted as well as mean and modal propagation directions. For computational 

details consult Hamilton and Corkum (1969). 

FNWC uses anumber of procedures. In one, stereophotos from four 

aircrafts are used when the waves are medium to large. In another, oceanic 

scale predictions of winds are used to deduce wave spectra. The FNWC main­

tains a regular program of verification in its effort to improve the accuracy of 

its forecasts by making observations in areas available to it. Sources of records 

for verification include a variety of airborne, shipborne,- and tower mounted 

instrument systems. 

0-3.2 The Applications Technology Satellites (ATS) 

Valuable information on the sea surface structure at scales of interest 

down to capillary waves and in areas where no direct observations are available 

may be derived from the Applications Technology Satellites (ATS). These 

satellites are space-stationary at an altitude of about 36, 000 km, and each views 

continuously a fixed region of earth. When the region is oceanic, the glitter 

patterns of reflected sunlight are indicative of the sea state condition. A calm 

ocean-would, show only a single intense reflection from the point appropriate to 

the laws of geometric optics. A wave covered sea surface reflects the sUns 

light from any surface that happens to be tipped at the right angle, and the sun 

glint then appears as a much larger, more diffuse source. A dark spot in the sun 
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glint pattern arises from a relatively calm patch within the illuminated area. 

When such a calmpatch passes through the position which the sun's calm-water 

specular point would occupy, it reveals itself by returning a much more intense 

light and then blackening again as it moves away. One source of such patches 

is the upwelling of cold, deeper waters. This has been observed in several ­

places, egg., west of the Gulf of Guayaquil and north of the mouth of the"Amazon. 

In such areas the more steeply sloped ripples are reduced, producing the "dark­

patch" effect. 

Unfortunately, ATS observations are restricted to an equatorial band 

between f1° N and 110 S latitude. 

For further information, see Bowley et al (1969), Greaves (1969), and 

Duntley and Edgerton (1966). 

0-3.3 The Global Atmospheric Research Program (GARP) 

The Global Atmospheric Research Program (GARP) is included here for 

completeness, since it is not yet operational. As projected, it includes an inter­

national weather watch, and among its intended observations, we may list the 

following as potentially useful: 

a. 	 Cloud motion pictures taken from four geosynchronous satellites 

with both infrared and visible light sensitive systems. 

b. 	 Similar cloud photographs from two polar-orbiting satellites. 

c. 	 Assorted data taken from a global network of balloons, buoys, 

and automated stations. 

d. 	 Continuous wind profiles from several thousand free balloons 

set to hold at the 9Z0 mb level (roughly at 600 m). 

e. 	 Radiosonde measurements on a global scale. 
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0-3.4 Data Repositories 

A number of centers are involved to a greater or lesser extent with the 

collection, processing, analysis, storage, and retrieval of oceanographic data. 

Some also provide for the calibration and standardization of oceanographic 

instruments. The oceanographic institutions connected with the Various uni­

versities should be mentioned in passing. Their data is collected for their specific 

interests, and they are usually cooperative about sharing it. The difficulty is that 

it is usually not easily retrievable, and word of mouth is often the only way of 

finding out what's where. The organizations listed here are important to the 

VED study because it is known that they hold useful data, and further, because 

they have a mission to process and preserve scientific data for the use of others. 

a. National Oceanographic Data Center (NODC) 

NODC is a subcenter for the World Data Center (WDC). The 

designations for the subcenters are WDC-A, United States; WDC-B 

USSR; WDC-C, England, western Europe, Australia, and Japan. 

At each, data is held in separately administered categories according 

to subject. The categories are meteorology, geomagnetism, aurora 

and airglow, solar activity, cosmic rays, longitude and latitude, 

glaciology, oceanography, rockets and satellites, seismology, 

gravimetry, nuclear radiation, and upper mantel project. The 

address of the national headquarters of WDC-A is 

WDC-A Coordination Office
 
National Academy of Sciences
 
2101 Constitutional Ave., N.W.
 

Washington, D. C. 20418
 
Phone: (202). 961-1478
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The address of three other offices whose holdings are of interest 

to the study are: 

WDC-A Oceanography 
Building 1602 

Second and N Street, S.E.
 
Washington, D. C. Z0390
 
Phone: (202) 698-3753
 

WDC-A: Meteorology 
National Weather Records Center 
Ashville, N. C. 28801 

Phone: (704) 253-0481 

and 

WDC-A: Upper Atmosphere Geophysics E. S. S.A. 
Boulder, Colorado 80302 

Phone: (303) 447-100 X-3654 

b. Smithsonian Oceanographic Sorting Center 

c. National Oceanographic Instrumentation Center 

d. National Bureau of Standards 

e. lational Space Science Data Center 

the holdings of NSSDC include data from earth satellites, sounding 

rockets, high-altitude aircraft, and ballons, together with support­

ing ground-based measurements. 

Table 0-7 shows the principal sources from which one may expect data 

on the sea surface per se. 

Table 0-7. Sources of Ocean Surface Data 

National Oceanographic Data Center
 
National Weather Records Center
 
U.S. Navy - Fleet Numerical Weather Center 
U.S. Coast & Geodetic Survey
 

British Admiralty
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0-4 	 Description of the Ocean Surface for Operational Use and for Verification 

of the Radar Altimeter 

0-4. 1 Operational Description 

Once the radar altimeter is put in orbit, a continuing knowledge of the 

sea states of the global ocean will be necessary for the interpretation of the 

data. For a routine job of this magnitude, computerized wave forecasting 

techniques which depend for their input on the world weather net are the only 

possibility. Computerized forecasting techniques, while far from perfect, 

have reached the point where their employment would be both feasible and 

reasonable. The first complete computerized method is due to Baer (1962). 

Since then, many investigators have experimented with computerized fore­

casts in the hope of improving them and reducing the amount of computer 

time required. The chief difficulty for our required application arises from 

the old problem of representing a spherical surface on a "flat" piece of paper. 

All of the methods produce satisfactory forecasts for more or less limited 

areas but grave difficulties are encountered when it becomes necessary to 

splice the regional forecasts together to form a forecast on a global scale. 

Adamo, Baer, and Hosmer (1968) have given their attention to this problem 

and have devised an icosahedral-gnomonic map projection together with a grid 

network which permits the extension of a wave forecast to global scales. 

Pierson et al (1966), describes a somewhat similar method. At present, we 

have no system for a global forecast that would gain the assent of all wave 

forecasters as satisfactory. However, the icosahedral gnomic projection 

does provide a geometric procedure that meets the necessities of the computer. 

It can be done-, and for the present, it is the best available. It should be used 

until a better one comes along. In short, there is no need to be delayed for 

want of a global picture 'of the state of the ocean surface. 
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'An important further point is that unless the distances measured by 

the radar altimeter are-wanted in something approaching- real time, the re­

quired description of the sea state is a hindcast, not a forecast. This is a 

considerable advantage. The "forecast" on the basis of the wind field over 

the earth can be used as the zero order approximation. It can be improved 

by modifying it to agree with any knowledge of the actual state of the sea that 

we can gather. Such supplementary information can range from visual obser­

vations radioed in from ships at sea to the most sophisticated data telemetered 

from satellites. The extent to which it is desirable to correct the zero order' 

description depends on the use to which the distance measurements will be 

put and obviously requires a cost-effectiveness decision. 

0-4. 2 Verification Description 

The description of the sea surface required for the initial verification 

of the radar altimeter must obviously be much more detailed than that required 

for operational work once we have satisfied ourselves that it gives meaningful 

data. If one were too bemused by the usual "textbook" presentation of science, 

one would demand that every parameter conceivably associated with the prob­

lem be measured. Science doesn't proceed like that. One would drown in a 

mass of irrelevant data, and the detection of an unexpected significant effect 

would be a matter of chance. The proper approach is to include those param­

eters for whose importance that is strong support from previous experience 

or theoretical argument and add to them as many more parameters which 

persuasive speculative argument can justify and your budget can afford. The 

items included in this section are offered as a reasonable basis for the veri­

fication of the radar altimeter. 

