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THE ANALYSIS OF GEOS-3 ALTIMETER DATA
IN THE TASMAN AND CORAL SEAS

R, S, Mather*
Geodynamics Branch -
Goddard Space Flight Center
Greenbelt, Maryland 20771

ABSTRACT

A technique has been developed for pre-processing GEOS-3
altimetry data to establich a model of the regional sea sur-
face, The algorithms, as presently used, develop models
for a 35 x 10° km? area with an internal precision of 1 m,
This figure is substantially influenced by the data acquisition
period and the sea state, There are discrepancies hetween
the sea surface model so obtained and GEM6 based geoid
profiles with wavelengths of approximately 2500 ki and
amplitudes of up to 5m in this region, The amplitudes are
smaller when compared with GEM10-based geoid determi-
nations, However, the comparison of 11 pairs of overlapping
passes in the region indicates altimeter resolution at the
+25 cm level if the wavelength corresponding to the Nyquist
frequency were 30 km, In most cases, the spectral analysis
of such comparisons indicates the existence of significant
signal strength in the discrepancies after least squares
fitting, with wavelengths in excess of 200 km, Regional
studies of time varying features of the sea surface in the
data analysis area are not currently possible due to inade-
quate tracking support and the limited time span over which
a dense data coverage was available,

*On leave of absence from the University of New South Wales, Sydney
Australia
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THE ANALYSIS OF GEOS-3 ALTIMETER DATA
IN THE TASMAN AND CORAL SEAS

1. INTRODUCTION

1.1 Experimental Objectives — 1973

The proposal submitted in early 1973, sought to determine the quasi-stationary
sea surface topography off north-east Australia on a differential basis using the
altimeter of the GEOS-3 spacecraft in the short pvlse mode, The 1970 adjust-
ment of the Australian levelling network indicated the existence of an apparent
slope of 1, 7m in the sea surface, as sampled from geodetic levelling/tide gauge
comparisons, sea level appearing to rise in relation to the level surface towards
the equator (Fig, A-1),* While such a rise is not unexpected from oceanographic
considerations, its magnitude is about three times greater than that computed
from hydrostatic considerations using temperature, pressure and salinity data,

In principle, the GEOS-3 altimeter provides an independent means of resolving
this apparent anomaly, The original research plan, illustrated in Figure A-2,
called for the acquisition of short pulse mode altimetry in the test area between
10°S and 25°S, extending 500 km to sea, Laser tracking support of such altimetry
from a site near Townsville would provide the basis for defining the radial dis-
placement of the sea surface above the selected reference surface as illustrated
in Figure A-3,

It was assessed that the available surface gravity and astro-geodetic data in the
area, on combinition with satellite altimetry data in the data acquisition region
bounded by the parallels (0°S; 60°S) and the meridians (140°E; 180°E) could pro-
vide a basis for computing the regional geoid on a differential bases to +30 cm,
This experiment proposal was accepted by both NASA and the Australian (Govern-
ment's) Research Grants Committee in 1974,

1.2 The Data Requested

The experiment plan was modified as it was not possible to obtain funding for
siting a transportable laser tracking system near the test area, In addition to
extensive coverage of the test and data acquisition areas with short pulse mode
GEOS-3 altimetry, the supplementary types of data sought for the investigation
are shown in Figure A-4,

*Note Figures A-1 to A-7 not included in GEOS-3 final report




The sea surface profiles obtained from the altimetry were to be corrected for
the effects of tides, temperature and salinity variations to obtain the quasi-
stationary sea surface (I'ig, A-3), The surface gravity data, on combination
with the astro-geodetic and altimetry data in the region, was to be used to com-
pute a differential geoid with a precision of £50 cm in the test area, This, in |
turn, required that all surface gravity anomaly data were free from systematic |
error to 0, 2 mGal through all wavelengths greater than that sought in the sea

surface topography, An additional requirement was the control of differential

errors in the global gravity field model used, over the test area to less than

+0, 2mGal through wavelengths greater than 6000 km, -

Such an approach assumes that the sea surface siope sought in the test area had
linear gradients, This assumption was considered valid as the objective of the
experiment was to establish whether or not a uniform slope existed in the sez
surface as obtained in Figure A-1,

1.3 The Data Currently Available

The surface gravity data whose distribution is shown in Figure A-5, were made
available by the Burecau of Mineral Resources, Geology & Geophysics, Canberra
for this investigation, This data was supplemented by the latest Goddard Earth
Models (GEM) from the Geodynamics Branch at Goddard Space Flight Center
(Lerch, et al, 1977), A global file of 1° x 1° iree air anomalies was made avail-
able for this investigation by the Defense Mapping Agency Aerospace Center
(DMAAC), The available astro-geodetic deflections cf the vertical were pro-
vided by the Division of National Mapping, Canberra,

Tracking data in support of the altimeter data acquisition was provided by
Wallops Flight Center (WFC), Only C-Band, S-Band and Doppler data has been
provided to date, A Smithsonian Astrophysical Observatory (SAO) laser tracking
system commenced operation at an Orroral Valley site near Canberra on the
south east coast of Australia in mid-1976, No tracking data in support of altim-
eter data acquisition in the test area has been received to date,

The first passes of altimeter data in the data acquisition region were received

in August 1976, The number of passes received by February 1977 was 44, This
I number had increased to 167 by September 1977, covering the period from launch

until April 1976, The details of the altimetry data used in this study are summar-

ized in Table 1,

1.4 Modification of Short Term Aims of Investigation

It was intended to determine the differential quasi-stationary sea surface top-
ography { . using the relation
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s *h=N (1)

where h is the height of the stationary sea surface and N that of the geoid above
the selected reference surface, the former being determined from the altimetry
and precise regional tracking data, while the latter is obtained from a combi-
nation of the available surface gravity anomalies, astro-geodetic deflections and
the altimetry data in the data acquisition region, A careful study of the problem
(Mather 1975; Mather, et al, 1976) called for a revision of this procedure for
the following reasons:

(a) Altimetry data were subject to orbital errors radially, The orbits implied
from the data on the altimetry data tape in the test area were subject to
radial error which could be many tens of meters (e, g., Mather, et al, 1977,
p. 30},

(b Inadequate surface gravity coverage, The surface gravity anomaly data
needs to he carefully controlled by a standardization network at least as
good as IGSN 71 (Morelli, ¢t al, 1971) if it were to play a meaningful role
in determinations of uniform gradients in the sea surface topography in the
test area, The gravity data should also extend over the entire data analysis
area in order that an adequate coverage were available for a differential
geoid determination in the test area,

(c) All data is related to the sea surface and not the geoid, Oceanographic
evidence for the discrepancy between the sea surface and the geoid indicate
magnitudes of up to £1 1/2m, Most of this discrepancy (over 70% of the
power) appears to have the characteristics of a second degree zonal har-
monic (Mather 1975, p. 67). If this were established to be the case, it may
be possible to reduce the magaitude of the sea surface topography by solving
for a differential model, Low degree harmonics in the quasi-stationary sea
surface topography can be obtained directly from altimeter orbit analysis as
described in (Mather, et al, 1976a), The techniques proposed in this paper
can be implemented without making any assumptions about the nature of the
sea surface topography,

All surface gravity anomaly data currently available are flawed in the context

of geoid computations due to regional elevation datums not necessarily coinciding
with the geoid with a precision better than £t1m, In a regional study of the type
originally envisaged, all the land gravity anomaly data on the Australian con-
tinent are controlled by the Australian Gravity Standardization Network (ANGN)
and the Australian Height Datum (AHD) (Mather, et al, 1976b), The latter is not
a freely adjusted level network, being distorted to fit local sea level, The re-
sulting gravity anomaly data bank is subject to long wave errors with wavelengths

;
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up to 5000 km and amplitudes of up to 1/2mGal, A new gravity anomaly data
bank for sea surface topography studies (AUSGAD 76) was prepared with a view
to minimize the effect of such errors, the resulting data set being related to the
Jervis Bay datum level surface, Factors taken into account in the preparatiion
of AUSGAD 76 are the foilowing:

e the even degree harmonic effects caused by using free air anomalies in lieu
of gravity anomalies;

e the effect of the atmosphere; and

e the non-geocentricity of geodetic coordinates used in computing normal
gravity,

The data set AUSGAD 76 was assessed as being free from errors with wave-
lengths greater than 5000 km and amplitudes in excess of 0, 2mGal and therefore
adequate for studying linear sea surface slopes in the test area,

The same degree of certainty does not extend to the quality of the gravi‘y data
in the ocean areas falling with the data analysis region., While documentation
has still to be produced regarding its quality, it is commonly held that its pre-
cision is at least one order of magnitude inferior to that of land gravity data,
with a strong possibility of the errors having significant wavelength, The use
of such data in sea surface slope determinations may well produce distorting
effects in excess of £50 cm on ocean geoid computations, Consequently, it was
considered necessary to formulate the solution to this problem taking all the
above factor. into consideration as outlined in the appendix.

The determination of a linear sea surface slope over a 2500 km distance can be
solved if refined orbits (in this case, differential radial errors over the test
area of +50 em) and a global gravity field model of equivalent precision through
wavelengths greater than 5000 km were available, Neither of these types of data
are available in the test area at the present time, Attempts are still being made
to resolve this problem,

In the interim, the altimeter data provided to date is being analyzed to study the
following problems:

(i) Determination of the shape of the sea surface on a regional basis from the
satellite altimeter data, using the information provided on the altimeter
data tape,
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integral multiples of 526 revolutions of GFEOS-3, and stdying the power
spectrum of the discrepancies,

The study at (i) is reported in Section 2 and that at (ii) in Section 3,

2, REGIONAL SEA SURFACE MODELS FROM SATELLITE ALTIMETRY

2.1 Basic Techniques

The orbits implied from the altimetry data tapes are subject to radial errors
varying frcm a few meters in most cases, to in excess of 700m in one instance
(Mather, et al, 1977, p. 30), This latter pass overlapped another pass 37,18
days earlier and no. more than 5 km away, While the sea surface heights were
digcrepant at the 700 m level, the fit of one pass to the other with allowance for
corrections for tilt (¢) and bias (b) by least squares gave res‘duals which had an
rms of 61 em (ibid,, p. 34),

The inspection of other pairs of overlapping passes showed that a basis existed
for determining a regional model of the sea surface with a resolution of at least
t1m from the altimetry data tape using the following assumptions:

(i) Orbital errors greater than +1 m can be adequately modelled by corrections
b for bias and ¢ for tilt,

(ii) The sea surface was radially stationary during the period of data acquisition,

The maximum pass length was approximately 3500 km, The assumption at (i)
would be questionable for such long groundtracks if the effect of gravity model
errors with shorter wavelengths were to significantly affect the radial component
of orhital position, However, computations appear to indicate that the contrib-
ution of this effect is likely to be less than #20 «in (Wagner 1977).

