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Abstract Radar altimetry observations taken
with the GEOS 3 satellite have been analysed for
the Southern Pacific Ocean, and a regional geoid
has been computed. The geoid height anomalies
reflect many short wavelength topographic features,
particularly seamounts, making these satellite
observations ideal for rapid surveys of poorly
charted oceans. Four previously uncharted sub-
marine seamounts have been postulated between
the Southern Cook and Tubuai (Austral) islands,
indicating that these two island groups are part of
the same chain. A second group of seamounts has
been postulated south of Maria and Rimatara.
Other seamounts such as Fabert Bank appear to be
mislocated on the available bathvmetrv charts.

INTRODUCTION

Recent years have seen much progress in the
application of space techniques to geophysics (e.g.,
Lambeck 1979, Mueller 1978), and one particularly
important development has been the use of radio-
frequency radars embarked on satellites to measure
the height of the spacecraft above the oceans. An
initial experiment was carried out on board Skylab
in 1973-1974 (McGoogan et al. Iy74), but a more
substantial experiment was performed over a 3å year
period with the geodetic statellite GEOS 3 (Stanley
1979). This was followed by a similar experiment of
3 months duration on the SEASAT spacecraft in the
latter part of 1978. We will be concerned here
mainly with the GEOS 3 data set.

The radar altimeter measures the height of the
spacecraft above the sea surface. This measu¡ement
is an average height over the area covered by the
radar footprint-about 11 km along track and 4 km
across track-and averages out the short wavelength
variations due to the sea state. The design accuracy
of the radar altimeter was -*50 cm, and all
subsequent tests confirmed that this was achieved
and, for much of the data, was surpassed (".g.,
Mather & Coleman 1978).

The spacecraft height is determined by tracking it
from ground stations using laser ranging or Doppler
techniques (Berbert & Carney 1979). With these
observations, together with the theory of the
satellite motion and with the physical parameters
defining the gravity field and other force field
parameters, the location of the satellite can be
determined at any time with an absolute accuracy
approaching 1 m but with a relative accuracy
approaching 10-20 cm for orbital arcsnotexceeding
a few thousand kilometres. Hence the shorter
wavelength variations in the shape of the ocean
surface (say -2v103 km) can be measured with a
relative accuracy equal to that of the altimeter
measurements, or better than 50 cm.

In the absence of winds, currents, tides, or
temperature and salinity fluctuations, the ocean
surface would be the mean equipotential surface
known as the geoid. Departures in the shape of this
surface from a spheroid reflect the geophysically and
geologically interesting lateral variations in the
Earth's density. Winds, currents, tides, and other
oceanographic factors cause the ocean surface to
depart from an equipotential surface by as much as
1-2 m (Stommel 1964), but, in general, these
departures are of long wavelength so that they do
not interfere greatly with the shorter wavelength
geophysical signals. Also, by repeating the measure-
ments at different times the time dependent
behaviour of the altimeter data can be removed and
used for oceanographic purposes (Coleman 1980).
Therefore, in a first approximation and in the
absence of detailed oceanographic corrections, the
altimeter measurements may be considered as
estimates of the shape of the geoid over ocean areas.

The shape of the geoid is usually specified in
terms of the departures of this surface from a
suitably defined reference ellipsoid. In principle,
these geoid heights lVcontain the same geophysical
information as gravity anomalies Ag, and the 2Receioed 8 September 1981; accepted 18 January 1982
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f,Ig. 1 Coverage of the GEOS 3 altimeter-carrying satellite ground tracks in the Australia-New Tnaland rcgion.

quantities are related by the Stokes integral moving point at which the gravity anomaly Ag, is
(Bomford 1973, Jeltueys 1970) specified relative to the point P at which .iV is

f estimated. That is, the geoid height is an area
^t = | Âg" S({r) dS integral, with appropriate weight coefficients S(r}),- r s of gravity. This means that the spectrum of geoid
where S(r[) is a function of the position of the height variations decays faster with decreasing
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FIg. 2 Coverage of GEOS 3 and some SEASAT altimeter tracks in the Cook-Tubuai region. The SEASAT passes are
identified by their higher inclinations.
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wavelength than does the spectrum of gravity and
that longer wavelength features are emphasised
more in the geoid than in the gravity anomalies. This
also irnplies that the geoid heights will generally
reflect deeper structure more clearly than do gravity
anomalies.