0-4. 2. 1 Visual Wave Observations 

It will be well to dispose first of this crude but necessary method of 

securing wave information. Trained observers and experienced seamen are 
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often surprisingly accurate in their estimates of the condition of the sea sur­

face, whether these estimates are the result of simply looking at the sea or 

come from the instruments normally found on any well equipped ship. Such 

estimates are open to questions of precision, repeatability, and personal 

bias, but they serve as the rock bottom-for data from more sophisticated 

instruments. It is all very well to make the elaborate measurements neces­

sary for a spectrum, carry out the extensive calculations, and finally deduce 

by a long chain of theoretical argument, which inevitably involves assumptions 

and approximations, that the average height of the waves was 20 feet. If the 

trained observer replies, "I was there and the biggest wave I saw the whole 

time you were working was 10 feet, " you can only conclude that your sophis­

ticated system is in error somewhere along the line. The visual observer 

cannot give you the detail you need, but he can see to it that your description 

of the sea surface is not infected with gross error. 

Among the parameters that may be expected to be estimated by an 

observer on the spot, either by direct observation or with the aid of simple 

instruments, are: 

1. dominant wave direction (heading) 

2. wave heights 

3. wave lengths 

4. wave periods 

5. facet lengths 

6. wave slopes 

7. surface wind speed 

8. surface wind direction 

9. air temperature 

10. water temperature 

11. barometric pressure 

12. surface current speed 

13. surface current direction 
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0-4. 2. 2 Power Spectial Densities 

Since the data from verification studies must be interpreted, and since 

modern ocean wave theory for waves with lengths in our range of interest are 

couched almost exclusively in terms of the power spectral density function, 

it is this function which must be the prime requisite for the description of the 

target. Realizable estimates of the power spectral density function are of 

three kinds: 

1. The two-dimensional spatial spectrum at an instant of time 

2. The one-dimensional spatial spectrum at an instant of time 

3. The frequency spectrum at a fixed point. 

The first contains the most information and requires the most input data, 

while the third contains the least and requires the least. 

0-4.-2. 2. 1 The Two-Dimensional Spatial Spectrum 

This spectrum, more usually called the wave number spectrum, begins 

with a record of the water elevations over an area of the sea surface at some 

instant of time. The analysis then gets a measure of the wave energy con­

tained in that particular area and sorts it into the energy to be attributed to 

each of the Fourier component waves according to their vector wave number, 

L. e., according to their lengths and directions. Direction of travel is uncertain 

to 1800 but can be decided by an appeal to visual observation of the wind 

direction. 

For our purposes, this is the most desirable, most detailed, and most 

useful spectrum we can have. If another instantaneous record of the same 

area is taken at a later time, another wave number spectrum may be calcu­

lated. If the sea has taken on a different character, its spectrum will be 

different from the first. If it has remained much the same, the two spectra 

will be indistinguishable withiin the limits of statistical uncertainty. For 
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verification in the field, this is important, since the target size relative to 

the sizes of the wind systems which generate waves is such that periods 

ranging from hours to days can be expected when the sea surface in the working 

area will retain its characteristics. The costs of data acquisition and compu4 

tation for spectra are not trivial. Characterizing the sea surface by spectra 

only intermittantly during a working period rather than with each radar burst 

is what makes the spectrum a feasible tool. 

Data for estimates of the wave number spectrum have been secured 

by three instruments systems: laser holography* (the Stillwell method), 

stereophotography (operation SWOP), and floating accelerometer-tilt meters 

(the NIO Buoy). 

The laser transform' method developed by Denzil Stilwell at NRL begihs 

by photographing the sea surface. The negative is then illuminated through a 

lens system with a laser, and the output, which is effectively the desired 

Fourier transform, is recorded on a second negative. A densitometer read­

ing of the second negative produces the final contoured relative energy spec­

trum in wave n umber space. The altitude and azimuth of the camera are 

required. The longest wave length detected depends on the camera altitude 

and the field of view, while the lower limit is set by the grain size of the 

negative. A range in the wave number of 100:1 is attainable. If one wants 

absolute energy values, some auxiliary information is needed for scaling. 

Stillwell's method is the best existing method for the inexpensive rapid acqui-­

sition of large numbers of wave number spectral density estimates. Like any 

method, however, it is not without its limitations. Its use is restricted to 

the daylight hours with the best results in the early morning or late afternoon. 

Optimum results require either a cloudless sky or a uniform overcast, and 

uncertainties about the effects of extensive whitecapping have not yet been 

resolved. 

* Stilwell, D., Directional Energy Spectra of the Sea From Photographs, 

J. Geophys. Res., 74, 1974-1986, (1969). 
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The sterophotographic method requires the coordinated use of two 

camera and an expensive, tedious analysis of the pairs of plates. Katz (1964)* 

reports his experiences with the stereophotographic method. -Airborne stereo­

cameras were proven inadequate for radar clutter studies since the height 

sensitivity of airborne systems is on the order of one (1) foot. (For radar 

studies, a height sensitivity of one-tenth the radar wave length is desired; 

at X-band (3 cm), a sensitivity of 0. 3 cm is required. ) A shipborne system 

was subsequently developed which under optimum lighting conditions wave­

height measurements to a sensitivity of 0. 8 mm were made. The system 

consisted of a pair of specially modified aircraft stereo cameras was mounted 

on a rigging 20 ft above the water and about the same distance forward of the 

bow of a ship. The cameras were spaced on 11. 5-ft centers, facing down­

ward in such a way as to provide a 60% overlap of the two pictures. The 

cameras were T-5 Fairchild cartographic cameras refocused to the 20-ft 

distance. Their shutters were reworked to provide a 1/10002sec exposure. 

Two 6-inch selected Metrogon lenses were installed. The wave-height 

information is used in two ways. Profiles of height-versus-distance, are 

obtained along lines that parallel the direction of flight of the airplane making 

the radar backscattering measurements. For each pass of the airplane, the 

standard deviation of the surface can be related with the radar signal strength 

returned at any preselected viewing angle of the radar; the larger the rough­

ness, the greater the returned signal. 

The second use to which wave-height data can be put is in the form of 

spectra; that is space spectrum, as distinguished from frequency. spectrum. 

In other words, the correlative function of the surface, which is the Fourier 

transform of the space spectrum is desired. There exist many theoretical 

treatments relating the wave-number spectrum (or correlative function) with 

the angular dependence of the backscattered radar signal. If the radar back­

scatter function is measured simultaneously with the sea in this more mean­

ingful statistical manner, the most accurate theory can then be selected. 
SI. Katz, Ocean Wave Measurements, APL Technical Digest, Sept. -Oct. 1964. 
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This technique, too, has its limitations. It has been found that with 

cloudy skies, the stero-photos are of excellent quality. However, when the 

skies are clear, good quality stereo photographs can be obtained only during 

the early morning and late-afternoon hours when the sun was at a relatively 

low angle in the sky. 

The stereophotographic method, however, has distinct strengths when 

the problem is to describe precisely the facets associated with capillary waves. 

As we have seen, the facet structure has an important effect on backscattering 

at radar frequencies. 

Figure 0-1 shows some portions of wave profiles (originally 6 meters 

long) obtained from different stereo-photographs of waves made in the same 

sea condition. Figure 0-2 is an enlargement of a small section of a wave 

profile. This profile lies in the dominant direction of the waves. Some basic 

definitions can be derived from Figure 0-2. Flatness tolerance is defined 

as 1/10 the radar wavelength. At any point on the wave profile, the slope is 

found by a line drawn tangent to the profile at that point (A). The angle e of 

the tangent line with respect to the horizontal will be referred to as the slope 

of the tangent. The flatness tolerance is then drawn parallel to the tangent 

line and equidstant from it. The two lines representing the flatness tolerance 

will intersect the wave profile and thereby define the facet length associated 

-with the slope 0. At the point B, the facet length is obtained by intersection 

of only one parallel of the flatness tolerance with the profile. The ratio of 

flatness tolerance to facet length is called roughness factor. 

If the profile is sampled randomly, a sequence of facet lengths appro­

priate to each slope is obtained. The facet lengths are collected in equally­

spaced intervals and averaged. The result is a relation between average 

facet length and slope as shown in Figure 0-3. Negative slopes correspond 

to the downwind direction of wave travel. 
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The contribution to the radar return or backscatter depends not only 

on the slopes of the facets and their size, but upon their frequency of occur­

rence as well. Consequently, the next step is to obtain a relationship between 

probability of occurrence of average facet length and associated slope. Such 

a relationship is shown in Figure 0-4. 

