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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 thelEquipment 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 titne. 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 GEQS-C in 1972. ‘SEA SAT - A is assumed to be the second
Empirical data from the GEQOS-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 +5 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 5 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 GEOQOS-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.



Conclusions

This study indicates the following:,

(1)

(2)

(3)

(4)

(5)

(6)

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 accuracey of 5 meters, and

to a precision of better than 2 meters.

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.

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,

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.

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,

The principal sources of error in verification are identified as

follows:

é. Tracking accuracy.

b. Tracking station location.

c. Time synchronization between tracking stations.

d. Geoid location relative to the Ellipsoid.

e, Liocation of IMSL (Instantaneous Mean Sea Level} relative

to the Geoid or to the Ellipsoid.



{7)

{8)

19

{11}

The primary geographic area for performing the Verification

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

Four categories of verification should be incorporated in the
Verification Experiment, with cross-checking by using more than

cone swhere feasible,

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,

If the altimeter is designed to collect design data, then the
assumed power limitation of 25 watts ‘will be exceeded both in the
altineter and in the design data modes of operation. STADAN

telemetry capability is adequate.

The coordination and processing of data to perform verification

requires the development of new data processing software.

‘Recommendations

{1)

(2)

(3

(4)

An Implementation Plan should be initiated immediately to develop

the specifics of the Verification Experiment,

Some modifications should be made to-existing operational
facilities to upgrade performance to a level acceptable for

verification.

An early determination should be made as to extent of Design Data
capability to be included and whether it can be accommmodated on
board GEOS-C, This will have a direct impact on the GEOS-C radar

altimeter design.

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)

(6)

(7)

(9)

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,

A software and data processing study should be implemented
immediately to provide the necessary support to the Verification

Experiment,

An early study should investigate the design and use in conjunction
with the altimeter of surface-based transponders to perform self-

verification.

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

supporting verification.

An Aircraft Experiment Program and the GEOS-B program should

include a phase to test simulation of the verification categories.

v
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SECTION'1., 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 a2id 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 5 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 +5 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 GEQS-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 20° inclindation. Apogee at 850 nautical miles (1575 km)
establishes maximum power requirements; together with perige.e 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
constraints involving time, equipment, money, geography, additional equipment
and the orbit. Assumptions and constraints are further enumerated in

Appendix M.
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1.3 Study Rationale and Approach

The approach to verification is that the instrument measurement should
agree with an independent standard 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, meteorologiéal and
ocean surface [s;ea. 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, In-the 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 IMSI., 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 2 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 determined by tracking and

topographical differences (in IMSL).
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1.4 Verification

The study resulis 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 Lewvels of Verification

Three levels of performance were analyzed:

(o]

(o]

(o]

Operational
Capable
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.)

Upgrading timing synchronization for tracking stations to 100

microseconds,
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.

Assuming that currently existing geodetic and oceanographic data

have been collected and put in useable form.

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 1imits
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.

o 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.

o 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 Reésults of Error Analyses

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

level of performance are summarized in Table 1-1.

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-1. VEDS Error Summary

Verification ‘A ac : Precision
Category: (Accuracy
Level )
of - Absolute Relative Differential Self-Consistent

Performance: .o

Qperational 15 -~ 55 m 15 -25m 3m 3m
Capable 2-20m 5-.7m 1-2m l1-2m
Feasible l.2m. 2-3m <l m <lm

1.4.3 Geography

The geographic regions for performance of the verification experiment were
investigated. The satellite 01:bit limits all altimeter and surface measurements
to the 20° ‘1atitude belt a.l;out the e'qua.tor. 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 experiﬁent at each
level of perfo:c:'mance. The relative category of verification can be performed
at all three levels of performance throughout the 20° zone. The Ca‘ribbea.n
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 possible at any longitude in the vicinity of 20° latitude,
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Table 1-2, Geographic Regions for Verification

Ver1f1cat?on Accuracy Precision
Category:
Geographlc Absolute Relative® | Differential | Self-Consistent
Region: .
Universally within 20° X OCF O O
Universally within 1° X OCF OC ocC
of 20°
Regions of Large X OCF OCF OCF
Geoildal Slope
Caribbean "OCF OoCF OCF OCF
Hawaii OCF OCF . OCF OCF
North and West of
Australia @) OCF OC ocC
Mozambique O 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 locale, 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 Absoclute

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.
. Requires 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 in‘areas 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 almost 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 cancelied out.
Relatively insensitive to tracking station location errors.

Requires only changesin IMSI, 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,



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 sinall,

In order to implement a-prim_ary objective of the verification experiment -
verification of altimeter accuracy - the Absolute o‘r Relative method must be
implemented, under a variety of conditions, The Relative méthod 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, The sé 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 z 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 kmown relative to the subsatellite point to an accuracy of 50 meters.



In principle, either Self-consis.tent or Differential verification can be used
to determine the precision of the altimeter, Precision verification can be
determined to a smaller numerical value than is achievable by verification of
accuracy, and provides essential information on the performa.nc.e of the
.altin;eter 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 should be gathered as a function of various transmitter pulse

lengths (20 to 200 nanosecondé) 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 capacity for the maximum telemetry rate of 1020 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
. R Altimeter Design Data
Basic Altimeter Mode ' Mode
Volume, (in3) : 620 1200 1200
Electonics Weight,(Ibs) 20 40(1) 40 (1)
Antenna Weight,{1lbs) 5 5 5
Power, (watts) 25 42 . 57 (1}
Maximum Output Datal%) 220 220 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.

1-13




(4)

(5)

(6)

(7)

(8}

(9)

(10)

(11)

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,

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.

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 (Instantaneocus Mean Sea Level) relative

to the Geoid or to the Ellipsoid.

The primary geographic area for performing the Verification

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

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,

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,

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.

The coordination and processing of data to perform verification

requires the development of new data processing software.
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Recommendations

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

An Implementation Plan should be initiated immediately.to develop

the specifics of the Verification Experiment,

Some modifications should be made to existing operational facilities
to upgrade performance to a level acceptable for verification

{enumerated in Section 1.4.1).

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 GEQS-C rada

altimeter design.

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.,

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,

A software and data processing study should be implemented
immediately to provide the necessary support to the Verification

Experiment,

An early study should investigate the design and use in conjunction
with the altimeter of surface-based transponders to perform self-

verification.

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

supporting verification.

An Aircraft Experiment Program and the GEQOS-B program should
include 2 phase to test simulation of the vexification 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:
in 1969 , it was apparent that some way of verifying the perform'ance 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,

2.1 GroundRules 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
foliows.

It is assumed that the satellite will be in 2 600 mile by 850 mileorbit for two
years, with the inclination of the orbit at 20°. The satellite is assumed to have a
communications and tracking network similar to that available to GEOS-B, and muc]
of the on-board instrumentation will be similar to that aboard GEOS-B. It is assume
that a clock will be available, and that the satellite will be attitude-stabilized with

respect to the vertical to within +2°,

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 tilme, 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'o:f GEOS5-C. If so, the implications of the change in

constraints must be reviewed for the effect on verification.

2.2 VEDS Radar Altimeter Mcdel

The Satellite Radar Altimeter to be flown on GEQOS~-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. Accor&inglv, 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, Sec:opd, 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 2~1. A simplified block diagram is shown in Figure 2-1.
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Table 2-~1. "VEDS Radar Altimeter Characteristics

Weight of Electronics 20 1bs

Size of Electronics " 620 cubic inches
Weight of Antenna 5 1bs.

Size of Antenna : 2 feet in diamete’r
Transmitter Tube Life 200 - 500 hours
Prime Power . 25 watts
Maximum Peak Power 5 kw

Readout Resolution 1 metexr

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.

2.3 Role of VEDS in the GEGCS~C Program

Vi

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 vehlicle be on schedule, but also that a1l the support be on schedule.

‘ The support includes provisions for verification and for the collection of de sign

data.

Verification is needed to check the altitude measurement capability of the
GEQOS-C altimeter independently of the altimeter itself. »These independent
determinations will provide the basis for evaluating the performance of the

altimeter-
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The design data function of the GEOS-C altimeter will be to phrovide data
to aid in the developr:;l_ent of altimeters of higher accuracy, such as the altimeter
for SEA SAT-A, :]'.n addition to answering some of the design questions directly,
the design data from GEQOS-C will be used to establish a correlation at satellite

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

The major coniribution of this study to the GEOS-C Program is to defi.né
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 de‘tail and implement’ed. 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 {ransmits 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, Hy,compares with Hj.
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3.2 Classification of Verification Methods

The verification methods considered may be conveniéntly classified into
two types (see Table 3-1): (a) ac'curacy 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 3-2)
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 iindependently of the altimetry) between the satellite
aitimeter and the subsatellite ocean surface. The relative measurements are

made substantially directly, without reference to a spheroid.

In precision verification, two categories are considered (Iigure 3-2):
(a) differential verification in which changes in known ocean surface topography
may be correlated with changes in altimmeter 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,



Table 3-1, Verification Methods

Type of Verification

Category_ )

Measurement Comparison

Accuracy

Abs plute_ ’

Measure satellite position
and Instantaneous Sea Level
with respect to established
coordinates

Relative

Measure satellite position
relative to Instantaneous
Sea Level by independent
means

Precision

Differential

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

Self-Consistent

Repeat aitimeter measurement
at same location at different”
times, knowing satellife position|
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in this case, :!: 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 a.lso-i:r'ltimately concerned with the opera-
tion of the instrument, the principal reashon being that it indicates the set of
experimental operating conditions under which it is n'ecessary 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
i5 to 55 meters,.at the ca.p-able level from 2 to 20 meters and, at the feasible

level, from 1 to 2 meters,*

ala

* 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.



Table 4-1.

Summary of R.M.S. Errors

(a)

In_Verification Experiments (Absolute Category)

R.M.S. ERROR (Meters)

Station

Instrument Altitude
Performance Ground Atmospheric Location Above
Level (b) Tracking Correction* Horiz/Vert. Ellipsoid
OPERATIONAL (c) 15 - 25 1 1-10/1-50 15-55
CAPABLE (4} 1 - B¥3* 1 1-3 /1-3 2-6
FEASIBLE (e) 0.5 -2 0.5 1.2 /1-2 1-2

3

See Appendix Q

R (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 IMST, Above
Performance Above Above (Above S
Level Ellipsoid Ellipsoid Geoid) Surface
OPERATIONAL 15 - 55 1 -50 2 15 - 55
CAPABLE 2 -6 1-20 2 - 20
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 2 more detailed analysis

would have provided.

* (b) The difference between the definitions for the performance levels

given below (¢, 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., I 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 GEOQS-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.

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 GEOS5-C is of course implicit in.the definition. It is
also implied that in the reduction of the data, measurements of
range, eté., will be introduced with their proper weights.

The '"feasible" performance level is that level of performance of a
system which could be attzined by a system operating two years after
the successful launch of a GEOS-C 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 coverage
(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 4-1A, for each performance level.

The principal advantages of experiments of the absolute type are:

(1)

(2}

(3)
(4)

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

and oceanographic importance;

they require no knowledge of or assumptions about the functioning

of the altimeter;
they provide more information per unit cost than other types;

they have minimal involvement of other types of equipment as

reference standards.

The principal disadvantages of experin‘lents of the absolute type are:

(1)

(2)

(3)

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;

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;

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¥

Percent of
Performance Caribbean with Error
Levels * 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
o~ systematic errors <5 m. and random errors
o <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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4.2 Description of Absolute Verification

4.2.1 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 indire&:tly by going through a chain of sub-standards, or negatively by
showing that the hypothesis,that it disagrees with the standard by more than
allowed,is false. In 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 (£5 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 'sé.tellite in the tracking instrument coordinate
system (as range, velocity radially from the station, right-

agscension 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} Theight of mean sea-surface above the geoid (mean sea level);

{6) height of the instantaneous mean sea surface above the mean ses
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 radiatidon 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 be 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 foot point’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 (1) 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 IMSI 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 radar engineer could have dragged in a hypothetical
surface even less remotely connected to the physical world, we should not
cornplain 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 gec, 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 m'easurement, 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

T (1) = %fs Hy, (@) ds

. is set approximately equal to

B = 5 J, Hyy (T 1) dt.

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 IMSIL. The
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latter conclusion of colurse szets 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 gét 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 oxr 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 IMSL 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.

1

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

Sa. x x° = 0 i, =0, 1, 2
relates the spheroid directly to the x*-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.
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From available survey, 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.

From available data on ocean currents, salinity, temperature,

pressure and meteorological conditions, the mean sea level

surface is mapped with respect to the geoid.

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,

The last stage would be the mapping of the instantaneous

sea surface on the quiet sea surface and the mapping therefore
of the IMSI, 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 O;

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 sj:raightforwaird mathematical means the

distance from the point

1 2 3
PS (Xm, xm, xm)

at which the altimeter is located to the surface (IMSL surface) which
" existed at that instant 1,32t which the altimeter was at point PS and

made the height measurement hm. 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,

4,2,35 Location of Altimeter

Primary data that go into the determination of altimeter location are (1)
the locations, in various reference systems, of the instrum&ints 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 (i) 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 he 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 contained within the first and second steps
of the IMSL-derivation process (Section 4,2.2) and could be made along with
the IMSL-derivation. '

The second 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 2 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 equdtions 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 '"shoxt!" 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 Absoclute Verification

Verification experiments in an absolute system must be carried out in
regions where computation can be accura:tely made of {a) altimeter location,
(b) the spheriod, (c) the geoic:l, (d) mean sea level and (e) IMSI.. It rust also be
feasible to make those measurements from which IMSL is compute'd: 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 heen made of ocean
characteristics., A survey of data on these matters shows that there is no region
in the +20° to -20° 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

3. Lake Maracaibo

6. Lake Nicaragua

7. Lake Victoria

8. Lake Titicaca

9. Lake Chad
10, = Indian Ocean

The dim‘ensions and area of the regions are given in Tabie 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.

A

% 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

REGION AREA* DIMENSIONS (km) *
(8q. km) Length . Width :
LAKE VICTORIA . 69,900 400 240
CHAD 20,800 230 50
MARACATBO 16,500 135 120
TITICACA ’ 9,000 175 45
NICARAGUA 7,900 170 65
SEA CARTBBEAN 1,960,000 2,800 580
RED 417,000 1,785 260
OCEAN INDIAN 73,500,000 - -———
GULF PERSIAN 230,000 875 200

* Mostly based on "' The Times Atlas of the World", Comprehensive
Edition, Houghton Mifflin Co., Boston, 1967.

They differ/in 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 xﬁeasured;

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 +202 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 itself, 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.

43,11 Characteristics (Garibbean)

The Caribbean Sea, (Figure 4-4) has an area of about 2,75 x 105 sqg. 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 dimenéions, 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 2.-yea.1; period, make approximately 800 passes
in a south~to-noxrth direction and 300 passes in a north-to-south direction over

the region, the approximately 1.8 x 106 observatmns that can be made {at one

per second) in a 500-hour altlmeter 11:Eet1me are about four times what would be

made if the altimeter were alwavs-turned on while over the Caribbean.
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Figure 4~6 shows the number of ocbservations 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 ,

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

of the tempora'.l 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
areas’ 66, 6?. 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 latestz computation results
are shown in Figure 4-8, Note the gap in the geoid along the north coast of
South 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.
The represent:ation in Figure 4-9%(b) is from 19697. 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 diagrafns 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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Regions of Substantial Gravity Data in the Caribbean
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Bolay, and Beers. 3 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 bageci 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 sgmmarized by the estimatg that the prdbability of successful
optical observation {by virture of skies sufficiently clear) is less than 60%

in the 2 - 3 most fa.vora.ble. months, and less than 40% the remainder of the

_year.

‘ 1
Wave height data shown in Figure 4~11 were taken from Hogben and Lumb 0.

Height numbers 1 to 19 are twice the W&Vé 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 16.0of 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 trackiné stations other than those able to observe 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 Fig;rure 4-12a; electronic tracking station locations are indicatedin

Figure 4-12b (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 33
April 47 32 45 72
May 26 30 64 50
June . 34 60 39 58
July 54 36 59 56
August 02 45 45 71
September 40 37 438 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

oo | 1212 1661 55 22 12 1 4 42 48 3059
01 62 5129 541 131 51 18 1 3 3 273 6215
02 65 10311 4145 687 * 182 67 7 10 26 79 15588
03 59 5350 7324 1790 33 ° 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
w06 3 105 484 583 233 68 17 7 1500
S 07 1 43 224 247 159 . 69 9 A 756
f.:; 08 1 12 65 112 62 . 37 12 4 2 - 307"
g 09 1 4 5 - 79 61 14 12 4 1 216
g 10 3 2 10 6 10 11 1 2 45
g 11 1 1 6 9 1 1 28
12 2 4 18 12 2 4 2 46
13 5 6 8 8 1 35 .
14 1 1 3 2 1 1 9
15 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 4<11. Wave Heights (in meters) in Caribbean Sea Region. 10
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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 60° 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 60° limit is sate and, because accuracy in deter-
mining the normal component is more important than accuracy in determining
the tangent and binormal components, is adeguate for preliminary planning
purposes. In. Figure 4-12c, those regions within which 4 or more radar stations
can simultaneously track the altimeter are indicated. -Those stations which are
located so that they can observe the altimeter (at 60° zenith distances or less)
when the altimeter is witlr‘:tin 90° (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 é.re 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 60° zenith

distance and above 1100 km) are drawn about each station in Figures 4-12(a),

‘(b) and (c).

Table 4~4, following, lists the relevant 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. ILocations of Tracking Stations for Caribbean Tests

CATEGORY A
5
Location ' §
Name A ¢ h & TYEE
Cape Canaveral 279° 24' 01778 28° 13" 33Y98 15 2  FPQ-6
. (Kennedy)
and Vipinity 279° 18' 22793 28° 30" 28.22 3 2 __UsB
Homestead, Fla. 279" 36" 42769 25° 30" 24769 18 1 PC-1000
San Salvador 285° 29' 43V96 24° 07' 05V52 13 2 Fps-16(a)
Eglin AFB 273° 12' 06V44 30° 25" 17706 28 2  FPS-16
Corpus Christi 262° 37' 17792 27° 39" 11078 6 USE
Grand Turk 288° 52" 03V04 21° 27 43V68 36 2  TPQ-18
Antigua 298° 12' 23"84 17° 08' 35700 42 2 FPQ-6
298° 12' 37741 17° 08" 5168 7 1 PC-1000
USB
291° 09' 42755 12° 05' 21V55 23 1 Baker-Nunn
X 283° 11" 26452 18° 04" 31V98 485 4 MOTS-40
San Juan 294° 00" 2217 18° 15' 26V22 58 1 MOTS-40
Trinidad 298° 23' 2367 10° 44' 32778 269 1 Pc-1000
Swan Isl. 276° 03' 29.87 17° 24" 16Y57 83 1 PC-1000
(a2) No longer exists, (H.R. Stanley, private communication)
CATAGORY B s
Location tf.}
Name A o) h & Type
Bermuda 295° 20" 46%53 32° 20' 4753 21 3 FPQ-6  USB
Quito 281° 25' 1481 -0° 37" 28Y00 3649 1 MOTS
Grand Bahama 281° 39" 0688 26° 36% 54795 4 2 FPS-16 USB
Cape Canaveral 279° 25' 23977 28° 28" 52V79 14 2 FPS-16
(Kennedy)
Las Cruces 253° 14" 48%25 32° 16" 43V75 1201 1 Doppler
Stoneville 269° 09' 10%70 33° 25' 31%57 44 1 Doppler



Tabile 4-_—4 (Cont.)

CATEGORY C
. Location s
Name A b h ¥  Type
(meters) §
Guaymas 249° 16" 46%28 27° 57" 45V96 17 2 USB
Natal 324° 50' 18Y00 -05° 55' 50%00 112 gl Special Op
Ascension 345° 40" 20%72 -07° 57' 19%04 538 3 wes-16(P)uss
Pretoria and 28° 20' 53900 -25° 56' 46705 1 prg-6 (©)
vicinity
Tananarive 47° 18' 09Y45 -19° O1' 13732 1393 3  GRARR (9)
Carnarvon 113° 42' 57V88  ~24° 53" 50Y65 49 3 FPQ-6
113° 427 55Y06  —24° 54 14V86 38 3 GRARR
113° 43" 27929  -24° 54" 27933 39 3 UsB
Guam 144° 44" 03789 13° 18' 3328 86 USB
Hawaiian Islands 202° 00' 00Y63 21° 31°' 26%86 380 USB Doppler
203% 44" 24711 20° 42' 37U49 3027 Baker—Nunn
Gran Canaria 344° 237 15700 27° 44" 25700 22 3 USB
Source 1 - 1969 -~ Lerch, Fiet al. Geos I Tracking Station Positions
on the SAQ Standard Earth (C5) NASA TN-D5034
Soﬁrce 2 - 1966 -Anonymous, Soddard Directory of Tracking Statiomn
Locations. Goddard Space Flight Center, Greenbelt,Md.
N.A.D. 1927.
Souxce 3 -  Same as_ 2, but varicus datums.