As the ocean tide amplitudes in deep oceans are not expected to exceed 30 em, a
quasi-stationary differential model of the sea surface with a precision of «¢em
(¢ > 30) can be obtained by adopting one of the technigues described below if the
following assumptions were valid:

(a) Orbital errors with wavelengths >7000 km contributed less than ¢/3 en?
to the error spectrum,

(b) Time variations in sea surface topography were less than +¢/y/3 cm,
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(¢) Variations in the geoid height over the area adopted as a junction (cross-
over) point were less than +¢/y/3 em,

(d) The ocean tide amplitudes were either eliminated by modelling or, alter-
nately, too small to affect the adjustment (e,g., only 30 cm when the pre-
cisfon sought is £50 em),

Two techniques of adjustment suggest themselves with strong analogies to con-
ventional geodetic levelling (Mather, et al, 1977, p. 37). Both techniques incor-
porate assumption (‘) above, In Technique (i), it is assumed that the internal
fidelity of the pass is not in question, The corrections required to fit the j-th
pass of a network of N passes to the true sea surface are a bias b; and a tilt
represented by the grade ¢y, If the i-th sea surface data point recorded at time
tij, was {,. atthe k-th junction point whose true sea surface height was {,, with
quasi-stationary component {,, and temporal variation A{(t;;), it follows that
the following relation holds:

;k - )'-‘)k *Af“ij) = {ij + hj + cj(t”-l”)/Alj (2)

tij being the time at which the first element in the pass was recorded and Atj

the total duration of the j-th pass, In view of the uncertainties associated with
current ocean tide models in the region, the entire network of passes was adjusted
in the first instance using observation equations of the form

fk ® fox * Y (3)

instead of the first equality at (2), vi being treated as a normally distributed
quantity, Thus, if the i-th element of the j-th pass and the 1-th element of the
m-~th pass both provided estimates of {,, a network of observation equations of
the form

V= b= by et = /AL = e (ty = ) /Aty + (85 - $) (4)
where v is the residual to be minimized, The resulting set of observation equa-
tions are solved by least squares for the biases bj and grades ¢, for all passes
which traverse at least one junction point, By its very nature, the resulting
model for the quasi-stationary sea surface is insensitive to
e datum; and

e errors in orbit integration which are factors of position but not time,

In Technique (ii) solutions, the internal fidelity of a pass is no longer assumed,
The basic assumption made is that the difference in sea surface height between
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adjacent junction points on a single pass is subject only to random errors, If
{U v §x Were the trial sea surface heights at two adjacent junction points cor-
responding to the i=th and 1-th points on the respectively on the m~th pass at
which the input sea surface heights were §, ., §;.., the resulting observation
equation is of the form

V=A§1°A§k *‘h,"fm' M ‘run';lm' (5)

where A{;, Af, are the desired corrections to the trial sea surface heights
;'”. i at the j=th and k=th junction points respectively,

Both techniques were used to determine
e the height of the quasi-stationary sea surface at each junction point; and

e the corrections for bias and tilt (grades) per pass needed to fit the orbits
the resulting sea surface model,

For a discussion of the two techniques, see (ibid,, p. 39). As summarized
therein, tests sh . . that the stability of solutions for bias and tilt corrections
were not jeopar ‘.zea in the case of passes longer than 300 km if the size of the
junction points (i,e., crossovers) were increased to 100 km squares, In this
case, ull sez surface heights within such a square were treated as estimates

of the height of a single point, The only effect was to increase the residual noise
in the adjusted system, Ii is estimated that increasing the size of a junction
point from a 20 km square to a 100 km square increases the system noise by

80 em (ibid,, p. 40).

2,2 iesults

An initial analysis of the GEOS-3 altimeter data in the Tasman and Coral Seas
was performed in March 1977 (ibid,) using the 44 passes available at the time
(Table 1), The internal noise in the system of observations for this solutien with
102 junction points was 0,8 m, The resulting quasi-stationary sea surface
model for the epoch April - September 1975 (MAR77) was compared with the
Marsh=-Vincent gravimetric geoid based on GEM6 and provided with the altimeter
data tape, The resulting discrepancies were highly correlated with position
(ibid,, p. 44), the sea surface model being systematically biased over the area
of comparison in relation to the geoid model, Similar trends are obtained when
comparing GEMS to GEM10 (Marsh 1977). A major discrepancy is noted in

the region of the Lord Howe Rise in the Tasman Sea,

A second solution was obtained for the shape of the sea surface from the data
available in September 1977 and described in Table 1. The resulting sea surface

TS Rl




model - SEP77 - shown in Figure 1, covers a greate~ area thun MAR77, the
additional region in the north east corner taking in the New Hebrides Trench
with depths in excess of 8000 m,

Figure 2 illustrates the resulting discrepancies on comparing the sea surface
model MAR77 against a gravimetric geoid computed by Marsh and based on
SEM10 (Z1arsh 1877), While these discrepancies have an rms of +3,2m over
the entire region without resorting to any selective elimination of data, as
opposed to an rms of £1,6m in the case of the MAR77/Marsh-GEM6 geoid com-
parisons (Mather, ¢t al, 1977, p. 45), the pattern of contours in both cases is
gimilar in common areas, I'wo observatiors of significence can be made in the
case of the SEP77/Marsh-GEM10 compariscns:

(i) The GEM10-based geoid has discrepancies with the sea surface model
SEP77 with waveliengths of approximately 4000 km,

(ii) The largest discrepancies are correlated with sea floor features:

- the New Hebrides trench (sea surface up to 10 m lower than geoid model);
and

- the Lord Howe rise (sea surface higher th:  geoid model),

In evaluating comparisons of sea surface and geoid models in this region, it
should be recognized that the regional surface gravity field is represented by
only a sparse data set in the Tasman and Coral seas of questionable quality, The
discrepancy patterns reflect the absence of high frequency representation of the
surface gravity field in a rogion where the gravity anomalies have a range of

300 mGal, It fo'lows that it would be preferable to use satellite based gravity
fields for such comparisons in poorly surveyved ocean areas, e,g.,, GEM9 (Lerch,
et al, 1977) and thereby extract sea surface features with wavelengths less than
2000 km using comparisons of the type illustrated in Figure 2,

Figure 3 illustrates the discrepancies between Technique 1 solution (i.e,, relative
geometry of each pass maintained with corrections only for bias and tilt) and
GEM9, Table 2 illustrates in summary, the statistics of comparison between
Technique 1 and Technique 2 solutious comprising the SEP77 sea surface models,
with both the Marsh/GEM6 and Marsh/GEM10 geoid models as well as GEM9, In
general Technique 2 soiutions have smaller rms residvals on comparison, This
apparent index of quality needs closer examination,