In order to estimate the quantity of radiation reflected from the irregular 

wave surface, it is necessary to consider the effective radar scattering area 

of the facets. This is done by first considering the return of radar waves 

impinging on disks of known area. If the wave facets are assumed to be cir­

cular then the facet area is known and the theoretical results of Schmitt may 

be used to infer the effective ra.dar scattering area for the real condition. 

Furthermore, the information in Figure 0-4 permits a table to be calculated 

that describes the probability density of effective radar scattering area with 

respect to slope. 

Each facet receives and reradiates energy over a limited angle which 

is greatest at normal incidence (900 ). This effective beamwidth is a function 

of facet size and radar wavelength. The effective beamwidth thus obtained 

relates also to the effective radar scattering area. 

The radar depression angle (f) is the angle the radar beam (center) 

makes with respect to the horizontal. For a constant radar depression angle, 

the facets that have sufficient beamwidth to contribute to the total radar return 

from the water surface are known and so is the probability density of facet 

occurrence. Thus, the total effective scattering area for different depression 

angles may be obtained for all the facets oriented in the upwind and downwind 

direction. If the ratio of effective scattering area in the upwind and downwind 

directions is plotted (in decibels) against the depression angle, then this 

statistic is equivalent to the radar measurements and a direct comparison 

can be made. 

O-Z8 



.12[ WIND SPEED 

AD .10­
V=1O.3 KNOTS 

I­

.1j0 -

0.o­

0_0.O-/ 

00 

-40 -20 0 20 40 60-

SLOPE- (DEGREES) 

Figure 0-4. Slope Probability for Waves "l-1.5 Feet High 

0-O9
 



The use of floating accelerometers associated with tiltmeters as worked 

out in the NIO Buoy is an expedient rather than a method of choice. The quan­

tities to be had from the data are surface displacement and the surface slopes 

along two orthogonal directions. From this information, the first two terms 

of an infinite series expansion of the wave-number spectrum can be computed. 

If you feel that the series converges rapidly enough to sustain such an early 

truncation, you may be satisfied with the estimate of the wave number spec­

trum the method provides. Buoys large enough to carry the sensor, power 

supply, and recorder load are rather large and will not respond to the smaller 

waves. 

0-4. 2. 2. 2 The One-Dimensional Spatial Spectrum 

This spectrum, more briefly the line spectrum, begins with a record 

of water elevation at some instant of time along a line made by the intersection 

of a plane normal to the sea surface. There is -no need to elaborate here on 

the calculations by which it is converted to a power spectrum. It should be 

mentioned that the wave lengths (wave numbers) it sees are as they appear 

to the line -- smallest whenever the wave component runs parallel to the line 

and infinite when the component runs perpendicular to the line. If the com­

ponents are assumed to be small amplitude Airy waves, then they can be 

mapped to their true lengths. The line spectrum can be thought of as a section 

through the wave-number spectrum. The wave-number spectrum can be built 

up by taking line spectra along many different headings. The more nearly 

the line records coincide in time, the more confidence one has in the correct­

ness of the resulting mosaic. 

The laser profilometer looks to be a promising instrument for line 

records. Typical laser profilometers are built for airborne use at altitudes 

up to 7000 ft during the day over the ocean. The instrument measures the 

distance from the aircraft to the laser illuminated spot on the ocean surfaces. 
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The small size of the illuminated spot and the fast response time allow for 

accuracies of less than 6 inches at 500 ft, decreasing to baout one foot at 

2000 ft. The output signal is an analog voltage recorded on a strip chart or 

on magnetic tape. A barometric pressure altimeter is usually included with 

the system which allows variations in the height of the aircraft either above 

or below the desired altitude to be removed from the final output. Because 

of the small spot size, the output is a ocean line spectra. However, a spatial 

spectrum may be derived by flying the profilometer at many different heading 

in a short period of time over an ocean area. This instrument is manufac­

tured by Spectra-Physics Inc., Mountain View, California, and is a 30-MW 

AM-CW helium neon laser of red light at 6328A. 

0-4. 2. 2. 3 The Frlquency Spectrum 

This spectrum is the easiest to estimate, requires the least sophistica­

tion in its recording devices, and yields the least information. The starting 

point is a record of the sea surface displacement at a fixed location over a 

length of time selected by the use you intend for your results. The following 

summary of instruments which have been used is taken from I. Katz (1964)*. 

Various methods for measuring waves have been used. Among these, 

the more popular are: 

1. Pressure gages 

2. Step gages (resistance or relay-activated) 

3. Wire gages (resistance or capacitance) 

4. Altimeter 

5. Accelerometer buoy. 

-Ibid 
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Pressure Gage, -- The pressure gage is a device mounted underwater 

that is sensitive to the. amount of water between it and the surface. As 

the waves move past the point directly above the gage, the pressure 

changes; hence, a recording of pressure versus time is equivalent to 

wave-height versus time. This device is usually connected to a record­

ing meter on shore. 

Step Gate -- The step-resistance gage consists of a thin, vertical 

support which is partially immersed in the water, and on the support 

is a set of exposed electrodes. Each electrode is in series with a 

fixed resistor. As the water moves up on the gage staff, more elec­

trodes are shorted out and the total gage resistance becomes less. 

Wave height is then simply a measurement of resistance versus time. 

A fast-response recorder, 60-cps or better, is useful in that it makes 

the instrument self-calibrating. With the fast-response recorder, 

one can see the discrete steps in the record as the water rises on the 

gage. As the water falls, on the other hand, it pours slowly 9ff each 

electrode and the step function is not discernible. Since each step 

corresponds to a fixed increment of water height, one can check on the 

calibration as frequently as desired. 

A modification of this gage is one in which the electrodes are replaced 

by small floats. The water rises and causes a float to move; in turn, 

the float activates a relay in series with a resistor. We then have a 

device that does not change its calibration with time. Its use is in those 

applications where long-term calibration stability is required. 

Wire Gage -- The wire gage is similar in concept to the step gage 

except that the conducting wire is the exposed measuring device. As 

the water moves up and down, the total wire resistance changes. One 

can also use the capacitance of an insulated wire as the measuring 
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element. In fact, it two wires are mounted vertically a short distance 

apart, the difference in reading between the two is a measure of water 

slope. Although the inherent sensitivity of the continuous wire gage is 

greater than that of the step gage, it, too, is limited by the surface 

tension of the water. 

Altimeter Gage -- Devices using the altimeter principle have been 

developed to measure wave height from an airplane. If one flew over 

the water at a relatively low altitude and measured the transit time of 

a radio pulse transmitted to the surface and returned, he would have 

a measure of his height. The fluctuations in height versus time are 

dependent on the irregularities in the water height as long as the air­

plane motion is constant in altitude above a mnean water level. Some 

measure of success has been achieved with this type of gage. It has 

the advantage that it can cover a large area in a relatively short time. 

However, this type of gage does not seem to be gaining in popularity. 

Accelerometer Buoy -- A buoy floating in the water moves up and down 

with the waves; thus the accelerometer buoy is a device that measures 

wave accelerations. The accelerations are integrated twice to get 

displacement versus time. However, this type of gage is useful only 

for measuring the larger waves since the buoy, because of its size 

and mass, cannot respond to the capillary or small gravity waves. 

All the gages just discussed (with the possible exception of the wire 

gage) have in common the difficulty that small waves are hard to measure. 

0-4. 3 Possible Helpful Supplements 

a. Warnecke (1968) has analyzed recent television pictures and 

radiation measurements from near-Earth and geo-synchronous 

orbits to provide large-scale features of the global cloud 

distribution.
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b. The Gulf Environmental Measurement Program (GEP) and the 

ESSA Gulf Study are directed specifically to problems in the Gulf 

of Mexico, but outputs from their projected studies in air-sea 

interaction will be of interest to the verification experiment. 

c. Mitchel and Rotz (1969) have applied coherent optics to the 

determination of two-dimensional power spectra of water waves. 

d. Arnold (1967), used ESSA I satellite photographs to show that 

there is a correlation between low-level clouds and the sea­

surface temperature. 

e. Barnett and Sutherland (1969) have discussed a surface-wave 

parameter which although not very well understood, may have a 

critical effect on the success of the verification experiment. It 

is known as "overshoot" and can have an extreme effect on the 

specular characteristics of an ocean surface. Its effect is com­

plicated by the fact that overshoot is not always present, not 

even within otherwise similar sea states. 

f. Schwartz and Marchello (1968) found that, particularly in the case 

of sudden onset of a relatively strong wind, the initially generated 

resonant waves may run almost orthogonally to the mean wind 

field. Needless to say, this complicates and renders somewhat 

useless, any scheme which assumes that directions of wind and 

waves are always roughly the same. 

g. Another forecasting technique may be based on the good correla­

tion between water currents at the ocean bottom and tidal heights 

at the ocean surface. This close correlation arises from the fact 

that ocean-bottom currents are produced primarily by tidal h'eights. 