(a) Also FPO-6.,

(I-I R, Stanley, pr:l.vafe communlcatlon)

(b) Has MPS-25 (portable version of FPS- 16) rather than FPQ-6, (H.R. Stanlev,
private communication)

(¢) Has CAPRI (mobile version of FPS-16,

(H.S. Stanley, private communicatior

CATEGORY D (Hypothetical Statioms)

Location 1183

Name A ¢ h(meters) & Type

Puerto Rico 2 293° 00" 0Q" 18° 15' oo" 0 N.A. Transponder
Puerto Rico 3 293° 307 OQ" 18° 457 oo" 0 N.A. Tr.

Puerto Rico 4 294° 00' 0OQ% 18° 15" oo" 0 N.A. Tr.
Jamaica 2 283° 11" oQ" 18° 00' oQ" 0 N.A. Tr.

Curacao 2 291° 10" QQ© 12° 00* Q0% 0 N.A. Tr.
Bluefields 276° 30°' oQ" 12° 00" 00" 0 N.A. Receiver
Chetumal 271° 00" 00" 18° 30' oo" 0 N.A. Receiver
Nicaragua 274° 30' oo" 11° 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 (Caribhean)

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% 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 1:10-2 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):

- Eastern Caribbean {290° to 300°)

A

B - Misterioso Bank

C - the Panama North Coast and South Coast
D - Golfo de Venezuela

E - Puerto Rico trench

3

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

An average over 0.1 seconds is assumed in most parts of this chapter.
The one second value assumed here is a '"safe! value.

%
2%
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Whether a higher density is in fact atta.;inable will: depend partly on the ability

of-the GEOS~C altimeter to make measurements (that is, provide measurements

to the usér_) at intervals of less than 1 secon-d of time. It will also depend on the
exact orbit into which the altimeter is placed, and to an extent not exactly pre=~
dictable. Altimeter measurement rate helps determine the number of measure-
ments per unit distance along the surface trace, but this number is also determin;ad
by the spacing between adjacent {not con’seé:utive) -traces, ‘and the number of -
measurements per unit distance perpendicular to the trace is of course deter-~
mined principally by the spacing betwee‘n adjacent traces (see Figure 4+16).

We will consider these regions individually.

1, Eastern Caribbean (290° to 300°)

The principal reason for considering concentration of effort in the
eastern Caribbean is the location of tracking stations in relation 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 aécuracy meas-
urements in that region. This also strengthens altimeter locations.
in the Puerto Rico trench r'egionl. The Eastern Caribbean Test
Region (ECTR) is then a minimax region; it i's.,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 Ricd; Trinidad and Kingston
as recommendéd 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.
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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 Homesfead, 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, 11, 1z 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.

Panama North and South (Gulf of‘Panama) Coasts

At present, subregion Cis 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) Itis 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 difference in geoid height between the north and south
coasts is known to better than 3 cm, while the height difference

from spirit leveling is about 20 cm 14,

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.

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 ° ~,

50
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.

Puerto Rico Trench (Brownson Deep)

The Puerto Rico Trench is an intensively studied geological
1 .
structure 3. The geoid is- known in N-S section from three

sets of measurements: pendulum gravity measurements

of measurements: pendulum gravity measurements

by Worz.els, GEON™ measurements by von Arxlz, and

SINS* * measurements by Butera el al, 17. The altimeter will be

3#*

%
3

16

GEON 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, L T.
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moving over the trench almost parallel to the main axis of the
trench and hence perpendi-cularly to the present geoid profiles.
Fortunately, the region is just within the 20° N latitude limit, so
that the region will be very ciensely 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 opticai 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 O'r;c:e. 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 geold cannot be derived as part of the final solution without imperiling the

validity of the absclute category tests. Geoid-spheroid separation-must therefore
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be found by properly combining the astrogeodetic version™ , the gravi-
metric version of D. Rice 8 running along the ch.ain of islands ‘
bounding the Gulf of Mexico and Caribbean on the n01"t-he ast, 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 separa‘ttion 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
published vary considerably from place to place in the Caribbeanlg- It

is clear that more giravity data are required, especially between 15° and 20°
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 portioﬁ, of course, is put in by
HIRANASHORAN type surveying). Itis 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
latier can be achieved at low cost by making zenith camera observations at 40 km
‘intervals along with gravimeter measurements. About 35 stations would be
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 200 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-Trinidad segment is closed,
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a geoid around the entire American Mediterranean is available. Using that
boundary is undesirable, since it Wi].;l 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 ondand 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 T,

Salinity, temperature and pressure data are available in densities of
50 measurement points per 5° x 5° sector or high except in the far western
Caribbean, The far eastern portion has densities of 200~400 measurement
points in the same area. STFP 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
1200 mb 19V€119, further special measurements to provide uniform measure-
ment density throughout the Caribbean is not justified. Anomalies of the type
found at S. Aves Ridge20 may or may not be common in the region, but they will

not affect the anomalous height enough to require special investigation.

If the astroge;)detic 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 62° 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

cbservations are recommended.



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 4-57).

Atmospheric pressured to the nearest 10 millibar along the track of the
altimeter is desirable, since this inforrf:ation 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.

Tracking 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 sirnultaneity can be relaxed
slightly by using orbital equations for interpolatiop. The interv_al between ob-
servations is then determined by the amount of randorn motion accurnulated by
the satellite between single observations. This matter is investigated further
in a following section on erfor analysis; at this point, we will a-ssume that
simultaneity is required; the resulting station distribution needed will be altered
after the error analysis if necessary. A simple fix is insuificient to give in-
formation on tracking accuracy unless assumptions are made about the orbit.
~Since we are going fo 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 rﬁinimize; the number ¢f 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,



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 pri.nciple". The prihciplé 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 20°
zone is simultaneously visible from 4 radar stations, and that the locations of
these four stations are such as to give large rms errotrs in one or two of the
altimeter 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.
JTentatively, we place the electronic tracking stations as follows:

1. Bakia Chetamal, Br. Honduras

. Bluefields, Nicaragua

2
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 Caribbe‘an (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 fou_nd 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. Thes-r could, comsidering their nature, have been located in the vicinity
of a C- and/or'S-ba.nd radar also. The Bluefields -Nicaréa,gl‘la 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
specificélly listed in Table 4-4) on and“about L ake Nicaragua for relative height
measurement. The Jamaica and Curacao stations belong to both western and

eastern Caribbean networks.

The success of the verification e:::periment will be determined by the
number, types, and locations of usable tracking instruments. Which tracking
"instruments will be usable will depénd 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 serious 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 sifes 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.

" MISTRAM's performance has been tested intensively, no testing on satellite
tracking has been possible, but simulation testszz on a GEOS-C type

satellite predict tracking errors (total) of 1-2 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 meters48. Another
di'sadvanta.g'e, 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. S

These two draw backs to SECOR can be removed to a great extent by
colocating one of the SECOR stations at a MISTRAM or radaxr site. Such coloca-
tion could even turn the 500 MHz frequency of SEGOR 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 plamning 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. Adeguate time
should be allowed for crew training, camera calibration, and

operational checkout.

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. Af this time an estimated lapse of 8-14 months from launch
to use of altifude measurements for geoid and orbit improvement

within the experiment does not seem excessive.

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 safisfactorily 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. FPlacement of this ship for optimﬁm 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

2%, 24,25

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
instartaneous 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 locating 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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Satellite 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 10;:ation 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 Liocation 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 10°

(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 i5 discussed in appendices 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 thé 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 km,

the required direction s.4d. is about 05 since angular error is approximately
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Figure 4-18a.

THREE RADARS, SATELLITE NADIR (P)
WITHIN TRIANGLE (123) OF STATIONS

Figure 4-18b.

THREE RADARS, SATELLITE NADIR ()
NEAR ONE STATION

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 a,vera.ge' the object's coordinates
over a period of minutes or even seconds as astronomers cari,, so that 0!'5
must be considered a small, though not unattainable s.d. for the GEOS-C
experiment, ;Since a s.d. of 2 meters or less for the electronic ranging

instrumentation may be possible, a s.d. of 20!'2 in each of right ascension

and declination should be looked for. This is not an unreasonable goal, even
using present eguipment, 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 ot‘her 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 tl;.e 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 2 zenith distance (z.d.) of less than 60° . Below 60°
simultaneous observation opportunities decrease rapidly and refraction~

caused errors increase, As zenith distance decreases, on the other hand,

the hejght s.d. increases. The two practical situations therefore appear to
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be (1} both cametas observing near 60° =z.d. and {2) one camera observing
near 60° z,d. and the other observiﬁg 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 4-18f). 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 ® and () are givén a number of values to provide a representative
set of longitudes, latitudes and heights for the satellite over the Caribbean,
and g 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 4-18c¢.

THREE RADARS, SATELLITE NADIR (P)
OUTSIDE TRIANGLE (123) OF STATIONS

Figure 4-18d.

TWOC CAMERA STATIONS
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Figure 4-18e¢,

THREE RADARS, ONE CAMERA

Figure 4-18f,

ONE-CAMERA (1), TWO-RADAR (2,3) SITUATION
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Table 4-5, Tracking Station Locations for the Caribbean
EARYH CONSTANTS
RA = 637B3E£.000 El = 0.0819918899 k2 = 0.0
Station
LONG] TUDE LATITUDE HEIGHT ONG1TUDE LATI FUDE X Y z Station Name Number
DOOD MM 5S.55S DD MM §5.55S5 JIMETERS) J(RADIANS}H (RADEANS
279 24 1.780 | 2R 13 33,980 15.0 J4. 87645859 [0.49263848 218620.0 |'55’08636.5 2998655..5 CTAPE CANAVERAL FPD L
279 18 22.930( 28 30 28.220 3.0]4.874B1576 |04 49755565 907102,.8 15535488.1 |[3026124.4 j CAPE TANAVERAL uSB F4
279 36 42.690 | 25 30 24.600 18,0 14.868214755|0.44517822 9618L6.7 +5679453.1 (2729B898.4 [ ADMESTEAD FLA. PC-100D 3
285 29 43.960| 24 T 5.520 13.014.98283724 |0.42094200 ]1556190.9 [561313B8.2 [2590277.4 | SAN SALVADIR FPS-le6 %
273 12 6.4%0( 30 25 17.060 28.0]4.76027073§0.53095369 307469.6 }54964108.0 [3210804.9 JESLIN AFR FPS-~15 >
262 37 17.920{ 27 39 11.780 6.0]%.58361238 0. 48264065 [=-726079.4 }S607085.1 {2942549.0 | 203PUS THRISYI uss 5
288 52 2,040 21 27 43,680 36.0[5.04160917[0.37450489 [1920499.1 $5619715.3 23171137.2 | GRAND FURK TPI-18 7
298 12 23.840( 1T B 3%.000 42.0|5.20668740|0.29920276 {2801682.0 (53?2823.0 1868002.8 { ANTIGUA FPJ-5 ;
298 12 37.410| 1T 8 51.680 7-015.20475319|0.29928363 12081948,2 5372470.7 }1868482.5 | ANTIGUA PC-1000 +
291 9 42.550| 12 5 21.550 2?.0 5.08173240§0.21099843 [2251691.9 [5617218.7 |1327085.8 | CURACAD BAKER~NUNN 12
283 Il 26.520] 18 & 31.980 485.014.9426L012 |0.31547786 1384224.0 F590598L.0 |1966510.0 JJAMAITA MOTS 4D ll‘
294 0 22.170| 18 15 26.220 58.015.13137548 0431864971 [26465154.6 553522647 [19685490.0 | SAN JUAN MOTS-40 12
298 23 23.670| 10 44 32,780 269.0}5.20788635|0.18749093 £2980052.5 §5512813.0 J11B81091.2 [ TRINIDAD P5-1000 13
276 3 29.870] 17 24 16.570 83.0[#.81812621|0.303767%62 642558.1 +6054269.4 {1B95655.1 ; SWAN ISL P2-100D 14
295 20 46,5301 32 20 47.530 21.015.15476464|0.56455356 [2309039.8 }4874621.5 [3393019.8 | BERMUDA FP2-6 15‘
281 25 14.8104 0O 37 28.000 3649.04.9117192040.01089861 11263650.8 }6255300.0 -69086.7 | QUETO MODTS 15
279 25 23.770| 28 28 52.790 L14.0]|4-.87685605]0.4970029% 9186256.0 }5535018.1 |3023547.6 | CAPE CANAVERAL FPS-15% 17
293 O 0.0 18 15 0.0 0.0}5.11381470]0.31852259 |2367653.8 5577842.8 |19B4706,2 | PUERTD RICD 2 TRANSPINDER i3
293 30 0.0 i8 45 0.0 0.,0{5.12256135|0.32724923 | 2409236.5 [5540864%4.5 |2037130.0 | PUERTO RICO 3 TRANSPINIER 13
294 0 0.0 18 15 0.0 0.0{5.13126799[0.31852259 |2464639.9 [F5535672.0 |1986706.2 | PUERTD RICO 4 TRANSPINIER 2
283 11 0.0 18 2 0.0 0.0[4.94248155}0.31415926 |1383950.0 }5908231.0 |[1958408.4 | JAMAICA 2 TRZANSPONDER 21
291 10 0.0 12 3 0.0 0.0]|5.08181700}0.20943951 |2263120.4 |-58168930.0 |1317417.7 | “URACAD 2 TRANSPONDER 22
276 30 0.0 12 0 0.0 0.0}%.8258353810.209439%] T0637B.0 6199800.6 |1317417.7 | BLUEFIELDS RECEIVER 23
2L 0 0.0 18 30 0.0 0.0[%.7298422T7]| 0432288591 105601 .4 [6043502.8 f2010966.9 | CHETUMAL RECEIVER 4]
274 30 0.0 11 3 0.0 1500,0(4.TI09?879|0.19198622 491423.6 F6244129.8 |1209306.1 | NICARAGUA RECEIVER 25
5




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 (sée 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 summarize; the result of the error ahalyses 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

B San Salvador Grand Turk Swan

F Grand Turk Antigua Jamaica

G San Salvadcr Grand Turk Antigua

0 San Salvador Grand Turk Antigua Swan

I Grand Turk Antigua Puerto Rico
J San Salvador Grand Turk Eglin

K San Salvador Grand Turk Eglin . ’ Jamaica

i Grand Turk Antigua

M Grand Turk - Antigua Curacao

N Curacao Grand Turk Antigua

O Curacao . Grand Turk Antigua Curacoa

P Puerto Rico#2 Puerto Rico#3 Puerto Rico
Q Puerto Rico#2 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)

Staten Type] 2% B | © D | E]F G H- | I- J i K L M N o P Q R
Radar | 4,5 6 |47 108 |4 67|47 |78 [4.7.8 [4, 7,878 |45 T84 57,8 | t.8,21 } 7,8 21 | 7,6, 21,22} 7, 8 21, 22| 18, 19 |18, 19, z0 | 18, 19, 20
Camerh '] 3 3 Jw!l 0 fualn - 11 |12 - . n - 10 B 19 12 - 12

Satellite

Positiot %% - . )

103 6.2 -
104 5.8 5.9 {7.9 ) ' : -
105 5.6 163 .5.4 [8.1 .
106 5.5 |s.7 5.2 |1.8 .3 { a9 78 5.4 7.7 5.4
107 "Is5.0] 6.0 6.7 57.5 +6.9 |s.7} 57.07] 4.5 5.3 4.3 5.2 J 4.3
108 4.4 15.2 5. 415.7 |39.5 5.5 4.8 4,1 a7 3.8 LY
109 a6lasl  lsalaolens Jas |as 3.9 3.6 32 33 |4z 36,1 3.7
1l 5.7 4.6. 4,3 118. 7 4. 3 4, ¢ b 4.2 3.8 3:3 3,3 3.8 2.2 3.2
11 4.5 4.2 ]11.2 5.0 [4.2 4.8 | a1 41 3.7 3.9 16.8 3.2
112 4.7 4.8159 lea |4l 5.9 4.7 5.4 4.3 4.5 2.8 3.9
204 6.9 6.0 sz
209 6.4 5.7 [8.3
210 5.9 5.5 | 8.0 92.9 | 5.2 7.8 | 53 7.1 5.2
211 s.46.3 7.1|6.4188.9 {73 |59 823 | 50 2.0 | 4.5 5.4 4.2
212, 5.4 5.9 6.4[5.9f7.3 [6.3 [510 . | 7.3 4.4 4.3 3.7
213 |60 57 6.5|5.4 [60.4 [5.9 |4.8 ge | as 4.0 3.6
214 7.1] 5.6 5.1[53.5 [s.9 {46 - 9.1 1,8 4.3 3.7
215 - 5.6 5.2 |48, 6 f6.6 4.7 10.5 5.1 5.2 42
216 5.8 6.0144.3 §7.8 5.0 12.4 5.6 6.8 4.9
308 8.6 ’
3oy 7.5 8.6 z50.7 j8.7 7.2 - 13,6 5.9 9.4 5.8
3l0 6.7 7.8}6.5135,8 |7.9 |59 10.3 5.1 6.2 4.4
3l 6.2 4,716.0|77.8 6.7 5,0 8.2 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 saal2nz2 {51 las 5.4 4.3 5.8 36
g 4.5 4.4 5:1 |5.8 {4.3 5.1 4.3 50 4,1
401 3.8 8.3 31
402 ’ 3.8 6. b 3.1
403 3.8 6.9 3.1
404 3.8 7.8 5.1
405 8.9 | 106 3.2
406 4.0 | 16.0 .2
501 3.8 6.7 31
502 a8 3.9 3.1
503 38 | 4.4 3.1
508 3.8 6.5 3.1
505 3.9 | 10.5 3.2
506 3.9 | 13.5 3.2
501 3.8 6.0 3.1
02 3.8 | 41 a1
603 38 | 4.7 3.1
604 ' 3.9 7.3 3.1
605 2.9 ! 1o 1z
506 _ A 3.9 ] 142 3.2
* Station Configurations are given in Table 4-6
*F See Station numbers in Table 4.5

See Satellite Positions in Tables A-10 and A-11 (Appendix A)
Table 4-7. Results of Error Analyses for the Caribbean
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Satellite Loocation Errors (Caribbean); Observation Error Effects

At least three digtinct kinds of tra}:king equipment will be used for
observing the altimeter satellite: radar, laser ranging, and camera, FEach 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
(sece, 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 Standdard Deviation
sttematic Random Total
radar 4.4,8 m, 1-2 m., 5 m,
laser 1-1.5 m. 1-1.5 m. 2 m,
camera 015 0Vv8-1118 .z
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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 stand.a.rd deviations but also on
the errors present in the tracking station loca.ti_on 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, 2'7. Ref, 4 notes that the

values derived are of doubtful meahing because the quantities used in the formula

increases in accordance with Simmons! 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 woula 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 thermselves; hence, a self-consistency
of #2 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 0.1l-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 2 1
Grand Bahama 8 3 2
C. Canaveral 10 3 2
Antigua' 10 3 2
Curacao 15 5 3
Guaymas 23 8 6

% PBased on data’in Ref., 28

#4% B, Chovitz, 1968, private communication
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estimate is probably close to a 30 value, so it is certainly a safe 1-0 value.
Since we intend to prov.ide horizontal coordinates for the stations to £2 me;:ers,
we can assume that geodetic distances between stations are known to +2 meters.
In view of the small area involved, the corrections to these distances for geoid-
above-spheroid can be neglected. bifferences between mean sea level and a
Caribbean geoid are less than 0.5 m19 in most flaces; 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 & 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 IMSI: above spheroid, detailed discussion of the general problem is deferred
to the next section. The problem of errors in trackin;g 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 e}ﬁample, have spherical s.d.'s of about £12 m. (ref. 62).
Some of the C&GS satellite tracking network stations (optical) in the Caribbean
have s.d.'s of about +3 m. in height (ref. 63). Some of the radar stations in
the Caribbean region have vertical cqordinate s.d,'s of the same order of
magnitude (ref, 64), A prc.Jperly 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 rangé, directi‘on, 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 va:riances derived directly from observations will be much more
important than variances resultiné fromltheoretical 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 thart 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‘br 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 computed from
observations over a complete revolution or more contains systematic c-arrors
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 estimated,
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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 ébservations, 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 cutline is presented here.

