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ENVIRONMENTAL RESEARCH LABORATORIES

)
The mission of the Environmental Research Laboratories is to study the oceans, inland
waters, the lower and upper atmosphere, the space environment, and the earth, in search
of the understanding needed to provide more useful services in improving man’s prospects
for survival as influenced by the physical environment. Laboratories contributing to these
studies are:
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Earth Sciences Laboratories (ESL): Geomagnetism, seismology, geodesy, and related
earth sciences; earthquake processes, internal structure and accurate figure of the Earth,
and distribution of the Earth’s mass.

) Atlantic Oceanographic and Meteorological Laboratories (AOML): Oceanography, with
g emphasis on the geology and geophysics of ocean basins, oceanic processes, sea-air inter-
actions, hurrican research, and weather modification (Miami, Florida).

Pacific Oceanographic Laboratories (POL): Oceanography; geology and geophysics of
the Pacific Basin and margins; oceanic processes and dynamics; tsunami generation, propa-
gation, modification, detection, and monitoring (Seattle, Washington).

Atmospheric Physics and Chemistry Laboratory (APCL): Cloud physics and precipita-
tion; chemical composition and nucleating substances in the lower atmosphere; and labora-
tory and field experiments toward developing feasible methods of weather modification.

Air Resources Laboratories (ARL): Diffusion, transport, and dissipation of atmospheric
contaminants; development of methods for prediction and control of atmospheric pollution
(Silver Spring, Maryland).

Geophysical Fluid Dynamics Laboratory (GFDL): Dynamics and physics of geophysical
fluid systems; development of a theoretical basis, through mathematical modeling and com-
puter simulation, for the behavior and properties of the atmosphere and the oceans (Prince-
ton, New Jersey). ,

Research Flight Facility (RFF): Ouifits and operates aircraft specially instrumented for
research; and meets needs of NOAA and other groups for environmental measurements for
aircraft (Miami, Florida).

National Severe Storms Laboratory (NSSL): Tornadoes, squall lines, thunderstorms,
and other severe local convective phenomena toward achieving improved methods of fore-
casting, detecting, and providing advance warnings (Norman, Oklahoma).

L Space Eﬁvironment Laboratory (SEL): Conducts research in solar-terrestrial physics,
. provides services and technique development in areas of environmental monitoring, fore-
casting, and data archiving.

Aeronomy Laboratory (AL): Theoretical, laboratory, rocket, and satellite studies of
the physical and chemical processes controlling the ionosphere and exosphere of the earth
and other planets. .

.

Wave Propagation Laboratory (WPL): Development of new inethods for remote sensing
of the geophysical environment; special emphasis on propagation of sound waves, and elec-
tromagnetic waves at millimeter, infrared, and optical frequencies.

Marine Minerals Technology Center (MMTC): Research into aspects of undersea mining
of hard minerals: development of tools and techniques to characterize and monitor the
marine mine environment; prediction of the possible effects of marine mining on the envi-
ronment; development of fundamental mining technology (Tiburon, California ).
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FOREWORD

Our generation faces two great challenges to our innate curiosity about the
place in which we live, the exploration of space and the understandina of our global
ocean. These two endeavors are considered by many as completely dissimilar -- even
competing -- activities when, in fact, they are in many ways quite similar. Both acti-
vities entail the exploration of an environment hostile to man. 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 uttlizing the techniques developed in space exploration for furthering our under-
standing of the sea.

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 is 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 satellites can fill
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 providina new and
needed information 6n 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

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:
SKYLAB and GEO0S-C. Each vehicle is to carry an X-band radar altimeter; SKYLAB in
addition 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
oceanographer's signal. This relationship was recognized and exploited at the
conference held at Witliams 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,
swell, setups, geostrophic slopes, geoidal undulations, and tides, in order of
increasing wavelength. The meeting addressed itself to the problems of measuring
these undulations from spacecraft or aircraft using radar or laser instrumentation.
As such, it brought together, at Key Biscayne, Florida, specialists in geodesy,
oceanography, space science and space technology. The interdisciplinary features
of the problem proved especially stimulating to the attendees, nct only because of
the implications which the subjact has for each discipline, but bocause ¢cf the
social relevance (to use a current shibboleth) which the research possesses. It
appears 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




AN OBSERVATIONAL PH!ILOSOPHY
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 resolution 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 GE0OS-C objective. However, | would like to
suggest that, although these factors are necessary, they are not suf-
ficient 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 GEOS-C altimetry experiment must include an
extensive investigation 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.