Instrumentation for this experiment has been installed at the ocean 

bottom by Nowroozi et al (1968). 
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h. 	 Ionahian (1968) has recently devised instrumentation for deter­

mining the concentration and size distribution of sea spray in the 

1-meter interval just above the sea surface in the deep, open 

ocean. By simultaneously measuring the wind, he was able to 

show 	that there is an abrupt increase in sea spray as the wind 

increases from about 8. 5 to 9. 5 m/sec. This is consistent with 

other indications that there is a critical or transition velocity in 

numerous other sea-surface and near-surface phenomena. (See 

for example, Mandelbaum, 1956). 

i. 	 The Institute for Meteorology and Geophysics of the Free University 

of Berlin publishes daily weather maps from sea level up to 10 mb 

level (i. e., about 30 km), coveting the whole of the northern 

hemisphere. The daily map includes surface temperatuie and 

wind data. Details are in Scherhag (1969). 

j. 	 There is some indication that the behavior of the ocean-air inter­

face is dependent on the heat budget at that interface. Schooley 

(1969) has recently reviewed this area with particular attention to: 

1. 	 short- and long-wave radiation heating of the sea surface 

2. 	 short-wave radiation reflected from the sea surface 

3. 	 long-wave radiation from the sea surface. 

This area wasalso covered by Neumann &Pierson (1966), in less 

detail but including also the ocean-air interface heat budget in­

volving: 

1. 	 heat transported by advection 

2. 	 heat transported by convection and conduction 

3. 	 heat lost from the surface by evaporation or gained by 

condensation. 
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k. Adem (1969) has recently perfected a rudimentary morxel for 

predicting month-to-month changes in ocean surface temperatures. 

Based on observational data from various sources and using a 

time-averaged thermodynamic model, the system is already 

producing good results and promises to form the basic frame­

work for more sophisticated models involved other sea-state 

parameters. Related studies include those by Namias (1959), 

Clark (1967), and 5Eacobs (1967). 

1. Chang (1969) found that there is a large low-frequency oscillation 

above the means drift of deep-water, long-crested waves. Ob­

servational data confirm, therefore, that Stokes' classical 

mass-transport velocity equiation is an unsatisfactory one for 

use in connection with ocean surface models. 

m. Ewing (1969) has studied the problems associated with identifying 

the basic parameters of so-called confused seas. His analysis 

is an updated version of a similar study done by LonguetHiggins 

(1967) on a random, moving surface. 

n. Aagaard (1969) has determined that the field of wind stress at the 

sea surface depends approximately 

wind speed. 

on the square of the surface 

o. Williams (1969) has outlined an indirect method for obtaining 

over-the-ocean wind velocity and direction information using the 

outputs from a satellite radiometer. 

p. Schwartz and Marchello (1968) found that, although the amplitude 

of a wind wave should grow linearly with time during the initial 

stage of wave development, the amplitude actually increases as 

the square root of time. This complicates and renders somewhat 
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inaccurate any algorithm or other analytical scheme which 

ignores the myriad nonlinearities in the actual behavior of the 

real-world ocean surface. 

q. 	 Wu (1969) has found evidence that the ocean-surface roughness 

is governed by the amplitude of the short gravity waves. He 

also summarized some of the parameters related to wind stress 

acting at the ocean-air interface as important factors affecting 

the wind-wave interaction: 

1. 	 the generation of water surface "setup" 

2. 	 drift current 

3. 	 surface waves 

4. 	 heat-mass transfer across the interface and its effect on 

the nature of the interface roughness. 

Wu concluded, among other things, that the split between ocean­

air interface roughness, below and above wavelengths of interest 

to this study (1 < L < 10 cm)> is at about: 

1. 	 wind velocity: 14 m/sec 

2. 	 sea state: 5 

3. 	 Beaufort number: 7 

4. 	 Aerodynamic flow: rough 

5. 	 wind stress dependence: function of square root of wind 

velocity for L < 1. 5 cm; independent of wind velocity for 

L < 1. 5 cm. 

0-4.4 Examples of Type of Measurements Taken on Other Experiments 

The following three problems were investigated and reported in "Earth 

kesources Program. Ground Truth Session*, " 

* 	Prepared by Test and Operations Office Science and Applications Directorate, 

NASA-Houston, Final Report - Nov. 1967. 
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1. Sea State Measurements 

2. Surface Temperature Measurements 

3. Air-Sea Interactions. 
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APPENDIX P 

SURFACE VERIFICATION OF ALTITUDE UTILIZING
 
ALTIMETER SIGNAL*
 

Satellite altitude verification utilizing the altimeter signal could be per­

formed either from the satellite or from the surface. Performing the mea­

surement from the altimeter (using, for example, transponders on the sur­

face) complicates the altimeter excessively. It would be simpler for satellite 

instrumentation if the altitude were determined at the surface. There are 

several ways of doing this; the two most easily put into practice are one in 

which ground clocks and satellite clocks are synchronized, and one in which 

only the ground clocks are synchronized. Both shall be considered but only 

to the extent of outlining the method and identifying the major difficulties. 

1. All Clocks Synchronized (Calibrated) 

Consider a satellite containing an electronic oscillator with short-term 

(1-second) stability of 1 part in 10 1 and with long-term (I month) stability 
10

of 1 part in 100. Also consider a set of three (Earth) surface radio receivers 

and oscillators with the same characteristics. Oscillators vith stabilities is 

good as this or better are already available on the commercial market, and an 

oscillator of 1 in 10 1 stability is in fact specified for GEOS-C. A typical 

rubidium frequency standard (Ref.C-7) which is very conservatively rated quotes 
- 11- 12stabilities of 6., 10 per second and 6"10 per year, with setting accuracy 

of 2"i0 - Z . The satellite clock emits pulses 1 second apart in time; these 

are received at the surface radio receivers, and sent to oscillator-controlled 

counters, and time of arrival noted. Assuming a requirement that the distance 

from satellite to surface station be in error by no more than 1 meter, the time 

of transit of the signal from satellite to surface station should be in error by 

less than 3 nsec. Assuming a stability (over 1 second) of ±61 10 - 1, a 3 nsec. 

* See also Appendix C 
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error will have accumulated after 4 days. A synchronization of satellite and 

surface clocks every 2 days is therefore sufficient. Synchronization of the 

surface clocks with a common master clock to 100 nsec. is already being done 

(1969 - frequency) by secondary standards laboratories; synchronization to 1 

nsec. is entirely feasible. Getting synchronization between the surface clocks 

themselves to better than 1 nsec. is of course a simple matter if the clocks can 

(and in the present scheme that is the case) be brought together periodically 

for checking. 

In the ideal case, the location of the altimeter is then determined by 

the set of three equations 

At. -(X -- - i,j =1,3
 
1 c j
 

where Xsj} and {X ij } are the coordinates of the satellite and of reciever i, 

respectively, and At.
1 

is the time difference-at receiver i between time of 

transmission of pulse and time of reception. In the actual case, these equa­

tions will have to be modified to allow for, among other things, 

1. 	 non-instantaneous pulse rise time; 
2. 	 refractive index of atmosphere; 

3. 	 transmitter, receiver, and counter delay times and calibration 
constants; 

4. 	 frequency calibration constants; 
5. 	 doppler shift in frequency, as it affects pulse shape. 

This method is simple, accurate, and inexpensive. It makes use, with 

little modification, of the altimteter as a clock-pulse source, so that the sat­

ellite portion of the system is already in existence. The major drawback is 

in the need for keeping synchronization between satellite clock and surface 

counters for two years. Once the satellite clock has left the ground, it is no 

longer available for adjustment or for synchronization in proximity to surface 
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clocks. After a few days, therefore, the satellite clock will no longer by syn­

chronized with ground clocks but must be calibrated against them. The prob­

lem of calibration is not difficult but will require introduction of a time-standard 

station into the general verification. 