The estimation method assumes the existence of pulse or impulse type
forces along a typical trajectory in the normal, tangent, and binary directions
and of integrating the accelerations over very short segments. ~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 in’gervals 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 grg.vity 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 (6.4/7. 4)402,
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 l.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

ent work, the value 1. 5m can be used if its tentative nature is understood.

and FB. For the pres-

Hence, a spacing of 85° 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
4-12(a), 4-12(c) since a distance greater than this will result in the introduction
of 0. Im error into the satellite height. Since the above estimates are of the
"worst-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 1s equivalent {for short
segrnents). to smoothing out the observati.ons. The analysis of Appendix H
shows tha;: systematic errc;rs 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 {rom 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:

(13 over the segment le{lgths of concern within the Caribbean,

simultanity of observation by different tracking stations is not

ese';ential;
(2} the .standard deviation of the satellite height is given approximately
by .
“J 3 O.'j_/ ’\/_r;-g - M (4-2)

where n is the number of independent observations on the satellite
in a region where the geometric situation gives a standard devia-

tion of Gi;

{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 summary, 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, ftherefore, 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) thrdugh 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, & 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 PI 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 1 is known. To a

1
satisfactory approximation, hI is given by:
P
I B
hi = h1 + g tan ¢ ds , {4-3)
PI
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the integral being taken along some path on the spheroid, s being

the distance (on that path) from P

-

1 to the point whexe { is measured.

Two major sources of error occur:

(a)

(b)

The slopes { are measured with appreciable errors. On
land, lcgl is about 0M. 3 if a good first-order set of chserva-

tion is made; a |0, | of 0". 1 is obtainable but the median is

probably closer toéthe 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, IUQI ca;l be assumed to be about 7';
during an extended cruise in mid-ocean, it could conceivably
be much greater. If navigation is by observati-on 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
39" s.d, for £ . 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 estizjnate‘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.

The second major cause of error in determining hI is the
discreteness of the measurement intervals. { is not measured

continuocusly along the curve joining P1 to PI but is measured

at I points along the curve, with intervals AS, between points
1

Pi and Pi+l' The formula employed for determining hI is,

therefore



1-1
h. = h_+ Z tan . AS, (4-4)
1- 1 ; i i

i=1

The error is, therefore

Pi+l
8 hI = z S‘ tan { ds - tan éi ASi ; (4-5)
Po

1

or, if E is a suitably chosen value, by
i

5 hI = Z(tan ;i - tan .gi) AS, . - (4~6)

i
The length ASi may be as low as 20kmor as high as 200km,
depending on the epoch of the observations aund the topography
along the circuit. The difference (tan Ei - tan Qi) depends on
the topography and geology between Pi and Pi+1' It can be

reduced by using gravemetricmeasurements between P, and
i

P but in mountainous regions or regions of great geo-

i+l
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 using 6000km as the distance from Py to Py, 60km
for ASi and 3" for oy The resu}t-is +% meters, The

contribution of the measurement s.d.. 5y can be neglected.

No measufements 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

5km, and that navigation errors are negligible, we come up
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with an estimated O‘h of +0. 7 m per 100km. This is somewhat
better than intercomparison of thé 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.

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 gi:avity

-data throughout the world. This rmethod, 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,

h, = L g&gg (p, A) F(p) dp dA (4-7)

2
T€5%

where E‘(p) is a suitable weighting function, p is the length from
P1 to P on the sphere, A is azimuth, and a_ and g are average
radius and gravity for the spheroid, then the error Ghl is

b 1 .- . ~ —~
8h, = —— A A} Flp) dp dA - Ag, F AS,

1 P SS g {p, A} F(p) dp g, Flp,) AS,

o o0 AS
i (4-8)

Or, using the law of the mean, the error 1‘5}1i contributed by the

difference over the small area ASi is

sh' = K[Aglp,A) F(p) - Az (p,A) F(p,)] AS, . (4-9)

These differences become appreciable where gravity data are

sparse, even though &becomes‘small for large p. The proper
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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 Ab,

Ah, = K 55 sg [F(p) -'Eﬂf(pl)dpdA : (4-10)

where the distance pl, is the distance from the point P to Pi.
The difference §(p) - % (pl) approaches zero more rapidly than
g(p) or g(p,) if the region over which Ahz is to be computed

i

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 1° x 1° 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(;’ K) by o = £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 a.£ 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 estim.ation 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
Antiguazg. A standard deviation of =1 to £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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The third method of finding the geoid height h is to go through

the following series of equations:

r. = r. (S% N SE)
J J 5 J
—3 —
- = Q. (X ’ X)
i b i
— -
§ = & (X, X)), etc. (4-11)
] ) 5 J

where rj, a,, and 8, are range, right ascension, declination, etc.,
J — -
observations and X , X, are the satellite and observing station j
s J

vectors, respectively, each j representing an observation.

SES = gS(VV £ ) at? (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),

m m
the constants Cn and S in the potential
. n

kzM ao ntl m m - m -
vV = " 5\! Y ZPH (cosd)‘)[Cn cosm)\-l—Sn sin m \]
o -
" = (4-13)
are determined, where r, ¢' and \ are the satellite coordinates.
V.is set equal to some suiltable value Vo that will give the geoid
height at the selected datum point. The equation is then solved for
r at longitude A and latitude ¢', 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 .
a

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 a.strogeodetic data or, ‘for limited areas,
from gravimetric data. The reliability of orbit-derived geoids
cannot be computed from satellifte 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 thé 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 +10m. In selected

regions, this could be £1 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 spherocid 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 optimurm 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' esi:im.a.tel9 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

steps?®

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, apd 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 colurmns. The following equations apply (Ref.32 , 33 ).
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The error, 62§, in column height difference, A, from an error

2 ) .
& p, in density difference, Ap, is:

[s)
2 = S ae o, (4-14)
p
%)

or approximately

dzg = 8% . 2 (4-15)

-5
Since p = 1, an error of 10 ~ 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 5° figure

in the Caribbean is that for the region just east of Yucatan - a little
less than 14 measurements, or a 1inea1: measurement density of less
than 1 per 100 km. The next grea.te‘r-number of measurements is about

50, .or about 1,2 measurements per 100 km.

In the Ceribbean, the density at 400 meters depth varies from about
26.8 ¢ 107" to 27.0 ¢ 1077; 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 *5 x 10° above 2000 km and £0. 0
below that depth. The salinity varies by about 5 x lL"J5 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 samé 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.

The density variation with temperature is approximately -3 x 10~
per degree centigrade at the same salinity and 0° C. A variance
of 1° C in temperature, therefore, corresponds to a variance of
less than 900 x 10”5 in density. Over a depth of 2000 km, this
results in a variance in column height of 0. 6 meters. Temperature
uncertainties, therefore, are particularly importanf. 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 water temperature
.in the open ocean at the surface is 1. 7° between 20° N and 20° 5,

. The variance in temperature, because of unaccountable time
variation, is therefore, probably less than 0.1° C at.depths
greater than 100 meters; the effect of the top 1‘00 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
La¥ond with thermistor chau'msz1 show a nearly verxtical

slope of tempera‘ture. Other data also indicate slow change
horizontally, at least ?.n 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. 01° 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 : oo L.
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 km, 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 0.3m.,

The combined s.d. for determination of MSI: height above geoid is,

therefore, of the order of 0.3 meters.

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. lm {Ref. 23, 24, 25)}.

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 Wblown out" of the affected
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-

mating the pressure differences along the altimeter lz;ath 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

Th-e Ha.waiié.n Islands regiqn, _or more particularly, that part of the
Hawaiian Islands region 1yirig in the in}n:;ediate vicinity .of Hawaii and south
of 420°, is a logicral choiée as a r_egion where absolute (as well as relative
and E‘;elf-c;)nsistel‘lcy') verification pro"ce‘,dures can be carried out for several
reasora:s. First, it is one of the few regions within the +20° 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 s‘a,tisfac'tory as far as horizontal
errors are concerned, and may be satisfactory as far as vertical measure-
ments are concerned. Johnston Island has been connected t;: 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 friangulation.

A number of factors make the region less than optimum for VEDS., The
ho rizon'ta.l 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 wiil occur most frequently
in the neighborhood of Johnston Island where ocean and geodetic data are least
favorable. For these reasons, only measurements ifl 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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4.3.2.1 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 26° North and 171° West; Hawaii is at 20° N and
i155° W. Figure 4-20 SilOWS t'i:le geodetic control for the region and Figure
4-21 shows the satellite -geoid?. The amount of data on S. T. P for the region
available from National Oceanographic Data Center is shown in Figure 4-22 4.
Hogben and Lurnbl0 gives no sea-state in.;Eormation on the Central Pacific region.
. Very general data on the '"East Equatorial Pacific! (Table 4-9) are given in
Bigelow and Edmundsen35. These data, as Bigelow and Edmundsen note, were
based on SChuma,Ckerlszg graphic synopsis of world-wide, sailing ship data.
Schummacker's data for the Central Pacific do seem to include the Hawaiian
Islands region, to judge from his chart. The relevance of theée 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 regicn
in the immediate vicinity of Hawaii. Table 4—109 -gives the amount
of observing time lost at the SAQ observing station on Maui because of cloud
cover. These data refer to loss of observations on satellites passing at least

within 60° zenith distance of the observatory and at all azimuths.
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Figure 4-19.

Verification Experiment Area (Hawaii)
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Figure 4-20. Inter-island Geodetic Control (Hawaii)
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Figure 4-21.

Satellite Geoid in Hawaiian Islands Area




€6-%

) K,. ’E:.;. .
1317715818 57 805 zs§( 1873 1201 {1281 | 851
12s 124 3 121 - pratls T s T
9 (sp! 8|1 212 849 sooaT 1426'401 1007 | 584
18 |22 | 44 | 48 145 108 | 404 958 ilSD 124 | €8
059 osis 47 055 -4 u?l,., =" 072 —
‘8 9 3 181,] 168 | 12
B, agas 16| 165 | 124
15 | 27 | 273 1139 7 8 182 1'1_5J 258 | 425
—— 053 —— D52 — 1 p49 044 ~—t— D13 —+|
10 ] 13 asJ 123 it 9 9 f,s:;cu@\L-g_g_
10 |10 | 28 |18 20 8 - 188 T4
U[l7 Big ] — Ot3— ! ocs 007 —
18 |18 | 84 | 18 58 4 127
17 1 6 [ 27 118 85 7 1
218 A H 4 22 307 0K —
g |29 |1t 18 \3\32
s 5] 7 i1 16 4 82% 1
352 351 350 348 % o 343 -
3 1s |2 7 ‘118 2 147 |26
LI T I R 1 17 | 67 {
35K au b 394 373 ¥ 379 —
4 2 3 4 31&

Figure 4-22,

Data on S.T.P. in the Verification Experiment Area (Hawaii)
(Available from National Oceanographic Data Center)
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Table 4-9, Wave Height Data For East Equatorial Pacific

Height |From 0 1 1.3 2.3 6.5
Range _
(meters) | To 1 1.3 2.3 4 6.5 -
Frequency
(%) 25 35 25 10
Table 4-10, Cloud-Cover Data For Maui
(in % of observing time lost)
MONTH YEAR
[ 1962 1963
JAN 23 59
FEB 41 i7
MAR 56 70
APR 39 78
MAY 33 52
JUN 5 28
JUL 38 29
AUG 18 Z3
SEP 20 39
OCT 16 39
NOV 26 32
DEC 33 30
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4,3,2.2 Tracking Station Location (Hawail)

Figure 4-23 shows the locations of the known tracking stations in the
Hawaiian Islands - Johnston Island region., The stations are listed in Table
4-11. 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,

Hawaiian Islands - Johnston Island Region
(Locations shown by crosses +4)

Satellite - Tracking Radars and Cameras in the




Table 4-11.

Johnston Island Region

Tracking Stations in Hawaiian Islands -~

Site Location Type {Agency
Name A [i)} H(meters)
Johnston Island-1 | 190° 29' Q9Y5 [16° 45" 38%77 8 MPS-25 | PMR
Kauai-1 200° 13' 06710 |22° 01' 31718 13 MP§-23 | PMR
Kauai-2 200° 19' 53%Y96 |22° 07' 35Y03 1260 FPS-16 { NASA
Maui 203° 44% 24''08 [20° 42t 37V50 3034 Baker—- | SAO
Nunn
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4.3.2.3 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 guality 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 eithezj 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 Qahu 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 Izlands,
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 Mauil, 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 W’-ith the Maui station operating, how-
ever, the geometry is far from good, Therefore the plan of operationg 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 rélative 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 Hawailan 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 detérmining 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
reguirement for extension of this geoid to Johnston Island is known at present,
and the question 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.

Logistics (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) proceded as for the .
Caribbean tests, and the results are tabulated in Table 4-12.

Standard deviations for configurations including 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 H for a discussion of the relation be-
tween measurement errors and comparis’oh standard errors. Applying the
averaging equivalent of the adjustment equation in Appendix B, it appears that
there are ehough 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 OQahu 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.
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Table 4-12.. Geometric Error in Satellite Height for Ground

Tracking in Hawaii Area

(RMS Error Relative to Spheroid, in Meters)

Station Configuration*: | 26~27-29 26-27-28 26-27-28-29
Satellite*
Location

701 4.9 3.5 3.5

702 5.2 7.3 3.8

703 5.6 4.7 3.8

704 5.9 9.2 4,1

705 6.4 9.3 4.9

706 6.8 13.5 5.2

¥* See list of stations and Satellite locations for the Hawail area in

Appendix A.
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4,3,3 Marshall Islands

The principal reason for congidering 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 gself-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 timmes 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 altimete’rA 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 u‘sing 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 ti’:acking 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 (Mé,racaibo)

Only one tracking station--the SAO 36'--camera station at Curacao

is in the vicinity of Lake Maracaibo and Guif of Venezuela. Its-coordinates

28
are
Longitude 201° 09' 43197
Latitude - 12° 05" 261'31
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 Requiréd (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-

face topography. There are large volumes of gravity data in existencell’ 15

that can be ased to get geoid-spheroid separations across the Lake and in the

Gulf,

4, 3,5 Lago De Nicaragua

Because L.ago De Nicaragua lies ‘;.djacent 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 60°

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 60° for segments of
the ascending phase and about 120° 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 2. Dashed Lines indicate lack of full confidence in contour.
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Elevations parfrayed with an osterisk indicate latest relief
t— | information avoilable. Other relief information has not been
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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
_af 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° 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.
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 Griti_qﬁe 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 0;1 absolute test. It has the advantage over other kinds Qf tests that the
ocean surface location can be determined without reference to the experiment
and the satellite location <‘:an nearly be so determined. This makes it useful
as a check on methods which compare the altimeter measurements with
measgurements 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 gseparating 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 (1;1 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 instru-rnents 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-spheraid 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 <-)f 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 KNicaragua), 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 & is the square of the smaliest systematic error present in the geoid

referred to the local geodetic system.
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5.1 Summary

SECTION 5. RELATIVE VERIFICATION

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 fo 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

OFF
PERFORMANCE |oyvcr | nust | mmeon | PRoa-
R D X GATION H,
OPERATIONAL| 15-25m#* <2m 2m Im 15-25m%
CAPABLE 5-7 m | 0.3-1m 0.1-0.3m 1m 5-7 m
FEASIBLE 2-3 m K0.3 m 0.1-0.3m |0.5m 2-3 m

% AN/FPS-16 Shipboard Radar currently not suitable for zenith tracking

The relative verification method is best performed in a geometric con-

figuration in which the satellite is within 2-1/2° of the zenith of the ranging

platform. Additionally, the location should be in a region where a large number

of passes can be used. It would also be desirable to carry out the experiment

in a region in which other verification methods can be performed, and thus

where tracking is available.

In principle, relative verification can be performed wherever a ship

can cperate within the 20° belt,

experienced close to 20° latitude,.

In practice, multiple passes are most often

Furthermore, greatest tracking station




coverage is obtained in the northern regions within the Caribbean indicated in
Figure 4-12(b}. The Caribbean in the 18° 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 moﬁility 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 21.4-° 200
Kuai 22.1° 100
Tanarive 19° . 300
Guam 13.5° )
Antigua 17° 1 100
Ascension 8¢ J
Johnston Island 18°

ade

* see Figure 6-1

Each laser station could provide up to 300 additional passes, subject to

visibility limitati:ons, if located sufficiently close to 20° latitude.

Range measurements are made from a platiorm, 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 serve-the
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 satéllite, must provide the zenith
angle to the satellite (or its equivalent), platform height above IMSIL, 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:

1. 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 Verification Concept

This approach to verification employs an instrumentation systern 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., The .sum 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.

F
-

‘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 component 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 i-s
shown in Figure 5-1. 'I‘hel. verification systemn is atternpting to measure Hi
at the same time and place that that the altimeter measures Hr' The dif-

ference of these two measurements E(H) provides the basis for verifying

altitneter performance.

E(H) = H, - H (5-1)
1 r
where
o= |H | adH = |H | (5-2)
1 1 T T

The ohjective of this section of the verification study is to establish how well

—
the verification system can establish | I—Ii] . Hence the error in verification

is given by

E(v) = H, - H, (5-3)
i iv
_ - o> . —>
where Hiv = lHiVI’ and Hiv is the estimate of 'E-I_‘_L made by the verification

system. These guantities are related by the following equation

I—Ii=R+D1-X (5-4)
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where
= slant range from the range tracking system to the satellite

height of the sensor above its IMSL

Wi g
l

= -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
e —
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, ez,, Since

the contribution of R to Hi is given by R cos 0, the error in this term is

E(R cos 8) = dR cos 6 - R sin 0 d0 (5-5)

’ - —>
© is the angle between R and H{, and differs from the zenith tracking
angle, GZ, 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 8);

R sin 6 36 = XHdX " (5-6)
i

This indicates that the error can be determined equivalently by measurements
of ® (or, equivalently, GZ) or by measurements in x, the distance from the

sensor to the subsatellite point.

5.4,1 Errors cdue 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 ¢an 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 horizontal position 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
which has been evaluated. 68 The horizontal position accuracy could be im-
proved to 60 meters using Differential Omega techniques and limiting obsex-

69

vation to ideal propagation conditions. 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 Hiv 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
is the FPS-16 radar which has an expected error of 0.2 milliradians70 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_ systemn 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 Hi'
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5.4.2 Establishing Instantanecus 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

36 that maintain a constant depth, can be equipped with a transponder that

buoy
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 Velocimeter3?, 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
iz;ertial reference unit. Such a system is available on Vanguard's ships. Un-
fortunately, the averaging computation currently perforined-are not adequately
closely coupled in time base for the correction of radar range data3® to the
desired accuracy of 1 meter., Estimates are that as f:hé system is currently
used, errors could be as large as 8-10 meters, However, simple calculation
indicates that integration of the PIGA 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 Quincy39. This result could be translated from the metacenter

of the ship to the radar and used to correct radar height data to an accuracy

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 specf:ra.41 indi-
cates that energy in waves with period exceeding 5 minutes is less than 0,5 cmsz.

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,

5.4.3 The Measurement System for Range (R)

In this section, the errors that can be expectedlin 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 mad;a 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 . If 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

43 44
other hand, more pessimistic results of AS-505  and AS-506 Metric.



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 meteis. 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-

45, . 46 47,

ently interpreted by various authors. "." Mos™ and Brooks ¥ 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. These
results were obtained from comparison of colocated systems of the primary

geodetic tracking system, Both AN/FPQ-6 and AN/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 residuals were
referenced to this orbit. A more comprehensive investigation by Leito and
Brook348 indicates comparable results of 2 meters for short arc analysis: of
AN/FPQ-6 results and better than 5 meters for long arcs.,

Experiments that were conducted in fall of 1969 at Wallops Island: indicate-
that over a 3 month period, the AN/FPS-16 radar maintained a constant bias
within two meters relative to the AN/ FPQ—649’ 5-0. 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 systermn.
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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 secon&arjr 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 (Maters) (Meters) (1¢)

Free space all - . 3ok
Ionosphere 3 1.3 0. 30
7 0.2 0.05

10 0.1 0.025

Troposphere 3 2.4 0.037

7 2.4 0.037

10 2.4 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.



