





FQREWORD" R '

Our generation faces two great cha1]engesmj’aour 1nnate curiosity about the
place in which we live, the exploration of space and the understand1no of our global
ocean. These two endeavors are considered by many as:completely dissimilar -- even
competing -- activities when, in fact, they are in meny;ways quite similar. Both acti-
vities entail the exploration of an environment host1]e toyhan. Both have that magic
element of excitement that accompanies most of man's attempts to push back the frontiers.
Both call for ingenuity and new technology,. and both, unfortunately, are very expensive.
It is especially for this last reason that it is gratifying to see attention being paid
to utilizing the techniques developed in space expTOrétioh for furthering our under-
standing of the sea. 4 :

The great contributions made so far to our understanding of the dynamics of
the sea have come primarily from data obtained by oceanographic research ships. The
advent of the space era does not remove the need for scientists”to go. to sea -- hope-
fully this will never be removed. It does, however, provide us. for the first time the
ability to "see" great reaches of the ocean at one time and to consider features and
processes on an almost global scale. The oceanographer, enamoured as he 1s with his
ships and his work at sea, has been slow, even reluctant at times, to capitalize on
the space program to provide information on the sea that could not even be considered
a decade ago. But for many oceanographers this earlier reluctance has given way to
an eagerness to get instruments up where they can see more and to develop new instru-
mentation to provide new knowledge of the sea. Earth orbiting sate111tes can. fi1l
this need.

The Joint NOAA-NASA-NAVY Conference held on Key Biscayne, Miami, Florida,
October 6-8, 1971, brought together scientists from a broad range of specialities to
look specifically at the use of remote sensors on spacecraft for providing new and
needed information on the upper surface of the ocean. It was an exciting conference
to attend. It should be equally so to read for those who could not be there in person.

The Atlantic Oceanographic and Meteorological Laboratories were pleased to
act as host organization and to publish the Proceedings as one of its technical
reports.

Harris B. Stewart, Jr.

Director

Atlantic Oceanographic and
Meteorological Laboratories
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INTRODUCTION

s The impetus for the NOAA-NASA-NAVY Conference on Sea Surface Topography
. from Space was largely due to two forthcoming spacecraft that bear on the problem:
$KYLAB and GEOS-C. Each vehicle is to carry an X-band radar altimeter; SKYLAB in
ddition has a rather comprehensive sensor package designed for observing earth

‘resources in the visible, infrared, and microwave frequency regions.

The Conference was devoted to the subjects of geodesy and oceanography,
the two topics being intimately related through the distortions that a dynamic,

" moving ocean introduces on the geoid as measured with a precision altimeter on an
‘accurately tracked satellite. In a very real sense, the geodescist's noise is the
;oteanographer's signal. This relationship was recognized and exploited at the
conference held at Williams College in August 1969, the report of which recommended
“the development of a 10-cm precision altimeter for space use, among other things.

As defined for purposes of the present Conference, "sea surface topography"
“denotes ocean surface features ranging from capillary waves through gravity waves,
well, setups, geostrophic slopes, geoidal undulations, and tides, in order of
. {ncreasing wavelength. The meeting addressed itself to the problems of measuring
hese undulations from spacecraft or aircraft using radar or laser instrumentation.
s such, it brought together, at Key Biscayne, Florida, specialists in geodesy,
joceanography, space science and space technology. The interdisciplinary features
of the problem proved especially stimulating to the attendees, not only because of
““the implications which the subject has for each discipline, but because of the
“social relevance (to use a current shibboleth) which the research possesses. It
fappears possible, for instance, to ultimately use radar systems in space to provide
~all-weather monitoring_and prediction of surface winds, sea state, current systems,
'and perhaps even hurricanes and storm surges. These functions are probably a
decade off, but the impact on the welfare of man is obvious.

John R. Apel
Chairman
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AN OBSERVATIONAL PHILOSOPHY
FOR GEOS-C SATELLITE ALTIMETRY

George C. Weiffenbach
Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

Since the GEOS-C altimetry experiment will be the first of a
series of altimeter missions, its objectives should be defined within
the context of the long-term objectives of satellite altimetry. One
definition of these objectives was stated in the report of the
1969 Williamstown study on Solid Earth and Ocean Physics as the
synoptic measurement of the topography of instantaneous mean sea level
to an accuracy of 10 cm. In that report, emphasis was placed on deter-
mining variations of ocean topography over periods of time ranging from

.2 cycles per day to 1 cycle per year with a spatial resolutlon of 1°
(100 km) or better.

The need for establishing the accuracy and reliability of ;

~satellite-borne altimeter instruments is self-evident and clearly must

‘"be considered a primary GEOS-C objective. However, | would like to

. suggest that, although these factors are necessary, they are not suf-
* ficlent for the future design of effective altimetry systems. An
~altimetry system Is not only comprised of satellite Instrumentation
and data acquisition, but also of all elements of the data analysis
~functions, including computer software and physical models such as
. geopotential models, ocean current and density variation models, etc.
- To fully establish the feasibility of attaining a 10 cm system accuracy,
and to provide the Inputs needed for the design of efficient altimeter
“systems in the future, the GEO0S-C altimetry experiment must include an
~ extensive lInvestigation of all the above-mentioned factors. This in
~turn Implies that another primary objective of GEOS-C must be to acquire
~a substantial body of synoptic data to establish the ranges of values
~of the various oceanographic parameters that will be encountered in
practice, to provide the actual experimental data necessary for develo-
- ping and evaluating software and analytic procedures, and to determine
just what ancillary data (e.g., the geopotential) we will need to
‘acquire to reach the 10 cm accuracy level.

v Having stated the broad objectives for the GE0S-C experiment,
1 will now outline what | consider to be the major problem areas in
satellite altimetry, and briefly discuss thelr current status. |

will then consider some design and operating questions relevant to the
~ability of the GEOS-C experiment to contribute to the stated long term
altimetry objectives.



To make the subsequent discussion specific enough to provide
useful information we must define some characteristics of the alti-
. meter instrumentation. | will first assume that the GE0S-C and sub-
sequent instruments will be pulsed radar altimeters operating in the
X- to K-band region. At this time this choice is clearly the best
from the standpoint of practical engineering considerations, since
suitable components and systems are both available and in an advanced
state of development, power requirements and antenna dimensions are
consistent with satellite constraints, this region of the electro-
magnetic spectrum permits all~-weather operation, and finally, iono-
spheric propagation errors are at a tolerable level.

With this type of system, the altimeter '"footprint' on the
ocean surface will be a circle with a diameter in the range 1 to 10 km.
At wavelengths of 1 to 3 cm and for ocean-reflecting areas of square
kilometers the radar echo received at the satellite will be the vector
sum of the echos from a very large number (>100) of individual ocean-
surface reflecting elements that will be distributed in range (height)
over many (r.f.) wavelengths for all but an extraordinarily smooth
ocean. The resulting distribution of relative phases among the indi~-
vidual echos will cause the amplitude to vary within each (return)
pulse over a very great range. These amplitude variations, which will
be distributed according to the Rayleigh probability density function,
effectively prevent us from determining satellite~to-ocean altitude
from any single pulse. Further, there is a minimum time (or distance
travelled by the satellite) that must elapse between successive pulses
to ensure the decorrelation of this Rayleigh noise that is necessary
before a useful result can be obtained from the average of many pulses.
For the case we are considering here, the minimum decorrelation time is
of the order of 1 millisecond, and roughly some 1000 pulses must be
averaged to obtain a reasonable altitude measurement.

Thus the output of the satellite altimeter will be a measurement
roughly once per second of the vertical distance between the satellite
and an elongated segment of ocean surface with dimensions of the order
of 1 to 10 km perpedicular to the satellite subtrack and perhaps 10
to 20 km along the subtrack. The basic observational information from
the altimeter will be a one-dimensional profile (averaged over the
elongated footprint) of the ocean surface relative to the satellite
orbit as it is traced out in time by the motion of the satellite. In
addition, the roughness of the ocean surface will influence the shape
and amplitude of the echo pulses, and may provide information on
sea state.

Now, what are the problem areas? They are listed in table'1.
First, there is the instrument per se, and its calibration. Although
these are of primary |mportance, I will not discuss them further sunce
they will be dealt with in detail by later speakers.
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Table 1.

Satellite Altimeter Problem Areas.

I NSTRUMENTAT | ON
CALIBRATION
PROPAGAT I ON
SATELLITE TRACKING
GEOID

SEA SURFACE EFFECTS

Since the altimeter measures the time interval for a pulse to
travel from satellite to ocean and back, we must know the pulse propa-
gation velocity to compute altitude. |If we assume, as most everyone
does in practice, that the light second is our primary: length standard,
we need only be concerned with departures from the vacuum velocity of
propagation--viz., the influences of the lonosphere and troposphere on
microwave propagation velocities.

For radio frequencies below 20 Ghz, the troposphere produces
an apparent altitude change of about 2-1/2 meters. At any one ocean
location, the variation of this altitude error with time will have a
.peak to peak amplitude of about 30 cm, and an RMS value of roughly
10 cm, these variations being the result primarily of variations in
atmospheric water vapor content. There is a water vapor resonance line
at 23 Ghz (A= 1.3 cm) so that should be avoided. There are other mole-
cular absorption lines for radio frequencies above 23 Ghz that will
cause both large altitude errors and loss of signal (e.g. the oxygen
line at 55 Ghz), so frequencies above 20 Ghz should be avoided. Although
the troposphere will not be serious problem for GEOS-C, it is clear that
corrections must be devised for a 10-cm system.

At the planned GEOS-C frequency of 13.9 Ghz, the uncorrected
lonospheric range error will have a maximum of about 15 cm for daytime
observations and about 3 cm at night. At 20 Ghz these errors would be
halved. Even a rather crude correction can reduce lonospheric altitude
errors to acceptable levels. '
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The satellite altitude must be known independently before the
ocean profile can be gotten from the altimeter measurements. In the
particular case of GEOS-C there will be no dearth of accurate tracking
observations, since a substantial number of globally distributed ground
stations will be available to use the onboard tracking instruments.
indeed, if all of the available systems are employed, GEO0S-C will be
the most intensively tracked satellite ever. GEO0S-C will be tracked by
laser ranging (12 or more stations with accuracies of 0.3 to 1 meter),
TRANET radio doppler (perhaps 20 stations), C-band radar and the
Goddard S-band Range and Range Rate System. As a result the accuracy of
the computed GEOS-C orbits will be limited primarily by the accuracy of
the gravity field model, and by the accuracy with which solar photon

pressure and perhaps drag (depending on the GEOS-C orbital altitude) can
be modeled. ’

The errors that would be introduced into the GEOS-C computed
orbits by the best of the currently available gravity field models is
in the range 3-10 meters. Improvements in the geopotential model
which are in progress should reduce this uncertainty by a factor of
2 by the time GEOS-C is in orbit. (It should be noted that the GEOS-C
tracking data should themselves lead to further refinement of the
geopotential.)

Taken at face value, these orbital errors would present an
unduly pessimistic impression. Actually, the orbit of a satellite
at the altitudes now being considered for GEOS-C (perhaps 800 km or so)
will be controlled almost entirely by the large scale features of the
gravity field, i.e., those corresponding to spherical harmonics of
degree and order 20 and lower, and the corresponding orbital pertur-
bations of any significanae will have frequencies of 100 per day or less.
In other words, there should be no significant orbital perturbations
for GEOS-C which have frequencies greater than 100 per day--or wave-
lengths shorter than about 5000 km. | would estimate that the altitude
uncertainty for GEOS-C for wavelengths less than 5000 km will be less
than one meter. Furthermore, the amplitudes of orbital perturbations
decrease rapidly with decreasing wavelengths.