If mean geoid heights for a 1"x1" square are
estimated with an accuracy of 10 cm then the geoid
information is roughly equivalent to that contained
in 1" x 1" mean gravity anomalies of I mgal accuracy.
Hence the geoid data will not necessarily contain
more geophysical information than marine gravity
data were it not for the fact that surveys of the latter
are very incomplete in many parts of the world's
oceans. Fig. 1 and 2, for example, illustrate the
distribution of GEOS 3 ground tracks in the South-
West Pacific for which we have processed the
altimeter data. These data were collected in a 3.6 y
period starting in April 1975. The second satellite,
SEASAT, collected a similar amount of data in only
a 3 month period (September-December 1978).
Apart from the capacity to suryey a region quickly
and completely, the altimeter observations are also
of a much more homogeneous nature than are the
usual marine gravity data that have been collected
over many years with different instruments during
different oceanographic cruises.

Satellite altimeter observations have been used in
a number of geophysical studies including the study

of compensation of volcanic island loads and
seamounts (Watts 1979, Cazenave et al. 1980,
Lambeck 1981a, b) and the lithospheric structure at
transform faults (Crough 199). McKenzie et al.
(1980) have examined the general relation between
geoid height and bathymetry in an attempt to derive
information on the planform of mantle convection
beneath the Pacific Ocean.

ln this note we (1) present results for the geoid in
the Southern Cook-Tubuai region, (2) discuss some
signals over seamounts and volcanic islands, and (3)
examine whether the altimetry data are indicative of
mislocations or omissions of bathymetric features in
the above-mentioned area. Aspects of the geoid
solutions for the western margin of the Pacific will
be discussed elsewhere,

GEOID HEIGIITS IN TIIE COOK-TI]BUAI
REGION

The GEOS 3 altimeter data in the Cook-Tubuai
region are relatively sparse (compare Fig. 1 and2)
due to the limited data transmission facilities that
existed in this area during the satellite's lifetime.
Nevertheless, the available observations do provide
useful information in a region where marine gravity
data are very sparse and where the bathymetry is
also of limited coverage. Specifically the GEOS 3
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Fig. 3 Some examples of high-pass GEOS 3 altimeter profiles. Passes 3 and29 are nearly collinear passes near Mangaia
and Mauke, and passes 4 and 31. are nearly collinear passes near Rimatara and a small, uncharted seamount 220 km to the
southwest of Rimatara.
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data in this region have provided useful information
on the response of the ocean lithosphere to loading
(Lambeck 1981b) and provide evidence for the
existence of several seamounts that are not located
on the bathymetric map of the region (Mammerickx
et al. 1975).

Fig. 3 illustrates some high pass filtered profiles
that lie near known seamounts and islands. Satellite
track no. 3 is part of a north-south pass extending
from the Line Islands in the north to south of
Mangaia. This pass and others in Fig. 3 have been
filtered so as to remove wavelengths in excess of
about 2000 km as discussed below. Pronounced
positive anomalies are seen where the altimeter
ground track lies near Motu One and Manuae of the
Society Archipelago (not shown) and near Mauke
and Mangaia of the Southern Cook Islands. Pass no.
29 is nearly collinear with no. 3 (at about 3 km to the
west) and was taken about 1 month later. Pass no. 4

is a segment of a north-south pass near Rimatara of
the Tubuai Islands, and pass no. 31, taken about 1
month later, lies about 3 km to the west of the
former. The 2 sets of quasi-collinear passes indicate
a good coherence of the signals over wavelengths up
to 100 km or more despite the different times at
which the observations were made. In particular, all
passes near the islands show characteristic signals
that lie well above the noise level of the altimeter
measurements.