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:
e The Motorola Arod System

e 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>1l. (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 aliernative 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 1u 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 altimneter 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 bé extremely difficult., In order not to interfere
with the Satellite altit'ude measurement, the corner reflextor would have to be
placed at least 5 miles off the satellite track which would greatly increase the
accuracy requirements for positioning the reflector. -'I‘he 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.

2t

p. 7=-11: ooy = (4 x 107 mz) (10 dB) = 4 x 108 m? is éhe 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. DBoth 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 whefe 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 monitored 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 100 us.
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



Table 6-1. Self-Consistent Verification Error Summary

Tracking Ceoid IMSL Propagation o
loa ' Total
(m)
Operational ' 2-3 - lm 1'm 3m
Capable 1-2 - 1.0m . 1. m 1.2 m
Feasible <1 - .3 m 3 m <1lm

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 20° than it
is at the equator for the plan.ned GEOS C orbit inclination., Hence, regions such
as the Carribean, Hawaii, Mozambique, and the region East of Aunstrailia 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 adeguately 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 tc insure that tracking

stations are sychronized to about 100us.
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The capable level of performance can be achieved by improving the
interstation timing synchronizations between tracking sites to 100 #s and adding

optical tracking stations., Again under open ocean conditions, surface mmonitoring

is not reguired.

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.
e Redesigning of the C-band transponder
‘e Providing precision movable range tracking uinﬁ.ts, such as transponders.
L) 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 absclute 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
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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 propogai':ion 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 seli-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 at 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_tirne 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_  -h_, (6-1)

h . =h  -h (6-2)

Then subtracting

(h _-h ) _ (h.—h.) : (h,-—h,) (6-3)
mi mj si s] oi 0j

Ah  =Ah ~ Ahn : (6-4)

m S o

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-1), or for n>=1by N = nz, (6-6)
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Assuming a total of 10, 000 revolutions,- approximately 108 intersection points
are contained within the 40° 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!

1. 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 corraspond 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:

LY

Assumption 1

The errors that result from Assumption 1 are shown in Table 6-2, resulting
in the first colummn of figures in Table 6-1.

Agsumptions 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
Error f ti
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 2 meters 50. 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
Exror Error
ahs (1) max 0.03 meters/meter (2)
ox
(1) Geoid >1 x 10”3 meters/meter
oh .
S
3
x IMSL 1 x 1074 meters/meter
Geoid Insignificant
3b T/S Pattern |  Insignificant
ot Tides 0.3m
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 200 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
e The retrace method.

These methods have three significant advantages over the simple single

point approach:

e The exrrors that result from errors in position measurement cancel

out, if the geometry remains constant.
. The time dependence of IMSL: cancels out under some circumstances

e 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 15° and 20° latitude. The reason that this method

yvields 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 20° 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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P; - points on MSL surface

Qi - corresponding points on MSL surface

Si - points occupied by altimmeter at first
passage over P

Figure 6-3. The Path-Intersection Grid
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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 in'altimeter readings over a
short segmént 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 th@eoid. “It is
insensitive to erroxrs in absoclute 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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Readings ——p Compazrison: (Ah - AH,.)
Figure 6-6. Differential Verification Block Diagram
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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 altimetfer 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 2 meters achievable with minor modifi-

cations, and better than one meter ultirnately expected.

Table 6-4, Differential Verification Error Summary

. Sea Surface
Tracking: . .

Tracking o

Pro aéation 7 ADeg A Total
Pag Geoid IMSL

Operational .5-1m " 2-3m 1 m .5-1m 3m
Capable . 5m 1-2m . fm «3-.5m 1-Zm
Feasible - . 3m <lm . 5m . 3m <1lm

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.
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With considerable effort, a 'feasible™ category can be obtained for reducing

the rms errors for the GEOS-C verification experiment to lesg than 1 meter.

This involves upgrading operational features as follows:

(2)

(b)

{c)
(d)

Propagation error reduction through increased local meteorological

data, such as that obtained from rockets;

improved tracking accuracy through greater care in taking and
processing data, station procedures, and selection of specific test

locations;
additional geoid slope data through local surveys at test locations

additional ocean surface data through instrumentation at test areas,

The principal advantages of the differential verification are:

1.

2.

5.

Performance can be almost anywhere; in areas with no geoidal
changes, results indicate drift in the altimeter system.

Errors in the tracking system, such as equipment biases and
propagation errors, are practically cancelled out.

Station location errors are not critical; changes in position are more
significant than the positions themselves.

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.

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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2. 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 Isthmmus 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 20°, (Possibly also near Hawaii, also below 20°,) (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.
6.2.4 Theory

A differential test of the altimeter is a test in which the height difference
between two surface points P and P, 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 (P,) can be made to pass through Pg, without prejudice to the
experiment. In its passage from PSl to PSZ the altimeter height above the

spheroid therefore changes from Psl P Psl Pgl to PSZ Pez’ or by an

€l
amount Agh. The surface height difference measured with respect to the geoid

by standard technigues such as spirit leveling, etc., gives the quantity,

AD = A(Pi Pg) {6-7}

In making the test, the various heights must be reconciled. This involves

the following computations (see Figure 3-8):

1. Determine Agh, 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 H} (or h1) or Hy (or h;).

3. Resolve (D + D_,) into components along Hj (or hj) or Hp (or hy) for

g
the values at Pg; and Pgo.
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4, Determine th, the difference between the values of (D +Deg) at

PS]. and at PSZ'
5. Determine Ah = (Ash - Agh)

6. Compare with (Hyp - Hy1), the difference in altimeter readings from

Pgy to Pgy.

6.2.5 Error Analysis

There is a negligible error involved in determining the position of the
satellite relative to the geoid by (P P;) + (Pj Py) 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 1:10% as a worst case, which for a satellite height of

2000 kmm makes an error of about 10 mm.

The error between (l_Dgl?’e) and (PgP'e) 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 2600 km, makes an error of less than 1 meter.

A l-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 Agh close
together and computing the geoid slope (which is for our purpose close enough

to IMSL 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 km).

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 cf 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 and P,

are less than 1000 km apart,

Passing from Psl to PSZ’ the altimeter changes its height above the spheroid
by an amount Agh., The height of the instantaneous mean sea level {(IMSL) above
the spheroid changes by an amount Aph. The altimeter changes its height above

IMSL approximately by this amount:
Ah = Ah-Ah (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 ki 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

Agh (from orbit) _c-i_sg As (6-9)
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where As is the distance between Pg; and PS2 . The error Azhs is therefore

dH

2. . . e - -
/_\hs =A- Ash—A T AS _ (6-10)

Only short segments of the orbit are used. The segments are determined from
observations whose s,d. in range is estimated48 at 6ém, of which 5m are
assumed to be systematic and 3 m are assumed to be random. The estimates

are liberal. Using the same arguments as in Section 4, we find that

ch
dh < drl ahs drz

—_— = +
ds 81'2 ds

= arl R (6-11)

where ry, r5, are the ranges measured from starting (or with suitable modifi-

. . . . . 2 .
cation, right ascension, declination, etc.). The error A hs is therefore

5 ahs drj
JAN = Z —_ -
hs As 37 A P (6-12)
. ]
j
and
T
2 = 0Jh oh
o _— -
Ash ar. ar. (6-13)
J Ar J
dr .
where E is the variance matrix of the set - -—&-;-J- ( + Writing
Ar
dL\.rj drj
=N - , -14
ds A ds (6-14)
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the constant part of the systematic error in r; drops out. Because we are using
an orbit segment to constrain the hj, the variance in Ajh is taken to be n-1/2
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. in Ash over a segment 3000 km long is therefore
about 0.3 m. We will ignore the contribution of systematic, non-constant errors
in T because, while definite information on the nature and magnitude of such
errors is lacking, information available says that the errors are considerably
smaller than the constant errors 48. These considerations lead to the conclusion
that over an orbital segment controlled by observations along its length, the
variance of h, differences, /_\.Sh, 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 km 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 also negligible. The standard deviation of hg is
therefore estimated to be less (in absolute value, of course) than 0.3 m over a

1000 km distance.

B. Geoid Location Errozr

Since we are limiting the distances s between points Ps, and PSZ to 1000 km,
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 Psi 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 siope, g,
between stations introduces an average error of 10 times the error in £ 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 £ in opén ocean, the error in £ at a single
station is at least 6! 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 £ 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, %ho’ of the height
difference are satellite location s.d., estimated at less than 0,3 m, and the
standard deviation UAhJ- ,» 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] and P2 small. The regions selected in test ax:ea,s 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 m30. Synoptic weather data
can be used to compute the amount of variation, however, and an uncertainty of

less than 0.2 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:
1. The Caribbean Sea;
2. Lake Nicaragua;
3. Gulf of Panama plus Northern Cozast 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 Psl and PSz must be less than 100 km, This requirement makes impos-

sible measurement of height differences over the entire Caribbean. Instead,

point pairs P; - P, 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 Mysteriose 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
Take 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, fox 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 altimneter, and
the small range in this at Cristobal compared to that at Balboa makes possible
the use of height differences from mea-sure:ments on a single pass, without need

to worry about correlation of heights on the two sides.

6.2.6.4 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 20° zone and its profile (south to north) has been measured
gravimetrically by GEON, and by SINS. Half of the passes of the altimetfer 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 60° 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 Eagt 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 suitahility 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 includes 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 ié currently inadequate data, Most studies
of radar-ocean interaction have involved large incident angles. FEven 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 km, 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 eiffect 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, satellifte 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 size, 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 yét
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 20° to the equator. The nominal orbital altitude is expected to be
about 1000 kilometers, with heights ranging from 600 to 850 nautical miles

. 6
(1.1 % 10

pulse radar, with its antenna fixed to the satellite to point down at the earth's

to 1.6 x 10° meters). The altimeter is assumed to be a range tracking

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
accuracly 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 diff.erence 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

will be supplied from the satellite, accurate to about one part in 1011.

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 transmissgion 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 Ibs

Size of Electronics 9 x 6 x 11.5 inches
Weight of Antenna 5 1bs

Size of Antenna 2 feet in diameter
Transmitter Tube Life 200 - 500 hours
Prime Power 25 watts
Spacecraft Attitude Excursion 2°

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

6

7 milliseconds for a height of 10" 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 beamwidth must be kept wide enough to maintain operation as the satellite
atititude 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 echod on the average will have a shape similar
to that shown in Figure 7-3. The signal will rise linearly over a time period
{t1-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
VEDS parameters. The time interwval betwee; the pulse transmission and the
t1-tz portion of the echo represents the desired altitude measurement, A

leading edge tracker will be used to track this initial portion of the puilse.

7.1.2.2 Range Ambiguities

The use of an ambiguous pulse repetition frequency rather than an unam-

biguous pulse reiae{:ition frequency increases the average radiated power of the

altimeter, and thusits 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 1.2 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 10 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 voliage 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 convertéd to an intermediate frequency. An AFC 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 satellité attitude of iz") are:

Peak Power (P} ) 5 kilowatts

Abtenna Diameter 2 feet

Antenna Beamwidth 3.5 degrees

Antenna Gain (G) 33 dB

Wavelength () 3 cm

Pulse Length 50 nancseconds

Signal Bandwidth (B) 20 MHz

Noise Figure (F) 5 dB

System Loss (L) 2 48

Altimeter Altitude (R) ' 106 meters

Target Area (o) ‘ 4 % 107 rnz('? km diameter
circle)

Backscatter Coefficient (o)} +10 dB

A].titl.lde Ambiguity 1000 meters

Pulse Repetition Frequency (PRF) 1 KH=

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.

2
P GV o

S =
(4m)° R* KTBFL

(7-1)

where S is the single pulse signal to noise ratio, K is Boltzmann's constant,
1.37x 10_23jou1es per °K, T is the reference temperature 290°K, and the other

parameters are defined above, With these values, the single pulse signal-to-noise
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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 prif, a fixed value could

be subtracted from the reading and only the increment transmitted.

7.1.,4,2 'I'iming

Due to the high altitude rate that could exist with an eccentric orhit, 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
passible 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. AGC Level
£, Sigr%al Level ({output)
é, Range Servo Error
h, Transmitter Temperature
i. Receiver T'emperature
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 a rate of 10 per second, and the timing
data sent 10 times per minute, the combined rate would be about 220 bits per

second. The higher data rate, while desirable, rﬁay be limited by the capacity of
the telemetry link,

With a prf of 1000 Hz, the maximum ranging interval would be 1.5 x 10°
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,



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. Additior:al 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 undetr 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
ifrequency - 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 coeifficient with viewing angle, With a 50 nanosecond pulse, and a



3.5 degree beamwidth, the rise time will be about 50 nanoseconds long and the
decay will last for a few, {1 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-
for'm will be described by a 60 bit word. These sixty bits are ccllected 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 must 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 (pri).

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 t, apart, where t,
is the inverse of the prf. As the prf is increased, and t, 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 ail.
In designing the experiment, ho-wever, 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 minimmum 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 understanding 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 fo provide data

to aid in the development of altimeters 'of higher accuracy,

This second altimeter function will significantly affectthe altimeter design.

The data to be coliected 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 puise 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 MHz bandwidth. This increase in
power level could be attained either by increasing the transmitted pulse length using
pulse compression, oxr 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:
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X band

2 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 metex

leading edge

0.1to 1,0 sec

10 waveforms per second



Samples: 10 amplitude measurements per
waveform, over a time span of
twice the pulse width*

Sampling Accuracy: 6 bit amplitude measurement

Bandwidth Requirements: 250 MHz 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 Mecasurement:
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 100 to 1.6 x 106 meters).
Measurement to 2 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 21 bit word or to
be identified with a time tag. Fach time tag could identify a block of altitude
measuremenis, 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 zaltitude 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 simaultaneous 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 encugh 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 AGC 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 sar.npled 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.
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Figure 7-6. Echo Waveform Measurement

Thus the total data rate for design data would 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.



Table 7-3. Estimated Physical Parameters of Optional Altimeter Designs
Altimeter to Collect

Basgic Altimeter Désign Data (TWT)
Altimeter Design Data

Magnetron TWT Mode Mode
Volume (in3) 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{1)
Maxirmam OutPut ) 220 220 220 1020

Data 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 Ibs 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 generatio'n of range sidelobes, the effect
of doppler on range mcasurement, 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 sﬁrface, 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

-2

LOIN (. 01) (3 x 1077

T 10~

= 300 meters per second, {7-2)

assuming the minimum defectable 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 significantlyhreduce 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
per second on a single channel. 52 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 systeni 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 Imtroduction

The assemblage of all the available informati'on 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 enfer into an integrated experiment,
mainly to indicate their impact on the experiment, and to suggest either methods
of handling the comnsiderations or what must be done in order to handle them. The
list is by no means complete, since rnany 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 GEQOS-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



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 felemetry
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 220 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 st.orage, 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 GEQS-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
importfant to extract as mt:;ch 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 compléte revolution could

be stored in about 6 million bits. STADAN with about 4, 000 bits/sec (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 requiz"ement is obviously much less, since

(a) the Earth is not all ocean, even in the 20° 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 1000 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.



As pointed out in earlier sections, verification can be performed
primarily in the Caribbean. Existing telemetiry channels are adequate to meet
the bit rate requirement for live data transmission, both for verification and for
design data requirements. Adaitional 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 altimefer 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 ;:alculations as a correction. However, the accepted
value of the velocity of light has a standard deviation, or uncertainty, of about
1:3 x 106, 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

nof 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 m. 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.,



about 7 méters 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 sta;bi_'{ity 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 (1 meter) in transit time
of the ranging signal. Ewven 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 km, 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 refurn signal (r-aznp) 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 1:1011,
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, Itis 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 fo
review in detail the techniques of precision timing, but llather 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 25 1lbs, and on power is 25 watts average, 5 kilowatts peak. The
altimeter designed only for 2ltitude measurements can readily meect these speci-
fications. The addition of design data requirements raises the weight to about
40 lbs, and the power to 42 watts for altimeter operation, and 57 for design data

requirements. These are first order estimates.

¥ See footnote, P, 8.2



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 GEQOS-B had 3 storage batteries with a total capacity of about 490 watt-
hours, but whose schedule must be carefully monitored to preveﬁt 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 de-rnands. 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 of about 1200 watt-minutes would be
reasonable3?, This would correspond to availability of 42 watts for altimetry
data over 28% 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



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 2s a review of current methods

of measuring them, is given in Appendix O,

Our investigation indicates that instrumentation for the measurement
of ocean descriptors. is relatively primitive, is more often than not custom-
made, and is usually guite expensive. In the hostile ocean environment, it

is usually difficult to collect good data.

Despite the difficulty in obtaining satisfactory ocean truth informadtion,
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
the 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 Verifica.tion,- 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
¢. Tropospheric

d. lonospheric
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The measurement rates under consideration for the GEOS-C radar altimeter are
1 to 10 measurement per second. By ithe time the altimeter has oper ated 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 mea.suiremen;:s'. 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 fo 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, proceséing, programs, analysis, results, etc. It
should contain built-in checks for gross errors, and occasional readouis to
permit monitoring. Pravision 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.



A quote from a r<=:];)or1:53 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 geo@etic research. In accordance with
this purpose, the Geodetic Satellites Data Service (GSDS) was established within
the National Space Science Center at Greenbelt, Maryland. A large 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. Y

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 1972,

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. Desckibe 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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4,

Describe the data that will be available from the various sources

of environmental data, the media, the format, etc.

Present these descriptions to the scientific investigators. Aifter
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.

Compare what the scientific investigators want with what will be

available and determine what new preprocessor software is needed,

After defining the new preprocessor software requirements, prepare

a functional specification for the software.

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.

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. )

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. )



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 advan;:age 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

PR

C-Band Radars: Table A-1.
FPS - 16
MPS - 25%
MPS - 263%:%
Cooxrdinates
Site Name A° $° * h{meters){c)
Cape Canavaral (Kennedy) 279.4 28.5 14
Ely, Nevada (MPS5-19c¢) 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, Utzah - - . -
Kaunai# 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 1232
Blanding, Utah* <= - -
Eglin AFB 273.2 30.4 28
Cape San Blas, Fla. - - -
¢ Wallops Island 284.5 37.5 10
- Tananarive - - -
Johnston Island® 130.5 16. 8 6.
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 Tasgk 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 Acronautics 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-183%

Coordinates
Site Name A° ¢° h{meters){c) Source
Patrick AFB 279.4 28.2 15 1,2
Merritt Isl., Fla, * 279.3 28. 4 12 1,2
Grand Bahama% 281.7 - 26.6 12 1,2
Grand Turk® 288.9 21.4 28 1,2
Antigua 298.2 17.2 58 1,2
Bermuda 295,3 32,3 19 1,2
Ascension® 345.6 -08.0 143 1, 2
Carnarvon 113.7 -24,9 62 1,2
Vandenberg AF T* 239.4 34.7 102 1,2
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 7v4
(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.



Table -A" 3 »

USB - 30 ft. ‘ XMT 2.09 - 2.12 Ge/s
USB - 85 ft. Antenna¥ RCV 2.27 - 2.3 Ge/s
Coordinates
Site Name A° b° h(meters){c)
Merriti Isl., Fla. 279.3 28.5 10
Grand Bahama 281.8 26.6 ’ 18
Bermuda . 295.3 32.3 21
Antigua 344.4 17.0 28
Gran Canaria¥ 345.7 27.7 40
Ascension 355, 8 -07.9 562
Madrid* 113.7 40,5 825
Carnarvon 144, 7 " -25.9 58
Guam 149.0 "13.3 127
Canberra . 200.3 -35.6 1148
Kauai 243.1 22.1 . 1150
Mojave*® 249.3 35.3 965
Guaymas 262.6 27.9 19
Corpus Christi - 27.7 1o
Johanne sburg - - -

Sources: (1) Goddard Directory of Tracking Station Locations, 1966.
(2} 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.




Table A=4.

GRARR
Coordinates

Site Name A° $° h{meters)}{(2) ~
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.