As a result, no serious problems should be encountered from
GEOS-C altitude errors when the altimetry data are used to deduce
topographic features with wavelengths less than 5000 km, which is the
area of greatest interest.

Although the fine structure in the gravity field has little
influence on the satellite orbit, its effect on the geoid is quite
another matter. It will, of course, be necessary to separate the
influences of the gravity field on ocean topography from those caused
by oceanographic and meteorological phenomena. One important means
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- of effecting this separation will be to examine altimetry records taken
~at-different times. Since time variations in the geoid are either ex-
“tremely slow or have well defined frequencies (tides), it will be

-~ possible to extract from the altimeter data the time varying oceano-
~graphic factors. This approach will require substantial data sets
~obtained over the full operating life of the altimeter. A different
method will be needed to identify the more stable oceanographic features.
“An independent determination of the geoid is obviously one means.
Table 2 lists my estimates of the present errors in geoid topography
for three somewhat arbitrary wavelength regions of the geoid. The
“estimates for the short and intermediate regions are quite uncertain
_because there are too little data. Indeed, GEOS-C will provide the
~flirst opportunity for obtaining a systematic survey of these geold

. features over the oceans. A survey of this kind will be very useful

- In designing future altimetry experiments. Thus we have another reason
~for obtaining a thorough -examination of all ocean areas accessible to

~ GEOS-C.’

Table 2.

Present uncertainties in the topography of the geoid.

Short wavelength A < 200 km 10 to 20 meters
peak.

Intermediate wavelength | 200 <‘ﬂ < 2000 | 10 meters

Long wavelength f\ > 2000 3~5 meters RMS
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Improvements in the long wavelength region of the geoid will

most probably be accomplished through dynamic analyses of satellite

orbits. As noted above GEO0S~C will be one of the satellites used
" for this purpose. An independent determination of the geoid in the
intermediate region can also be obtained from satellite observations,
either by direct integration of doppler observations of a minimum
altitude satellite, or through an orbiting gravity gradiometer. The
only satellite method appropriate for measuring the short wavelength
geoid features is altimetry. An independent measure can only be
obtained through surface observations such as shipboard gravimetry.
One output of the GEOS-C oBservations which could be important to the
design of future altimeter experiments would be a survey of these
sliort wavelength features. This survey would indicate those regions
where acquisition of surface data is most important. This information
would be quite valuable, particularly in the light of the long times
needed to carry out large scale surface observations.

Sea surface effects will not be discussed in any detail here,
as they will be treated at length by subsequent speakers. Briefly
there are two effects of interest. First the shape and amplitude of
the reflected radar pulses are both expected to be influenced by sea
state. This may enable us to obtain synoptic sea state information
from satellite altimetry, if unique correlations can be deduced from
comparisons of the altimetry data with '"ground truth.'"" The second
effect is the altitude bias resulting from the difference between the
electromagnetic and geometric centroids., This difference should not
exceed 10% of the wave height. Since the median wave height for all
of the oceans is of the order of 1.5 meters, the altitude bias should
be acceptable for GEOS~C on an overall basis. However there will be
many occasions, particularly during winter months at higher latitudes,
when wave heights may be substantially higher. Thus it will be of
considerable importance to monitor echo pulse shape and amplitude to
identify sea state. |t would then be possible to at least delete data
when the altitude bias might be unacceptably large. There is also
the possibility of being able to develop suitable corrections for this
source of error.

The final point | wish to consider is the question of how much
coverage-~in terms of both geography and time--the GEQS-C experiment
can provide. | consider this point basic to the ability of the GE0S-C
experiment to establish the potential capability of satellite altimetry,
to quantitatively delineate problem areas and to provide a sound basis
for the design of subsequent altimetry missions.

Previous GEOS spacecraft have had three independent power systems:
main, optical beacon and transponder. | would like to suggest that the
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main and optical beacon supplies be rearranged to provide maximum

power for the altimeter experiment.  Table 3 lists the steady loads

that these two supplies must support. The 0.2 duty cycle for the
telemetry system will provide 5 hours per day of telemetry, which is
generous. Table 4 shows the power budget for 20 sequences (140 flashes)
for 2 lamps flashed simultaneously. Again this should be a generous
allowance for this beacon.

Assuming the GEOS-C solar cell array to be the same as for
GE0S-2, the total average power available at the battery terminals
for the two power systems is 27.7 watts. The power available for
the altimeters is thus 27.7 - 12.9 - 2.0 = 12.8 Watts. The total
~ energy per day for the altimeters is 307 Watt-hours.

= It is presently planned to have two altimeter modes in GEOS-C:

- low power synoptic and high accuracy. Estimated power consumption is
Lo Watts for the synoptic mode and 80 Watts for the high accuracy mode.
If the available energy is divided equally between the two modes, we
have the following duty cycle and total operating times for an 18-month
operating life.

Mode Hours/day Total hours operation
(18-month 1life)

Synoptic 3.84 2100

High Accuracy 1.92 1060

; The speed of the satellite over the ground is about 240° per

hour. If we assume that the narrow swath traced out by the altimeter
footprint is an adequate sample for a path 1° wide, the altimeter
sampling rate will be 240 square degrees of ocean per hour. The total
coverage in 18 months under these assumptions will then be 506,000 and
253,000 square degrees for the synoptic and high accuracy modes
respectively.

For an orbital inclination of 50°, the satellite will fly over
- some T5% of the total ocean surface, or 22,000 square degrees. For an
Inclination of 65°, the corresponding numbers will be 85% and 26,000
' square degrees. Therefore, on an average, each square degree of ocean
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Table 3.

Suggested steady loads for GEO0S-C
main and altimeter power systems.

Doppler Beacon ' : 5.5 Watts
Command System 1.0 Wafts
Attitude Wheel 1.0 Watts
Telemetry System ' 1.2 Watts

(0.2 Duty Cycle) avg power

Altimeter - continuous loads

Delayed Command System 3.0 Watts
Data storage memory : . 1.0 Watts
Voltage-sensing cutoff switch : 0.2 Watts

Total steady 1oads « ¢ ¢ o ¢ ¢ o o o o o o 12.9 Watts

Table k4.

Optical beacon power budget for GEOS-C.

Optical beacon 600 Watt-Seconds
per lamp-flash
from battery

-2 lamps
7 flashes per sequence
20 sequences per day
\

Total energy per day A 168,000 Watt-seconds

Average power consumption 2.0 Watts
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covered by the satellite will be sampled with the following frequency
in the synoptic mode: '

Orbit inclination Average number of samples
50° 23
65° 19

: If we assume that the high accuracy mode will be concentrated
.on more limited ''ground truth'' areas totaling perhaps 500 square
degrees of ocean, then some 500 samples will be obtained in 18 months

from this more limited area.

: The number of samples per square degree in each mode would
- seem to provide a quite satisfactory data base for the GEOS-C
altimeter experiment.
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Refinement of the Geoid from GEOS-C Data

Bernard H. Chovitz
NOAA/National Ocean Survey
Rockville, Md. 20852

I begin with two assumptions: first, the accuracy of the
GEOS-C altimeter is known; second, the altimeter measures the
distance between the satellite and the geoid, (that is, the
geoid is coincident with sea level). In the context of GEOS-C,
the first assumption is definitely false. 1In fact, the primary
objective of the GEO0S-C altimeter experiment is to verify the
accuracy of the altimeter itself. This is as it should be; the
altimeter opens up such a fruitful source of data, that it is
most important to determine just how good this data is. How-
ever, it is hoped that this question can be resolved, so that the
data then can be used for geodetic and geophysical application.
With respect to the difference between sea level and the geoid,
any time-invariant effects (like currents) or long-period effects
{like tides) will be an order of magnitude smaller than the fine
structure in the geoid separation (of the order of 5 to 10
meters) which cannot be discerned by dynamical satellite analysis
but which may be realizable from altimetry.

The basic principle of geoid determination from satellite
altimetry over the oceans is as follows (fig. 1). By tracking,
the height of the satellite above the ellipsoid, h_, is obtained.
The satellite's height above the geoid (using_assuﬁption 2 above),
, 1s obtained by altimetry. Then the geoid height, N = he - h.

The question arises: since the height of the geoid above
he ellipsoid depends on the determination of a dynamic orbit,
nd this in turn depends on the knowledge of the gravitational
ield, which is equivalent to knowing the geoidal height, isn't
his a circular approach? The answer is, no, because the var-
ations in N are of much shorter wavelength than their effect on
he orbit, and Hence the orbit is not appreciably affected by
eglect of these short wave variations.

4 A further step in addition to the determination of the
ocalized ocean geoid is the use of the altimetry data to refine
he global gravity field. This will yield a better reference
bit and determination of h and thereby improve the value of

The altimetry provides data for observation equations which
n be added to observation equations obtained from tracking for
he improvement of parameters relating to the orbit and the
avitational field.



Figure 1

From fig. 1,

> - ->
S

h=r1r -

where ﬁ, ;, 3 are vectors, % and 8 being the geocentric position
of the satellite and sub-satellite ocean surface point, respect-
ively. For the purpose of writing a linearized observation
equation, the small angles between these vectors are neglected,

and their magnitudes are taken 1n the relation

h=P_SQ
This approximation can be recovered by iteration.

Then the observation equation for the measured altitude h,
is

] oh
hops ¥ §h = a1 ¥ op bp

where p is a vector of parameters and 6h is due to the imperfect-
ion in the observation. Then

i ar o . 38
Nops ¥ §h = Maye * op Ap op AP -
Also, r = r(E, X)
2-~2




where E is a set of orbital parameters, and X a set of gravita-
tional parameters (non-gravitational effects being neglected or
considered as perfectly known).

s = A, (14 BIX)

represents the radius of a point on the geoid expressed in terms
of a scaling factor (which in this case can be taken to be the
earth's equatorial radius, A ) and the set of gravitational
parameters X, oriented by the vector B. (For example, if X were
the usual spherical harmonic coefficients, B would be a set of
spherical harmonics).

Then 2L ap = 2& ap + 2& aX

op oE oX
os - T T
and —5 Ap = AAe(l + B™X) + Ae B™ AX
~ A+ A BTAX
e e
finally yielding
- ar or _ T _
hobs + éh = hcalc + 5F E + (52 AeB ) AX AAe.

The form of this observation equation is due to Kaula (un-

published). A similar formulation can be found in Lundquist
_et. al:, [1969].