Using time-standard stations with artificial satellites for world-wide 

calibration of time is not a new idea; it has often been suggested ever since 

artificial satellites were first proposed. Using the stations for the double pur­

pose of time and altimeter calibration is therefore a minor extension of the time 

calibration scheme and has undoubtedly been suggested already by others in 

slightly different forms. 

Suppose there is a time-standard station close to a radar station within 

the zone covered by a satellite. If the radar station range error, if, is ± I 
r 

meter, the uncertainty o- in the time of transmission of timing impulse from 

the satellite clock is 
2 

-- + c 

where a- is the standard deviation in the velocity of light, c, and>) is
c"­

reported in recent literature as 3 x 10- . The range time, tr, is given by 
where rr , is the range. Then 

I Z _c 

t C - r C 

1 10-7 x 10628 13+(3rOx
I ( 

3 xlO 

- 3xlO 9 sec 

so the second term in t does not contribute significantly. 
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Assuming a frequency variations of better than 1. 10 - 1 per day, and 

assuming that the time-standard station is able to check the time at least once 

per day, the time error between check times is less than 3. 10 - 8 second or, 

in distance, about 9 m. The r. m. s. error half-way between check times is of 

course more significant; this is about 5 m, and represents the error incurred 

by an observation that was made 12 hours after a time-check. Most-stations 

should be able to make their observations within three revolutions of the sat­

ellite after a time check; for these the r. m. s. error is less than 3 meters. 

The principal stitions in the Caribbean could be caught on the first or second 

revolution by a time standard station tied to the US Naval Observatory. 

Z. Only Surface Clocks Synchronized (Calibrated) 

The second method does not require that the surface station time by 

synchronized with or calibrated against the satellite time or even that the 

satellite pulses be regular. This considerably eases the calibration problem 

since calibration of the satellite clock is otherwise the most difficult part of 

the experiment. But the experiment pays for the greater ease of calibration 

by losing, in effect, one coordinate of the altimeter. Consider three cases: 

1. 	 There are three stations at the surface and no knowledge of 
altimeter pulse transmission times is assumed; 

2. 	 there are three stations, and the altimeter pulses are assumed 
to be sent out at intervals of precisely At seconds, although 
the times of emission are irrelevant; 

3. 	 there are four non-coplanar stations. 

These time differences constitute the observations; they are converted 

to distance differences by multiplying the average signal transit speeds over 

the respective paths. The three distance differences are not independent, 

since any one can be found by differencing the other two. Hence only two 

independent functions relating d1 , d?, and d can be found. Each of these 
2' 3 

functions locates the source on the surface of a hyperboloid of revolution with 
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the corresponding pair of surface receivers as foci, so that the two functions 

together locate the source on a space curve that is the intersection of two 

hyperboloids. In order for a complete set of three coordinates to be found, 

an independent measurement must be available. The simplest way of getting 

an independent measure is to use a range-measurement from a radar or laser 

ranging station; or a direction from a Baker-Nunn ballistic camera station. 

B. Three Surface Clocks Synchronized; Altimeter Pulses at Equal Intervals 

In Case 1 above no special requirement was laid on the altimeter pulses 

other than the obvious ones that they be sharp and of adequate strength. As a 

consequence, each set of three (two independent) time differences had to be 

accompanied by an independent measure of distance or direction. If a condi­

tion is set that the altimeter pulses be emitted at precisely-spaced (:- 3 nsec.) 

intervals, all but one independent range or direction measurement can be dis­

pensed with, This is because the equation 

dI = d0 +I: ZAt • 

defines a set of spheres about point PI (for example). The reference sphere 

of radius d is established from an independent range or direction measure­

ment; the intervals At . • c I are determined by the increase of decrease At. 

between the observed intervals between pulse reception and the known inter­

vals between emission. 

C. Four Synchronized Surface Clocks 

The last case is mentioned because it has a theoretical interest and 

a possible future application, although no practical way of applying it at pres­

ent is known. As shown for Case I above, three surface stations provide two 

altimeter coordinates. The third coordinate can be found, if there is a fourth 

time difference. 

A4r = (d, - d4)/c4 
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provided point ? is not coplanar with points P11 03" A rigorous analysis 

of the altimeter location errors resulting from time interval measurement 

errors for different arrangements of the surface points is not necessary. It is 

obvious that any arrangement leading to acceptably small errors in altimeter 

location would require P to be at distances above the PIP 2 P 3 plane not achiev­

able with a surface location for P 4 Only if P4 were itself a satellite point 

would reasonable errors result, and such an arrangement is not relevant to 

the GEOS-C verification experiment. 

Of the three different cases described above, that requiring only syn­

chronization among surface clocks (Case Z) appears to be the one most readily 

realized. In the western portion of the Caribbean the relation of radar sta­

tions to the clock stations would be poor, but the optical tracking station rela­

tionships would be excellent. Nevertheless, the advantage of requiring only one 

simultaneous range or direction measurement per pass over the clock stations 

rather than a range or direction measurement with every time difference mea­

surement is so great that the system of Case 2 above is recommended rather 

than that of Case 1. 

P-6
 



APPENDIX Q
 

TROPOSPHERIC AND IONOSPHERIC EFFECTS
 

Q-1 Summary 

An analysis was performed of the influences of the troposphere and 

ionosphere in the determination of range from a satellite at close to vertical 

incidence. The standard deviation in the determination of one-way atmospheric 

error is estimated at 30 cm at 3 GHz and 4.5 cm at 10 GHz. 

Q-2 Introduction 

In a number of projects, the accurate determination of range from a 

satellite to a known reference related to the earth is of fundamental impor­

tance. Such projects include satellite geodesy and Very Long Base-Line 

Interferometers (VLBI). With desired ultimate accuracies for these applica­
1

tions on the order of a few centimeters , the necessity for assessing and cor­

recting range errors resulting from atmospheric uncertainties becomes ex­

tremely important. It is the purpose here to summarize the magnitude of 

these errors. 

Interest for this study is centered on the microwave portion of the RF 

spectrum. The two regions of the earth's atmosphere which produce signi­

ficant refractive errors, (hence range errors), are the troposphere and the 

ionosphere, particularly the F 2 region, which exhibits the maximum iono­

sphere electron density. 

Q-3 Tropospheric Errors 

The influence of the troposphere is such as to produce an estimated 

positive one-way bias error in range at zenith of approximately Z. 4 meters. 

The standard error of the estimate is 3. 7 cm . The bias error is positive, 
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indicating that the troposphere slows down RF energy traversing it thus 

making-the estimate of range an overestimate. The troposphere is nondis­

persive, at least up to 20 GHz, and probably into the millimeter wave region. 

The limiting factors in the determination of refractivity N are the measure­s 

ment of the physical parameters of the atmosphere at -sea level, (total air 

pressure, temperature, and relative humidity), with relative humidity exerting 

the greater influence 2 . These errors are summarized in Table Q-1. 

Table Q- 1
 

One-Way Troposphere-Induced Range Errors (m)
 

Tropospheric Bias Tropospheric Standard 
Frequency GHz Error (m) Deviation (m) 

3 +2.4 0.037 
7 +2.4 0.037 

10 +2.4 0.037 

Q-4 Ionospheric Errors 

The ionosphere is a dispersive medium and errors in range in the 

microwave region iLre inversely proportional to the square of the carrier­

frequency. At zenith, the one-way bias error (which is negative) ranges 

from 0. 1 meters at X-band (10 GHz) to 1. 3 meters at S-band (3 GHz) assuming 

daylight operation. At night, the range is from 0. 1 to 0. 8 meters respectively. 

'If the electron density profile at a given location and time were precisely 

known, the standard error of the estimate in range would be negligible. Taking 

into account all that is predictable about the pertinent ionospheric parameters 

at microwave frequencies, such as the maximum electron density of the F 2 

layer, these parameters can be predicted at best to provide a fluctuation 
1 

error which is *50% of the bias error 

Ionospheric data from the world-wide network of land-based vertical 

ionosondes is capable of specifying pertinent ionospheric parameters to 
1 

provide a fluctuation error which is within ±25% of the bias error 
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Thus, standard one-way errors in estimates can be expected to be from 2. 5 

cm at X-band to 30. cm at S-band, as shown in Table Q-2. for daytime (worst case). 