Table A-5.

MQTS
Coordinates

Site Name A® ¢° himeters}{3
Ft. Myers, Fla. 278.1 26.5 20
Quito 281.4 - 0.6 . 3555
Lima 282.8 -11.8 155
Santiago 289.3 -33.1 920
Johannesburg 27.1 -25.8 1530
Tannanarive 47,3 -19.0 1375
Woomera 136.9 31.4 152
Blossom Pt. 282.9 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
Qrorral, Australia 148.9 -_35. 6 932

Sources: (1) Goddard Directory of Tracking Station Locations, 1966.
(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.




Table A-6.

USAF PC-1000%
Coordinates

Site Name A° °

Semmes, Ala. 271, 7 30.8 80
Homestead, Fla. 279.6 25.5 20
Jupiter, Fla. 279.9 27.0 25
Grand Turk, Bahamas 288.8 21. 4 8
Antigua 298.2 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. 278.8 32.0 15
Quito, Equador 281,6 - 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.



Special Optical Cameras

Table A-7.

1
(MOTS 40 and PTH 100 )

" Coordinates
Site Name A® ¢° himeters){4} Source
.Edinburg, Texas 261,77 26.4 65 1,2
San Juan, P.R. 294.0 18.25 60 1,2
Jupiter, Fla, 279.8 27.0 25 pA
{4 cameras)
Kingston, Jamaica 283.2 18.1 485 1,2
Bermuda 295,3 32.3 20 1,2
E. Grand Forks, Minn. 263.0 48.0 250 1, 2%
Columbia, Mo. 267.8 38.9 ‘270 1,2
Denver, Colorado 255.4 39.6 1800 1,2
Sudbury, Ont. 279.0 46.5 275 1,2
Greenbelt, Md. ** 283.1 39.0 55 1,2
(2 cameras) >
Clarksville, Ind. 274.3 38.4 190 2
Wallops Island# 284.5 37.8 4 3
Carnarvon, Australiai® 113,7 -24.9 39 3

Sources:

(2) 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.

(1) Goddard Directory of Tracking Station Locations, 1966

#* Station is at E. Grand Forks, Minn., Ref. 2 site name refers to location

of U, of N. Dakota.
% PTH 100 Camera

Note:
no longer active.

The above stations have been in operation.

A majority are probably




Table A-8.

TRANET

Coordinates
Site Name A° $° h(meters)(2)
Smithfield, Australia 138.7 -34.7 40
San Miguel, Phil. 120.1 15.0 10
Tafuna 189.2 -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 253.2 32.3 1200
APL, Howard Co., Md.
Stoneville, Miss. 269.1 33.4 44

Sources: (1) NASA TN D-5034 (1969) .
(2) 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.




Table A-9.

SAQO Tracking Net (Baker-Nunn and Special Cameras)

Coordinates
Site Name A° ¢° h{meters)(4)
Mt. Hopkins, Ariz. 249.1 31.7 2348
*Jupiter, Fla. 279.9 27.0 13
#Curacao 291.1 12.1 7
Arequipa 288.5 -16.5 2457
QOlifantsfontein 28.3 -25.9 1560
¥Villa Dolores 294.9 ~-31.9 598
Comodoro Rivadavia 292.4 -45.9 200
Maui 203.7 20.7 3034
Mirny, Antartica 93.0 ~-66.5 200
Woomera 136.9 -31.4 141
Helsinki 24.9 60.1 40
Dodaira 139.2 36.0 a10
Naini Tal 79.5 29.3 1925
Addis Ababa 39.0 8.7 1923
San Fernando 353.8 36.5 26
Natal 324.8 - 5.9 42
Dionysos 23.9 38.1 400
Oslo 10.8 60.2 576
Johnston Island; (USAF) 190.5 16.7 5
Cold Lake Alberta 249.9 54,7 702
Edwards AFB 242.1 34.9 760

Sources: (1) Goodard Directory of Tracking Station Locations, 1966.
(2) Geodetic Satellite Observation Station Directory NASA/Goddard
1949,
(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



Table A-10. Satellite Positions for the Caribbean

Satellite

Position

(Caribbean) X Y Z Lat Lion height {m)
101 —-699791.93 726491 7.44 |2653434.34 19.979 —95.4%2 [55?525.!?
102 —-302738.41 -§T301450.13 [2659622.45 19.999 -92.374 [1398270.542
103 94960.06 47319252.92 |25657652.85 19.955 -89.257 |1409012.04
104 492298.47 4T7318365%.44 }2647565.14 19.847 -86.152 [1419716.37
105 B88242.34 472988T4.25 [2629423.27 19.678 -83.061 jl430351.11
106 1281770.21 47260911.65 12603314.96 19.467 ~79.989 )144088B4.45
107 1671876.09 7204654.53 |2569351.04 19.157 -76.935 }J1451285,.13
108 2057571.65 47130323.08 ]|2527664.73 ig8.809 -73.904 (1461522.54
109 243788B.37 37038179.42 |2478410.95 18.404 ~T0.895 |1471566.78
110 2811IB79.50 46928526.26 [2421T765.50 17.946 —-67.911 {1481388.75
111 3178621.96 46801705.43 |2357924.28 17.436 -64.952 {1490960.21
112 3537218.03 46658096.45 (2287102.41 16.875 ~62.020 }1500253.83
113 3886796.95 46498115.03 |2209533.43 16,268 -59.115 J1509243.30
114 4226516.45 $6322211.60 §2125468.34 i5.615 ~56.237T f1517903.31
115 4555564.08 16130869.76 §2035174.77 14.920 -53.386 ]1526209.68
201 ~2122796.85 46964262.51 [26496T4.76 19.998 F106.952 {1369385.56
202 =1740724.83 47082035.96 |2647305.19 19.951 F103.809 11380064.23
203 —1354269.77 4718147276 J2636758.42 19,840 100,679 |1390794.27
204 ~9644T1.78 $7262414.43 | 2618100.61 19.665 —-9T7.565 J1401542.59
205 ~572369.86 J71324T09.76 |2591422.37 19.429 —Q4.,468 |1412276.30
206 -178999.14 47368284.28 [2556838.08 19.132 -91.3%92 |1422962.84
207 2145611.86 47393104.55 }2514485.14 18.776 ~884.337 J1433570.05
208 607T443.75 3739918B4%4.3]1 }2464523.22 18.364 —85.30T7 [1444066.29
209 998488.73 -}7386583.64 §2407133.36 17.897 ~82.302 J1454420.47
210 1386752.88 47355407.88 §2342517.18 17.378 -79.323 ]1464602.21
211 17T71258.38 47305806.64 {2270895.90 16.809 -T66372 J1l474581.82
212 2151045.50 47237972.60 §2192509.46 16.192 ~T3.449 J1484330.47
213 25251T74.61 $7152140.36 12107615.56 15.529 -T0.554 J1493820.20
214 2892727.92 1704B585.19 [2016488.67 14.824 ~6T.68T7 J1503023.97
215 3252811.20 46927621.75 §1919419.08 14.079 ~64.,848 [1511915.76
216 3604555.35 46789602.80 | 1816711.89 13.297 -62.036 §1520470.62
217 3947E17.85 $6634917.85 { 1708666401 12.480 -59.,252 [152856&.69
218 42T7T9684.17 +6463991.8B7 | 1595673.17 11.631 ~56.492 J15364T75.26
219 4601468495 $6277283.87 | 1478016.93 10.752 ~53.757 11543880.82
220 49131717.23 $6075285.59 J135607L.66 3.847 ~51.045 [1550861.11
301 -1622134.01 ¥73561663.56 848622.63 b.423 [102.426 J1207491.62
302 -1241550.83 $7418851.24% 989914.50 T2497 -~9G.500 §1208491.00
303 -857305.01 +7455071.21 §1127937.01 B8.548 ~-96.560 J1210109.91
304 -4704T3.56 1+7470247.95 | 1262236.75 9.572 -93.604 [1212342.63
305 —82140.30 +T7464371.48 |1392374.15 10.566" -90.630 J1215181.28
306 30660797 +T437497.04 j 1517925.23 11.526 ~87.639 11218615.86
307 6934685.45 ¥7389744.60 | 1638483.22 12.448 -84.630 [1222634.32
308 1081011.12 ¥7321297.94 } 1753660.09 13.331 -8l.601 }f1227222.58
309 1464512.61 $+7232403.57 | 1863087.98 14.170 —T8.553 123236461
310 1844129.87 $7123369.27 | 1966420.49 14.962 —T75.486 §}1238042.55
311 2218B818.76 $6994562.47 | 2063333.90 15.705 —T2.400 §1244236.72
a2 2587554.52 +68B456408.28 | 2153528.22 16.396 -69.296 | 1250925.76
313 2949335.12 $66T938T7.42 | 2236728.10 17.032 -66.176 | 1258086.75
314 3303184.38 $+6494033.84 | 2312683.569 17.511 -63.040 {1265695.23
315 3648154.,96 +6290932.23 | 2381171.24 18.130 ~59.830 |1273725.40
316 3983331.14 +6070715.35 | 2441993,.71 18.589 —56.729 |128B2150.17
317 4307831L.41 +5834061.19 | 2494981.13 18.98%5 —53.558 §1290941.32
318 4620810.84 $+5581690.09 | 2539990.90 19.317 -50.380 |1300069.58
319 4921463.27 $5314361.68 | 25T7T6907.93 19.584 ~-47,198 |1309504.78
320 5209023.23 +5032871.85 | 2605644.70 19.786 -44.,015% [13193215.94%
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Table A-11.

Fictitious Satellite Positions Over Puerto Rico

EARTH CONSTANTS

E2 =

RA = 6378388.000 E1l = 0.0 0.0 Satellite
. ' Position
LONGITUDE LATETUDE HEIGHT LONGITUDE LATITUDE X 4 F 4 {Caribbean)
DDD MM SS.SSSJDDD MM SS.S5S5) (METERS) J{RADIANS} {RADIANS)
- 67T 6 0.0 18 456 0.0 1490960.041.17111593 [0.32754012 | 2899357.3 16863740.1 | 2531686.5 401
-~ 66 37T 0.0 18 44 0.0 1490960.041.16268017 [3.32695835 | 2957738.4 156840388.7 | 2527351.3 402
-~ 66 6 0.0 18 42 0.0 1490960.011.15366263 |0.32637657 | 3019895.9 16814782.5 | 2523015.2 403 ¢
- 65 42 0.0 18 35 D.O 1490960.041.14668132 ]0,.32434035 ] 3069505.9 $6798201,9 | 2507832.2 404
- 65 15 0.0 18 34 0.0 1490960.041.13882734 10.32404946 | 3123108.9 $6T774546.9 | 2505662.3 405
- 64 32 0.0 18 32 0.0 1490960.011.12631914 |0.32346769 | 3208226.0 16736268.4 2561322-0 406
- 67 10 0.0 18 32 0.0 1430960.071.17227948 {0.32346769 | 2895345.9 }6B76554.2 | 2501322.0 501
- 66 38 0.0 18 28 0.0 1490960.041.16297106 |0.32230413 | 2960381.8 $6851972.7 | 2692638.7 502
- 66 8 0.0 18 25 0.0 1490960.011.15424441 |0.32143147 30209%2-0 16B27864.6 | 2486124.1 503
- 65 45 0.0 18 20 0.0 1490960.041.14755398 |0.31997703 | 3068037.3 "6810790,2 2475262.1 504
- 65 12 0.0 18 17 0.0 14909560.011.13795467 |0.31910436 ) 3134178.7 16782984.1 ] 2468742.5 505
- 64 48 0.0 18 10 0.0 1490960.041.13097335 [0.31706815] 3183589.8 16T65472.7T| 26453522.6 506
- 67 10 0.0 18 15 0.0 1490960.011.17227948 |0.31852259 ) 2900110.4 }6887870.1] 2464395.0 601
- 66 45 0.0 18 10 0.0 1490960.041.16500727 [0.31706815 | 2951535.1 6869884.0| 2453522.06 602
- 66 12 0.0 18 6 0.0 1490960.041.15540796 |0.31590459 | 3018494.2 }6843842.6| 2444820.9 603
- 65 45 0.0 18 4 0.0 1490960.041.14755398 |0.31532282 | 3072735.7 $6821220.2{ 2440458.9 604
- 65,17 0.0 i8 0 0.0 1490960.0+1.13940911 }0.31415926 } 3129376.3 t6798542.1 ) 2431762.3 605
- 64 50 0.0 17 55 0.0 1490960.041-}3[55513 0.31270482 | 3184175.5 $6776948.5] 2420BT4.4 606
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Table A~12.

Tracking Station Locations for the Caribbean

EARTH CONSTANTS

RA = 6378386.000 El = 0.0819918899 E2 = 0.0
Station
LONGITUDE LATIFUDE HEIGHT  WLONGITUDE LATITUDE X Y z Station Name Number
DDD MM $5.5S5S DD MM SS.55S5 J{METERS) [{RADLIANS) {RADIANS])
2719 24 1,7BO| 28 13 33.980 15.0 [4.8T645855 §0.49263848 91d520.0 L55&8636-6 2998655.5 JCAPE CANAVERAL FPQ 1
279 18 22.9301[ 28 30 28.220 3.0 487481576 |0.49755565 907102.8 {5535648B.1 [3026124.4 [CAPE CANAVERAL USH 4
279 36 42.6%0] 25 30 24.600 1B.0 [#BBD14755 [0.44517822 961816.7 +5679453.1 (272989B.4 |HOMESTEAD FLA. PC-1000 3
285 29 43.960] 24 T 5.520 13.014.98283724 [0.42024200 [1556190.9 +5613138.2 |2590277.4 | SAN SALVADOR FP5-16 &
273 12 64480 30 25 17.060 2840 476827073 {0.53095369 INT459.6 F5496418-0 3210804.9 {ESLIN AFB FP5-16 2
262 37 17.920| 27 39 11.780 6014583561238 0.48264065 [-T2607%.4 F560T0B5.1 |2942569,.0 | CORPUS CHRISTE USB 5
288 52 3.040( z1 27 43.680 36.015.04168917{0.37458489 |1920499.1 t561971%.3 |2319132.2 | GRAND TURK TPQ-18 T
298 12 23.840) L7 8 35.000 42.015.20458T40[0.299202T6 (2831682.0 53T72823.0 |186B0D2.8 | ANTIGUA FPQ-5 L3
298 12 37.410} 17 B 51.680 T.0(5.20475319]0.29928363 |2881948.2 $53T72470.7 |1B6B4B2.5 § ANTIGUA PC-1000 3
291 9 42.550{ 12 5 21.550 23.0]5.08173240§0.21099843 [2251891.9 $+5817218.7 |1327085.8 JCURACAD BAXKER-NUNN 10
283 11 26.%20] LB 4 31.980 485.0 (4494261012 0431547786 [1384224.0 ¢5905981.0 |[L9466510.0 {JAMAICA MOTS 40 11
294 0 22.170{ 18 15 26,220 58.0§5413137548[0.31864971 [2465154.6 $5535226.T7 [19835490.0 [ SAN JUAN MOTS-40 12
298 23 23.5670| 10 44 32.780 269.0[5.20788635]0.18749093 |2980052.6 §5513813.0 [il81091.2 | TRINIDAD PC-1000 13
216 3 29.870 L7 2% 16.570 83.0[4.81812621]0.30376762 662558.) F6054269.4 [E8956556.1 | SWAN ISL PC-~1000 14
295 20 46.530| 32 20 47.530 21.015.154 764064 [0.56455355 | 2309039.8 r4874621-5 339301%9.8 | BERMUDA FPI-6 15
281 25 14.8104 0O 37 28.000 3649.0}4.9117192010.01089861 |1263650.8 P625§300-D -69086.7 | AUITD 4OTS 15
279 295 23.770| 28 28 52.790 14.0{%.87685605|0.49709299 918625.0 F5535018.1 13023547.6 [ CAPE CANAVERAL FPS-16 17
293 0 0.0 18 15 0.0 0.015.11381470}0,.31852259 |2367653.8 F55T7842.8 [L9B4T06.2 | PUERTD RICO 2 TRANSPONIER 13
293 30 Q0.0 18 45 0.0 0.0(5.12254135[0.32724923 |2409236.5 [-5540864.56 ]203T190.0 [ PUERTO RICO 3 TRANSPONDER 13
294 0 0.0 18 15 0.0 Gu.0[5.13126799] 0.31852259 | 24564639.9 F55355T2.0 [1984706.2 | PUERYOD RICD 4 TRANSPINIER 23
283 11 0.0 18 3 0.0 0.014.9424815500.31415926 |1383950.0 [-5908231.0 }195B40B.4 § JAMAICA 2 TRANSPDNODER el
291 10 0.0 12 0 0.0 D.0[5.08181700{0.20943951 |2253120.4 [F5818930.0 |1317417.7 | CURACAD 2 TRANSPONDER 22
276 30 0.0 12 0 0.0 0.0]4.82583538] 0.20943951 T06378.0 [F6199800.6 [1317417.7 | BLUEFIELDS RECEIVER 23
27Tl 0 D.0O 18 30 0.0 0.0|%4.729842270.32280591 105601.4 }6049902.8 |2010966.9 ) CHETUMAL RECEIVER 24
274 30 0.0 11 0 0.0 1500.0§4.79092873|0.19198622 491423.56 [F6244129.8 |1209305.1 | NICARASUA RECEIVER 25
15
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Table A-13,

List of Stations for the Hawali Area

EARTH CONSTANTS

RA = 6378388.000 EL = 0.0819918899 E2 = 0.0 A
Station/
Satellite
LONGITUDE LATITUDE HEIGHT LONGI TUDE LATITUDE X Y z Station Name Position
DOD MM SS.$S5|0DD MM S5.555 J(METERS) (RADIANS) {RADIANS]
190 29 9.500] 16 45 38.770 8.0 [3.32460739 [0.29253061 4560071061 41111830.1 {1827523,3 [JOHNSTON ISLAND MPS5-25 RADAR 26
200 19 53.960) 22 7 35.030 1260.0 |3,49644698 {0.38617848 45544265.2 42054369.0 | 2387889.4 |KAUAI-2 FPS-1b6 27
205 0 0.0 19 30 0.0 (0000 [3.57792496 |0.34033920 45454665.1 42543552.1 | 2116963.9 |HAWALL FPS-16 28
203 44 24,080 20 42 37.500 3034.0 |3.55593420 [0.361486496 $5466258.6 42404075.2 | 2242535.6 |MAUL BARER-NUNN 23
200 0 0.0 20 D 0.0 1490960.0 |3.49065850 [0.34906585 16951025.1 12529966.2 | 2677662.3 |HAWAIT SATELLITE PDSITION 731
200 0 0.0 4 17 0 0.0 149096040 |3.49065850 [0.296T0597 F7073299.7 42574470.5 | 22B8770.3 HAWATI SAVELLITE POSITION 732
205 0 0.0 20 0 0.0 149096040 |3.57792496 {0.34306585 J6704073¢3 $3126160.7 | 2677662.3 |HAWALI SATELLITE POSITIDN 103
205 0 0.0 17 0 0.0 1490960.0 [3.57792496 |0.296T059T 46822003.8 43181152.6 | 2288770.3 [HAWAII SATELLITE POSITIDN 734
210 0 0.0 20 0 0.0 1490960.0{3.66519142 |0.34906585 16406099.4 13698563.2 | 2677662.3 |HAWATI SATELLITE PDSITION 135
210 0o 0.0 17 0 0.0 1490960.0|3.66519142 |0.296T0597 16518788.3 13763624.1 | 2288770.3 | HAWAIL SATELLITE POSITION T35
/&




APPENDIX B
MATHEMATICAIL 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
netlwork made up of n_ range -measurement stations and oy direction measuring
stations. The range-measuring and direction-measuring stations are located at
points Pi (?\i, cl)i, hi) with longitude ?xi, latatide ¢i, and height hi above a standard
ellipsoid (see Figure B-1); the coordinates have associated standard deviations

) P .
and cri or, in matrix notation, Z  withZ _ denoting the ¢ovariance matrix.
ij i

“ip “io h
Range measurements r. from station i to the satellite have associated standard
deviations crir; right ascension (ai) and declination (61) measurements have
standard deviations o‘iéL and T.g respectively. For convenience, we designate
the matrix of standard deviations for the observations as a whole by ZQ and the
covariance matrix byzé- The standard deviations and covariance matrices of
the satellite coordinates Xsl’ XsZ’ xs3 (where 1, 2, 3 denote X, ¥y, X, respectively}
are denoted by Es and 2,2 respectively.