9 To state the problem in its most comprehensive form involves
two further considerations. First the gravitational parameters,
X, have purposely been written in ambiguous form, because many
- of the detailed solutions to this problem proposed up to now have
~advocated functions for X which are deliberate alternatives to
_the conventional spherical harmonic approach. The essential dif-
ficulty with spherical harmonic coefficients is that they are in-
~tegrated averages over the entire surface, and thus the higher
- degree harmonics can have no meaningful physical correlation with
specific portions of the earth's surface. A second consideration
is the insertion of all possible data sources for an overall
solution. This means taking advantage of gravity data on land,

and the tracking data itself.
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Let us consider an approach due to Koch [1970]. Since
altimetry yields geoid heights, N, as data, the inverse of Stokes'
formula can be employed [Molodensky et. al., 1962, p, 50]

pe. = - y2 e ogp DN
s Yig 2m 5 PS

where the subscript s denotes the point of measurement, r is the
distance between s and the surface elements do of the sphere ¢
of radius R, Yy is normal gravity, and N is the geoid height at do.
To apply this formula the geoid heights N must be known over the
entire globe; however, altimetry will not be available over land.
But Stokes' formula itself is available:

.1
Ng = Ry Lf‘[ Ag S(Y) do

/

where ¢ is the spherical arc between s and do, S(¢¥) is Stokes!
function, and Ag is the gravity anomaly on do. This formula de-
pPends on knowledge everywhere of Ag which has been obtained mainly
on land (and is even sparse in many areas there). But gravity
anomalies closest to the fixed point have the greatest influence
on the geoid undulations, and approximate values for Ag on the
oceans should suffice to give a good initial set of N on the
continents. Then successive approximation between these two
formulas should yield representative values of Ags over the
oceans.

This preliminary approach has both mathematical and physical
deficiencies. The former lies in the fact that the conditions
for convergence of the scheme are not specifically known and
proven. However, physical intuition leads us to believe that
failure of convergence would be due mainly to a lack of sufficient-
ly well-distributed data. This could be overcome by using sta-
tistically obtained, instead of observational, data, although
this alternative is not desirable. However, there are also de-
ficiencies due to imperfect physical assumptions. The use of
Stokes' formula and its inverse presupposes that the Earth has
been "regularized", that is, there are no masses outside the
geoid. Thus all topography is neglected. Over broad regions and
in the middle of the oceans, this will not mean much, but over
special areas of interest~-like sea trenches, and the continental
shelf regions--this approximation must be accounted for.

This can be accomplished by introducing two sets of integral
equations, one of which uses N, the other Ag, as observational

2=



data:

R? -
/[ % do = Ng

H-H
s

r,a

o
3 1
21 x cos? oy - 5 F [/ % do - [f x do = Agg

The derivation of these equations may be found in Koch
[1970] and Molodensky et. al. [1962, Ch. 5]. H is the topographic
height and o is the deflection of the vertical. The unknown in
these equations is the parameter X which expresses the anomalous
gravitational field as a simple density layer on the reference
surface. The practical method for solving these equations is to
replace the integration by a summation over a set of surface
elements with a single density, X., corresponding to each surface
‘element .- This yields a set of linear equations in

(i =1 ..., n) where n is the number of surface elements,

hich can be treated as observation equations in the usual fashion,
aking advantage of redundant data (s>n), and employing pertinent
eights. :

: Young [1970] tackles the same problem as Koch in consider-
ng worldwide data consisting of a mix of gravity anomalies on
and, and geoid heights (from altimetry) at sea. Young sets up
| function ‘

Y
1
N
i

\here T is the anomalous potential. By the so-called fundamental
heorem of geodesy [Heiskanen and Moritz, 1963, p. 883, there is
btained

= - L -
L = > Ag YN.

ung has two purposes; first, to exhibit uniqueness and exist=-
ce proofs for the determination of T, and second to provide an
gorithm for the computation of T. The choice of ¢ satisfies
ese purposes in the following way:

1
T [[ Xt do

the formulation of the Neumann (or second boundary-value)
oblem, which can be solved on the sphere by representing the
nel K in terms of spherical harmonic functions. Furthermore,
begin the algorithm, one can set the initial 7 equal to
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- g Ag on land, and to - YN at sea. The algorithm then proceeds

by solving for T in terms of spherical harmonic corrections 6C
directly from the integral expression. Practically, this is done
by a summation over a set of surface subdivisions, similar to
Koch's formulation. However, since spherical harmonics are
directly involved in the kernel, each summation term itself is

an integral of the form

¢2 :
/ PIII: (sin¢) cos¢ dé
1

where Pﬁ (sin¢) is a spherical harmonic function of the latitude

¢. Recursion formulas for this are available to expedite the
computation. The algorithm proceeds by computing corrections to
t in terms of the current 8C until convergence is reached.’

Young provides necessary conditions for the uniqueness and
existence of a solution for his method. As long as the zeroth
harmonic is given, a solution exists regardless of the relative
distribution of the gravimetry.and altimetry. The computational
procedure, however, does not provide for the use of redundant
data, and involves more complicated computations than Koch's
method.

The most comprehensive attack on the problem combines
altimetry, gravimetry, and tracking data into one simultaneous
solution. This has been outlined by Koch [1970] in connection
with the density layer method of expressing the geopotential.

The integral equation expressing the geoid height, N, as a
function of yx is introduced into the observation equation for the
altimetry measurement h . This is combined with integral
equations in Ag and witho%ﬁe conventional tracking data observa-
tion equation. Computational complexity is proportional to the
size of the surface elements chosen. This particular approach

is very flexible since the size can be varied according to the
specific use being made. The satellite orbit is not sensitive

to high frequency undulations (except in special cases of
resonance); hence the residual field can be approximated by a
coarse subdivision. On the other hand, to obtain the detailed
structure, a finer subdivision will be required. A common solu-~
tion of all data (altimetry, gravity, and tracking) can employ
both the fine and coarse mesh. Final values of N and Ag are
computed directly from the corresponding integrals using the
final set of X3 - If desired, spherical harmonic coefficients can.

also be obtained from the Xy

Lundquist et. al. [1969] have concentrated on the problem
of best expressing the geopotential. This method employs
"sampling" functions which are linear combinations of spherical
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'monics, such that each function peaks strongly in the neighbor-
)d of a particular point. TIf the formulation is to be
iivalent to a spherical harmonic expansion up to degree n,

=r1(n+1)2 such points are chosen. The rationale behind this

10d lies in the simplification in the computational pro-

lure over the conventional spherical harmonic representation

he gravity field. The coefficients of these functions are

e de81gnated by X in the altimetry observation equation

1ted earlier, and their improvement AX is obtained by using

his equation. Paraphrasing from Lundquist et. al. [1969],

ampllng function coefficients over ground points will main-

their initial values, obtained from the best information

ilable otherwise. However, there appears to be no reason why
ther set of observation equations for Ag in terms of

ing function coefficient parameters could not be added, so

method would be conceptually as complete as the other

addition, the approaches of both Young and Lundqulst

should be amenable to the addition of tracking data in

aneous solution.

18 plausible to assume that all these methods are equally
in having the theoretical capability of yielding valid
The superiority of one over the other will probably be
ng efficiency.

imount of altimetry data points recoverable from GEOS-C
lally very large. Assuming one measurement per secqQnd
nute altimeter run each revolution over a two-year

he number of data points is of the order of

re conservative estimate, mentioned by Hudson [19711,

data points based on 1500 hours of data. Since there
mately 36,000 1° squares (subdivisions whose area is
‘al° x 1° square at the equator) over water, there

he average 15 data points per 1° square. In general,
i1l be covered by altimetry better than the land by
vided that the coverage is uniform.

ical problems will emerge. Since the satellite

t 7km per second, the points falling within a degree
% 100km) are likely to occur over one or two in-
olutlons, and thus present correlation problems.

ation be practiced as in the case of Dopper data

"is an excess? In fact this is the method employed
the Ag are aggregates obtained from individual
ements.

o first proceed probably will be to obtain a

on for the global geoid employing large size

ay 10° x 10°, The altlmetry could be aggregated
' ﬁtly over a block of this size. Such a solution
;m»ﬁ: iciently accurate to obtain an' orbit for the
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purpose of securing the geocentric position of the satellite

which can serve as a geoidal reference against each altimeter
measurement.
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GROUND TRUTH DATA REQUIREMENTS FOR

ALTIMETER PERFORMANCE VERIFICATION

Edward J. Walsh

NASA/Wallops Station

- The amount and type of ground truth required for an altimeter

'ﬁeriment is a function of the uncertainty in the satellite orbit,

e altimeter error budget and the type of operation being performed.

-ound truth requirements will be discussed with reference to three

eas of operation: the global mode, the high intensity mode and
fiibration.

iiFigure 1 shows the effects of two different orbital uncertainties
éﬁ'the sqrface mapping capability of an altimeter whose precision is
?Ssumed to be half a meter. One curve is for a tracking network which
aetermines the satellite height to five meters. The other curve shows
tﬁe effecés of a modest tracking network which results in a 100 meter
ﬁeight uncertainty. An ihteresting thing about the figure is that the
ﬁigh frequency asymptote of both curves is the altimeter precision.
The ability to map rapidly varying surface features is independent of
the orbital uncertainty and is limited only by the precision of the
altimeter.

An altimeter must have a well determined orbit in order to map the

general (global) shape of the geoid. But over any short arc the
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satellite altitude will vary by only a small amount and in a predictable
fashion so that the variation of the sea surface can be determined to
Qithin the altimeter precision. Even large error in determining the
absolute altitude of the satellite is of little consequence when
profiling rapid variations in the geoid such as the Puerto Rican Trench.

A typlcal altimeter error budget for two modes of operation is shown
in Table 1. The postulated altimeter has a global mode of operation
using a 300 ns pulse width and a high intensity mode using'a'25 ns
pulse. The only significant noise contributions to the error budget in
the global mode are the signal fluctuation and thermal noise residual
errors in the instrumentation and the satellite stabilization error.
With such a long pulse length the effects of sea state are negligible
so that no sea state information is required when operating the
altimeter in the global mode. This is the reason for selecting the
iong pulse length since any intensive grqund truth requirement on a
global scale would not be possible.

To calibrate the global mode an independent determination of the
satellite height above the actual sea surface at some point on the ﬂ
orbit must be made and compared with the altimeter output, Figure 2
shows the quantities of interest at a ground truth site for the cali-
bration of the global mode. The satellite position must be
trianglulated and the instantaneous mean sea level (IMSL) of the
subsatellite point must be known accurately. The satellite height

can be determined to within two meters relative to the tracking stations



gsevheights are referenced to mean sea level. The geoid and any
méters causing MSL to deviage from the geoid and IMSL from MSL

have to be well known for the calibration site. These include the
8, currents and the effects of any storms.

deally the calibration site should be where the satellite ground

k crosses itself in one orbit. With this redundant point occurring
¢ the satellite position is well defined, any instrumental drift
beecome apparent because the ground truth site conditions would

e by only a small, predictable amount in the period of one orbit.
hejpurpose of the global mode is to map the general shape of the

d éd five meter accuracy. Due to the long pulse width, the foot

t éize and precision, this mode would not be suitable for detailed
g of the rapidly varying portions of the geoid. The global mode
11d 6n1y fix their location on the geoid and indicate their general

The high intensity mode would be used to profile the rapid

the high intensity mode the propagation dependent errors and the
n scattering effects become significant, Extensive ground truth

a must be gathered in support of this mode to evaluate design
;ametefs for refining future altimeters. Table 2 outlines the

klops Island Ground Truth Program. There are sufficient ground

rs in the area (Wallops Island, Bermuda, Florida) to provide

llent orbital parameters.
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The ground truth program is bullt around the Wallops C-54
alrcraft, the NASA Wallops Island ship Range Recoverer, and the
Chesapeake Light Tower approximately 15 miles east of Virginia Beach.
The goal 1s to obtain suffiéienf information to remove the
sea-electromagnetic bilas error, to test models of the effects of the
various sea state and atmospheric parameters on the satellite altimeter
and elaborate the fundamental limitations of the altimeter. The in-
strumentation consists of wave staffs, a laser profilometer, two X-band
nanosecond radars, a K-band radiometer and photographic equipment for
Stilwell photog;gphy. The C-54 1is instrumented for recording pitch,
roll and vertical motion. The instrumentation will provide profiles
of the sea surface as well as rms wave height, ocean surface height
and slope directional spectra, surface wind speed and direction, air
and water temperature and meteorological conditions.