An examination of Figure 3 indicates that, in addition to the two {eatures apparent
in Figure 2, significant discrepancies are also obtained along the continental shelf
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Figure 3, Discrepancies Between Sea Surface Model SEP77
(Technique 1 Solution) and the GEM9 Geoid Model
(Contour Interval - 1 m)

margin east of New South Wales, The gravity anomaly field in this region is ab-
normal with a north--south belt of large negative gravity anomaiies lying immed-
iately to the west of a similarly oriented belt of large positive anomalies along
the margin of the narrow continental shelf (Fig., 4). A similar study in the cese
of a Technique 2 solution (I'ig, 5) (each pass adjusted in sections between junction
points and not as entities) shows a tendency of the shapes of such dominant
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features to be blurred due to the excessive freedom allowed in the adjustment
of observations, Consequently, larger features in the sea surface with wave-
lengths comparable with the spacing between junction points, tend to be ab-
sorbed into the residuals as orbit errors,

2.3 Conclusions

It appears that a basis exists for obtaining models of the sea surface with a
precision equivalent to that underlying the assumption of stationarity of the sea
surface, over extents of 6000 km?, The correctness of such moaels in a global
context depend on the precision with which harmonics of the gravity field with
longer wavelengths are known,

It is important that the internal geometry of altimeter passes be maintained
over the test area in order that the geometry of intermediate features in the
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Figure 5, Discrepancies Between Sca Surface Model SEP77
(Technique 2 Solution) and the GEM9 Geoid Model
(Contour Interval - 1 m)

sea surface are not blarred by absorption into the system errors. The precision
achievable by from the techniques suggested are limited by the following factors:

(i) Tidal uncertainties, not expected to exceed +30cm,

(ii) Mesoscale variations in the sea surface topography of up to £50 cm with
decay times of 10? days.
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(iti) Size adoptes for jurnction points - a factor controlled by computer dependent
factors,

(iv) The 2xtent of data coverage in the region,

The minimum practicable data acquisition period in the case of GEOS-3 is 25
days, Assuming that adequate data coverage and tidal models are available, it
follows that a system of 50 km junction points should be adequate for obtaining a
+25 em model of the sea surface for the study of time varying features, 7The un-
certainties in the resulting model can be expected to increase with the data
acquisition period and decrease with the extent of coverage,

3. TIME VARIATIONS IN THE SHAPE OF THE SEA SURFACE

While no results have been obtained to date for determinations of differential
quasi-stationary sea surface topography in the test area for reasons given in
Section 1, 4, it is possible to study changes in the shape of the sea surface along
profiles by the least squares fitting of overlapping profiles, In the case of
GEOS-3, overlaps occur every 37,13 days (i, e., every 526 revolutions),

Fourteen pairs of such overlapping passes occur in the 167 pass data set used to
prepare sea surface model SEP77, These pairs of passes can be fitted to each
other by least squares using corrections for bias and tilt, The results obtained
are summarized in Tables 3 and 4 (Mather and Coleman 1977), The principles
involved in comparisons of this type are illustrated in Figure 6, The upper plot
shows the Marsh/GEM6 gravimetrically enhanced geoidal model together with
two overlapping altimetry profiles (Nos, 67 and 97), 72 days apart, Section 2
in the lower diagram illustrates the discrepancy between the two sea surface
profiles after least squares fitting, Section 1 shows the difference between sea
surface profile 97 and the gravimetrically enhanced GEM6 geoid model, The
resulting discrepancies have wavelengths of approximately 2500 km and ampli-
tudes of about 5m, The discrepancies between the two overlapping sea surface
profiles have an rms residual of 44 cm (Table 3, Row 13), the discrepancies
exceeding the spectrum of white noise only in respect of the "bin'" labelled (¢ =
200 km) in Table 4,

Figure 7 illustrates the same information in the case of 3 overlapping passes in

the test area (Nos, 57, 62, 109), Passes 62 (37,2 days later) and 109 (148, 7 days

later) were fitted by least squares to pass 57 and the residuals and plotted in
i'igure 12 with summaries in Tables 3 and 4 (Rows 7 and 8), The rms residual
in each case is approximately £30 cm,

14
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The further analysis of profile discrepancies of the type illustrated in Figures
6 and 7 for non-trivial signals in the discrepancies calls for the definition of a
model for the expected spectrum of errors (Fig. 8).

If the rms residual of comparisons were to, and the number of frequencies used
in the spectral analysis were N, it follows that the contribution per frequency, tc
a white noise spectrum is +¢/y/ N, assuming the spectrum of white noise to be
flat,

The contribution E ;| per "bin" in Table 4 is

E. = 2 — 0 (6)

ol N

where n is the number of frequencies included in the bin, Table 4 sets out the
expected noise levels per bin assuming a banded white noise spectrum, together
with the observed contributions to the discrepancies for the five dominant wave-
length ranges, The latier are expressed as the percentage strength of signal S
obtained according to the relation

2 2
Ajj + Bjj
S = iz——:az x 100 N
the index i being taken over the frequencies included per bin, A), B| being given
by (Mather and Coleman 1977, p. 10)

Al 2 ‘ sin 2ms
e Ve -1 jds (8)
Bl 1o cos | \ &

i being the integral number of complete wavelengths in the length 1  over which the
comparisons are made, ds being the sampling interval, the residual v, occurring
at a distance s from the commencement of comparisons,

Non-trivial amplitudes above the expected level of white noise are obtained in
certain wavelengths (values boxed in Table 4), The significance of these results
needs to be assessed with caution, Possible contributing factors are the
following:

(i) Tidal effects, Conventional tidal models in the test area (e, g., Hendershott
1973, p. 81) show distance between amphidromes of up to 5000 km, If this
were the case, tidal effects should be completely absorbed in tilt and bias
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(i)

(iii)

(iv)

o g el sk
| T :

corrections, However, these models are not considered error-free and
their ability to represent fine structure of the ocean tide, if any, has not
been established, Table 4 sets out the phase difference between the two
passes for the M, tide, Current oceun tide models can represent about
two-thirds the ocean loading of Earth gravity tides (Bretreger and Mather
1977) in this region,

Short period orbital errors with wavelengths less than 5000 km, Such
errors can be expected to be of two types:

e [Errors which are a function of position alone,
e FErrors which are a function of both position and time,

The first type of error occurs when integrating orbits with an erroneous
gravity field model using a fixed complement of tracking stations, The
second type of error occurs due to a change in the configuration of the
tracking stations used in integrating the orbits, It is estimated that errors
in the gravity field model affect radial orbital position through wavelengths
which cannot be absorbed in tilt and bias corrections, wth amplitudes of
less than 20 em (Wagner 1977). In a gross case (Tabi.. 4, Row 1), where
the bias correction was over 700 m (Table 3, Row 1), significant discrep-
ancies occur with wavelength equal to the length of comparisons, the ampli-
tude being approximately 50 em, In most other cases, the bias corrections
are less than 10m, lending credence to the ahbove figure, It can therefore
be concluded that radial orbital position errors with wavelengths less than
3500 km using present day gravity models are unlikely to exceed <20 em,

Errors in the radar altimeter, At the level of precision being considered,
this is largely an unknown quantity, Systematic errors in the altimeter
with periods in er_uss of 6-7 minutes are absorbed in tilt and bias cor-
rections, A study of the results in Table 4 indicate a level of white noise
of arounu +25cm, due to a combination of the altimeter errors and the

sea state, Noisier rms discrepancies may be attributed to distrubed sea
state, Attempts to correlate noisy altimetry groundtracks in the Tasman
Sea with ships logs made available by the Australian Bureau of Meteorology
were not conclusive, While there is a tendency for noisy groundtracks to
occur during periods if disturbed ground meteorological conditions, the
correlations are subject to offsets,

Mesoscale variations in the sea surface topography with time, Significant
non-trivial strengths of signal are obtained more frequently in the case of
south--to-north passes than for north-to-south passes (Table 4), The bias
correciions in the case of rows 1 and 3 are large and may result in large
discrepancies (at the +25 cm level) due to tracking station configuration
changes as discussed at (ii) above, This may also be a contributory factor

19
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in the case of comparison 6 in Table 4, No such argument is obvious in the
case of non-trivial discrepancies obtained in the case of comparisons 2, 4
and 5,

I'ne use of the non-trivial strength of signal obtained by using Equations (6) to (%)
does not provide a basis for studying all contributions to the spectrum of meso-

scale variations in sea surface topography, Ocean eddies are features of impor-
tance in ocean dvnamics and have finite structure with variations in both position
and time, Signatures of such features will appear in the distribution of residuals

of the form
ns 2ms
vVEy - z: Ajjsin (—— i) + By cos (—I) (9)
4

i 0 0

4, CONCLUDING REMARKS

The following conclusions can be drawn from the analysis of the GEOS-3 altimeter
data in the Tasman and Coral Seas:

e Short pulse mode altimetry data appears to have adequate resolution to
delineate variable features in the sea surface with amplitudes greater than
20 em and wavelengths between 102 and 10* km, provided the tracking station
configuration remains fixed and rough seas are not encountered,

e Such resolution can be obtained without the benefit of high precision tracking
data if the orbit integration were performed from a fixed complement of
tracking stations, The adoption of such a procedure may enable fast-varying
features such as ocean eddies, to be tracked without the benefit of either an
accurate global gravity field model or a global high precisic’ tracking
network,

e The determination of ocean tides can only be obtained from the global con-
sideration of GEOS-3 altimetry data if the dominant characteristics of such
models are of long wavelength, as implied by the occurrence of amphidromes
about 5000 km apart in present day representations, Such a tidal analysis
will have to L2 preceded by gravity model improvement to £1 m with deter-
minations restricted to areas with dense enough coverage of overlapping
altimetry (Bretreger 1976, p. 90),

® The non-trivial sea surface height variatior. s implied in Table 4 require
further study in relation te the available ground truth,

20




e A basis exists for determining regional models of the sea surface with an
internal precision of t1m, where 1 is the estimated departure from the
assumption that the sea surface is stationary over the period of data
analysis, Such models generated in the Tasman and Coral Seas correlate
well with both gross features in the bathymetry and the surface gravity
anomalies,

5. ACKNOWLEDGMENTS

Research in the development of techniques to determine sea surface topography
from satellite altimetry is financially supported by the Australian Research
Grants Committee,

Systems programming support was provided by Bernd Hirsch, This program of
research is carried out in collaboration with Richard Coleman, Chris Rizos and

Oscar Colombo,

Helpful and stimulating discussions with Carl Wagner are acknowledged with
pleasure, Useful discussions were also had with David Smith and Jim Marsh,

This paper was written while the author was a Senior Resident Research Associ-
ate of the National Academy of Sciences at Goddard Space Flight Center,
REFERENCES

Bretreger, K, 1976, On Recovering the Ocean Tide Signal from Satellite Altim-
etry, Unisurv G (Aust, J, Geodesy, Phot, Surv,), 25, 85-94,

Bretreger, K, and R, S, Mather 1977, Modelling Ocean Loading of Tidal Gravity
in Australia, Geophys, J. R, Astr, Soc, (in press),

Hendershott, M, C, 1973, Ocean Tides, EOS (Trans. Amer, Geophys, Un,)
54(2), 76-86,

Lerch, F, J,, S, M, Klosko, R, E, Laubscher, and C, A, Wagner 1977,
Gravity Model Improvement Using GEOS-3 (GEM 9 & 10), GSFC Rep,
X-921-77-246, Goddard Space Flight Center, Greenbelt, Md, 115 pp.