Having stated the broad objectives for the GE0S-C experiment,
I will now outline what | consider to be the major problem areas in
satellite altimetry, and briefly discuss their 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.
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To make the subsequent dis=ussion specific enough to provide
useful information we must define Some characteristics of the alti-
meter instrumentation. | will first assume that the GEOS-C and sub-
sequent instruments will be pulse~ radar altimeters operating in the
X- to K-band region. At this tire this choice is clearly the best
from the standpoint of practical zngineering considerations, since
suitable components and systems &7¢ both available and in an advanced
state of development, power requi~-ements and antenna dimensions are
consistent with satellite constrz’nts, this region of the electro-
magnetic spectrum permits all-wez2:ner operation, and finally, iono-
spheric propagation errors are at 2 tolerable level.

T T

With this type of system, <he altimeter ''footprint' on the
ocean surface will be a circle wizh a diameter in the range 1 to 1C km.
At wavelengths of 1 tec 3 cm and for ocean-reflecting areas of square
kilometers the radar echo receivz< at the satellite will be the vector
sum of the echos from a very larss number (>100) of individual ocean-
surface reflecting elements that ~ill be distributed in range (height)
over many (r.f.) wavelengths for 211 but an extraordinarily smooth
ocean. The resulting distributicn of relative phases among the indi-
vidual echos will cause the amplitude to vary within each (return)
pulse over a very great range. 7-€se amplitude variations, which will
be distributed according to the Zzyleigh probability density function,
effectively prevent us from deter~ining satellite-to-ocean altitude
from any single pulse. Further, <here is a minimum time (or distance
travelled by the satellite) that ~ust elapse between successive pulses
to ensure the decorrelation of tris Rayleigh noise that is necessary
before a useful result can be obtzined from the average of many pulses.
For the case we are considering "«re, the minimum decorrelation tire is
of the order of 1 millisecond, ar roughly some 1000 pulses must be
averaged to obtain a reasonable zititude measurement.

LR A g e 5.'3;5"‘—-
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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 ocea” surface with dimensions of the order
of 1 to 10 km perpedicular to tr« 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 ocear: 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 oc<an surface will influence the shape
and amplitude of the echo pulses, and may provide information on
sea state.

T T AT
BN A DI

Now, what are the problerm areas? They are listed in table 1.
First, there is the instrument p<«r S€, and its calibration. Although
these are of primary importance, | will not discuss them further since
they will be dealt with in detail by later speakers.

1-2
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Table 1.

Satellite Altimeter Problem Areas.

INSTRUMENTAT I ON
CALIBRATION
PROPAGATION
SATELLITE TRACKING
GECID

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 ionosphere 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 em, these variations being the result primarily of variations in
atmospheric wateér 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 GE0S-C frequency of 13.9 Ghz, the uncorrected
ionospheric 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 ionospheric 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 GE0OS-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, GEOS-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 | 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 GEO0S-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. lmprovements in the geopotential model
which are in progress should reduce this uncertainty by a factor of
o> 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 i
gravity field, i.e., those correspending to spherical harmonics of ¥
degree and order 20 and lower, and the corresponding orbital pertur- i
bations of any significance 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 GE0S-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
GEQS-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
first opportunity for obtaining a.systematic survey of these geoid
features over the oceans. A survey of this kind will be very useful

Io 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 topcgréphy of the gcoid.

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

Intermediate anelength 200 <-ﬂ.< 2000 | 10 meters

Long wavelength j\ > 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 GE0S-C observations which could be important to the
design of future aitimeter experiments would be a survey of these
sl.ort 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. It 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 GEOS-C experiment
can provide. | consider this point basic to the ability of the GEOS-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




main and optical beacon supplics 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 L 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 GE0S-C solar cell array to be the same as for
GEOS-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
L0 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 life)

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 75% 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 GEOS-C
main and altimeter power systems.

Doppler Beacon ' C 5.5 Watts
Command System 1.0 Watts
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 10ads « « + ¢ « « o o ¢ o o « o 12.9 Watts

Table 4.

Optical beacon power budget for GEO0S-C.

N T T T e P S

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

2 lamps
T flashes per sequence
20 sequences per day

Total energy per day 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). 1In the context of GEOS-C,
the first assumption is definitely false. 1In fact, the primary
objective of the GEOS-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 assumption 2 above),
h, is obtained by altimetry. Then the geoid height, N = he - h.

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

A further step in addition to the determination of the
localized ocean geoid is the use of the altimetry data to refine
the global gravity field. This will yield a better reference
orbit and determination of h,, and thereby improve the value of
N. The altimetry provides data for observation equations which
can be added to observation equations obtained from tracking for
the improvement of parameters relating to the orbit and the
gravitational field.