In addition, Wallops has the capability of measuring atmospherics
and rain drop sizes so that these contributions in the error budget

could be better defined.
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TABLE 1

N Typical Altimeter Error Budget
25 ns 300ns
Instrumentation Errors
Signal Fluctuation and thermal noise residual errors .30 meters 2 meters
System time delay uncertainty .06 .15
Range tracker and/or signal processor errors due to
nonlinearity .12 .12
Tracker granularity and clock uncertainty .10 . .10
Propagation Dependent Erxrors
Corrected data .10 .10‘
Ocean Scattéring Lffects
Residual stabilization errors (assuming tlo uncertainty) ¢ 1 1lm
Leading edge linearity assumption (~~60 cm uncorrected) ,06 .06
Electromagnetic msl bias .15 .05
0.4 2,25
Total System Errors (rms)
foxr: 5 meter orbit uncertainty 5.02 5.5 meters
1l meter orbit uncertainty 1.08 2.5
.2 meter orbit uncertainty A7 2,25
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Table 2

Ground Truth System Development Program

1.

Instrumented Aircraft and Test Bed

Instrumentation In-house
(a) Stilwell Camera Lacheman
(b) Optical Processor Lacheman
(c) Nano-second Radar Selser

(d) Laser Profilometer Townsend

(e) K-band Radiometer Novack

Instrumented Ocean-Tower and Test Bed

Instrumentation In-~house

(a) Wavestaff ( 3 ea.) Hines

(b) Nano-second Radar Selser
(c) Meteorological Spurling
Equipment

(d) Laser Profilometer

Supporting Data Collection System
(a) ERTS Photographic Data

(b) Commercial Shipping Reports

(c¢) Nembus Photographic Data

External Activitx

Katz
Katz
Yaplee
Peliguin

Holinger

External Activity

Hammond

Yaplee



Table 2.Continued

(d) Local Meteorological Data
(e) Ground Sites Selection and Evaluation

(f) USNS Range Recoverer for in situ Measurement Data Collection

Ground Truth and Test Bed Activities

- Ground Truth

:‘(a) Chesapeake Ecological Test Site Support
(b) SKYLAB Support

(c) AAFE Support

Test Bed Activities

(a) SKYLAB Support

(b) AAFE Support

(c) Local SR&T Experiments

(d) Prototype Altimeter Testing

(e) Support to Others
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USE OF ALTIMETRY DATA IN A SAMPLING- 4
FUNCTION APPROACH TO THE GEOID

C. A, Lundquist>'<
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts
and
G. E. O. GiacagliaJT

University of Texas, Austin, Texas

The planned operation of satellite-to-ocean altimeters will produce meas-

ements that require mastexy of particular data-analysis problems for the full

ntilization of the information in these measurements. Under the premises that

¢ first altimeters will have an accuracy of ~ 1 m and that at this scale the ocean
ofile can be identified with an equipotential surface, the following problems are

mong those that must be examined:

1. Convenient mathematical representation of short-wavelength (eventually

1°) features of the geoid or geopotential.
2. Utilization of detailed data from only part of the globe (i.e., the oceans).

3. Application of appropriate formalism to relate the sea-level equipoten-

al below the atmospheric mass to the external potential above the atmosphere.

4. Mathematical applicability of an adopted geopotential representation on

e surface of the physical geoid.

hese topics are not independent, of course.

This research was supported in part by grant NGR 09-015-002 from the National
Aeronautics and Space Administration.

On leave from the University of Sio Paulo, Sdo Paulo, Brazil. Partially supported
by ONR Contract N00014-67-A~0126-0013.
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The concept of using a sampling-function representation of the geoid and
geopotential emerged from efforts to prepare for some of these problems, and
the evolution of this concept can be followed in other papers (Lundquist and
Giacaglia, 1969; 1971a, b; Giacaglia and Lundquist, 1971). The objective here
is rather to review the current status of the sampling-function representation

as a partial answer to the analysis problems posed by altimetry data.

With respect to the first problem — a convenient representation of short-
wavelength features — the coefficients in an expansion in sampling functions are
essentially tabular values of the geoid radius or potential at a grid of sampling
points on a sphere or similar reference surface. The grid can be scaled as
finely as desired. The sampling-function representation through some degree is
equivalent to a spherical-harmonic expansion through the same degree, and the
transformation from sampling functions to spherical harmonics and its iriVerse
are expressed in analytical form (Lundquist and Giacaglia, 1971b). Therefore,
no need arises to invert large matrices numerically, and this aspect of the

altimetry problem is resolved.

In an oversimplified scenario for the treatment of altimeter data, each alti-
tude measurement from a determinable position in orbit implies a geocentric
radius to the ocean surface. All these measurements of radii in the neighbor-
hood of a sampling point can be accumulated and averaged appropriately to give
the radius at the point. This radius value is immediately the coefficient of the
corresponding sampling function in the geoid representation. If the equivalent
spherical~harmonic expansion is desired, this is obtainable by applying the
analytically defined transformation.

Some recent progress toward implementing these calculations has been the
preparation at the University of Texas of computer algorithms to evaluate the
necessary analytical formulas for fairly high degree. Even though simpler than
some other approaches, the calculations involved are extensive, owing to the

great detail of the desired representation. In the interest of computer efficiency,



he formulation of the analytical expressions and the computer algorithms have

)rog‘ressed through several steps of refinement.

Degree 36 has been selected for exploratory investigations, although a still
igher degree might be more illuminating. In this case, features with wave-
engths as short as 5° can be represented. For an expansion through degree 36,
here are (36 + 1)2 = 1369 terms in either a sampling-function.or a spherical-
monic expansion. The transformation matrices relating the equivalent forms

iave nearly two million elements.

- As a trial application using the sampling points for degree 36, geocentric

4,ii were calculated to an equipotential surface derived by use of the

‘i!thsonian harmonic coefficients presented at the 1971 IUGG meeting

"poschkin, Kozai, Veis, and Weiffenbach, 1971). This calculation at the
iversity of Texas followed the procedure discussed by Lundquist and Giacaglia
1971a). Also, geocentric radii were calculated (Girnius, 1971) for 45 sampling
nts in the North American Datum, by use of the Army Map Service 1967 Map
0 Geoid Contours in North America from Astrogeodetic Deflections (Fischer, 1966).
gure 1 shows the 45 sampling points. The geoid heights were transformed to

f ocentric radii in 1969 Smithsonian Standard Earth (II) coordinates by using the
: mbeck (1971) parameters, assuming the Smithsonian and North American Datum

é,s are parallel.

- The radius values from the astrogeodetic geoid could contain somewhat shorter
velength information than the values from the Standard Earth. To generate a
pling-function representation corresponding to the astrogeodetic geoid in

Jorth America, it is only necessary to replace the Smithsonian values with those

m the geoid map for the sampling points in North America. This has been done.
one wants the equivalent spherical-harmonic representation, the analytically

ined linear transformation can be applied.

Because a very similar operation is envisioned when satellite~-to~ocean alti-

es are available, a study of the properties of this modified geoid representation
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should indicate the utility of this method. Such a study is in progress. Partial
answers to both problems 1 and 2 are expected as a result of the trial application
to i:he North American geoid, since this test involves features of both problems.

For problem 1, a crucial aspect is the ability of the sampling-function repre-
sentation to reproduce short-wavelength features in North America. For problem
2, the crucial question is whether extraneous short-wave detail is introduced with
significant amplitude for the geoid outside North America. The desired result
should be a geoid in North America resembling the astrogeodetic contours in its
5° and longer wavelength features, with the properties of the satellite-determined
field elsewhere. Also, the corresponding geopotential should have essentially the
Smithsonian coefficients for the lower degree and order spherical harmonics. An

iterative scheme may be necessary to achieve these properties.

The discussion and procedures above have been based on the implicit assump-
tion that the geopotential derived from satellite observations is also applicable at
the surface of the earth. While this is an acceptable simplification for exploratory
studies, it certainly must be reconsidered for accurate treatment of actual altitude

measurements. Problems 3 and 4 recognize the need to proceed with caution.

The mass of the atmosphere is given by Verniani (1966) as 8.594 X 10"7 of the ~~
mass of the earth. Clearly this mass contributes differently to the gravitational
field at satellite altitudes than it does at sea level. The first step to accommodate
this situation would seem to be a decomposition of the external potential into a
- major portion due to the mass of the solid earth and oceans and a minor portion

due to the mass of the atmosphere.

The leading term in the usual spherical-harmonic expansion is proportional
to total mass, so that its coefficient can be decomposed into two fractions — res-
pectively, 0.999, 999, 140, 6 and 0.000, 000, 859,4 of the total. Such an adjust-
ment was made by Veis (1967) in a determination of the equr;ltorial radius and

gravity of the earth. This effect was noted also by Rapp (1970) in a discussion of

by



‘methods for the computation of geoid undulations from potential coefficients and

by ofhers in other contexts (Ecker, 1968; Ecker and Mittermayer, 1969).

Since the atmosphere is constrained to a nearly ellipsoidal lower boundary

by the shape of the solid earth and oceans, its mass must make a contribution to
“fhe total J,,
is obtained by considering the total mass of the atmosphere concentrated in a uni-

of the earth. A first crude estimate of the size of this contribution

form ellipsoidal shell with the same semimajor axes as the earth. This crude

6 as compared with the Kozai value

estimate gives J,, (atmosphere) = 0.002 X 107
N (1082.637 £+ 0.001) X 10—6 for the total earth system. Thus, the contribution
f the solid earth and of the oceans would be J 9 (solid earth and oceans) =

082.635 X 1075,

eoid accuracies in the centimeters are obtained.

This very small change would not seem to be important until

On the other hand, Kozai reports an annual variation of amplitude

Jo = 0.0013 X 10*6, presumably due to mass displacements somewhere in the
arth system (Kozai, 1970). A more accurate calculation of the atmospheric con-

ribution to J 9 would be instructive, to improve the crude estimate above. Kelly

1971) has assembled the atmospheric models and formulas for such a calculation.

In principle, there is a further complication associated with the atmosphere —
am.ely, the gravitational field at sea level due to the nearly elliptical atmospheric
hell above. This contribution should be added back into the potential after the

xternal atmospheric contribution has been subtracted from satellite information to

s"olate the field due to the solid earth and oceans. However, this internal field of

ﬁe atmosphere is probably even less important than correction of the J2 value.

The fourth problem, the mathematical applicability of an adopted geopotential
opresentation at sea level, is a perplexing one in potential theory (see, for
Xample, Hotine, 1969; Madden, 1971). It has been argued that the convergence
hcertainties expected with a spherical-harmonic expansion could be largely alle-
iiated by the use of ellipsoidal harmonics (seé, for example, Madden, 1968;

’ lter, 1971), presumably because the ellipsoidal functions can better conform

o the shape of the earth.
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The sampling functions can be defined on an ellipse about as easily as on a
ference sphere, and if the elliptical formulation is used, it would seem that
they should accrue the same benefits as ellipsoidal harmonics. Still further,

e sampling functions can also be defined on a surface conforming still more
plosely to the geoid. It is an open question whether this would still further alle-

te the convergence uncertainty.