Marsh, J, G, 1977, The Marsh/GEM 16 Gravimetric Geoid, Private Communi-
cation, Goddard Space Flight Center, Greenbelt, Md,

21




P
1

* ather, R, S. 1975, ©Cn the Evaluation of Sea Surface Topography using Gecdetic
Techniques, Bull, Ceodes, 115, 65-52,

Mather, R, 8. and R, Coleman 1977, The Role of Geodetic Techniques in Re-
mote Sensing the Surface Dveamics of the Oceans,

XXVIII Congress, Intei-
national Astzclnnutlc:‘l Federation, Prague, Septe nber 25 to October 1,

1977, 18 pp.

Mather, R, S., R, Coleman, and O, L, Colombo, 1976a, On the Recovery of

Long Wave Features of the Sea Surface Topography from Satellite Alimetry,
Umsurv G (Aust, J, Geodesy, Photo, Surv,), 24, 21-46,

Mather, R. S., C. Rizos, B, Hirsch, and B, C, Barlow 1976b, Awn Australian

Gravity Data Bank for Sea Surface Topography Determinations (AUSGADT76),
loc, cit, supra, 25, 54-84,

Mather, R, S., R, Coleman, C, Rizos, and B, Hirsch 1977, A Preliminary
Analysis of GEOS-3 Altimeter Data in the Tasman and Coral Seas, Inter-

national Symposium on Satellite Ceodesy, Budapest, 25 June to 1 July 1977,
loe, cit, supra, 26, 27-46,

Roelse, A,, i, W, Granger, and J, W, Grahan 1971, The Adjustment of the
Australian Levelling Survey, Div, Nat, Mapping Tech, Rep. 12, Canberra,

Wagner, C, A, 1977, Private Communication, Goddard Space Flight Center,
Greenbelt, Md,




L | 6°1 9°g ¥°c G
i €°C 8°¢ v°e I
Ansuny NAlflares JLndviiARID JLnPowlARLY
anbruyoa, NBWIAN|Y 6INID OTINHD/Yysaey INTD/Yysaep pas() anbruyoay,
1sutedy uosuredwoy uo (w=) enprsay aaenbg UBa [\ 100y
W I+ ‘lenpisay swa [eutoyu) ¢ *bs o X (T :9z1§ julog uonjounp
‘9z9 :syulog uonoung yjo *oN 291 ‘S9ssed Jo *oN .
SESS [Bd0D pue uewse], ay) ul 2.d4S
[PPOIN 90®)INg BOg AreUOnRIg WM STOPOJY proan) snotaea jo uostredwo) uo sjenpisay
o«
¢ dlqeL e (3
Se‘2'1 *sSiy c'l 68 8L LIT ﬁ LL6T 19G03100 LLdES e
L=V ¥ 9-v *s8iy 8°0 GG GG 144 LL6T Yyoaey LLAVIN
2ouaaajoy il ﬂ”%wm m.Mn.woz ﬂ.wawhm““cm = P uonnjes -~
[enpisay Sy . i ‘ON T®10] aeq ;
Jo °oN Jo *oN
i
SEa§ 10D pue urwse], oy a1 BIBQ I:pownly ¢-sog o jo Sisdjeuy ayj,
I 21981




SASEJ YUON INOS = N *S3sSe] YINOG YUON = SNe»
san[ea snon3Nuod om} Jo adeiaae a1 se parean ssed ut yutod eep yoeq,

\S S8 8St°0 I'si- SLI LE LTTE *9€-TC 9
\S S6 610~ " S 81- LE gorl «PE-81 v
SN 68 1o Sl SL1 LE r08 68-69 vl
SN vt 00" 5 g vL 12333 L6719 €l
SN 9¢ SO0 61 81- LE 1TTe £6-T8 Tl
SN 133 00 $0 8L1 LE 8T8T 0198 I
SN 8T SO0 60 £ o YOLT ITI-TL 01
SN e Loo- I'T Ll 1! 88¢€T 601-79 6
SN 23 sro- 3 4 8- 6t1 6¥+T 601-LS 8
SN 0t 600~ Gt ] LE I88T 9-LS L
NS oLt €0 Yer SLI LE LTTE 9¢-CT 9
\S L &0 i 6v1 Cll 88¢<1 16-8 <
NS el ¥To- 3 e 81- Le torl -8l 1 4
\S 33 LSO~ L9 RE™ €7T 18 §9T €
NS 43 ¥LO oo 60~ SL 66L I+ <
\S 19 sL1- 6viL- Pl 8¢ orl 01-T I
(235010 (1)
eaddA] _h-___.—uu_muuvy_ Wi : i u.__huao“a_r_ mummh \M_Mwwsaum (ury) ssed "td
SN Sos L W asdrey s g 1o 1dua sseq

CLET 1oquaAoy 0} [lady wod) Seag [BI0) PUB UBWSE], 9y} Ul A1)dWH[Y
£-S0d 0 Jo sasseq Suidde(iaa Jo siled U2ANO] JO 114 2A1E[Y 9Y) Sululya( siajoweded