= N73-1587
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Figure 1 , 4

From fig. 1,

where ﬁ, ;, g are vectors, ; and ; 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 in the relation

h=P-SO«
This approximation can be recovered by iteration. -
Then the observation equation for the measured altitude h,

is

h. +6&h=h dh

obs cale & ) Ap

where p is a vector of parameters and dh is due to the imperfect-
ion in the observation. Then
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‘hobs *6h =h 4. * £} Ap 3p AP
Also, r = r(E, X)
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where E is a set of orhital parameters, and X a set of gravita-
tional parameters (non-gravitational effects being neglected or
considered as perfectly known).

s = Ae (1 + BTX)

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 th& vector B. (For example, if X were
the usual spherical harmonic coefficients, B would be a set of
spherical harmonics).

ar _ dr or

Then 3P Ap = 5E AE + X AX
s o T T
and = 8p = AA(1 * BUX) + A_ Bl AX
T
« MA_ + A_BTAX
finally yielding

h. +6&h =h P S N 2 AeBT) AX - BA_.

obs calc JE X

The form of this observation equation is due to Kaula (un-
published). A similar formulation can be found in Lundquist
et. al., [1969].

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. 501

N N - N
- s 1 s
bgg = - Y(g * 5= £] ~;§7—— do)

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, y 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:

o1
I £I.Ag.8(w) do

where ¢ is the spherical arc between s and do, S(y¥) is Stokes'
function, and Ag is the gravity anomaly on do. This formula de-
pends 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 representatlve values of Ag 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 cf 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 integrals
equations, one of which uses N, the other Ag, as observational

-
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data:

2
St/ %a =n

o)
2m x cos? a - % % ff'§ do -~ [f S x do = Ag

The derivation of these equations may be found in Koch
[1970] and Molodensky et. al. [1962, Ch. 5]. H is the topographic
height and a 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, yx., corresponding to each surface
element o This yields a set of“linear equations in
X3 (i =1 ..., n) where n is the number of surface elements,
which can be treated as observation equations in the usual fashion,
taking advantage of redundant data (s>n), and employing pertinent
weights.

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

8]
=

C'-‘

N
Q)
b

where T is the anomalous potential. By the so-called fundamental
theorem of geodesy [Heiskanen and Moritz, 1963, p. 88], there is
obtained

£ = -3 Ag - YN

Young has two purposes; first, to exhibit uniqueness and exist-
ence proofs for the determination of T, and second to provide an
algorithm for the computation of T. The choice of r satisfies
these purposes in the following way:

1
T gy /] Xt do

is the formulation of the Neumann (or second boundary-value)
problem, which can be solved on the sphere by representing the
kernel K in terms of spherical harmonic functions. Furthermore,
to begin the algorithm, one can set the initial ¢ equal to
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- % 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
¢f Pg (sin¢) cos¢ d¢
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
¢ 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 Xocch [1970] in connecticn
with the density layer method of expressing the geopotential.

The integral equation expressing the geoid height, N, as a
function of x 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 X; * If desired, spherical harmonic coefficients can

also be obtained from the X

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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harmonics, such that each function peaks strongly in the neighbor-
hood of a particular point. If the formulation is to be
equivalent to a spherical harmonic expansion up to degree n,

then (n+1)? such points are chosen. The rationale behind this
method lies in the simplification in the computational pro-
cedure over the conventional spherical harmonic representation
of the gravity field. The coefficients of these functions are
those designated by X in the altimetry observation equation
exhibited earlier, and their improvement AX is obtained by using
just this equation. Paraphrasing from Lundquist et. al. [1969],
the sampling function coefficients over ground points will main-
tain their initial values, obtained from the best information
available otherwise. However, there appears to be no reason why
a further set of observation equations for Ag in terms of
sampling function coefficient parameters could not be added, so
that the method would be conceptually as complete as the other
two. In addition, the approaches of both Young and Lundquist
et. al. should be amenable to the addition of tracking data in

a simultaneous solution. ‘

3 It is plausible to assume that all these methods are equally
| reliable in having the theoretical capability of yielding valid
results. The superiority of one over the other will probably be

in computing efficiency.

The amount of altimetry data points recoverable from GEOS-C
is potentially very large. Assuming one measurement per second
for a 20 minute altimeter run each revolution over a two-year
lifetime, the number of data points is of the order of

7

10°. A more conservative estimate, mentioned by Hudson [1971],
is 5.5(105) data points based on 1500 hours of data. Since there
4 are approximately 36,000 1° squares (subdivisions whose area is
the same as a 1° x 1° square at the equator) over water, there

4 will be on the average 15 data points per 1° square. In general,
‘4 the oceans will be covered by altimetry better than the land by
gravity, provided that the coverage is uniform.