The observations ri, @ 61’ the station locations kl, cbi, hi’ and the

satellite location 7\5, q;s, hS are related by the equations
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Figure B-1



T = x .-x
i sji i
j=1
. < 2 >\ 0
Gos Y =Z (e " %)/ Z Gegs ™ !
k=1 j= . '

In these equations, the space~fixed rectangular coordinates Xij, ij are obtained
from the geodetic coordinat;as?\.i, c})i, hi of the station and KS, d)s, hs of the

satellite through the equations {(for.each station i and satellite location s):

% cos ¢ cos B 0 0 O cos ¢ cos ©
%, = (N+ h) cos ¢sin® |- 0 O O cos & sin (2)
x3 ) sin ¢ 0 © Ne2 sin 0

N is the radius of curvature in the prime vertical,® is the angle

O = a-wt -a

G

where W 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.



The above equations non-linear in xij" X j, are exchanged in the usual
s
way, for equations linear in the corrections A‘ri, Aai, Aﬁi, Axij, Axsj, to give

(in matrix form) the equation

[] = [Aa ]lax ] +B.] [aAx.,] (3)
1j 5) 1] 1]

The matrix [AQ] is defined as Aa (4)

where theAri‘s are defined as the observed measurements minus computed
values of radar range, and f:heA\ai andA 61 are defined 25 the observed measure-
ments minus computed values of the right ascension and declination, respectively,

of the satellite from a camera station.

In a straightforward manner, this equation is converted to the hormogeneous

equation

[1:-8] ;AQ] = [allax, ] (5)



or, for short

[cllaQ]l = [A] [ax] (6)
2 2
The covariance matrix[if' is therefore given by[EJ =
S.) 5

-1 -T
{1al'[a]) [alT[cliEitc1Tral {1a)Ta]) (7)

o T

and the covariance matrix [Z ], which contains the standard deviation, o‘.h, of

o

the altitude, is given by

p 2 T
{Zg] = [ D] [ZS] [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, A number 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 1366, or some of the 1967-69 issues-of the

periodical Frequency.



Table C-1. Frequency Standard Specification

Rohde/Schwarz H/P XTAL H/P Cesium
. XS8R . . . 106A/B 5061A
Frequency Variation ’
Long-term +6-107 1 <9-107%(2)  £1-10711(1)
Short-term (3) _
1 ms . <3107 g.10710 5-1071°0
10 ms <3-10"*° 1.9-1071¢ 10710
1 s <6.10~'2 1.9-1071%¢ 7-10712(4)
Frequencies Generated (Mc/S) g.1 0.1 0.1
1. 1 i
5 5 5
Clock Qutput N.A N.A. N.A.
Jitter (10) N.A. N.A. 2x107%s
Perturbation Effects
Air Pressure _<”l°10'712/100mutg
Not Known Not Known
Temperature/°C <1+1071% 8-10~1¢ <5-10712
Magnetic Field/gauss <1-10-11 N.K. <2.5-10712(5)
Voltage/volt <2-10712 <4+10712 <1+107t1(6)
Reference (7) (8) (9)



NOTES TO TABLE C-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-

antee.

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).

For use as a ranging instrument, we ave interested in df/dt, ox
in Af/At for At—0. Hence the ''short-term' variations gotten by

averaging are not really significant for our problem,
Estimated from H/P chart, ref,

Estimated from 2-gauss field value.

Estimated from 8-volt range value.

1969-Anonymous ATOMIC FREQUENCY STANDARD XSR - Data

Sheet, Rohde & Schwarz, Munchen,

1968 - Anonymous H/P REFERENCE CATALOG - 1969, Hewlett-

Packard Co., Palo Alto. pp. 648-651.

1968 - Sames as Ref. 8, pp. 643-645,



10,

Jitter, as here understood, is the rms variation {in seconds}
between times of emissio.t-l 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 computed 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 nsec, or even 1 nsec. Such measurement accuracy
is of no use for range measurement unless the emitted pulse comes
out at intervals ti:i: 5 n sec. or better, where ti is the assumed

interval.



APPENDIX D

MATHEMATICAL BASIS FOR ANAI;YSIS OF ERROR IN
SATELLITE LOCATIONS (DYNAMICAL SITUATIONS)

An Earth satellite follows a two-dimensional path imbedded in
four-dirmensional space. The two-dimensional path is called a trajectory.
The one dimensional timeless portion of a trajectory is called a pé.th. 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.
ax = Ftrue T T computed
Ay = Virue ~ y.coxnpl.rl:ecl
Az = “true ~ Zcomputed

In the progess of deriving the final equations, a number of assumptions have
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.



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 Qand ¢ have their usual meanings; F__1is the perturbing force in

N

the direction of the radius vector to the orbit point (positive outwards), F'I‘

is the perturbing force in the {momentary) orbital plane and perpendicular
(positive in the direction of motion) to the radius vector, and FB is the per-~
turbing force in the direction fN x -fT' V is the true anomaly, E is the
eccentric anomaly, n the mean motion, r the radius vector, and p = a(l-ez)
the semi-latus rectum. Then

. 1
+ 2a(l-e2)? -
N nr T

ig=2esinVF
dt

i
n(l-e*)7?

1 1
de (l—ez)/zsin v 7 o4 (1-e®)? (cos E + cos V) -

dt na N na T

di 1 cos(wV)

1
dt az n(l—ez) 3 B
~ 2.5 2%
%(-U-=-—('l—§-—)— cos V F +(£+1)sinV'(—];£-2"F
t nae N p nae T

tan %— sin{w +V)

r
+ = - F
8 pa(i-e2)? B
a2 _r esc i sin (WwHV) F
dt a? n(l—ez)li B

i
de _ [_ 2r . e(1-e®)? cos V ] FN
na? na[1+(l—e2)l£]

1.
J{(; . 1) (1-e2)? sin leF
nae T
i

2

r 5 | tan 3 sin (V)
2=+ (1-e})” o Fp

all+(1-e2)? na(i-e?)™




Defining

n

(1-e2)%

and using the relations

g1

1n

il

I

ana/(1+e cos V)
2+ w

mean longitude at epoch = ¢ + &

we get the equations

da
dt

de
dt

di
at

dw
dt

dfl
dt

do
dt

2e 2__
= SanFN+nn (1+ e cos V) Fo

na N

n sin V n_ '
- F +na (cos E + cos V) FT

7 cos (V+w)
na(l+e cos V) "B

T‘lsinV(2+ecos V)F
T

N
COSVFN+ nae l1+ecosvV

nae

cos i N sin(Viw)
sin i na(lte cos V) B

N sin(V4m)

na ein i(l+e cos V) FB

n teosV 2n _ecosVF
na e l+ecosV 1+n N

n sin(V+ w) (l—-cos i) 7
na B

na (l+e cos V) sin i



These equations are linear in the perturbing forces FT, FN, and FB, and can

be abbreviated to

da
4t = an FT + ay, FN +apg Fy
de

ac = 21 FT + a5, Fn + a4 FB
di

qr - 232 FT + az, FN + a;, FB
dw _

af?

dt = 2s1 FT + ag, FN + ag, FB
do

= 261 FT + ag, FN + ag, Fo»

or in matrix form,

[dqi/dt] = [aij] [Fj] ,

where
[dgi/dt] = [da/dt, de/dt, di/dt, dw/dt, &/ dt, do/ dt]T
ahd .
Fr
[Fj] =| Fy
FB _

We define the perturbing force [Fj] 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 Earthts gravity field,



atmosphere, znd 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 km.
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 gi between times

t; and t; are derived from equations (D-1) by integrating each equati.oh with

respect to time over the interval t; - t;.

tz

Aql = g (ai1 FT + aiz FN+ a,ig FB)dt
1

The forces FT, FN, FB 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:

~ikt
FT = Re = AT e ]
i o 27
with similar formulae for FN and FB.



The present problem concerns, not Agi, but aqi’ the standard

deviation in the Aqi, We therefore need not the FT, FN’ F but their

B’
standard deviations Oms T2 O or, generally the covariance matrix E;‘. The

elements of ZzF are also functions of time, but we can reasonably expect that
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 ZZF is constant over the short arc segments we are interested in, and

substituting for the F's their average errors, we find that

t
Aqi = S‘ [4A] [Flat
2!
ta
z _ 2 T
zq = S [a] =% [4] a
1
= [B] 22 [B] "

where

tz
[B] = E[A] dt.
t

Chis step is, as earlier remarked, open to criticism, but is taken as an

»xpedient measure to avoid the following further and more complicated steps:

F F_ as linear Fourier series

N T "B
in V ro t as the independent variable;

(a) express the variations F

(b) integrate each term of the form
a K V) + L, i , etc.
i[ in cos (nV) in sin{nVv)], etc

(¢} combine terms.



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

and integrating. The individual integrands, denoted by g_., are

a,, = 2e sinV (1 + e cos 2 (/n)?

31, = 2(1 + e cos V) ' (n/m)?

a;3 = 0

3y, = (1 + e cos V) 2 (n*/n?a)

-~ B n* 1 n2

a9y = N - \
n“a | I4+e cos V (l+e cos V)

azi = ¢

a,, = 0

532 = 0

3 _n* cos {V+u)

33

nza(l+e cos V)3



.nli

n? ae (i+e cos 2

A
5.42 2 sin V[ 1 + 1 ]
n“ae (1+e cos V)2 {1+e cos V)3

cos V

agy =~

/]

u

~ ) i1 (V-HD
Ayg = - 5 cot i —sin(VH) )—3

n“a (1+e cos V)
551 = 0
552 = C

4
-~ i w
dg3 = _2 cse 4 _sdn (V) .

n"a {i1+e cos V)3

W2
1

_ 2 n* [ n cos V _ 2ne
61
n?ae (1+ ) (l+e cos V)* (L+e cos V)°
€2

~ n* [ltcos i|f sin(VHw)
83 & 7, .

sin i l+e cos V)?

The integrands occuring in these equations are easily, if not quickly, inte-
grated, and the intermediate steps leading to the elements bij 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 bij’ and the following notation

is therefore used.



Then we have

bll

]!

z (e + x)/(l + ex)

- [aresin(q)1/V/1-e?
- 1-¢*
(1-e?) : (11 - e .2 )

T .
< 1-e? 1-e?

2(1)2 (1 + ex)?

o

o
p e
pa

—

.n2

L

=

y .
__A cosd (I, + L) + — Sn U

n%a e 2e(1tex) ?

2l

n* [ 3H2ex
nZae? (Ltex) 2 (1+4ex)

L - .
0]
N cot 1[ cos - sin w(Iz ¥ 13)}

n*ae 2 (14ex)?
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b, = 0
n“‘ cge 1 cos
by, = - sinw(I, + I,)
2 2
n“ae 2(1tex)

. f 1
by, = - S— [FQ (I, +1,) - Zel'{]

Ilz ag

N N
+
b, = - 1} (l cos 1)[__ cos W + sin oI,
n’a sin i Je(ltex)?

More useful than the element variances are the variances in
.location referred to the moving trihedron with origin at the satellite. Again,
because the orbit is of low eccentricity, we can use the variances in the

direction of FN, F and FB instead. To the accuracy we need for calculation

T’
of variance, we can take the variance in r, the variance in u + v, and the

variance in a suitable function of 3, ¢ and V. Then we have

2 4 T
(22 1=[A 1 (][, ]

where [ZZL] is the covariance matrix for the errors Ar, (Aw + Ar) and the
error AT in the transverse direction, [2;] is the covarjance matrix of the

elements, and the matrix [A] has the elements as follows

D-10



1% f12 7 7 ifez-l- e SRR
L T ey
a,;; = 0 as = 0 853 = 0
Gy T ¥ 3,5 = 0 86 T T
ag; = 0 2z, = 0 as; = T sin(wiV)
a,, = 0 a;s = r sin 1 sin{whv) 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 oébital motion of the satellite. They therefore are very usetul for
studying the effects of various satt;:llite'—and-tracking-—statio—n configurations and
for getting "“order-of-magnitude' estimates of satellite locations, but are not aé
usefulj for making close estimates of satellite location. F‘ohr fine work, the eéua-
tions must be modified 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 pertuibations. In fact, it is sufficient to approximate
the segment, for our purposes, by alow-~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, AX the matrix of satellite.location errors,

and A the coefficient matrix. To this (matrix) equation we add the condition

equation

C = B-AX (2)

E-1



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 wou}d be realistic., Because the
approximation of orbits by sets of 3rd degree polynomials has been successful
in keeping the rms error in all three coordinates down to better than one fifth
of the radar tracking ¢, restricting the condition to the satellite path would not

be worth while. We therefore use the time-dependent equations

[x] = [1t¢ ¢ t%] [D] (4)

where [‘D] is the set of constants ﬂi_ defining the orbit segment. With the con-
dition equations in this form, we can substitute directly for AX in (1) and drop

equation (2), so that
AY = A T+ L (5)
where L consists of the elements Aﬂij and T is the matrix

[1t, t_?‘ t,3 tfl]. (6)
11 1 1

The covariance matrix for AL is then

2 T T -1 T T 2 T T ~T
ZL = (T A" AT) T A ZY AT (T A~ AT) 7, {(7)
with the covariance matrix for X being
2 2 T
ZX = TZL T, (8)



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 water, 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 a1:ea which were high enough
to reflect energy back to the altimeter 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. interwval.

Distance d (km) 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.



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 (o-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 respolution., 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.



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 ev:]uations. As shown in Figure G-1, the points Pi
on the reference surface lie at the intersection of projections of the satellite
paths onto the reference surface. At every Pi three independent heights are
identified: the height hoi of Qi above P,» the MSL surfac-e above the reference

surface; and two heights hsi of Si above Pi, the aitimeter above the reference

. .=h ) around
o,i+tl o,1

any closed circuit, and in particular about a circuit around an elementary

surface. From this viewpoint, the height differences (b

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 h 1 at which hoi is known, we
5 :
find that the changes in the altitude (hs_-h i) must sum to zero around any
i o

circuit (or must sum to the same value over any two paths between a given

peir of points).

We write h : for the measured altitude above point Q.. Above a given
ek 1

point Pi we therefore have

h =h .. -h
mil sil oil (G-1)
hm:LZ - hsiZ - h012
for the two measurements denoted by the subscripts 1 and 2.
We write
b iz " Bz T Pgipm By (G-2)
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points on MSL surface

corresponding points on MSL surface

points occupied by altimeter at first passage
over Pi

Figure G-1. The Path-Intersection Grid



which refers the second altitude of a pair above P, to a common eguialtitude
-1
surface thru the point Sl.
It is easy to show that any cireuit (P, P ...... P, ) can be expressed

i .

1 %2 e
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)

be the difference between altitudes at two successive (clockwise) points of

a cell, we have

0= Ahmi + Ahmj + A + Ahmi (G-4)

Equation G-4 plus 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 thefse 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 hmi’ the value of hmi at any point within the simplex is determined by the



altitudes along the boundary and by equation G-4. But all altitudes are

measured independently of all other altitudes; we can change any one hml

or h , without changing the other h _ 's or h i's either in the interior or on
o1 mil o}

the boundary.

Algebraically, to show the equivalence of this formulation with the self-
consisteacy formulation (SCF), given in the main part of the study, we have fo
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 2N + 2 points, Since there are N independent
equations of the type G-4, N + 2 altitudes are required. Going from SCF to
the present formulation merely means taking N + 2 pairs of the hmi in G-v

as given, and writing the remaining equations in the form -

= - h -h

hmi hmi ¥ (hm, i+l mi) i m, it2 m, i+1)

= G-5
+ (hm, i+3 hm, i+2) { )
L Y
with
h, =h_,. (G-6)
oi, 012

Going from CMF to SCF merely unwinds the developme nt 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 2N+ 2 altitudes must be known. The
equations G-4 in that case cannot function as condition equations. Butas
pointed out earlier, the Ah'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.



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
uged 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 conveniencg, 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 hmi 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 § , the standard deviation of h N
m m
calculated from available data, to Gm, the standard deviation of h. | given
mi

the true altitude (see Figure H-1).

First, note that although we have available I altitude measurements
hmi measured above J points Pj on thé reference ell:lpsoid, we have at the
most two heights at each Pj’ so that a particular ocean-above-ellipscid height
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 hm and hm have been made, we have
1 2
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© Figure H-1.
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h =h -h (1)

and

h =h -h (2)

h =h . (3)

Here, ho and hS refer to ocean and satellite heights, respectively, above the

1

ellipsoid reference surface and the subscripts 1 and 2 refer to the order of
measurement. Had both measurements been made from a height h p ©of if
the difference Ahsk = hsz - hsl were known exactly, we could get a precision

s. d. crp for hmi over the grid of points Pk from

T (h an -h )
k

2 2k k 1k
K 2{2 K-1) (4)

where k = 1 to K. Obviously, this GP is the same for all the points Pk if the

uncertainty in Ahs is the same but not otherwise. Furthermore, it is mis-

k

leading to the extent that we are uncertain of what Ahsk may be. A bit of
H

. 2
algebra shows that the difference between UP’ the variance about the true

~2
value, and O the calculated variance, is given by

02
UZ 32 N s
P P 2

> RK-1 e e (5)

s P

where o is the standard deviation of hsk' This equation shows that the true
precision s.d. of the altimeter can be computed if we know the s.d. of h X
Again, we find an unfortunate obstacle to achieving our objective cr; ; the

ci in (5) is the accuracy variance of satellite height above reference surface;
what orbit computations give is closer to a precision variance. What to do
about this difference requires more attention than can be devoted hére, and we

merely note the fact and pass on to the second case where we seek the accuracy

s.d. of h _,
mi



Let hmi be the measured satellite height above the sea surface at point

Pi’ and let Gm be the standard deviation of hmi' Note first that

St .-n)°
5 mi t1
°m T W T (6)

m

where hti. 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 cornpared hmi's made
at a single point, but for a given i, there is only one j # i for which Pj = Pi°

The nurmber could be increased by generalizing the concept of "point' appro-

priately, but we will not discuss the results.

Let hsi be the given "height" of satellite above the reference surface
at Pi’ and Gsi the standard deviation of hsi' Let hoi be the height of the sea
surface above the reference surface at Pi and let Goi be the s.d. of ho.. We

1
write, also

e ., ¢ ,ande , (7)
mi’ si oi

for the corrections to hmi’ hsi and hoi 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 0 and the precision standard deviation Et,. Consider
m 1

first o .
m
We write
B = i T o
Sti = hsi + Els + eZsi {8)
= + +
Oti hoi Elo E2.<:u°.
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-h = .
boi B T “1m T Somi (9)

h., =5s_-o0_., (10)

.} (11)

= h -h -
i i + hoi (Els * E2.s:i.) ¥ (elo F E2()1

mi S

A bit of simple algebra then shows that the difference A between the variance

2 - - - Nz
Gm for which we are looking and the variance ¢ that we compute by
m

2
- -h
‘?: [hmi (hsi oi)]

o = I (12)

is given by

2 ~d 2
o -a = A
m m
2 2 2
- (Elo - Els) k 02.0'+ 925
2‘3(6201 " 2si) ai
+ (elo-els)ed+ I . (13)
2 2 . .
Here 0, and g, are the variances of the ¢_ , and e_ _ respectively, and
20 285 Z2oi 2si
fq = Zeglt
1
Edi = (hmi " hsi t hoi) ’ (14)

~2 - 2 .
In this equation, only 02 €4 and ¢ 4 can be considered known, g, is what

d

2
we are looking for; the quantities (e - € ls), o‘go and g

lo Z2s
given information about the standard deviations of the satellite location, sea

may be found from

surface, geoid, efc., or they may not. The question can be devised only by

H.5



finding out how the given s.d.'s are related to those in the equation. Consider
first the relation of ¢ 1 2nd 0, to the standard deviation Esi of a satellite
height above ellipsoid that is given as input. Esi does not correspond to Gsi’
Oy OF €940 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 cbservations) large, and for a well-derived
orbit {(and I do not go into the definition of "well-derived"), Esi should be

close to g, If the equations for hsi and Esi 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 " lo and 0, to the standard deviation Eoi given as input
is much more complicated even than the relations of satellite height just dis-
cussed. hoi 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 i

There are three basic ways of finding h , at present:
01

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 hoi are related as

follows to the quantities in equation {13) above.