€ 2IqeL

24




By | AL
= - (g) pur () suonenby Juisn £q paure1qo anfeA =0
(] Nu (9) uonjenbs uisn winidads astou YA 1P[) B WO} IN[EA Pa122dXT = Jux |
- g (0SL1 >15 0ST1) 00T =14SL8> 1> ST 0SL=1 ”
“ - (0ST>1S0s1) 00T =170S1 > 1> S 00l =1sL>159008=1 -FUIMO[|0] Y1 1M sadmuaniad Sunnduwod ut pasn saduel 13udjaaem Y L ‘
= = - T
z m - 1=173 ¢ [si] o |83 61 | #1 | 8 8L 6S Lg +08 68-69 | SN | ¥l Pk
| N | . 81
| m B e lzlz lzloile i mimj i @ t- ot L ps€e L6-19 | SN | €1
| < N " 0 e 0 LR R R e 81- 9¢ LE ey €678 | SN | U
vitabe d el 6opeifen p g &g o 8L N3 Lg gzsr | w0198 | SN | 1I
g s b U0 B L Bt W w | $9 LE- 8T 7T porz | 1Tzt | SN | Of o
M U L A o R T A B B vL1 € T ggez | 601-79 | SN | 6
o lzlelziEllo |aa|?]| ® |9 8- €€ ot evc | 601-LS | SN | 8
O A T R et 9 | $9 s1- 0€ LE 88C 79-Ls | SN | L A
G| 1|} z]or]o |18 ® <9 8Ll oLl L€ LTTE 9¢-zz | NS | 9 w0
N
Eill el |e|itn]|e |%®|® i€ | L9 obl Lz it EEN 158 | NS | §
1o MR RN O G S e e $9 81- z€l L€ gopl pe-81 | NS | ¥
[l ~l-l@El ey |onjor|or] & | ® LE- N3 €T 18 59T | NS | € [Ty
~ b=l s lis bmfs 1) €19 62" 43 SL 66L i+ | NS | T
T B A T L D IR B a | 99 Sl 19 L€ o1 o1z | NS | 1
0 E | 0 1 O 4 0 E| 20 | =21
s () (w33) (skep) (wy) [
oost=1] osc=1 | oot=1 | oOol=l 0s=1 WMLIN | enpisoy sasseg St | pegsseg | 2dAL
ERITRIENNIG | S udamidg 10
wry ut 4(]) sasury aseyd asdeyouny | ySu] _
ISua[aAR A JUBUILO(] AL JO uonnguuo)) eI |
sasseq SurddelaaaQ Jo sated ¥1 30 3 aane(ey sadenbg 5B 941 19V LSyfuafeae Belbl
JueuWo(] A1 2@ 103 [(9) uonenby| [enpisay aaenbg UBAY Yl 0 sUOHNGLIIUOD oSruedaad JO 2ouBdIJIUSIS w
¥ 9198l B
_,




(erjeaisny) 180D O1JI0BJ WIS\ — S[9ADTT BOS UBI\ [BOOT] JO SIySioyg

*I-V 2ansiy

(ONITT3AIT-3H 9-GL6L) SIONVD 3011 LV 3dOTS JOVIHNS VIS FOVHIAY o= ¢ e ¢ e s

3TVASNOT LINIOd &

N3a3

ONITTI3A3T J1H3LS

(0£61) SIONVO 3AIL LV S1IHOIIH 3DVIHNS VIS L961
(ONITTI3A3T 0461) IDV4HNS 13AT

AV "930 30NVisIa

See 0 sz 0z sl oL S
"1

| ~ | | T | I
3 2 - 3 8 2 >
- - o> = o = 5
- n > N -» = > <
= * = ~ » - o >

s z = N < m 2

@© bl W ~ .n z o

s 3 - N 3 2

c N m

pel // <

. -

o =

Nl
-— . - .\ /
. \
-—
\
\
\

0zL

0LL
08l
061

(WD) 53HNLYVYd3a

26




haaing
buyrea@y uerrexjsny
0L61 243 woag

€A1y 1S9, Bag [BI0) Y] ul
Peaoaoeds £-SOE D 24} JO SIDBIIPUNOLL) SSBJ YIION-01-YINOS  *Z-V 2anSiy

. LT T = 3 2 TTT woan_ﬁq { 370 mun_.‘ TY «.ON.. Y o T “!_A «\414“.0_
ool [
] _ . \
Bt oUn.. 1 i
% .
[ ONve'S-—d__ | ¢
i WH0H¥0 ¥ 4314400 212 |
2% Q1313H1INS
[
w GNYE D 9v6Y 1
" = 3039 MowvL ]~ ] W) QI _
TS 40 NOILVAIT] .. |
i | GNVE-D 19¢¢
w2 S o .__ NOAX¥VYNY VD
Wit s 1
o2 ¥3ISv ¥04 " L
¥-31UASNMOL ¥Y3IN H .
L2s / 311S Q3S0d0¥d H 4
- W\ "5 | P |
i SIVYL ONNOYO 1 .
{. 25039 318V1INS E
il L] mw» ;
. ONYE8 'S+ £ sl 1
W/l = Q1039 3408V f i
£°T'S 30 NOILVAIT3 gt i .
. L LECR ety e bk b WE N 1

<0

«9%

28

8 24

<02

2!

| ool




eledisny uIajseaylaon
UBLd [¥I1qa0 9y} ul AydeaSodo], 90BJING BAS ‘g-y aansiy

-SC-=¢
J438vaNNg

Buijeaal-a1 Gz61 3y yum awaaibesip ui
Anuanbasqns pue juaunsnipe buijana| LL6L @Y1 uo paseg,

Oﬁﬁ'“
VOVWYSE
o il
2 wg9 wy
| X
30V43NS .
NV3IO0 AYVNOILVYLS \ 1 & ,g
30V4¥NS NV3IDO
, NOILVA313
J0V4¥NS VIS = Sy Y
NOIL¥A313 Q1039 = N
JONVY ¥3IL1IWILTY = U
T— nl‘;\l
o
£ S039