‘In summary, althdugh many questions remain to be answered, a sampling-
ction representation of the geoid still promises to be a useful tool in utilizing

ellite-to-ocean altitudes.
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REQUIREMENTS FOR A MARINE GEOID COMPATIBLE WITH 5
GEOID DEDUCIBLE FROM SATELLITE ALTIMETRY

D. M. J. Fubara and A. G. Mourad
BATTELLE
Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

Because bewildering confusion about the geoid exists, the
rst part of the paper is a systematic review of the concept of the
;pid and the various geodetic techniques and associated data employed
the physical determination of the geoid. The deficiencies in theory,
a, and practical computational procedures that have made the physical
ermination of the geoid with true scale, shape, and absolute orien-
ion an elusive target are outlined. The potential of satellite
imetry, in combination with adequate ground support and 'sea-truth",
resolve the accurate determination of a global marine geoid (the
id in the océans) and other peripheral benefits associated with
an physics ié briefly restated. Attention is drawn to the contro-
sy as to the validity of using a best fitting ellipsoid (f =
/298.25) instead of an equilibrium ellipsoid (f = 1/299.67) in all
‘avimetric work for computing gravity anomalies and the geoid, and for
physical interpretations from gravity surveys.

Marine gravity measurements alone cannot adequately furnish
required geodetic sea~truth, The paper indicates the "how and
y" a combination of marine astrogravimetry and marine geodetic
ustic techniques is the best approach to meet the requirements for
a-truth” (segmenfs of the absolute marine geoid in test areas)
patible with the geoid deducible from satellite altimetry.

ible 4 at the end of the paper contains a summary of the findings.



1. INTRODUCTION

The geoid is that equipotential surface in the gravity field
of the earth which most nearly coincides with the undisturbed mean sea
level. 1In spite of this exactness of definition, the physical deter-
mination of the true geoid remains an elusive target to geodesists,
Consequent ly, many concepts and classes of concepts concerning how it
should be physically determined have arisen. In scale, shape, and
orientation, each class of geoids has little in common with another
class, Even within the class, the various geoids differ and depend on
many factors such as (1) the parameters of the reference ellipsoid
which, for convenience, geodesists always associate with each geoid,
(2) the measuring technique, the measurements and their reductions in
theory and in practice, (3) the quantity and quality of data, and
(4) the datum origin of the geodetic system.

' Because the geoid is an irregular surface which does not ex-
actly conform to any known geometric figure, it is geometrically de-
fined by its physical departures from a chosen regular figure which is
usually a reference ellipsoid. 1In some methods, the departures are
determined by linear and angular measurements while in others these
departures are synthesized from gravity anomalies integrated all over
the earth's surface or a combination of both., The latest generation
of geoids is deduced from the analysis of the dynamics of satellite
orbits or a combination of gravimetry and satellite orbit analysis.

To amplify the dissimilarity between the various geoids,
the concepts and data for their determinations and the physical mean-
ing and nature of what is determined will now be reviewed. The ob-
jective is to demonstrate why anything that currently goes by the name

marine geoid should neither be expected to be compatible in scale,
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ﬁape,_and orientation with the geoid determinable from satellite al-

imetry nor be used as a means of geodetic absolute verification or

alibration of satellite altimetry. Besides, the immediate direct
tesults of the altimeter data are average sea surface topography and

ot the required geoid.
Having determined that the best approximation and convenient

eometric figure for the geoid is a rotational ellipsoid, geodesists

ve continued to expend a lot of energy to determine the size and shape
the reference ellipsoid most desirable for geodetic computations.

merous determinations of reference ellipsoids exist [Mueller, et al,

66) but will not be discussed to spare the reader further complica=-

ons. However, one important complication usually ignored but which

emphasized again at the 1967 International Symposium on the Figure
the Earth and Refraction in Vienna is that the best fitting ellip-

ds, flattening of about 1/298.25, in geodetic use significantly dif-

from the hydrostatic or equilibrium ellipsoid, flattening of about

299.67. O 'Reefe [1967] strongly suggests that all gravimetric work
or computing anomalies and the geoid, and for geophysical 1nterpreta-
hs from gravity surveys should refer not to the best fitting ellip-
d but to the hydrostatic or equilibrium ellipsoid. Fischer [1967]

| Gaposchkin and Lambeck [1970] have the first practical computations
examining this unresolved complication,

Discussions about the quasigeoid [Molodenskii, et al, 1962]

§ a substitute to bypass certain difficulties concerning the geoid is
oided here because in the oceans, the geoid and quasigeoid coincide
eiskanen and Moritz, 1967].

Figure 1 is a vertical section depicting a typlcal relation-

hip between the geoid and an ellipsoid. The general nonparallellty be-~

d the ellipsoid implies that in the same location,
¢, called the

een the geoid an
e normals to the two surfaces intersect at an angle,

leflection of the vertical in that plane. . The geoidal undulation, N,

_the linear vertical separation between the geoid and the ellipsoid.
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Goeoidal normal

L"-~—Ellipsoidol normal

Ellipsoid
FIGURE 1. SCHEMATIC RELATION BETWEEN GEOID AND ELLIPSOID

Q
With reference to Figure 1, the increment dN in N, over the distance d$
is given, according to Helmert as stated in [Heiskanen and Moritz, 19671]
by

dN = ~ eds (1)

which, on integrating, results in

B

Np = Ny, - I €ds s (2)
A
where € is the deflection of the vertical in any arbitrary azimuth, o,

measured clockwise from the north, and given by

€ = Ecosa + Ns ino s (3)

where & and T are the deflection components in the meridian and prime
vertical respectively. If the various values of € for different places
in an area ar. determined, then by the use of Equation (2) the geoid
of the area can be computed.

Some of the most important categories of the geoid and their

characteristics are described below. For each class of geoids, the theory
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§1ied and type of data employed, and the deficiencies in the theory,
“quality and quantity of data currently in use, will be outlined.

¢ expectation to map sea surface topography and eventually the marine
61d is widely known. The need for test areas with reliable Meround or
g-truth” including geoidal profiles with accurate scale, shape, and
fentation is also widely recognized but the methodology for meeting
need such as by gravity data alone is indicated to be grossly in-
gquate.,

The geodetic processing of reliable satellite altimetry data
&ﬂd determine the true geoid with absolute orientation, correct scale,
detailed features of the true shape. The paper advocates the use

\ combination of astrogravimetry [Molodenskii, et al, 1962} and marine
etic-acoustic techniques [Mourad, et al, 1970b] as the most expedient
s for establishing marine geoidal profiles compatible with those de-
1ble from satellite altimetry at sea. Marine geoid is used to denote
geoid in the oceans as distinct from continental geoid computed on

a. For the most meaningful and reliable geodetic deductions from
ellite altimetry, two calibrations must be distinguished. The first
hardware calibration to ensure that an altimeter range indicated

kx meters is indeed xx meters to within the instrument's assigned
uracy. The second is a geodetic calibration or control required if
eoid with true scale, true shape, and absolute orientation is to be
uced from satellite altimetry. This paper is addressed to the re-
ments of the geodetic calibration. This is highly relevant be-

se the altimeter readings are not made to the surface of the actual
{d but to some unknown "electromagnetic mean surface’ as discussed

Section 3,
2. CLASSIFICATION OF GEOIDS

Several methods have been developed and/or used in determining
coid. Examples of these methods which are described here include:
istrogeodetic, (2) inertial, (3) gravimetric, (4) satellites,

a1timetry, and (6) astrogravimetric methods.
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2.1 Astrogeodetic Geoids
2.11 .The Classical Astrogeodetic Geoid

The coordinates of any point on the surface of the earth can be
depicted by its geodetic latitude, ¢, geodetic longitude, A, and geodetic
height, h, as determined by classical terrestrial geodesy, where h is the
height of the point above the reference ellipsoid. The same point, refer-
enced to the geoid, can be depicted by the astronomic latitude, @, astro-
nomic longitude, A, and orthometric height, H, above the geoid. The in-

terrelationship between these parameters is generally expressed by

E=d -9 4)
N= (A -X\) cosp (5)
N=h -H . (6)

The orthometric height is approximately the geometric height above mean sea
level, measured along the geoidal normal [Heiskanen and Moritz, 1967].

The geoid determined by inserting the differences between the
astronomic ahd geodetic coordinates of the same point through the use of
Equations (4) and (5) into Equations (3) and (2), is termed astrogeodetic.

The astronomical latitude and longitude are determined directly
by observing stars. Within the limits of observational accuracy, the
accuracy of star coordinates in space, and the adequate application of all
corrections involved in astronomical measurements and reductions, the
astronomical latitude and longitude of a place are unique, In sharp con-
trast, the geodetic coordinates of any point could be made unique but
c urrently most are not "unique” but depend on the geodetic datum. The
size and orientation of each datum reference ellipsoid is different and the
position of the reference ellipsoid with respect'to any unique point such
as the center of mass of the earth remained unknown until the advent of
dynamic satellite triangulation which has not yet resolved the problem
satisfactorily, This will be discussed later using computations from Veis
{1965, 1968] and Lambeck [1971]. Theoretical studies by Rapp [1970c] and

- Fubara [1971] and the work of Mather [1970, 1971] offer resolutions to
" this problem.
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Consequently, the ensuing components of the deflection are not

(1) To each datum, there is a different astrogeodetic geoid,

(2) 1In shape, size, and orientation, astrogeodetic geoids on
different datums are incompatible.

(3) Because of several weaknésses in current astrogeodetic
practice, falsely exaggerated geoidal undulations and
hence false geoidal tilts are progressively perpetrated
the further a place is from the datum origin.

As shown by Fischer [1959], at long distances from the datum
‘gin, computed geoidal undulation of 200 to 300 meters exist. Even after
application of the theoretically necessary Molodenskii's correction
odenskii, et al, 1962], which amounted to -60 m at a place 80° south of
‘North American Datum (NAD 1927), the geoidal height was 260 m [Fischer,

These inherent qualities of the classical astrogeodetic geoid and
apid deterioration in shape precludes'its use as a means of absolute
fcation of any other type of geoid without translations and transfor-
ns which are described later. The parameters for these reconcilia-

V}i he are still not accurately known. Above all, computation of astrogeo-
. geoids has usually been limited to the continents because of the
iculties in determining usable geodetic and astronomic coordinates at
’In this respect, von Arx [1966] made a valuable pioneering effort but
‘added a caution which is usually not remembered that as he put it:
ccuracy attainable is barely comparable with that achieved by

osthenes 2 millennia ago when he estimated the circumference of the

h".

“Astrosatellite Geoid

There are many methods of determining € or € and 7 which, in turn,

sed to compute a geoid, using Equation (2) . When the geodetic coordinates

‘and h used are obtained from satellite fixes instead of terrestrial

gulation, traverse, etc., the resultant geoid can be termed astro-

1lite. Satellite derived coordinates are supposedly known in a

5-17



T B A AT i SRR e T S

geocentric system to an accuracy between % 5 to + 20 meters. Based on

absolute geocentric coordinates, an astrosatellite geoid or any other
geoid computed by Equation (2) is in absolute position if and only if at
the starting point of the integration the absolute geoidal undulation is
known . A

In principle, the shape and size of such an astrosatellite geoid
and the geoid deducible from satellite altimetry should be identical. In
practice on land, the precision of each of the geodetic coordinates from
satellite fixes is at best about * 5 meters. At sea, a geodetic position
€ix, as determined from improved Doppler satellite receivers, could be
obtained to perhaps * 10 to £ 20 m if one used a fixed station defined by
a ship positioned over ocean-bottom transponders where many satellite
passes are taken and reduced to the same point. Furthemmore, long arcs of
astrosatellite geoid suffer from the same cumulative deterioration away
from the starting point as the classical astrogeodetic geoid.