Table 0-2 

One-Way Ionosphere-Induced Range Errors (m) 

Frequency Ionospheric Bias Ionospheric Standard 
(GHz) Error (m) Deviation (m) 

3 +1. 3 0.30 
7 0.2 .05 

10 +0. 1 0.025 

Q-5 Total Atmospheric Errors 

Based upon available state-of-the-art techniques and data, Table 0-3 

shows the expected bias and standard errors induced by the atmosphere in 

determining range from a satellite at zenith to established reference level, 

(such as the geoid) using carrier frequencies between 3 and 10 GHz. More 

accurate information is dependent primarily upon better information about 

the ionosphere at specific location and time. 

If the standard errors in range estimates for troposphere and ionosphere 

are assumed to be independent, the total standard errors in range estimate 

are on the order of 4. 5 cm at X-band and 30 cm at S-band. If the standard 

errors are assumed to be Gaussian, then using all data that normally exists, 

over 99% of the one-way errors are expected to be less than 14 cm at X-band 

(3 o. 

Table Q-3 

One-Way Atmospherically-Induced Range Errors (n) 

Frequency Atmospheric Bias Atmospheric Standard 
(GHz) Error (m) Deviation (m) 

3 +3.7 0.30
 
7 z.6 .062
 

10 +2.5 0.045
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If special instrumentation is employed, such as a radar to make back­

scatter measurements near the location, the standard error would probably 

be reduced to 12 cm. 

Q-6 Ionospheric Effects on Range Estimation 

When radar measurements are made on targets above 100 kin, the 

effects of the ionospheric layers must be considered. Refractivity, the 

main effect of the ionosphere, is a function of frequency: 

f2 

Ni = (n-1) x 10 (Q-1) 

N. = refractivity of ionosphere
 

n = refractive index
 

f c = critical frequency
 

f = frequency (8 to 10 GHz for VEDS) 

The critical frequency, f , is solved in the following manner: c 

2 
N e2 2 N ee02 

2 =(2 r) f = QZ 
c c E In 

0 

Where 

W0 = angular frequency 
3 

N = 	 Ielectron density per m 
e 11


e/m = 1. 759 x 10 coulomb/kg
 

e = 1. 602 x 10 coulomb (electron charge)
 
1 -9
 

E = - x 	 10 ' farad/mo 	 36wT
 

2
N e 
(e32 N e . f - 7 	 (Q-3) 

c 2 
4w c m 

0 
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f 2 = (80. 727) N (0-4) 
c e 

(80. 727) N 
.. e (0-5) 

3. f2 

The range bias error; LR, is found in the followiig manner: 

AR = f dS (0-6) 
2f 

4 N (z) dz (at 900 elevation angle) (0-7)
f 2 e£ 

Where 

S = the slant range distance between target and observer 

z = the vertical distance between target and observer 

(elevation angle = 900) 
3 

Figure Q-l shows typical day and night profiles of electron density vs 

altitude based on backscattering data (Bowles 1961). 

3 3 
Expressing electron density as per cm rather than as per m , equation 

(7) becomes: 

AR = 40. 4 x 106 Ni(z) dz (Q-8)
f2e
 

If a parabolic profile for electron density (see Figure Q-1) is assumed 

for both the day and nighttime data, ,we get: 

a. During daylight conditions 

2
N'= 16 z - (9.6 x 10 6)z 1 12. 4 x 0(9) 
e 10 

0-5
 



5000
 

DAY NIGHT 

26oa 

1000 

= 500 

200 

Lao I0 I10 IO 1 

ELECTRON DENSITY (N/cm3). 

(AFTER BOWLES, 1961) 

Figure Q-I. Typical Day and Night, Profiles: 
Electron Density vs. Altitude. 

b. During night conditions 

3z 2 1 1N - 2.4 106 z+4.00x10- 10) 
e 105
 

After examining Figure Q-l, it can be seen that the ionosphere will have 

its greatest effect during the day from about 200 km to 400 km. During the 

night, these limits are from 250 km to 500 km. These values were used as 

integration limits in equation (Q-8). 
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Q-7 Tropospheric Effects on Range Estimation 

Range error in the troposphere is due to refraction and geometric range 

errors. Since the geometric range error is only significant for elevation 
2 

angles of less than 30, this Appendix. analyzes orily the error due to refraction 

The following analysis is only valid for frequencies less than 30 GHz because 

of the dispersive effects of the 22. 5 GHz water vapor absorption line and the 

60 GHz oxygen absorption line 2 . 

In the temperature range of -50°C to 400C, the refractivity of the 

troposphere can be expressed with an error of less than 0.3 
percent as4 

6K K e

Nt (n-)xlO =x0 -(P(Q-ll
 

where
 

N t = refractivity (meters)
 

n = refractive index
 

T = temperature (* Kelvin)
 

P = total atmospheric pressure (millibars)
 

e = partial water vapor pressure (millibars)
 

Using the "Smith and Weintraub" constants for H{I and K2 , the following 

expression is obtained: 

N=-- 77. 6 (P+ 4810e ) (-z 
T T P -12) 
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The above equation is sometimes written as: 

6 
N = - (RH)) (Q-13) 

77. 4810eS 

T T 

where 

e = the saturation vapor pressure in millibars at temperature T s 

RH = relative humidity in percent. 

Equation (Q-13) is the refractivity at any given point. To find the range 

error due to the total troposphere, the refractivity must be summed over the 

entire troposphere: 

h
 

AR = 10 - 6 . N csc dh14)
 

0
 

where 

AR = range error 

h t = height of troposphere 

a = elevation angle 

For VEDS, E = 900 .. csc 6 = 1. Therefore, equation (Q-14) can be 

expressed as: 

h 

AR = 10-6 S N dh (-15) 

0 

This equation can be approximated by the following equation (see 
2 

Figure Q-1 ). 

AR = 1.4588 + 0. 0029611 N (meters) (one-way error) (Q-16) 
s 
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where 

N = surface refractivity. 
3 

At sea level, N is typically between 300 and 350 . Results of a larges 

number of observations of surface refractivity have been published, (Bean, 

Horn, and Ozanich, 1960), which show variations in N as a function of time 
s 

and of season, with diurnal changes of 20 to 40 N-units peak to peak, added 
3 

to seasonal changes of about 10 N-units rms . Thus, at a given site, the 

refractivity may change by 100 N-units or more during the course of a year. 

Therefore, the range of N at sea level should vary at the most from 250 N 
s 

(i. e., 300-50) to 400 N (i. e., 350+50), with a two-way range correction 

factor of about 4. 3 meters to 5. 3 meters (using equation (Q-16). 

Q-8 Errors in Measurement of N 

The degree of accuracy of the measurement of N is a function of the 

accuracies of the sensors for sea level conditions, and is found by differen­

tiating equation (Q- IZ): 

dN - N dT + -N de + 8N dP (Q -17)
8T ae aP 

or: 

AN a AT + b Ae + c AP (Q-18) 

Typical values of the constants a, b, and c based on the International Civil 

Aviation Organization (ICAO) are shown in Table 0-4. 

Table 0-4 

Values of Constants a, b, and c Based on ICAO 

Alt. (km) Temp. (°C) e (mb) RH (%) P (mb) a b c 

0 15.0 10.2 60 1013 -1.27 4.50 0.27 
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The ICAO has found that the effect of pressure variation is relatively
 

constant with altitude; the effect of water vapor pressure increases with
 

altitude.
 

The indirect method of obtaining the above parameters is through 

standard weather observations. While fairly accurate measurements of 

atmospheric pressure and temperature are readily obtained, relative humidity 

measurements are only accurate to a few percent giving an optimistic measure­

ment accuracy of the refractive index to approximately ±1. 0 N units and a 
4 

very pessimistic accuracy of :15. 0 N units . (An error of :L30 N units would 

result in a one-way AR error of :-0. 1 meters. ) Another source of data is the 

current world-wide system of radiosondes which measure,temperature, 

pressure and humidity. The standard deviation in the determination of re­

fractivity from radiosonde data 'under ideal conditions" at sea level is approx­

imately 3 N units. 

Direct measurements of refractivity through the use of refractometers 

are relatively expensive, somewhat complex, and require technical personnel 
4 

to maintain, calibrate, and operate them . For these reasons, the increased 

accuracy obtained from refractometers do not warrant their use for VEDS. 