The s.d. of hoi derived by astrogeodetic techniques depends

on the s.d.'s of the geodetic coordinates of the intermediate

" points Pj (i<i), the s.d.'s of the measured deflections ’_E,j and 'qj,
and on the (unknown) values of £ and 7 between Pj a.nd'Pj-}-l. In
regions where deflections do not vary rapidly, as, e.g.; in
geologically uniform plains areas, the s.d.'s build up slowly witﬁ
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,

The s.d. of hoi derived by gravimetric 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 hoi is being computed. If we use a global concept, find-
ing hoi from gravity values over the entire world, evaluation of

the s.d. of hoi would involve the equation

2 2 2 T
Ghoi = K [F] [ZAg] [F] (15)

where Kz is a constant, [Z‘.Zg] is the covariance matrix of the

gravity anomalies, and [F'] is the area weighting function appropriate
to finding hoi' In the VED, however, we limit our attention to a small
area and are concerned not with hoi referred to a best globally-fitted
sphere but with hDi referred to a sphere best-fitted to the Caribbean

region. This means that we need
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2 2
Oppo = <l -h )2, (16)

which means a reductionof ¢ 10° since we eliminate a large block

of dubious material from the computation.

3. The s.d. of h . derived from tracking data by way of orbit theory
oi
"depeids for the most part of the s.d.'s of the tracking data used

as input. If we look at the basic equation

m m
Vo= VA, ¢ 0 0 C 5 S ) {(17)

We see that the variance of hoi is determined by the variances

of the coefficients C:‘L, Snm of the harmonic expanflsion of the
potential V (VO is suitably selected value). There are only a few
coefficients available -- perhaps 200 if we strain the credibility
gap. Hence, the variance of hoi will be slowly changing function
of X and ¢ 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.



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 pa.ft, 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.'s 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) ertors. 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

I-1



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.



APPENDIX T

REMOVAL OF EFFECTS OF CERTAIN TYPES OF SYSTEMATIC
ERRORS FROM OBSERVATIONS

Let [Qi} be a set of I chservations on a set of corresponding guantities
{Tqi}. The gi are assumed unknown and unknowable. The differences {ﬁqi]s
{Qi - qi] are called residuals; they are the errors in the observations. We

assume that the qu can be separated into two parts, 6q1i and ﬁqu, such that

) = & + & ’ 1
qi 35 7 O , (1)
and
I
lim Z 8q,, = 0 (2)
I—w .
i=1

The Sqli are systematic errors; we assume that they are slowly varying with

respect to the Gqu.

Suppose that the q, are not independent but are related by J condition

equations
= f o e e e s i = 1
0 fk (q 1° ql), j to J (3).
so that
-A} = fj Qp ....0Q) (4)

where Aj is the discrepancy resulting from substituing Qi for qi.



Then

O = £ ({Q.})
J J
af. of,
E 5q. du T Z 5q. 2z
. 1 : 1
i i
+ higher order terms (5)
or
8fi of .
i = —_ -+ e &
= Z\ qu %q 1i E qu 924 (6)
i i

If the Sqli are systematic errors, they can be considered constant over svitable

chosen sub-sets of i. Using the usual least~squares procedures, we can-deter-

mine the 5(:115L along with the satellite coordinates, but not the qu_u The condition
i

L

equations then become

af
: - —d
1

and the systematic errors ﬁqli that are found will have variances determined by

the way the random perturbations

5f.
—J
6q, 8q,; (&)

enter the problem.

If, as seems to be the case with the electronic tracking instruments, the
systematic errors qui are large compared to the random errors 6q21, the
equations (7) can be solved directly for the Sqli' 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 solufion.



APPENDIX K

PURPOSE AND ORGANIZ ATION 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 t{rials 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 tI:e
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 II, which is concerned with the effect of
theory deficiencies on the Height error; and Type III, 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. If 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 tirmes, and from a given set of
station coordinates, sets of satellite coordinates are computed., These
coordinates, together with tracking station coordinates, are used to compute the
elements of the observation coefficient matrix | a’ij] or [A]. The equations

are given in Appendix B.

Error Analysis - Type II

The most important deficiency in theory is the inadequacy of the theory
to describe the orbit of 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 IiI

Two kinds of constraints appear in the theory. One is the type applied
to the solution for the ocean surface heights hoj“ Knowledge of the surface and
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,

5, < 8h0/8x< 5,
S, < Bho/‘3x< S,

where the Si are constants and, for practical work, 81 = S3 and Sz = 54, For
computation, the inequalities are turned into equations by adding nuisance

variables.

The second type of constraints is that placed on the heights hsj of the
satellite above the reference surface by requiring that the satellite coordinates
Xsi satisfy the equations of the orbit. The mathematics for imposing this

condition are given in Appendix E,



APPENDIX L

CONFIDENCE LIMITS FOR THE STANDARD DEVIATION OF
THE ALTIMETER HEIGHT

Ah, = h. . -h | i=zltoN

i 1i ci

0'2' —o'zh -I-U'Zh shh =och. . h —:o‘h h = 0 i £
4p = 1 ¢ ¢ T Pty T "Peiteg T tEd

2 2
Errors in hci are N{o, o hc) where o hc is known.

2 2 2
Errors in hi' are N{o, o hl) where @ hl < ¢ o0 is a specification

N
2 1 5\ 2
s. Ah = N -1 , (Ahi-Ah)
i=1
N
AR = & Ah
TN 4 i
i=1

How large must N be so that probability requirements for the following
statements are met:
E{Ah) = 0
o'zh1 < 0'200
The quantity t = Ah/sAh NN is distributed as Student's t with
(N=1) degrees of freedom, the hypothesis being E(Ah) = 0. The
(l1-a) = y confidence interval is

- sAh

- sAh
Ah- < §h < (AR
(Ah-ty 1i1-a 2 WN )= 0= (ah#t

N-I:;l1-a 2 NN

)



Figure 1-1°% can be used to determine sample sizes so that the
(1-a) = v confidence interval will be shorter than L where L
is a multiple of the unknown ¢Ah. The length of the interval is

2 2 (sAh/NN) .

.
N-1;1-a
2 2 2 2 2
Assume thatif ¢ Ah<¢ oo t+ ¢ hc then ¢ h, =0 oo. The
quantity (szé}.h/'\/ N-l)/(tr./_\zh) is distributed as chi-square

with (N-1) degrees of freedom. The (1-a) confidence interval is

2 2
(N-1) s Ah < G'ZAh < {N-x) s Ah
2 2
X noyix-pl2 X N-x;a/2
Figure L-2 55 can be used to determine sax;riple size so

that the hypothesis Ho can be tested against the alternate

hypothesis H.

I—I0 : U'ZAh = 0‘206 + o'zhc

I-I_1 : D‘ZAh > 0'200 -f-crzhc

S

Examgle

1, Let y =0.99 or o =0.01,
Determine N so that we can be 90% sure that the y con-
fidence interval is less than 0. 75 cAh. From Figure L-1

N ~60.

2. Let o = 0. 005
Determine N so that the test is performed with a power

0. 95 and so that the ratio

Ah
R = —o < 1.4. From Figure L-4 N~ 75.

2 2
No“oco + o hc
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Figure L-1. Graphs of sample size required to insure with a given

probability y 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. B is the Type II error, i.e., the

probability of failing to reject a false hypothesis. Power = ]1-f.
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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-1 Explicit Constraints on VEDS

The constraints enumerated below were reviewed with and approved by

Mzr. J. D. Rosenberg of NASA as a basis for this study.

M~1,1 Satellite Orbital Parameters

Apogee 850 nautical miles (1575 km)
Perigee 600 nautical miles (1100 km)
Inclintation 20 degrees

M-1,2 Satellite Attitude

Maintained within 2° of the normal (to the Reference Ellipsoid)

at least 90% of the time.
Attitude angles known in retrospect for all times to within 1°,

Attitude angle rate '"small"; less than 1/3 degree per minute (of time)

at least 95% of the time.

M-~1.3 - Satellite Lifetime

Useiul satellite lifetime during which the Verification Experiment

may be performed is two (2} years.

M-1, 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 requiire 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 fxlacing one ship for limited time.

Assume limited equipment in addition to existing equipment at stations.

M-1.7 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

1
10 ! stability.

M=-1.9 Space and Weight

Assume no problem for the present.

This item may be re-opened, if necessary.



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;
RESQLUTION 1l meter;
USEFUL LIFETIME 200 to 500 hours;

FREQUENCY X Band; 8 to 10 GHz

M-2 Ezxperiment 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., Itis 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 £ 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 + 5 meter error down to 200 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-2.1 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 e: neriment 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 h~s been set at 2 years, so that
the field measurement phase of verification experiment must be completed

within two yvears 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 tentative values for the altimeter

rms error within 4 months of the launch date;
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(2) it shall have reasonably good values for rms error under dif-
ferent conditions withint 2 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 EguiEment

‘The equiprﬁent 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 t.ia.f:a. we can usefully handle, the areas in which we can work,
etc. This section will be concerned with the. availability and allowed as-

pects,

-'i'he‘ 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'necessa.ry.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 miscgllaneous 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 he allowed for contributing data to the orbit determination.
Figure M-1 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
altireter position, however. Some will be unable to track the satellite because
it will be invisible (or near enough as makes no differen’ce). 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 +25° (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-2, 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 -20° on the Earth are

therefore open to the verification experiment. Furthermore, only water areas
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need be considered; 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 geodeti;: characteristics, we should carry out in that
same area all other verifi.ca.tion 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-
cumstances allow except for those parts of the two experiments that will re-
quire speci‘al eguipment (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-2.4 Additional Equipment

Not shown in Figures M-1 and M-2 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 fo get directions to + 0}'5 to =+ 110,
Where appropriate (i. e., in the few cases that the camera stations can see the

satellite), cooperation fromi the countries using these cameras might be obtained.
M-2.5 Orbit

The orbital elements a, e, i, 2, w, 7T 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. £ is the right ascension of the intersection of the
ellipse plane with the equatorial plane,  the angle from the line of nodes to
the line of apsides (at perigee), and 7is 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

+i and ~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 ¢, 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 60° 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 5°
per day. As far as the altimeter is concerned this merely increases the

spacing between successive tracks by about 0.4°, 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° per .revolution or
2.4° 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. Approximately 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 ris of importance only in its relation to the Weathei' 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 trac-king sta-
tions during seasons that are usually clear. If the launch time, and hence 7,

cannot be controlled, the observing schedules must be drawn up with the given

Tand 2 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,

1. 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 agsumed 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 alftimeter 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 poin’cé will be distance calculated on
the International Spheroid between the footpoints of the ground points. Also
unless otherwise stated, the distances are distances in vacyum; i.e. refrac-

tion effects have heen 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



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 fo
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 timme defines the sea surface at
that instant (defined as the Momentary Sea Surface, As). 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.)



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
footprint. (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 l-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 altimneter,
(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



we specify the time interval to be 20 years, so that if includes the saros, we
find that all major tidal, tsunami, meteorological, and wind-wave effects
average out. Mean sea levels in successive 20-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 a2 measure of the distance from
the satellite to the IMSI, 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 altimmeter system, or satellite altimeter,
etc., is intended in the narrow or in the broader sense is determined by the
cvontext 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.



9. Convention and Geometry

As a matter of convention, the following symbols are adopted (see Fig-
ure N-1): P designates points, and A designates areas; the subscripts specify
the particular point or area. TUnless 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,

PS is defined as the instantaneous position of the satellite, which changes

with time.

Pe is a point on the Reference Ellipsoid corresponding to Ps’ such that
Ps lies on the normal (perpendicular to the Reference Ellipsoid) which passes
through Pe. The distance between PS and Pe is defined as the Height of the

satellite, a vector quantity with magnitude H .,
e

Pg is a point on the Geoid lying on the normal (to the Reference Ellipsoid)
passing through Pe'

MSL is Mean Sea Level, not further defined at this time. (Oceanographers
would refer to this as climatological sea level.) Pm is a point on MSL: lying

on the normal through Pe.

As is the momentary sea surface (described earlier) of size the order
of the footprint about the normal to the Reference Ellipsoid; AS is the rough

Ipicture' of the real ocean,



Pi is defined as the intercept of the height vector with the instantaneous
sea level., The :Lntercep-t of the height vector with .A.i is designated Pi. The
distance from Ps to Pi is called Hi. It is assumed (dnd discussed subsequently)

that the radar tries to measure Hi'

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. Pr is the point a distance R from PS along the

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.

Hr is the best radar measurement of Hi (Pi) after calibration correction

Er is the residual radar error, or uncertainty in the radar measure-

ment H .
r

P'v is the verification experiment measurement of P ; i.e., it pre-
i I
supposes that Pi cannot be determined precisely, even for verification pur-

poses,

Ev is the residual verification error, or the uncertainty in the verifica-

tion experiment measurement P, ,
iv
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APPENDIX O
OCEAN SURFACE CONDITIONS (OCEAN TRUTH)

B. Kinsman

0-1 Descriptions of the Ocean Surface and Their Relation to Radar Altimetry

O-1.1 Descriptioﬁs 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 st:i'~11 smaller scales the wind generates waves, while at the smallest
scales even a fish breaking water makes ripples. The simple geopotential sur'-
face (whose prc—_ecise determination is anything but simple) is never encountered

in nature.

If the level geopotential surface is taken as a reference, and T] is the
departure from it, then a complete description of the sea surface would require
a specification of 1] for all positions on the two-dimensional curved surface of
the earth and for all time. We ask for Y =T (;: t) where ;is a suitably restricted
two dimensional position vector and - o :<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



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.

O-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
-f:he 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.



One of the important parameters of radar altimetry which depends on both
the instrument and the target is the scattéring cross section per unit area
denoted by ¢®. 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. If 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:

I, The wave heights, both their size and their distribution over

the illuminated ares,
?. The slopes of the sea surface within the target areg,
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 ¢°. Of those enumerated, it is 1 and 2, 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



grazing incidence the "rough'' surface returns much the stronger signal. Prop-
erty 3,. the gross tilts, will have its éreatest effect indirectly through 1 and 2
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 surfacé 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,

0O-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 ¢ = L/ T, where L, the wave length, and T, the wave perioci, 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/z 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



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 sinusocids
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 simp'lifi(‘ad 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, moany lengths, many periods -- many of anything.
H 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 beiter able to see



what the following material tells you and, even more important, what has been
left out. Itis 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 O-1 shows a cornmon classification code for the
condition of the sea surface with respect to height, I, the difference in elevation

between any crest and the succeeding trough.

Table O-1, Sea State Classification

(Douglas Sea Scale)

Term Code _ - HE)
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 £t

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 £t long (H/L = 1/70). Table O-2 gives a code in

terms of steepness. ''Instability! indicates that many of the wave creasts are

breaking.



Table O-2. Wave Classification by Steepness

Wave Types 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. 026U'2 with H in feet and\J , 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 calleci 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 O-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 O-4 gives the minimum fetch and the minimum duration necessary
for a given wind to produce a fully developed sea. Table O-5 gives empirically
based frequencies of occurrence for wave height in the various oceans while
Table O-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 O~3. Deep-Wave Relationships For Fully Developed Sea

[* Sea
State Wave Type: Low Modegate Great
— = "~ r ™ r =\

Code Ufknots) | H{m)* L{ft) C(knots) T(sec) L{ft) Clknots) 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 2.1 7 3;6 1.1
2 10. 7 1.0 3032 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 2.5
4 17.5 2.5 800  37.9 12,0 200 19.0 6.0 56 10. 0 3.2
5 21.5 4.0 1,200 46. 6 14.6 300 23.2 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

’i”‘c/u: 2.16 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 O-4,

Minimum Fetch & Duration vs. Wind Speed

for a Fully Developed Sea

" Wind Speed

Minimum Fetch

Duration

U (knots) F min {n rni) D min, (hr.)
10 10 2.4
20 75 i0
30 280 23
40 710 42
SF) 1,420 69

3




Table O-5. Relativé Frequency of Waves of Different Heights in Different Regions

01-0

Ocean Wave Height:| 0-3 3-4 4-7 7-12 12-20 . =20
Region (feet) % % o % o %
North Atlantic 20 20 20 15 10 15
Mid-equatorial aAtlantic 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 0O 0
(Northeast monsoon season)
North Indian Ocean 15 15 25 20 15 10
{Southwest monsoon season)
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 O-6. Length of Storm Waves Observed in Different Oceans

Ocean Area Wave Length (Feet) Number of
Maximum Minimum Average Cases
North aAtlantic 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 a-ccessible terms, the power
spectral density functi.on 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 c'>f

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
because it requires too much input information of kinds we cannot now get. Itis
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 180° 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.

.Ano-ther line of endeavor which is‘ still in its infa.ncsf 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.

0O~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

in 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:’ (1)

"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 thgprirnary 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 ar;alysié, it was shown that air momentum (M) and air viscosity (n)
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)

gpr_pP ‘
s = f [:R, *-,I,I-%v“a;‘—(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

gp_p

W a

m
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, !

(1) "Oceanography from Space, " edited by G, C. Ewing, WHOI, Ref. No, 65-10, 1965.
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O-3 Sources for Occasional or Continuing Information About the State of the
Sea and Pertinent Associated Qualities

O-3.1 The Fleet Numerical Weather Center (FNWC)

Numerical wave and swell analyses have been made twice daily att FNWC,
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 a number of procedures. In one, ster-eophotos from four
aircrafts aré 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 Sate}lites {ATS). These
satel}ites 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 reﬂe‘cts the sun“'s
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 pa.tch.within the illuminated area.
When such a calm patch passes thro;lgh 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 observe;d in several -
places, esg., west of the Gulf of Guayaquil é.nd north of the rﬁouth 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 I11° N and 11° 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 920 mb level {roughly at 600 m).

e. Radiosonde measurements on a global scale.
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O-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 WDG-A, United States; WDC-B
USSR; WDC-C, Erigland, 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:

"WDGC-A Oceanography
Building 1602

Second and N Street, S.E,
Washington, D.C. 20390
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

Cs. National Oceanographic Instrumentation Center

d. - National Bureau of Standards

€. Wational 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 O-7 shows the principal sources from which one may expect data

on the sea surface per se.

Table 0-7. Sources of Qcean Surface Data

National Oceanographic Data Center

National Weather Records Center

U.S5. Navy - Fleet Numerical Weather Center
U.S5. Coast & Geodetic Survey

British Admiralty
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0O-4 Description of thé 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 thé 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 1e;*,s 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 a.long. 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’
descriptioﬂ 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 ope;:ational work once we have satisfied ourseives 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.

O-4.2.1 Visual Wave OCbservations

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 locking 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, 'l 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

ingtruments, 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



0-4.2.2 Power Spectiral Densities

Since the -data. from verification studies must be interpreted, and since
modern ocear-l wave théory for waves with lengths in our range of interest are
couched almost exclusively in terms of the power spectral density function,
it is this funcéion which must be the pririle 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 enérgy to be attributed to
each of the Fourier component waves according to their vector wave numbei‘,

i. e., accoiding to their lengths and directions. Direction of travel is uncertain

to 180° but can be decided by an appeal to visual observation of the wind

direction.

FFor our purposes, this is the- r;nosf: desirable, most detailed, and most
useful spec{:rum we can have. If another instantaneous record of the same
area is taken at a lat:ler 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 within the limits of statistical uncertainty. For
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verification in the field, this is important, sin;:e the target size relative to

the sizes of the wind systems which generate waves is such that periods
ra.nging: 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 compu-
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 begins
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 aliitude 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. Ité 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 em is required.) A shipborne system
was subsequently developed which under optimum lighting conditions wave-
height measurements to a sensitivity of 0. 8 mam 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-it 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 1/1000=sec 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 g.reater 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 specirum (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.
#* I Katz, Ocean Wave Measurements, APL Technical Digest, Sept. ~Oct. 1964.
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This technique, too, ‘has'its limitations, Ithas 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 O-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 O-2 is an enlarg;s:ment 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 O-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 9 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‘a 8. 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 O-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 s.ize, 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 O-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 radar scattering area for the real condition.
Furthermore, the information in Figure O-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 grea,tést at normal incidence (90° ). 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 (¢) 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,
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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 spéctrum 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 iine 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 ca‘n 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, decreasulg to baout one foot at
2000 ft. The output signal is an analog voltage recorded on a str1p 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.