AHOLVAHISEO TVIISAHIOHLISY NVINOSHLINS
HONNYY 2-S039 40 31va
Viva T¥NI4 40 1413034 40 31va

YITVHISNY HINOS 'AHNESITVYS 'ANddNS 30 1430
"AINIWHSITEVLSI HOHVISIH SNOdVYIM

MSN ‘NOLONISNIN
'SITYM HLINOS M3IN 30 ALISHIAINN

HILINID LHOIT4 3DVdS QHVAa09

MSN ‘V1INNOHD "0HISO

'AHdVHOONY3IDO0 % SIIHIHSIA 40 NOISIAIG
VHHIANYD ADHINI ¥ STYHININ 40 1430
‘ONIddVYIN TYNOILYN 30 NOISIAIQ
VHHIENYD ADHINI ® STVHININ 40 1430
‘SIDHNOSIY TVHINIK 40 Nv3IHNE

pleAISNY JJO uoneulwaala( AydeiSodo], 20e)Ing €ag pasododd 10j 9[NPayds MION MEBYD MOL]

Q-

2489

oHIsO

HNE
AN

S3LVYNIQHO-00
3DVY4HNS VIS
el

*p-y 2andlg

dnosb 4SO YIIM UOIIZIOGR||0D 3SOD Ul 3JUINDAs aaneI
jeuonippe ue Bulinbas 2iNPad0Id UONNIOS PasIAaL © JO UONdOpe O} aNp SYIUOW g AQ paisajap salep asayy,

VSVYN OL
140434 TVYNIS

AHAVHO0401
3OV 4HNS VIS NOILYNIWH3 130

40 NOLLYN VA3 /msnn 3114084 Q1039
> MSNN

NOILVYWHO4NI
LIAVHO TYNOIOIY

NOILYWHO4NI
21130039-0H1SY

vZ+l

3DV4HNS v3S OL
SNOILO3IEL0D

ViVA ALINITVS B

1HIN3D03D A30NAIY psnn IVII90T0H03 13N

0HIS)
S3a1L

04 G31034H0D \ ¥Z+1 Z34d e

3IDV4HNS V3S = 390VD 3011
40 SILYNIGHO0-02 / msNn WNQa

F0VIHNS VIS \ L o G
SNO3INVINVISNI b v1iva IONVYH
40 SILYNIGHO-0D /.o wSYN \ H3ILIWILY

JIHINIDO03O

a viva

ovs H3ISV

S

0-00 A?o a / viva
SILYNIQY
JIHINID039 /93459 vSwN \ ONVE-S

a viva
vSYN \ ONVE-D

L

29




SUOJIAUF S pue elesny Ul Bje(] AJIARILD 20BJINS JO UOIINGLISI(]

el

R 1111 1 THUHIER I ST e

o~

"¢-y aaniyy

e A e T :

& NOILNBINLISIO ViVaE

q.l

oML

30



LLUVIN — SBOS UBWSE], pue [edo) ay) ul
(GL6T Joquardog-qrady) yoody ay) 10j aoejang eoag Aleuoneis-1send) ayj Jo [opoy

‘9-V aansly

Lﬂ_ WY 00Z < SHLIONITIAYM

by = 03SN S3ISSVd AHL3IWILIV £-SO3D 40 'ON
WZ - TVAHILN! HNOLNOD

SSZ86Z/L= 4
wepL'sLE9=e

QI0SdIT13 IDN3Y3I43Y

31




?x;\l..

SBIS [Bd0) pue urwse] o4 ul [9po proan gwHH pooueyuy Aq[eornjownaean
USIBIN o) pue 219vin [PPOIN 2o-JIng vog usamjag souedoaosyy -y aandiy

WL IVAHILNI HNOLNOD

SNOILNT0S
Z 3NDINHI31 ONY | INDINHOIL
N33ML38 S31ONV4INISIa

M T e —




"‘/‘—-w
i

Figure 1,
Figure 2,
Figure 3,

L ; Figure 4,

Figure 5,

Pigure 6,

Figure 17,
Figure 8,

Figure A-1,
Figure 2-2,
Figure A-3,
Figure A-4,

Figure A-5,

FIGURE CAPTIONS
Model of Quasi-Stationary Sea Surface — Tasman and Coral Seas
SEP7T7

Discrepancies Between Sea Surface Model SEP77 and Marsh GEM10
Detailed Gravimetric Geoid in Tasman and Coral Seas

Discrepancies Between Sea Surface Model SEP77 (Technique 1
Solution) and the GEM9 Geoid Model (Contour Interval - 1 m)

F'ree Air Anomalies — Australia

Discrepancies Between Sea Surface Model SEP77 (Technique 2
Solution) and the GEM9 Geoid Model (Contour Interval - 1 m)

Nifferential Plots of Overlapping Sea Surface and NASA Geoid

Models Nlustrating the Effect of Errors in the Gravity Field Model —

1 asses 67 and 97 (Tables 3 and 4: Row 13), Date of Acquisition —
No, 67 on Day 185, 1975, No, 97 on Day 259, 1975

Plot of Discrepancies of 3 Overlapping Passes (Pass Pairs 7, 8
in Table 3) in the Coral and Tasman Seas From GEOS-3 After Tilt
and Bias Corrections

Power Spectra, Expressed as 7 Strength of Signal(s) — Equation 7 —
for 3 Overlapping Passes Plus Average Values for 14 Pass Pairs
Listed in Tables 3 and 4

Heights of Local Mean Sea Levels — Western Pacific Coast
(Australia)

South-to-North Pass Groundtracks of the GEOS-3 Spacecraft in the
Coral Sea Test Area

Sea Surface Topography in the Orbital Plane, Northeastern
Australia

Flow Chart Work Schedule for Proposed Sea Surface Topography
Determination Off Australia

Distribution of Surface Gravity Data in Australia and its Fivirons
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FIGURE CAPTIONS (Continued)

Figure A-6, Model of the Quasi-Stationary Sea Surface for the Epoch (April-

September 1975) in the Coral and Tasman Seas - MAR77

Figure A-7, Discrepancies Between Sea Surface Model MAR77 «nd the Marsh

Gravimetrically Enhanced GEM6 Geoid Model in t}~ Tasman and
Coral Seas
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