It appears that both current and synoptic data from the world-wide weather 

* services will be accurate enough to obtain the two-way error to +0. 2 meter. 
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APPENDIX R 

CONTRIBUTIONS TO MEAN SEA LEVEL 
IN THE OPEN OCEAN 

This section presents a brief enumeration of the factors which contri­

bute to mean sea level in ocean areas in general (i. e., open ocean, not too 

close to shore). The orders of magnitude of the effects vary greatly de­

pending on specific location. 

R-I Errors in the Determination of Mean Sea Level Due to Wind Waves 

A radar at incident angles near vertical operating at centimeter wave­

lengths views an ocean surface which is almost always rough. The follow­

ing discussion will attempt to quantify that statement. 

The wind-driven sea surface is best represented as a random process. 
I

This is true with the possible exception of a duration-limited sea . At most 

frequencies lower than the microwave region, (f I GHz), the probability dis­

tributions representing elevation can be assumed Gaussian. Such a repre­

sentation is: 

2 -1I/2
P(H)dH= (27r)" exp (R-l) 

where 

P(H) Probability that a given wave height, vtVl occur between H and (H+dH), 

and = Second moment of surface height distribution. 

Equation (T-I) is adjusted to assume that H, (Instantaneous Mean Sea 

Level), is zero (i. e., that the sea surface varies about instantaneous mean 

level). 

Thus, considering the effect of the wind-driven sea surface on the radar re­

turns, the period, T, of a surface is analogous to the correlation distance; and wave 
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con­height, H, corresponds to Z(2(). The roughness criterion under these 

ditions becomes: 

4irHcose < 1.57 = i/2, (R-?) 

X 

for a surface to be smooth. Except for the extremely rare case of a perfectly 

calm sea, this criterion is never satisfied for a wind-driven sea. For ex­

ample, when X = 3 cm., H = 0.3 cm, (Sea State 1), 6 (Incident Angle) = 00 

4-f H cos 0 = 126. 

The representation of the sea surface by a symmetrical distribution, 

such as the Gaussian distribution of Equation (T-) is not adequate in the case 

of centimeter radar wavelengths, since it fails to account.properly for capil­

lary waves, whose wavelengths are of the same order of magnitude as the 

X-band radar wavelengths. 

If this probability distribution is symmetrical, up to the first order, the 

radar measurement of height above the surface will be a height above instantaneous 

mean sea level (iIMSL). This ignores effects such as differences in reflection 

characteristics between the crest and troughs of the waves. It may be that 

these effects are relatively unimportant; i.e., of second' order. Failure of the 

radar to measure IMSL can then be calculated by the asymmetries in the actual 

measured probability distribution representing waves. There have been very few 

detailed measurements made of this phenomenon. One set of results is shown in 

Figure R-l, which shows the result of a detailed statistical analysis of measured 
1 

waves . The writer has not been able to find any probability distribution describ­

ing wave slope as a function of height with respect to IMSL. 

The error - , due to asymmetry in the water surface distribution is 
w 

given by: 

I wherew 2 (R-3) 

71 = Skewness factor, and 

T = Standard deviation of wave height.
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Total number of data points 

Meaij anemometer height (m) 
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Figure R-lA. Distributions of Water Surface Displacement (July) 



Total number of data points 1Z, 634
 

Mean anemometer height (m) 1.25
 

Mean wind speed(m/sec) 7.05
 

Mean air temperature atZ.25m (C) 10.45
 

Mean air temperature at 0. 50m (C) 10.22
 

Mean water temperature (C) 1Z.65
 

Mean estimated fetch (m) 2800
 

0.40 
Gram- Charlier 

0.35 	 -- Gaussian 
'0 Measured frequency distribution 

Skewness 0.045 Kurtosis 0.029
 
0.30: 


\Gaussian 38.958 (p< 0.001) 
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/ 
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1 m = rms surface elevation 
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Figure R-IB. Distributions of Water Surface Displacement (November) 



It is seen fromEquation (R-3) that the displacement error is propor­

tional to the sea state. If it is assumed that y does not vary with sea state, 

then the error in radar measurement due to waves, a- for the case of
W 

Figure R i, (July), and a wave a-of 6 meters (Code 6): 

S(0.168)(6) 0. 252 meters. In the absence of wave slope data 
w 4 

this value will be taken to be an estimate of the fluctuation error in IMSL due 

to waves, since it describes the asymmetrical wave shape. 

R-2. The Influence of Factors Other Than Waves 

In reference 3 a total of 11 factors were listed as influencing mean 

sea level. These factors were: 

Long Period Changes
 
Coriolis Effect
 
Waves
 
Tides
 
Tsunamis
 
Storm Tides
 
Meteorologic Effects
 

Solar Activity
 
Specific Volume (Temperature/Salinity)
 
Earth Tides
 
Gravitational Anomalies
 

The influence of each of these factors will be discussed in turn. 

R-Z. 1 Long Period Changes 

Long period changes in mean sea level have been observed to range 

about 200 meters total. In the present geological era, this change has been 

observed over the last 50 years to correspond to an increase of 1. 2 mm/year. 
1r' 

R'-2. 2 Coriolis Effect 

flue to currents on a rotating earth, the Coriolis effect is to shift 

northward-bound currents in the northern hemisphere to the east. For ex­

ample, the mean sea level is 590 mm higher in the Bahamas than it is in 

Miami due to the Gulf Stream. It will be assumed that measurements over 

seas containing appreciable currents will be excluded from consideration. 
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'R-2. 3 Waves 

These effects have been discussed in detail in Section l. Waves of rms 

height up to 6 meters have been considered. 

R-2.4 Tides 

The total tidal range in the open ocean, particularly in equatorial re­

gions, is given in terms of the equilibrium tides. In the open ocean the mag­

nitude of the range is 3. 04 feet. " If it is assumed that the tide at any point 

in the ocean can be estimated to within 25% of the range, the expected error 

due to tides in estimating mean sea level,oT = 0. 25 meters. 

R-2. 5 Tsunamis 

Although tsunamis have been known to reach shores with tremendous 
1 

heights, they are only about a few feet high at sea. This fact, coupled with 

their relatively infrequent occurrence should make their importance to an 

experiment negligible. 

-2. 6 Storm Tides 

These phenomena are similar to t'sunamis in their magnitude, although 

they occur more frequently. Being transient in nature, they can probably 

be neglected. 

a-a. 7 Meteorologic Effects 

Pressure changes have a direct influence on the ocean's surface. The 

sea acts as an inverted barometer, the surface rising approximately 1 cm 

for each millibar the air pressure falls. 4 In regions bounded by 20 ON and ZOOS 

latitude, the normal pressure variations are small, amounting to a maximum 
5 

standard deviation of 4 millibars. This corresponds, therefore, to a change 

of sea level of 4 cm. 
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The equilibrium tides due to moon and sun are given in Table 'R-I 

below: 
Table R-1.* Equilibrium Tides Due to Moon and Sun 

Source Rise (ft) Fall (ft) Total 

Moon 1.46 0.73 Z.19 

Sun 0.57 0.28 0. 85 
2.03 1.01 3.04 

* 	 Robert Cummings, United States Coast and Geodetic Survey, private 

communication. 

R-2. 	8 Solar Activity 

Sea 	level variations are known to occur during variations of solar 

The amount of the annual variation is in the order of 5 cm.4 
activity. 

.R-Z.9 Specific Volume Changes due to 'Temperature and Salinity 

Steric changes are the major contributions to the isostatic changes in 

mean sea level at low latitude. The total range of variation annually is on 

6
the 	order of Z0 cm. 

Ri-2. 10 Earth Tides 

The solid portion of the earth's surface, the lithosphe're, is also sub­

ject to tidal variation. Variations in height are thought to range from 7. 3 to 

40. 	4 cm. Very little measurements have been made to define the variation 

more carefully. The principal measuring instruments used in obtaining data 

are the horizontal pendulum, gravirneter, and the linear strain-seismometer. 