0O-4,2.2.3 The Frequency 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



Pressure Gage -- The pressure gage is a device mounted underwater

that is sez-lsitive 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
gag.e. As the water falls, on the other hand, it pours slowly off 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 d_i.fference 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 measurec’i the transit tirmne 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 a.s- th_e air-
plane motion is constant in altitude above a mean 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.

O-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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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.

Mitchel and Rotz (1969) have applied coherent optics to the

determination of two-dimensional power spectra of water waves.

Arnold (1967) used ESSA I satellite photo;graphs to show that
there is a correlation between low-level clouds and the sea-

surface temperature.

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 tﬁe
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.

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.

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-bottorn 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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Monahan (196 8) has recently devised instrumentation for deter-
mining the concentration and size distribution of sea spray in the
l-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}.

The Institute for Meteorology and Geophysics of the Free University
of Berlin publishes daily weat'hezf maps from sea level up to 10 mb
level (i. e., about 30 km), covering the whole of the northern
hemisphere. The daily map includes surface temperature and

wind data. Details are in Scherhag (1969).

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 areéa 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 frorn the sea surface,

This area was also covered by Neumann & Pierson (1966), in less

detail but including also the ocean-zir 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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Adem (1969) has recently perfected a rudimentary model for
predicting month-to-rnon;:h changes in ocean surface temperatures.
Based on observational data from various sources and using a
time-averaged thermodynamic model, the system is azlrea.dy
producing good results and promises to form the basgic frame-
work for more sophisticated models involved other sea-state
parameters. Related studies include those by Namias {1959),

Clark (1967), and Facobs (1967).

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 equation is an unsatis’factory one for

use in connection with ocean surface models,

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 Longuet Higgins

(1967) on a random, moving surface.

Aagaard (1969) has determined that the field of wind stress at the
sea surface depends approximately on the square of the surface

wind speed.

Williams (1969) has outlined an indirect method for obtaining
over-the-ocean wind velocity and direction information using the

outputs from a satellite radiometer.

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:

i, 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 thingg, that the split between ocean-

air interface roughness, below and above wavelengths of interest

to this study {1 < L, < 10 cm)> is at about:

. wind velocity: 14 m/sec

. sea state: 5

1

2

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<I15ecm.

O-4.4 Examples of Type of Measurements Taken on Other Experiments

The following three problems were investigated and reported in "Earth

Resources Program. Ground Truth Session¥, "

# Prepared by Test and Operations Oifice Science and Applications Directorate,
NASA-Houston, Final Report - Nov. 1957.
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1. Sea State Measurements
2. Surface Temperature Measurements

3. Ajr-Sea Interactions.
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APPENDIX P
SURFACE VERIFICATION OF ALTITUDE UTILIZING
ALTIMETER SIGINAIL®

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

I

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 1011" and with long-term (1 month) stability
of 1 partin 1010. Also consider a set of three (Earth) surface radio receivers
and oscillators with the same characteristics. Oscillators with stabilities as
good as this or better are already available on the commercial market, and an
oscillator of 1 in 1011 stability is in fact specified for GEOS-C. A typical
rubidium frequency standard (Ref.C-7) which is very conservatively rated quotes
stabilities of 6+ 10—12 per second and 6- 10—ll per y'eax.-, with setting accuracy
of 2‘10—12. 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 ftime 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

-12
less than 3 nsec. Assuming a stability (over 1 second) of £6°10 , & 3 nsec.

* See also Appendix C



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

' ns-ec. is entirely feasible. Getting synchronization between the surface clocks
;‘:hemselves 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

1 - 2
= — - i, =
At = \/ (X g5 X3 Ly =13

J

where {y j} and {Xij} are the coordinates of the satellite and of reciever i,

s : =
respectively, and Ati 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 altimeter 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



clocks., After a few days, therefore, the satellite clock will no longer by syn~
chronized with ground clocks but mﬁst 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, o is x1
meter, the uncertainty crt in the time of transmission of timing impulse from

the satellite clock is

2
(0-)2 (0‘]’:)
T c T
o = |—1 -+
t c C

where a is the standard deviation in the velocity of light, c, and(_i:) is
7

reported in recent literature as 3 x 107 ', The range time, tr, is given by

T .
pap where r is the range. Then
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so the second term in A does not contribute significantly.



Assuming a frequency variations of better than L 10"11 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 mote 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 stations in the Caribbean could be caught on the first or second

revolution by a time standard station tied to the US Naval Observatory.

2. 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 easés 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 ove£
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 d_, d_, and d3 can be found. Each of these

r 2
functions locates the source on the surface of a hyperboleid of revolution with



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 a2 range-measurement from a radar or laser

ranging station; or a direction from a Baker-Nunn ballistic camera station.

B, Three Surface Clocks Synchronjzed; 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 1;>e 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

d = d = -
1 0 + Atj cl

defines a set of spheres about point Pl (for example). The reference sphere
of radius dO is established from an independent range or direction measure-
ment; the intervals Atj . Cl are determined by the increase of decrease AfL,

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 1 above, three surface stations provide two
altimeter coordinates. The third coordinate can be found, if there is a fourth

time difference,

ar, = (4 - d)/e,,



provided point P , P, P

4 A
of the altimeter location errors resulting from time interval measurement

is not coplanar with points P A rigorous analysis
errors for different arrangements of the surface points is not necessary. Itis
obvious that any arrangement leading to acceptably small errors in altimeter

location would require P to be at distances above the P.P_P 3 plane not achiev-

1P2
able with a surface location for P4. 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 2) 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 tra.cking 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-56



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-
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_ region, which exhibits the maximum iono-

2
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 2. 4 meters.

The standard error of the estimate is 3.7 em . The bias error is positive,



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 NS are the measure-
ment of the physical parameters of the atmosphere at 'sea level, (total air
pressure, temperature, and relative humidity), with relative humidity exerting

the greater influencez. 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

2-4 lonospheric Errors

The ionosphe:l;e is a dispersive medium and errors in range in the
microwave region a;._re inversely proportional to the square of the carrier-
frequency. At zeni%':.h, 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.

Tf 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 F2
layer, these parameters can be predicted at best to provide a fluctuation

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

provide a fluctuation error which is within £25% of the bias error



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 Q-2

One-Way Ionosphere-Induced Range Errors (m)

Frequency lonospheric Bias Ionospheric Standard
{GHz) Erzor {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 Q-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 {m)
Frequency Atmospheric Bias Atmospheric Standard
({GHz) Error (m) Deviation (m)

3 +3.7 0. 30
7 2.6 .062
10 +2.5 0. 045




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 km, the
effects of the ionospheric layers must be considered., Refractivity, the

main effect of the ionosphere, is a function of frequency:

6 fc 2
N, = (n-1)x 10 =1 + {Q-1)
Where
Ni = refractivity of ionosphere
n = refractive index
o = critical frequency
£ = frequency (8 to 10 GHz for VEDS)

The critical frequency, fc, is solved in the following manner:

2
N e
2 2.2
w = emf ¢ = = (Q-2)
c c € m
o
Where
w, = angular frequency
Ne = electron density per m3
11
e/fm = 1,759 x 107~ coulomb/kg
-1
e = 1,602 x 10 ? coulomb (electron charge)
1 -9
< = Ser X 10 * farad/m
2
N e
2 e
f = —— (Q"3)
c 2
4T € m



2

f = (80.727) N (Q-4)
C e
(80. 727) Ne'
N, = 3 (Q-5)
1 2
f
The range bias error, AR, is found in the following manner:
1 2
AR = -5 S' fc as (Q-6)
2f
40, 4 o .
= Ne(z) dz (at 90° elevation angle) (Q-7)
£
Where
S = the slant range distance between target and observer
z = the vertical distance between target and cbserver

(elevation angle = 90°)

Figure Q-1 3 shows typical day and night profiles of electron density vs

altitude based on backscattering data (Bowles 1961},

3 3 .
Expressing electron density as per cmm rather than as per m , eguation

{7} becomes:

6
AR = 59-'—42"—10— ‘YN;(Z) az (Q-8)
£

If a parabolic profile for electron density (see Figure Q-1) is assumed

for both the day and nighttime data, we get:

8o During daylight conditions

2 6 11
- - . ] 0
1\I:ml6z (9 6x105)z+124x1 (Q-9)

© 10
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Figure Q-1. Typical Day and Night Profiles:
Electron Density vs, Altitude,

b. During night conditions
2 6 11
N” = - 3z -2.410 z+4.0x 10 ) (Q~10)
e 105

After examining Figure Q-1, 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).



Q-7 Tropospheric Effects on Range Estimation

Range error in the trop-osxahere—is due to refraction and geometric range
errors. OSince the geometric range error is only significant for elevation
angles of less than 3°, this Appendix analyzes orily the error due to refractionz.
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 linez.

In the temperature-range of -50°C to 40°C, the refractivity of the

. 4
troposphere can be expressed with an error of less than 0. 3 percent as :

K
N, = (a-1)x 10° :_1;_1 (P + ;‘;e) : (Q-11)
where
Nt = refractivity {(meters)
n = refractive index
T = temperature (° Kelvin)
P = total atmospheric pressure (millibars)
e = partial water vapoxr pressure {millibars)

Using the '""Smith and Weintraub! constants for Kl and KZ’ the following

expression is obtained:

77. 6 4810e




The above equation is sometimes written as:

77. 6 *‘-l~81_0es
N = —— — (RH Q-13
= (P +—— (RH)) (@-13)
where
e, = the saturation vapor pressure in millibars at temperature T
RH = relative humidity in percent.

Equation {(Q-13) is the refractivity at any given point. To {ind the range
error due to the total troposphere, the refractivity must be summed over the

entire troposphere:

h

-6  t

AR = 10 S N csc 6 dh (Q-14)
. 0
where
AR = range error
ht = height of troposlz;here
= elevation angle

For VEDS, 0 =90° .. csc 0 = 1. Therefore, equation (Q-14) can be

expressed as:

6 (F
AR = 10 S N dh {Q-15)
0

This equation can be approximated by the following equation (see
2
Figure Q-1 ),

AR = 1.4588 + 0. 0029611 NS {meters) (one-way error) (Q-16)



where

NS = surface refractivity.

At sea level, Ns is typically between 300 and 350 3. Results of a large

number of observations of surface refractivity have been published, (Bean,

Horn, and Ozanich, 1960), which show variations in Ns as a function of time

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 NS at sea level should vary at the most from 250 N
(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-12):

oN ON N

AN = — dT+ - de+ — dP (Q-17)

aT de oP

or:

AN = a AT +b Ae + ¢ AP (Q-18) .

Typical values of the constants a, b, and ¢ based on the International Civil

Aviation Organization (ICAOQO) are shown in Table Q-4.

Table Q-4

Values of Gonstants a, b, and ¢ Based on ICAQ

Alt. (km) Temp. (°C) | e {mb) RH (%) | P (mb) a b

0 15,0 10.2 60 1013 -1.2714.50

0.

27




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
measuren;ents are only accurdte to a few percent giving an optimistic measure-
ment accuracy of the refractive index to approximately 1. 0 N units and a
very pessimistic accuracy of £15. 0 N unitsé. {(An error of £30 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
to maintain, calibrate, and operate them4. 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.

Q-10
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APPENDIX R
CONTRIBUTIONS TO MEAN SEA LEVEL
IN THE OPEN OCEAN
This section pre;sents 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-1 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.
This is true with the possible exception of a duration-limited seﬂal. At most
frequencies lower than the microwave region, (f 1 GHz), the probability dis-
tributions representing elevation can be assumed Gaussian. Such a repre-
sentation is:

-1/2 52

P(H)dH= (270 ) expl- - (R-1)

a
where

P(H) = Probability that a given wave height, will occur between H and (H+dH),

and crz = Second moment of surface height distribution.

Equation (T-1) is adjusted to assume that ﬁ, {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-

turans, the period, T, of a surface is analogous to the correlation distance; and wave



height, H, corresponds to 20 (2). The roughness criterion under these con-

ditions becomes:

é“—Hf—c’—s-—g < 1.57 =1/2, (R-2)

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 A =3 cm., H=0.3 cm, (Sea State 1), 9 (Incident Angle) = 0°,

47 H cos O

N = 126,

The representation of the sea surface by a symmetrical distribution,
such as the -Ga,ussia.n distribution of Equation (T~1)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 (IMSL). 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. ZFailure 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-1l, which shows the result of a detailed statistical analysis of measured
wavesl. 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 T due to asymmetry in the water surface distribution is

given by:
V.o
o = L where
w 2 (R-3)
Yy = Skewness factor, and
o = Standard deviation of wave height,

R-2
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Total number of data points 11, 786

Mean anemometer Height (m) 1.21-
Mean wind speed (m/ sec) 4.63
Mean air temperature {(C) . 27.64
Mean water temperature (C) 26.68
Mean estimated fetch{m) 2100
0.40 Gram- Charlier
---------- Gaussian

° Measured frequency distribution
Skewness 0.168 Kurtosis 0.010

C 2
Gaussian ¥ = 240.701 {p<< 0.001)
2 :
Gram-Charlier x  =19.603 (p=0.021)

m_ = rms surface elevation
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Figure R-1A. Distributions of Water Surface Displacement (July)



Total number of data points 12, 634
Mean anemometer height (m) 1.25
Mean wind speed{m/sec) 7.05
Mean air temperature at 2.25m (C) 10.45
Mean air temperature at 0.50m (C) 10.22

Mean water temperature (C) 12.65
Mean estimated fetch (m) 2800
0.40
Gram- Charlier
0. 35 pemmmm———— - Gaussian
© Measured frequency distribution
0. 30 Skewness 0.045 Kurtosis 0.029
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Figure R-1B., Distributions of Water Surface Displacement (November)



It is seen from Equation (R-3) that the displacement error is propor-
tional to the sea state. If it is agsumed that Y1 does not vary with sea state,
then the error in radar measurement due to waves, o'w for the case of

Figure R-1, (July), and a wave o of 6 meters (Code 6):

- : r
o‘W = (0.168) (6) 128 6 = 0, 252 meters. In the absence of wave slope data

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 Eifect

Waves

Tides

Tsunamis

Storm Tides
Meteorologic Effects
Solar Activity

Specific Volume (Temperature/Salinity) S
Earth Tides
Gravitational Anomalies

The influence of each of these factors will be discussed in turn,

R-2.1 lLong 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.
pe

R'-2.2 Coriolis Effect

Due to currents on a rotating earth, the Corioclis 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 assﬁmed that measurements over

seas containing appreciable currents will be excluded from consideration.

R.5



'R-2.3 Waves

'fhese effects have been discussed in detail in Section 1.- 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, ¢ = 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,

R-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.

R-2.7 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°N and 20°S
latitude, the normal pressure variations are small, amounting to a maximum
standard deviation of 4 millibars, > ‘This corresponds, therefore, to a change

of sea level of 4 cm.



The equilibrium tides due to moon and sun are given in Table Rl

below: ) , . .
Table R-1,% Equilibrium Tides Due to Moon and Sun
Source Rise (ft) Fall (ft) Total
Moon 1.46 0.73 . 2.19
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 Soclar Activity M

Sea level variations are known to occur during variations of solar

activity. The amount of the annual variation is in the order of 5 cm.

R-2.9 Specific Volume Cha&ges‘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

" the order of 20 cm. 6 S

R-2.10 Earth Tides

The solid portion of the earth's surface, the 1ithosphe4:it"e, 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 thv?: variation
more carefully, The principal measuring instruments used in ob%:aining data

are the horizontal pendulum, gravimeter, 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. OQOther methods, such



a8 measurements on or near the ocean surface appear to predict the position
of the geoid with respect to IMSL within + 2 to + 3 meters. With more know-
ledge of a particular geographic location, the uncertainty could be regluced to

perhaps = 1 m,

R-3 Summary
The various’ factors which influence IMSL variation can be grouped into

three categories:

Very Long Period Factors
Moderately Long Period Factors
Short Period Factors

R-3.1 Very Long Period Factors

These factors consist of those which have cyclic variations ranging
from eons to years. They are very long in comparison to the GEOS measure-
ment period, which is in the order of seconds. The factors which fit into

this category include:

Long period changes g
Changes due to solar activity variation
Changes due to ocean currents {Coriolis effect)
Gravitational anomalies )

.8

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:



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 occurrencé 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. Pressurg changes, (meteorological changes),
occur on a continuous basis and can probably be predicted to some extent due

to auxiliary data.

Tidal variations are well known in general, but less well known in
particular for the deep ocean, Knowledge of the geographic 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 zltimeter 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-2 is a summary of the various factors influencing IMSL,



Table R-2 summarizes contributions to the IMSL error. The root sum

squatre of the estimated irreducible error is of the order of one-third of a

meter.
Table R-2. Errors in Instantaneocus Mean Sea Level (IMSL)
Relative to Mean Sea Level (MSL) For Deep Oceans
Maximum (Peak-to-] Estimated Ir-
rg Factor : Peak) Variation (m)] reducible rms
5 e Error (m)
R Long Period (10 -10 vyrs) 200 -—-
ol Solar Activity (11 years) 0.2 0.1
,_01 Ocean Currents (Coriolis) —— . -
Gravitation (Geoid) - -—-
Ocean Tides 1.0 ) 0. 30
et Earth Tides 0.4 0. 20
3 Meterological (Pressure) 1.0 0.10
% Specific Volume (Temp/Salinity) 0.2 0.10
P Storm Tides 3.0 -
Tsunamis 3.0 -——
ol Wind Waves 6 * 0.25%
g
(5!

* Probability 0.9
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APPENDIX §

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'l in the area,
the free-air gravity anomaly field Ag = v = Y, where Yo is some stangard
gravity value such as that given by the International Gravity Formula of 1930
for £ = 1/297.

Step 2. Calculate from the field of free-air gravity anomalies the
corresponding deflections of vertical using the Vening Meinesz formulas

and from these the undulations of an equipotential surface.

) 3
Step 3. From available tide gauge records of at least 10 year's duration
in and around the Caribbean determine the long-term average water level;

mean sea level, "MSLM",



4,5, 6
Step 4. From available oceanographic information correct the
MSL at each station for the specific volume anomaly of the regional water
column, and from climatolo gical mean vé.lués of atmospheric pressure

correct MSL to standard atmospheric pressure,

Step 5. Adjust the height of the equipotential surface found in step 2
to fit corrected MSL by least squares. This surface may be considered
to représent the équipotential surface of the '"'standard ocean'' and indeed to

be virtually identical with the oceanographic geoid.

St;ap 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 andrna.ly above the

"evel 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 'approximé.tion along co-p'ha.se lines across the basin

from shore points), -and

d. a correction of approximatﬁelyfr 10 em/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 1. inen gravity observations good to 1 mgal 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.



. Stel’) 2.- From the:near-field formulas, deflections of the vertical
can-be éalculated from I mgal g;:'aW;'lty data for 200 km circles of influence - -
to '1”‘a.ccuracy'. . When these deflections are expressed as undulations of an
equipotential surface the height error ‘may be i'n:-the order of 1 meter fc;r a -
run of 200 km between successive stations. Increased station density should
reduce thi‘s-error as IAl'n, but even so this conversion is by far the source

of largest error.

Step 3. Mean sea level is normally given to 0.1 ft. (3 ¢m) accuracy
for 10-year runs of-data but may be found to even greater refinement es-

pecially where runs of many decades aré available,

Step 4. The specific volume anomaly for sea water is usually expressed
to l-cmn 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 4006 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 :}tmospheric pressure; The error in this correction is probably in the

order of 1 cm.,

~ Step 5. The accuracy of fitting the equipotential surface to MSL
is ilép’endent 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 possibly more,

Step 6. The height of the physical sea surface may be expressed rela-
tive to the equipotential surface mentioned in Step 5 to anr accuracy of 10 cm
or better, the largest error coming from the choice of a depth for the assumed

reference surfacein expressing the specific volume anomaly.

S-3



The tidal regimes in the Caribbean ate 'well enough known to make
linear estimates Qf‘ the interior tidal-amplitudes.with an error of less than
10 cm. The so-called "meteorological tides' or shallow water waves gen-

erated by non-astronomical forces can be large but are ephermeral.

The set-up due to'mean winds such as the Trades ate 'probé”.bly of

the order ‘stafed, i e., 10 ci 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 2 to 3 meter range because of

the large uncertainty in the geoidal topography.
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