Also, one meter accuracy in a geoid from the integration of
Equation (2) requires that standard errors in the determined astronomic
latitude and longitude should be less than 1 arc second and systematic
errors be less than 0%2 [Bomford, 1962]. Presently, such accuracies can-
not be achieved at sea. The absolute accuracy of Startracker for astrogeo-
detic applications has not yet been determined. The dependency of the
Startracker on the ship's inertial navigation system (SINS) and methods of
updating the SINS cause the Startracker outputs not to be truly astronomic.,
In the background of all this is the problem of kinematic geodesy [Moritz,

1967, 1971b] -~ the separation of gravitational and inertial forces.

2.2 Inertial Geoid

Various authors such as Bradley, et al [1966], Schultz,
et al [1967], Bradley [1970], Butera, et al [1970] have discussed the use
of inertial navigators for determination of the deflection of the vertical
at sea. Externally provided geodetic fixes from some other systems such
as LORAC or Navigation Satellite are required. The deflections and re-

sultant geoid from this technique are basically similar to the classical
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@geodetic type. The only difference is that the direction of the
yity.vector is determined by SINS instead of by astronomical observa-
S

First, it should be pointed out that the geodetic datum of

e external reference control systems such as LORAC is not in absolute
ition and unless the necessary accurate transformation prameters are
lable and the transformations executed the deflections and hence the
d so determined are relative. Second, the absolute accuracy of

'se external reference controls, relative to any selected datum, re-

ns unknown. Other disadvantages of this technique for deducing (not
uring) the deflections of the vertical include dependency on in-
rately known systems and measurement dynamics, statistical modeling
rror sources, poor choices of a priori statistics, initial condition
rmation, ill-defined determination of when performance is optimal and
ization of an adaptive filter when optimality does not exist, all of
hich are involved in Kalman filtering and optimal smoothing used in the
ductions. Therefore, an "inertial geoid", in addition to its poor

racy, is not compatible with the geoid deducible from satellite

imetry.
2.3 The Gravimetric Geoid

For a detailed and expert treatment of the gravimetric geoid
its ramifications, the reader is referred to Chapters 2 and 3 of
kanen and Moritz [1967]), in particular, and to Uotila [1960] for
tical computations.

As before, the geoid or undisturbed mean sea level is depicted
surface by determining its departure, N, from a regular reference
psoid. However, in this case, by implication of the mathématical
cture and the field measurements involved, the reference ellipsoid
the geoid are in absolute position. In Figure 1, gp is the gravity
or at point P on the geoid and vy, is the normal gravity vector at
on the ellipsoid. A vector is characterized by magnitude and direction.

difference in direction between the two vectors is the deflection of
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the vertical, 1In the astrogeodetic methods, the direction of gp was '

furnished by the station's astronomical latitude and longitude. For all
bractical purposes this direction is a constant and a function of posi-
tion. The direction of Yy, or the ellipsoidal normal defined by the geo-
detic latitude and longitude of A is arbitrary and completely dependent
on the shape, position, and orientation of the reference ellipsoid. The

difference in magnitude, A4g
bg = g5 = Y, )

is termed the gravity anomaly., It is related to the geoidal undulation,
N (Figure 1), according to the famous Stokes' formula or integral and in

principle implies integrating Equation (8).

N =i [[aes @) o, (8

(o)
where

R = the mean earth radius
G = the mean value of gravity over the earth
S(¥) = Stokes' function ‘

¥ = the spherical distance between the fixed point (say P)
and the variable surface element do

o = surface of the sphere of radius R with center at the
center of gravity.

1
S({) = ;IE?¥7E)- 6 sin % +1-5cos§ -3 cos ¢ ln (sin % + sin2 % )

The utilization of Equation (8) implies among many other things

that:

(1) Ag is known everywhere on the earth

(2) gp is measured on the geoid or its equivalent is deducible.

Owing to economics and world politics, Ag is not known all over
the earth, Predicted values by interpolation or extrapolation are used

for areas in which measured values are not available, Figure 2, taken
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from Rapp [1970b] shows the distribution of and quality of unclassifed
teFrestrial gravity data, In addition, 8p is hardly ever measured at the
geoid. Actual measurements are made on the surface of the earth and re-
duced to their geoidal equivalents by empirical methods. Some of the
parameters involved in the reduction, e.g., crustal density, are repre-
sented by intelligent guesses. To avoid the hypothetical assumption
about the density, Molodenskii, et al [1962], formulated the concept of
the quasi-geoid, and Hirvonen [1960], the telluroid. These substitute
surfaces for the geoid will not be further considered for reasons given
earlier,

There are many types of gravity reduction methods. Each method
results in a slightly different type of gravity anomaly. Furthermore,
with reference to Equation (8), the function or anomalous potential, T,

given by Heiskanen and Moritz [1967], as

=5 )] ae s a0 9
ag

1s assumed to be harmonic outside the geoid., Therefore, the effect of
terrestrial masses outside the geoid, or undisturbed mean sea level, must
be removed by a suitable gravity reduction method. After the reductions
are made, the derived geoid is slightly changed and is termed a ’regu-
larized geoid" or "co-geoid". Accordingly, there are as many co-geoids
as reduction methods and theories used. The "'free-air co-geoid’' most
nearly coincides with the actual geoid.

In its original form (Equation 8), the Stokes' integral re-
quires also that the reference ellipsoid should (1) have the same poten-
tial as the geoid and (2) enclose the same mass as the actual earth.
These two requirements are never fulfilled.

The gravimetric geoid as determined by the original Stokes'

integral (Equation 8) is not only in absolute position but also has
"true” shape, unlike the various categories of astrogeodetic geoids.

However, it lacks proper scale. This scale error has been assessed by

various experts as ranging from 10 m to 50 m.
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2,31 Scaling the Gravimetric Geoid From Stokes' Integral

A detailed exposition of this is given in Heiskanen and Moritz,
[1967]. The theoretical step to providing this scale is to generalize
Stokes' formula for geoidal undulation, N,, to hold for any arbitrary
ieference ellipsoid whose center coincides with the center of the earth.

§me generalized formula is of the form

- KoM 8w . R
N, = "R6 © 6+ ng J)des 0o (10)
5
N =N + _R_ Ij AgS(y)d
a o 411G & o i (11D
(o
K6M = oW

N0 = R G (11la)

6M = exact mass of the earth minus the mass of the ellipsoid
in use

W = potential of the geoid minus that of the ellipsoid
K = Newtonian gravitational constant.

The right side of Equation (11) differs from that of (8) by
term N, termed the zero-order undulation [Rapp, 1967]. If both &M
W were known accurately, application of Equation (11) would give
geoid in absolute position and with proper scale. In Heiskanen and
itz [1967], Rapp [1967], and Fubara [1969], various approaches to the
ermination of N, are given, but it is still a formidable problem and
gravimetric geoid is now not generally known accurately to within

to 20 meters in the oceans,

Very surprisingly, in most published gravimetric geoids, the
ue of proper scale is completely ignored. This scaling can be shown

e equivalent to changing the equatorial radius of the reference
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ellipsoid on which the gravity anomalies used in Equation (8) are based

[Heiskanen and moritz, 1967]. From gravity data alone, the scale of the

geoid can never be determined. Because of incomplete global coverage of

observed gravity, predicted 5° x 5° gravity anomalies whose standard
errors are estimated at * 20 mgéls to * 50 mgals and higher are often
used. In the face of these, it is surprising that anyone can compute
through the use of Stokes' integral an absolute geoid of £ 2 m accuracy.
An alternative to the use of Stokes' integral is to compute,
from gravity anomalies all over the earth, the meridian and prime vertical
components of the deflection of the vertical § and 1, respectively,
through the use of Vening Meinesz formulas. The abbreviated form of

these formulas is

1 o d
§=4'rrGo:JAg:1.1f7c°S ado (12)
M= I ag 98 44 (13)
4G J g d sin adg

the theoretical and computational details of which can be found in
Heiskanen and Moritz [1967], and Uotila [1960]. The & and T} so obtained
are absolute, i.e., referenced to the earth's center of mass. Thereafter,
€ can be computed according to Equation (3) and the geoidal undulation
computed from Equation (2). v N

Unlike Stokes' integral, Vening Meinesz formulas are valid for
any arbitrary reference ellipsoid. However, they also require the use of
gravity anomalies all over the earth, and in particular a dense gravity
net around the computation points,

All the deficiencies in theory, data quality and quantity in
gravimetric geodesy are extensively discussed in Chapter 7 of Heiskanen
and Moritz [1967]. These deficiencies have led to many unanswered
questions about the accuracies of gravimetrically computed geoidal undu-

lations and deflections of the vertical. A few of the numerous efforts
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dressed to these unresolved issues include Kaula [1957, 1959, 1966],
roten and Moritz [1964), Heiskanen and Moritz [1964], Moritz [1962,

1966, 1969, 1971, 1971al, Shaw, et al [1969], Henrikson, et al [1970],

pp [1970a, 1970b]. The most important source of disagreement is on
atistidal mode ling .and estimation recognized by all to be indispensable
efficient gravity data analysis.

Consequently there is general disagreement on all or some of

(1) Estimation of interpolation and extrapolation errors
of the gravity anomaly, Ag

(2) Estimation of the effects of these errors on the
derived N, €, and 1|

(3) Determination of the best prediction method

(4) Estimation of the effect of neglected distant zones

he works of Molodenskii, Kaula, Moritz, Henrikson, and Rapp.

gure 3, taken from Groten and Moritz [1964] depicts the standard errors

due to neglect of distant zones beyond a radius of {, from the compu-

’on points of gravimetrically computed geoidal undulation using the

operly scaled Stokes' integral. The computation is for latitude 45°

id global gravity anomaly distribution of one point per blocks of

n°, n being the numbers shown on the graphs. A comparable computa-

on in Molodenskii, et al [1962], gives values about 70 percent larger.
Perhaps the biggest source of systematic scale error in gravi-

ic geoidal profiles through the use of Vening Meinesz formulas is

t an initial point (N, in Equation (2)) at which the correct absolute

uve of the geoidal undulation is known must be specified. Such a

ve is hardly known accurately anywhere., Any geoid based on gravity

a alone is therefore not suitable for the geodetic absolute calibra-

on or verification of the geoid deducible from satellite altimetry.
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2.4 Satellite Geoids

The dynamics of artificial satellite motions around the earth
~¢ used for (a) a geopotential or (b) a dynamic geometric computation

e geoid,
- Geopotential Satellite Geoid

. Satellife orbits are influenced by the irregularities of the
s gravity field, which are usually expressed in terms of a develop-
:1n spheriéal harmonics [Moritz, 1964]. The spherical harmonic co-
agients can be determined from the analysis of known satellite orbits
tpm gravity measurements all over the earth's surface., The undula-

é of the geoid can be computed from those spherical harmonic poten-
jioefficients [Bursa, 1968, 1969], [Bacon, 1970}, [Moritz, 1964],

1970a].