R-2. 11 Gravitational Anomalies 

Variations in the shape and mass of the lithosphere with respect to 

position also affect the position of IMSL. Determination of the geoid from 

a satellite are known to within ±20 m of the true value. Other methods, such 
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as measurements on"or near the ocean surface appear to predict the position 

of the geoid with respect to IMSL within 22 to ± 3 meters. With more'know­

ledge of a particular geographic location, the uncertainty could be reduced to 
8­1 m.perhaps 

R-3 Summary 

The variouds factors which influence IMSL'variation can be grouped into 

three categories: 

Very Long Period Factors
 
Moderately Long Period Factors
 
Short Period Factors
 

iR--3. I -Very Long Period Factors 

These factors consist of those which have cyclic variations ranging 

from eons to years. They are very long in comparispn to the GEOS measure­

ment period, which is in the order of seconds. The factors which fit into 

this category include: 

Long period changes
 
Changes due to solar-activity variation
 
Changes due to ocean currents (Coriolis effect)
 
Gravitational anomalies
 

The first two factors should have little effect on VEDS. The third, the 

Coriolis effect, should be taken into account when a particular geographic" 

location is considered for the experiment. The last, the variation in the Geoid 

is not a factor-in a radar altimeter measurement which relates to IMSL. 

R-3. 2 Moderately Long Period Factors 

Factors which have periods ranging from months to hours fit into this 

general category. Among these are: 
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Tsunamis 
Storm Tides 
Specific Volume 
Meteorologic 
Ocean Tides 
Earth Tides 

Tsunamis and storm tides occur infrequently. , It should generally be 

possible to predict their occurrence after the fact by using auxiliary weather 

data. Since the occurrence of these phenomena is so infrequent, measure­

ments made when they occur can be eliminated 'a posteriori'. 

Since the change in Specific Volume at low latitudes is small, it con­

tributes little to the overall error in predicting IMSL at a specific point on 

the ocean at a given time. Pressure changes, (meteorological changes), 

occur on a continuous basis and can probably be predicted to some extent due 

to a-uxiliary data. 

Tidal variations are well known in general, but less well known in 

particular for the deep ocean. Knowledge of the geographi6 location and 

time of measurement would be more effective in reducing the predicted varia­

tion in ocean tides than for earth tides, which are less well documented. 

R-3. 3 Short Period Factors 

Of all the factors discussed, Waves are the only phenomena whose 

periods are on the order of the satellite measurement period (i. e., seconds). 

Over a large enough area (e. g., an area on the ocean much larger than the 

satellite altimeter footprint. ), there appears to be no evidence of measurable 

departure from IMSL with time. Thus, at present-the IMSL variation due to 

Wind Waves is thought to be negligible. 

However, since waves tend to depart from symmetry as their height 

increases, the distribution of slope with respect to IMSL will become asym­

metrical, tending to introduce an error in radar measurement, as discussed in 

Section 4. Table R-Z is a summary of the various factors influencing IMSL. 
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Table R-Z summarizes contributions to the IMSL error. The root sum 

square of the estimated irreducible error is of the order of one-third of a 

meter. 

Table R-2. Errors in Instantaneous Mean Sea Level (IMSL)
 
Relative to Mean Sea Level (MSL) For Deep Oceans
 

Maximum (Peak-to- Estimated Ir-
Factor Peak) Variation (m) reducible rms 

0 
;_ 	 _Error (m) 

Pi 	 Long Period (10 -10 yrs) z00 
o 	 Solar Activity (II years) 0.2 0.1 
4 	 Ocean Currents (Coriolis) --- ---


Gravitation (Geoid) --- ---


Ocean Tides 1.0 0.30
 
0 Earth Tides 0.4 0.20
 
k Meterological (Pressure) 1.0 0. 10
 
Id Specific Volume (Temp/Salinity) 0.2 0.10
 
SStorm Tides 3.0
 

Tsunamis 3.0 ---
Wind Waves 6 * 0.25* 

0 

* Probability 0. 9 
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APPENDIX S 

THE FIGURE OF THE SEA: AN ESTIMATE OF ERROR 

by W. S. von Arx 

The satellite-borne radar altimeter measures the distance from the 

satellite to a small area of sea surface along a path very nearly parallel with 

the local spheroidal normal. This path is assured by the fact that, except 

for wind-waves and swell, the sea surface is everywhere convex upward -­

even in regions of very strong free-air gravity anomaly -- with the result 

that the path of specular reflection will also be that of minimum distance or 

first return. 

In this discussion it will be assumed that the sea surface is free of 

wind-waves and swell,i., e., is glassy smooth, and that the problem is to de­

fine the figure of the sea surface as a function of time in hours. It will also 

be assumed that the area of concern is one in which both the field of gravity 

and the various hydrographic and meteorological forces are well known -­

the Caribbean for example. 

Procedure
 

Step 1. Calculate, from the observed values of gravity in the area, 

the free-air gravity anomaly field Ag = y = y where y 0 is some standard 

gravity value such as that given by the International Gravity Formula of 1930 

for f = 1/297. 

Step Z. Calculate from the field of free-air gravity anomalies the 

corresponding deflections of vertical using the Vening Meinesz formulas 2 

and from these the undulations of an equipotential surface. 

Step 3. From available tide gauge records of at least 10 year's duration3 

in and around the Caribbean determine the long-term average water level; 

mean sea level, "MSL". 
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Step 4. From available oceanographic information 5,6 correct the 

MSL at each station for the specific volume anomaly of the regional 	water 
7

colun, and from climatological mean values of atmospheric pressure 

correct MSL to standard atmospheric pressure. 

Step 5. Adjust the height of the equipotential surfac6 found in step 2 

to fit corrected MSL by least squares. This surface may be considered 

to represent the 6quipotential surface of the "standard ocean" and indeed to 

be virtually identical with the oceanographic geoid. 

Step 6. Upon the, assumption that the oceanographic geoid has the same 

figure as an equipotential surface at the, "level of no motion," add the sea 

surface elevations contributed by 

a. 	 the vertically integrated specific volume anomaly above the 

"level of no motion" in all interior ocean areas, 

b. 	 the observed mean atmospheric pressure anomalies, 

c. 	 the amphidromic contribution of the astronomical tide (use 

linear approximation along co-phase lines across the basin 

from shore points), -and 

d. 	 a correction of approximately 10 cm/1000 km slope due to 
8 

Trade Wind set-up. 

Errors 

The accumulated error in the procedure outlined above can be estimated 

as follows: 

Step l. Given gravity observations good to I regal the free-air anomalies 

are also correct to that figure and are consistent insofar as standard gravity 

is reckoned in each case from the same formula. 
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Step Z.- Fromthe-near-field formulas, deflections of the vertical 

canbe calculated from I mgal gravity data for 200 km circles of ihfluence ­

to l'taccuracy. A hen'these deflections are expres-sed as undulations of an 

equipotential surface the height error-may be in~the brder of 1 meter for a 

run of 200 km between successive stations. Increased station density should 

reduce this error as ]I/I-n, buteven so this conversion is by far the source 

of largest error. 

Step 3. Mean sea level is normally given to 0. 1 ft. (3 cm) accuracy. 

for 10-year runs of-data but may be found to even greater refinement es­

pecially where runs of many decades are available. 

Step 4. The specific volume anomaly for sea water is usually expressed 

to 1-cm accuracy or better but is given with reference to an assumed "level 

of no motion. " Arguments based on the 1500 decibar reference surface can 

differ from those for the 4000 decibar reference surface by as much as -10's 

of cm in extreme cases. 

Corrections of surface height to standard barometric pressure are 

made by the hydrostatic equivalent that 1 cm of water is supported by 1 mb 

of atmospheric pressure. The error in this correction is probably in the 

order of 1 cm. 

Step 5. The accuracy of fitting the equipotential surface to MS.L 

is dependent on the quality of the geodetic net which ties the tide gauge 

stations together. Presumably this accuracy is far greater than that of the 

calculated equipotential undulations. It may be estimated that the height of 

the least squares fit may be in error by at least 1 meter and possiblymore. 

Step 6. The height of the physical sea surface may be expressed rela­

tive'to the equipotential surface mentioned in Step 5 to an accuracy of 10 cm 

or better, the largest error coming from the choice of a depth for the assumed 

reference surface in expressing the specific volume anomaly. 
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The tidal regimes' in the Caribbean at4well enough known to make 

linear estimates of the interior tidal-amplitudes-with an error of tess than 

10 cm. The so-called "meteorological tides" or shallow water waves gen­

erated by non-astronomical forces can be large but are epliermeral. 

The set-up due to-mean winds such as the Trades are probably of 

the order'stated, i.e., 10 per 100 km. 

In sum then it seems probable that the accuracy with which the figure 

of the ocean surface can be predicted is in the Z to 3 meter range because of 

the large uncertainty in the geoidal topography. 
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