7 Statistical problems will emerge. Since the satellite

‘4 travels about 7km per second, the points falling within a degree

4 square (100 x 100km) are likely to occur over one or two in-
dividual revolutions, and thus present correlation problems.

Y Should aggregation be practiced as in the case of Dopper data

4 of which there is an excess? In fact this is the method employed

4 on land where the Ag are aggregates obtained from individual

4 gravity measurements.’

4 The way to first proceed probably will be to obtain a

§ uniform solution for the global geoid employing large size

4 subdivisions, say 10° x 10°. The altimetry could be aggregated
4 more consistently over a block of this size. Such a solution

4 should be sufficiently 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 3

3
" ALTIMETER PERFORMANCE VERIFICATION

Edward J. Walsh
NASA/Wallops Station . - .
[N73-15872
The amount and type of ground truth required for an altimeter
experiment is a function of the uncertainty in the satellite orbit,
the altimeter error budget and the type of operation being performed.
Ground truth requirements will be discussed with reference to three
areas of operation: the global mode, the high intensity mode and
calibration. R
Figure 1 shows the effects of two different orbital uncertainties
on the surface mapping capability of an altimeter whose precision is
~ussumed to be half a meter. One curve is for a tracking network which
determines the satellite height to five meters. The other curve shows
the effects of a modest tracking network which results in a 100 meter
height uncertainty. An interesting thing about the figure is that the
high 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
"aitimeter.
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 deéermined to
within 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 typical altimeter errér\budget for two modes of operétion 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 globai mode are the signal fluctﬁétion 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
long pulse length since any intensive ground truth requirement on a
global scale woula 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
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
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whose heights are referenced to mean sea level. The geoild and any

parameters causing MSL to deviate from the geoid and IMSL from MSL

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

Ideally the calibration site should be where the satellite ground
track crosses itself in one orbit. With this redundant point occurring
wheré the satellite position is well defined, any instrumental drift
would become apparent because the ground truth site conditions wouldA

change by only a small, predictable amount in the period of one orbit.
/

\

The purpose of the global mode is to map the general shape of the
geoid to five meter accuracy. Due to the long pulse width, the foot
print size and precision, this mode would not be suitable for detailed
mapping of the rapidly varyiﬁg portions of the geoid. The global mode
would only fix their location on the geoid and indicate their general
shape. The high intensity mode would be used to profile the rapid
variations.

In the high intensity mode the propagation dependent errors and the
ocean scattering effects become significant. Extensive ground truth
data must be gathered in support of this mode to evaluate design
parameters for refining future altimeters. Table 2 outlines the
Wallops Island Ground Truth Program. There are sufficient ground
radars in the area (Wallops Island, Bermuda, Florida) to provide

excellent orbital parameters.
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The ground truth program is built around the Wallops C-54

aircraft, the NASA Wallops Island ship Range Recoverer, and the
Chesapeake Light Tower approximately 15 miles east of Virginia Beach.
The goal is to obtain sufficient information to remove the
sea—electromagnetic bias 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 photography. The C-54 is instrumented for recording pitch,
roll and vertical motion. Ihe 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

Typical Altimeter Error Budget

3 25 ns 300ns
. Instrumentation Errors
2 Signal Fluctuation and thermal noise residual errors .30 meters 2 meters
4 System time delay uncertainty .06 15
vi Range tracker and/or signal processor errors due to
; nonlinearity .12 12
A Tracker granularity and clock uncertainty .10 .10
Propagation Dependent Errors
%ﬁ Corrected data .10 .10
f: Ocean Scattering Effects
- Residual stabilization errors (assuming i}o uncertainty) <. 1 lm
: Leading edge linearity assumpfion (~ 60 cm uncorrected) .06 .06
Electromagnetic msl bias .15 .05
0.4 2,25
;i Total System Errors {rms)
fﬂ for: 5 meter orbit uncertainty 5.02 5.5 meters
2 1 meter orbit uncertainty 1.08 2.5
7 +2 meter orbit uncertainty Ny 2.25
3-6
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Table 2

Ground Truth System Development Program

1. Instrumented Aircraft and Test Bed

Instrumentation In-house External Activity
(a) Stilwell Camera Lacheman Katz

(b) Optical Processor Lacheman Katz

(¢) Nano-second Radar Selser - Yaplee

(d) Laser Profilometer Townsend Peliguin

(e) K-band Radiometer Novack Holinger

2. Instrumented Ocean-Tower and Test Bed %
Instrumentation . In-house © External Activity :

(a) Wavestaff ( 3 ea.) Hines ' Hammond
(b) Nano-second Radar Selser Yaplee t
(¢c) Meteorological Spurling - ;
Equipment 2

(d) Laser.Profilometer

3. Supporting Data Collection System
(a) ERTS Photographic Data
(b) Commercial Shipping Reports

(c) Nembus Photographic Data

3-8




Table 2.Continued
(d) Local Meteorological Data
(e) Ground Sites Selection and Evaluation

’

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

Ground Truth and Test Bed Activities

1.