At satellite heights, this technique cannot detect small-scale
es of the geoid but only the general outline., All the satellite
so far computed by this technique differ in details by about 10 to
ers. The technique has a fundamental drawback. On the one hand,
pravity field, i.e., the potential coefficients, must be known for
ise prediction of satellite orbits, On the other hand, and iron-

, the computation of the coefficients depend on analysis of pre-
satellite orbits,

V The summary of the various modes of this technique in Rapp

'jba] also contains implicit drawbacks of the technique. The recom-
ation to use Method 1 of that reference by setting the zero order
tion N, to zero unfortunately gives, as in the original Stokes'
:fal, a scaleless geoid because the undulations so obtained will re-
to some ellipsoid of unknown size but which has the same mass as

rth and whose surface has the same potential as the geoid, what-

he unknown mass of the earth and the unknown potential of the geoid

Se. In view of this, the equality of the results in Table 3 of
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Rapp [1970a] raises an important question. This equality is questionable
because it implies that his Equation (6) or our Equation (lla) must be
téuly zero which means that his assigned constants for the geocentric
gravitational constant, angular rotational velocity of the earth, the
flattening and equatorial radius of the reference ellipsoid, the poten-
tial of the geoid must be the true values.

Besides the theoretical problem about the convergence of the
series in spherical harmonic expansion [Heiskanen and Moritz, 19671,
[Moritz, 1971a], the poor quality of these coefficients are often over-
looked in spite of values such as CG,Z = 0,0283 with standard error of
+ 0.0396 [Rapp, 1969]. It is often argued that the quality of each in-
dividual coefficient does not critically affect the quality of the set
of coefficients as a whole., How can coefficients be unreliable individ-
ualiy and yet be accurate collectively unless they have equal cancelling

errors?
2.42 Geometric Satellite Geoid

The geoidal undulation, N, the orthometric height, H, and the
ellipsoidal height, h, are related according to Equation (6). The abso-
lute space rectangular coordinates, x, y, z of a station can be deduced
from "dynamic satellite resection’. From iterative procedures as in

Heiskanen and Moritz [1967],

h = (x2 +,y2)1/2 Secp =~ vV s (14)
where
¢ = geodetic latitude of resected point
vV = prime vertical radius of curvature of the reference
ellipsoid in use for the resected point
h = H + N (as in Equation (6)).
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On land, H is deduced from spirit leveling and gravity measurements. On
the geoid or mean sea level H is zero. Thus the deduction of h at sea
ves the geoidal undulation, N, to within the accuracy of the separation

of the sea surface topography and the actual geoid.

The use of this technique at sea is under investigation [Mourad
d Fubara, 1971al, [Martin, et al, 1971], [Stanley, et al, 1971]. From

ips positioned over ocean bottom acoustic transponders, this technique

fan be effectively implemented. 1If geostationary and orbiting satellites
accurately known geocentric coordinates are available, ranging systems

ch as laser or C-band radar can be used in a geometric solution.

2.5 Combination Geoids

Two types of combination geoids exist. One is from a combina-
on of satellite and terrestrial data such as gravity, triangulation,
astronomic observations. Some works along this line are Kaula [1961,
6], Mather [1970, 19711, Rapp [1970c], Heiskanen and Moritz [1967],
emeev, et al [1971], and Fubara [1971]. The fundamental problem is
ablishing practical and efficient mathematical and statistical models
t give stable solutions in generalized least squares adjustments of
se hybrid data. There is no doubt that this combination has to be
ffected in order to resolve the problems of scale, shape, and orienta-
on a global basis for the geoid and interrelation of various geo-
ic datums. The method is usable both on land and also at éea in the
Beht of results in Mourad, et al [1970a, 1970b, 197la,b]l and Fubara,

al [1971]. However, it is more complex, less economical, more time
suming, more suited to broad features of global geoid mapping, and

h less accurate or suitable for detailed local mapping of the geoid
required for altimetry sea-truth than astrogravimetry,

The second method is termed astrogravimetry [Molodenskii,

al, 1962], [Heiskanen and Moritz, 1967]. It is basically a combina-
of all the desirable features of the astrogeodetic and gravimetric

putations of the geoid. At the same time, it is not affected by any
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of the disadvantages of either method and particularly it does not require
complete global coverage of gravity data as the influence of distant zones
is not important. The technique is applicable at sea but the accuracy
achievable at sea will depend on the reliability of the systems for astro-
nomic and geodetic coordinates measurements.

The astrogravimetric geoid acquires correct shape and absolute
orientation from the gravity data employed. It obtains correct scale from
the astrogeodetic parameters. It is highly suitable and accurate for
mapping local details of the geoid. It is speedy and economical because

it requires only a dense local gravity-net in the test area alone.
3.0 SATELLITE ALTIMETRY ''GEOID"

Figure 4 is a representation of a cross section containing a
sate'lite altimeter orbit and some surfaces associated with satellite
altimetry., Satellite altimetry is faced with several problems including
the effective "hardware'” calibration of the range TM and the physical
definition of the surface, M, which is some mean surface defined by the
altimeter ranges but whose exact position relative to either the geoid,
G, or some mean sea surface, S, at any instant of time is currently un-
known.,

The interreslationships between the surfaces E, G, and S can
be handled in test areas, There are analytical procedures in combination
with "'sea-truth’ data by which a geoid can eventually be computed from
satellite altimetry data. The solutions for these problems are not the
subject of this paper. Subject to the accuracies of computed satellite
positions and the altimeter calibration, the geoid so deduced should be
in absolute position (i.e., centered at the earth's center of mass) and
should have proper scale, shape, and orientation. The benefits of the
success of this mission have been widely publicized in such as Greenwood,
et al [1969], Koch [1970], Lundquist [1967], NASA [1970], Young [1970],
Stanley, et al [1971], and Kaula [1970].
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FIGURE 4. REPRESENTATION OF SURFACES ASSOCIATED
WITH SATELLITE ALTIMETRY

Earth's Center of Gravity

Surface of a Geocentric Reference Ellipsoid

Geoid (the undisturbed Mean Sea Level)

w & &0
it

LI}

Mean Instantaneous Sea Surface (MISS)

OB = Mean Satellite Orbit

)
n

Satellite Altimeter at an Instant

An Arbitrary Surface Defined by a YHardware'
Calibrated Altimeter

Based on all the foregone discussions, it is proposed to out-

line the conditions and the practical way for computing, in test sites,
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geoidal profiles that are compatible in scale, shape, and orientation
with the geoid deducible from satellite altimetry, so that geodetic
processing of satellite altimetry data for comput ing the true geoid can

be accurately effected.
4.0 COMPATIBILITY REQUIREMENTS

The determination in several test areas of "sea-truth”

[Weif fenbach, 1970], [Raytheon, 19701, or segments of the absolute marine
geoid will serve two main purposes from the geodetic point of view:
(1) calibration and evaluation of the satellite altimeter; (2) as controls
required for the geodetic analytical processing of satellite altimetry to
determine the absolute marine geoid. To achieve these two goals, the sea~
truth must have true scale, true shape, and true absolute orientation.

In geodesy, these conditions mean that (a) the center of the
reference ellipsoid (equitorial radius, a, and flattening, f) employed
in geoidal computations must coincide with the earth's center of mass and
(b) the minor axis of the reference ellipsoid must coincide with the
mean rotation axis of the earth so that the geoidal undulation, N, the
meridian and prime vertical components of the deflection of the vertical,
€ and T, are absolute. These five parameters, ag, f,, Ng» €ss Tys as
used in all local geodetic datums do not satisfy these conditions.
Therefore, geoids based on different local datums are incompatible un-
til they have been reduced to the same geocentric system based on a
single ''general terrestrial ellipsoid’'. Unfortunately, the parameters
required in such reductions are currently too inaccurately known for use
in geodetic calibrations or controls. The necessary correction para-
meters such as (1) datum shifts, (2) datum tilts of some major geodetic
(local) datums have been computed, for example, by Veis [1965, 1968],
Lambeck [1971]. The uncertainties in these geodetic parameters can be

up to 70 meters or more as shown in Tables 1 and 2.
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Dispersion due to increased waye heights for antenna effects altim-
etry, (see Figure 3d & f) would not be symmetrical in time about t = T/7
even with an E/M ocean symmetrical about the mean sea level. HWe have
not yet found the error curves fbr sea state for any particular antenna
effects altimeter design but it would not be surprising if it had the
form of the curve shown in Figure 3f which shows an increasingly negative

altitude error as sea state builds up to **1/3=%cT.

This is pointed out as a problem area because if the form and magni-

éitude of the error curve for a symmetrical E/M ocean were just right, then

’é(as shown in Figure 3f), the error curve for the expected asymmetrical
}éE/M ocean could 1lie on zero., We don't want any such thing to happen by
Zdumb luck although it would bé perfect if it could be made to happen by
hdesign based on knowing what we were doing. At any rate, with proper
}are in our experiments, we will one day know what the altitude error
;s. sea state should be for any altimeter design and the process of
ieducing that error to an acceptable level will depend on hind cast and/

or measured sea state as discussed before.

Comparison of thé three types of Altimeter Systems in a typical
Vellite application is shown in Figures 4 and 5, Each T = 100 Nsec
;éimeter system is assumed to operate in a manner which allows 5000

?e endent returns per second to be tracked. Under this assumption,
:;standard deviation jitter error, oh , of altitude readouts averaged
¢ one second will be approximately + 22 cm for both the "Pulse Width

ed" and the "Antenna Effects" Altimeters, but will only be about
12 on for the "Beamwidth Limited" design.
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This difference of 10/1 in jitter error performance comes about
entirely from the fact that the returns seen by the beamwidth 1imited
adjacent split gate tracker are almost unity correlated in each gate
even though the amplitude distribution of the returns is Rayleigh (or
Exponential) distributed depending on whether envelope (or Square Law)
detection is employed, Compare this to the split gate energy tracker
of the "Pulsewidth" and "Antenna Effects" altimeters where there 1is
essentially complete decorrelation of the returns between the "early"

and the "late" gates.

In this comparison, we are looking at altimeter designs which
would be satisfactory for a Satellite Altimeter System whose goal was
to achieve an overall one sigma accuracy of 50 cm on the position of

mean sea level over the Geoid,

A reasonable choice of orbit parameters is given in Figure 4a

as a nearly circular, 825 kilometer,nearly polar orbit,

Given a satellite attitude control capability of one degree about
the vertical Figure 4b shows the altitude error range expected for the
"Pulsewidth Limited" altimeter design to be from -23.5 cm at ¢g = 0 to
~22.5 cm @ ¢ = 19, The residual uncertainty, e, (¢p), obtained from
merely assuming -23 cm error regardless of ¢p actual is contained
within + 0.5 cm, which is a negligible part of a system with a + 50 cm

one sigma error budget as stated in Figure 5a,
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The altitude error due to satellite attitude error, en(9p), for
the “"Antenna Effects" altimeter of Figure 4c is (from equation 20)
minus about 1.2 meters @ ¢p = 0 and goes to plus about 0.2 meters @
¢F = 10, Error reduction to an uncertainty of about + 20 cm maximum
residual uncertainty can be done (as shown in Figure 5b) by obtaining
a measure of the error angle ¢ from the difference, 2, between the
averaged sample voltages Yy and Vo taken at the sample times S1 and Sp.
This level of maximum residual bias uncertainty is almost negligible

in a + 50 cm one sigma system error budget.