2.

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. GiacagliaJr
University of Texas, Austin, Texas

The planned operation of satellite—to'—ocean altimeters will produce meas-
urements that require mastery of particular data-analysis problems for the full
utilization of the information in these measurements. Under the premises that
the first altimeters will have an accuracy of ~ 1 m and that at this scale the ocean
profile can be identified with an equipotential surface, the following problems are
among 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-

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

4. Mathematical applicability of an adopted geopotential representation on
the surface of the physical geoid.

These topics are not independent, of course.

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

TOn leave from the University of Sdo Paulo, S3o 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 gebid and
geopotential emerged from efforts to prepare for some of these problems, and
the cvolution 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
cssentially 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 inverse
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 accumuliated 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,
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the formulation of the analytical expressions and the computer algorithms have

progressed through several steps of refinement.

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

have nearly two million elements.

As a trial application using the sampling points for degree 36, geocentric
radii were calculated to an equipotential surface derived by use of the
Smithsonian harmonic coefficients presented at the 1971 IUGG meeting
(Gaposchkin, Kozai, Veis, and Weiffenbach, 1971). This calculation at the
University of Texas followed the procedure discussed by Lundquist and Giacaglia
(1971a). Also, geocentric radii were calculated (Girnius, 1971) for 45 sampling
points in the North American Datum, by use of the Army Map Service 1967 Map
of Geoid Contours in North America from Astrogeodetic Deflections (Fischer, 1966).
Figure 1 shows the 45 sampling points. The geoid heights were transformed to

geocentric radii in 1969 Smithsonian Standard Earth (II) coordinates by using the

Lambeck (1971) paramcters, assuming the Smithsonian and North American Datum
axes are parallel.

The radius values from the astrogeodetic geoid could contain somewhat shorter
wavelength information than the values from the Standard Earth. To generate a
sampling-function representation corresponding to the astrogeodetic geoid in
North America, it is only necessary to replace the Smithsonian values with those
from the geoid map for the sampling points in North America. This has been done.
If one wants the equivalent spherical-harmonic representation, the analytically
defined linear transformation can be applied.

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

tudes are available, a study of the properties of this modified geoid representation

-3
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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 the 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 featui-es, with the properties of the satellite~-determined
field elsewhere. Also, the corresponding geopotential should have essentially the
Smithsonian coefficier{ts 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 fhis 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
(ue 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 equatorial radius and
gravity of the earth. This effect was noted also by Rapp (1970) in a discussion of
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methods for the computation of geoid undulations from potential coefficients and
by others 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
the total J 2 of the earth. A first crude estimate of the size of this contribution
is obtained by considering the total mass of the atmosphere concentrated in a uni-
form ellipsoidal shell with the same semimajor axes as the earth. This crude
estimate gives J2 (atmosphere) = 0.002 X 10—6 as compared with the Kozai value
J2 = (1082.637 + 0.001) X 10-6 for the total earth system. Thus, the contribution
of the solid earth and of the oceans would be J 2 (solid earth and oceans) =
1082.635 X 107°.

geoid 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
6J2 = 0.0013 X 10—6, presumably due to mass displacements somewhere in the
earth system (Kozai, 1970). A more accurate calculation of the atmospheric con-
tribution 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 —
namely, the gravitational field at sea level due to the nearly elliptical atmospheric
shell above. This contribution should be added back into the potential after the
external atmospheric contribution has been subtracted from satellite information to
isolate the field due to the solid earth and oceans. However, this internal field of

the atmosphere is probably even less important than correction of the J,, value.

2

The fourth problem, the mathematical applicability of an adopted geopotential
representation at sea level, is a perplexing one in potential theory (see, for
example, Hotine, 1969; Madden, 1971). It has been argued that the convergence
uncertainties expected with a spherical-harmonic expansion could be largely alle-
viated by the use of ellipsoidal harmonics (see, for example, Madden, 1968;
Walter, 1971), presumably because the ellipsoidal functions can better conform
to the shape of the earth.
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