Figure 4d shows the error for a (reasonable?) "Beamwidth Limited"
Altimeter design as going from positive 0.825 Meters at ¢p =0 to
positive 126 meters at ¢ = 19, This shows the absolute necessity for

antenna pointing control to as close as possible to the Nadir.

Figure 5c shows the error reduction possible if the antenna can
be pointed and maintained within 10% of its beamwidth with respect to
Nadir. In this case, the residual uncertainty due to ¢A§ﬁU\/1O 161!
eh(¢A)ii]1.5 CM.
As stated earlier, this might be done by a hill climb routine
which continuously searched for minimum tracked altitude, The altitude
record would look like a cycloid and with proper processing might yield

; acceptable altitude best estimates.
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A more certain method of pointing control is by "Time Difference
Monopulse".* The geometry and timing of this system is shown in
Figure 5c. The system can consist of a four hour monopulse feed which
creates one sum beam, 5 » and four difference beams A, ,A, 03,804
separated in foresite by 1/2 eZ as shown, The returns thru each beam
are individually centroid tracked. When the tracked A beam returns
all lag the tracked % beam return equally in time the I beam 1is
pointed at Nadir. If a pointing error exists, the direction and amount
of the error in the Al..A%~p1ane is measured by the difference in
tracked return time,tA-tA,=k¢-2,and by steering to null this differ-
ence the error is corrected out. The same is true for an error developed

in the A,-A, direction,

Maximum reduction of residual error could be obtained post flight

if the differencesk¢;_2&k¢s_u were included with each altitude report,

* Invention of Dr. Kiyo Tomiyasu, General Electric Co,, Satellite

System Operation, King of Prussia and Tom Godbey.



Conclusions ~ Prior presentations and papers on Satellite Altimetry
présented ei{ther the Pulsewidth Limited or the Beamwidth Limited
altimeter designs, the former as presenting "no problem" with reason-
able satellite attitude control, the latter as having only two problems -
that of satellite attitude measurement and control and that of maintain-
ing boresite of the large antenna with respect to the satellite. The
claims for Pulsewidth Limited Altimetry have been verified. The problems
of Beamwidth Limited Altimetry probably can't be solved with Satellite
Attitude Control, but appear soluable with antenna pointing in which

the radar seeks and maintains Nadir.

The satellite altimeter systems presently being built and/or being
conceived are of the Antenna Effects type which do have a Satellite

Attitude Control problem.

It is hoped that this review and examination of the basic altimeter
design choices available will stimulate and challenge satellite altimeter
system designers to re-examine the "practical limitations of satellites."
These mundane matters are forcing us into Antenna Effects Altimetry

designs.

Is the added complexity compared to Pulsewidth Limited Altimetry
Justified? Should we go all the way to the sophistication and complexity
of Beamwidth Limited Altimetry and what would be the added capability of

this type of design?
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FEASIBILITY OF MICROWAVE HOLOGRAPHY FOR IMAGING THE 22
SEA SURFACE

Willard Wells
Tetra Tech, Incorporated
Pasadena, California 91107

This paper considers the possibility of imaging the sea surface in three
dimensions by means of microwave holography from a low-flying aircraft.
This is a solution looking for a problem; perhaps it is applicable to
oceanography or to the calibration of satellite-borne instruments. Others
have attempted another means of imaging in three dimensions, namely
stereo photography, but with only limited success. This paper is in two
parts, the first of which is a brief feasibility study. The second part
briefly reviews some computer experiments (published elsewhere) in
which we have demonstrated the feasibility of computing three-dimensional
images of objects from raw holographic data that have been recorded on

magnetic tape. These experiments used synthetic data.

Let us begin by reviewing a well known two-dimensional imaging technique
as a useful basis of comparison, namely side-looking radar. As shown

in Figure 1, the resolution in the range direction to the side of the aircraft
is achieved by range gate in the ordinary radar fashion. In the angular
direction the resolution is achieved by using a long antenna aperture in the
fore-and-aft direction. The scheme is necessarily side-looking because
the range and angular resolution contours will fail to intersect at app-

ropriate angles for a resolution grid in any other direction.

or high resolution the aperture length must be a great many times longer
than the wavelength of the radar. The length may be either the physical
ength of a very long antenna, or the length may be snythesized by the
orward movement of the aircraft. The latter requires that the phé.se of
he return signal be recorded so that a data reduction procedure can add

signals in the same phase relationship as a long physical antenna. In
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Fig. 1. Side-Looking Radar
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the synthetic case, the radar beam illuminates a much wider area than
the angular resolution to be achieved after data reduction. The number

of resolution cells within the beam width, 12 in Figure 1, is equal to

the number of signals added during aperture synthesis.

To the side-looking radar system compare the down- looking holographic
system shown in Figure 2. A real lateral receiver aperture is formed

by an array of simple receiving antennas beneath the aircraft. Almost
certainly they would all fit in one row beneath either the fuselage or a
wing, but the figure shows them staggered and situated on both the wing
and fuselage to emphasize that computer data processing can introduce
corrections that permit such arrangements when desired. The forward
'movement of the aircraft synthesizes the aperture in the fore-and-aft
direction. This dimension may be only half as long as the lateral real
aperture owing to the translation of the transmitter as well as the receiver.
{The signal from each element of the receiving array is stored on a separate
ztrack of a multi-track tape recorder. The number of elements in array

determines the number of resolution cells across the swath in the final

igure 3 shows typical major lobes in the antenna patterns of the receiving
array, the 7 thin antenna lobes, and a single wide lobe of the transmitter

lluminating the swath. If the receiving antennas were dense, e.g. dipoles

spaced a half wavelength apart, or paraboloidal reflectors that are almost
uching, then the receiving pattern would have only a single major lobe
stead of 7 as shown. A sparce array would give the multiple grating
'es as indicated in the figure, but these lead to no spurious signals
oviding that the transmitting antenna pattern is narrow enough to
uminate only one of these as shown in the figure. This provision trans-
ates into a physical requirement that the transmitting aperture be at

‘ as large as the spacing of the receiving elements.
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For the ocean application let us compare the systems just described on
the basis of the amount of aperture that may be synthesized for high
resolution. An expression derived below is valid for any synthetic
aperture in either side-or down-looking systems. The linear resolutions

on the water's surface is given by
€=)\r/(2LS), (1)

where )\ is the radar wavelength, r is range to the target (which might be
called altitude h in the down-looking case), and Ls is the length of the
synthetic aperture. Note that \/L is ordinary angular resolution of an
aperture, the factor of 1/2 applies to synthetic aperture since the transmitter
as well as the receiver is in motion and phase shifts are thereby doubled,

and r is the lever arm that gives linear resolution. The maximum length

that may be synthesized is

L =Vt
s

where V is the velocity of the aircraft and t is the time during which the

target holds still to sufficient accuracy. This time is
t = A/ (4r)/u,

where u is the random component of the movement of the sea surface
projected along the line-of-sight. (A steady movement of a frozen sea
surface is indistinguishable from a correction to the aircraft vélocity.
Such correction must be found by trial and error anyhow.) The above

equations combine to give

g=2rmr (u/V) (2)
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which curiously is independent of the microwave frequency. For high
res‘olution (small €) both r and u should be small,as they are in the down-
looking case, r because the vertical distance represents minimum range,
and u because the minimum projection of the random movements of the

sea is along a vertical line-of-sight.

Both r and u are difficult to estimate well. Consider first a down-looking
system. The range r depends on how low the pilot is willing to fly, which
in turn depends on weather and the pilot's daring. Let us say r ranges
from 50 to 200 feet. The surface velocity component u does not fall
readily out of the theoretical models for sea states, but a value near

0.5 knots seems reasonable in moderate seas. As an example let us

assume

r = 100 ft=nh
u = 0.5 knots
V = 200 knots, and find
€ = 19 inches.

Recall that this is horizontal resolution; vertical resolution will be that
of the radar range gate. Thus sea states 1 and 2 will not be resolved,
but a down-looking synthetic system will give an image of the larger
structure in moderate to high seas, providing the radar is the nano -

second type that generates sufficiently short pulses.

Clearly the resolution on the order of 20" is needed, so synthetic aperture
side-looking radar is not applicable to the problem of imaging the sea. A
side-looking system with a real aperture Lr is not unreasonable however.
To estimate its size, let us assume some values compatible with the

previous estimates, namely
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Na= aleinch

r = 200 feet (slant height when h=100 feet)
€ = 20 inches, and find

L = 10 feet.

These and some other comparisons between the two systems are shown
in the table on the following page. In this table note the rather self-
explanatory items that are not discussed here in the text, such as optical

storage of bulk data, shadowing, etc.

To complete the brief feasibility study of microwave holography, let us
estimate the data bandwidth that results from the previous assumptions.
The bandwidth will depend on the fidelity demanded of the recording, the
coding of the signals, and other electronic factors, but for a rough estimate
let us allow 10 cycles for each information bit in the hologram, or 20 cycles
for each resolution cell, since the information capacity of the image is less
than or about equal to the information capacity of the hologram. Thus the
bandwidth is determined by the speed of the aircraft and the size of the
linear resolution cell., Let NV stand for the number of vertical resolution

" cells or range increments. If Nv = 5 we find:

B~ 20 NVV/e per channel
~ 20 kHz per channel,

where the previous assumptions were used again. This modest bandwidth
applies to each recording channel, and the number of channels equals the
number of resolution cells across the width of a swath., (Of course, "1f
desired, channels could be multiplexed in some fashion and the results

recorded with megahertz bandwidths. )
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This concludes the discussion of feasibility, The proof that pulse holographic
images may be computed with reasonable speed is published elsewhere

[W. Wells, Acoustical Holography, Vol. 2, p.87, ed. Metherell & Larmore,
Plenum Press, N. Y., 1970; D. M. Milder and W, Wells, IBM J. Res. &
Dev., Vol. 14, p. 492 (Sept. 70)]. A sizable frame, say 50 x 50 may be

computed in less than a minute on a moderate speed computer.

Several of the published images are reproduced here for convenience.

In two dimensions the images of very small triangles were computed.
Figures 4, 5, and 6 show a specular triangle; Figure 7 a diffuse one.
These figures are analogous to a microscope view that shows the fine
detail caused by edge diffraction. The contours connect points of equal
image intensity. The theoretical resolution is indicated on the figures.
The blooming effect at the right angle in Figure 4 is an anomoly which
occurs when both legs of the triangles are parallel to the edges of the
aperture and the receiver is in the direct glare of the specular reflection.
The effect goes away when the triangle is rotated about the line of sight.
Figure 5, or tilted very slightly, Figure 6. Figure 7 shows a diffusely
reflecting triangle; often the fine structure of ocean waves will make
them diffuse reflectors. The blotches of high and low intensity in this
image are completely analogous to those seen when laser light illuminates

a diffuse reflector. They are characteristic of coherent illumination.

Finally Figure 8 shows range slices through a three-dimensional radar
image. At R=16.5 a plane greek letter I comes into focus; its true
shape is indicated by straight lines, the image by the contours. Similarly

at R=17.5 a 0 comes into focus.
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Figure 4

Specular Glare, Sides Parallel

to Aperture Sides

Figure 5

Specular Glare, Rotated
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Figure 6
Tilted Off Speculaw

Figure 7

Diffuse Reflector

m =23 13.5% of peak intensity
@ =>36.8%% of peak intensity @
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Figure 6
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Figure 7

Diffuse Reflector
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