The mean sea surface geometry or 'geoid' has
been computed from all the available GEOS 3 data
in an area extending from 10 to 30"S in latitude and
from 190 to 230oE, in longitude. In this calculation
the geoid heights for each pass have been adjusted
for a bias and tilt so as to ensure consistency at
points where ground tracks of the satellite passes
intersect (Mather et al. 1980). These tilts and biases
reflect unmodelled long period orbital perturba-
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Fig. 4 Geoid for the Tubuai-Cook region based on the altimeter passes whose coverage is given in Fig. 2. The geoid has
been low-pass filtered to pass wavelengths longer than 300 km. The reference ellipsoid has an equatorial ¡adius of
6378 139 m and a flattening of (298.256)-1.

Fig. 5 Residual geoid for the same region as illustrated in Fig. 4 but band-pass filtered to pass only wavelengths in the
range 300<À<2000 km.
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Fig. 6 Observed (1) and pre-
dicted GEOS 3 altimeter passes
near the Tubuai island of Rurutu.
The predictions are for D : lÚ1
dvne cm 12) eouivalent to little
ó-p"trsatùrí, fór D :--1úe dyne
cm (3), and lor D : 10r'dyne crn
(4) equivalent to nearly local
compensation at 30 km depth.

The location of the tracks
relative to the volcanic complex is
illustrated in the top right corner
where depths ¿tre shown in
fathoms.
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Fig. 7 Observed (1) and pre-
dicted altimeter residuals nea¡
Rimatara. The predicted values
are for D : 5 x 1-0Ê8 12) and for D
:  sx lde (3) .

The location of the tracks
relative to the seamounts making
up the volcanic complex is illus-
trated in the top right corner.
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tions. Some high frequency filtering has also been
applied to eliminate variations in geoid heights with
wavelengths less than about 300 km so that the
pronounced anomalies seen over the islands (Fig. 3)
will not be present in this geoid. The accuracy of the
geoid, based on the discrepancies found at the
crossover points, is of the order of +50 cm. Part of
this (about 6OVo) is due to instrumental noise, and
part is due to oceanographic noise: tides, winds,
currents, and temperature and salinity variations.

The geoid (Fig. a) is dominated by the east-west
slope, culminating in the high behind the Tonga Arc
and over the Fiji Plateau, a result that is also seen in
the long wavelength global geoid based on the
analysis of perturbations in the trajectories of
satellites (Lerch et al. 1981, Gaposchkin 1980). The
density anomalies giving rise to this long wavelength
feature most likely have their origin in the mantle
rather than the lithosphere (Lambeck 1976), but
there is no clear and obvious way of separating
contributions from the 2 regions. Also illustrated is
the residual geoid (Fig. 5), band pass filtered to pass
wavelengths in the range 300-2000 km. The long
wavelength filtering has been achiêved by subtract-
ing from Fig. 4 the heights computed from the global
gravity model of Lerch et al. (1981) expanded to
degree and order 18. This residual geoid indicates a
pronounced high over the Society Islands of Bora
Bora and Tahiti. A lesser high lies over the western
part of the Tuamotus, becoming more pronounced
over the eastern part including Gambier and
Pitcairn islands. The Southern Cooks are associated
with only a mild regional high centred on
Rarotonga, and only the eastern part of the Tubuai
Islands is associated with a broad high. In general,
areas of recent and major volcanism are associated
with these highs.

Other features include the highs over the
Manihiki Plateau and the Marquesas Islands group.
The negative regions are generally associated with
ocean basins.

Seamount anomalies

Seamounts are typically associated with geoid
anomalies of a few metres in amplitude and
wavelength of the order of 100-200 km. The
anomaly decreases rapidly in amplitude with
distance from the island, and for the relatively small
Cook and Tubuai islands an altimeter pass has to lie
within a few tens of kilometres from the centre of
the island in order to contain a significant geoid
anomaly. Because the average spacing of ground
tracks in this area exceeds this distance these
anomalies are best investigated by using high-pass
filtered records of the individual tracks. In this case
we have chosen the observed heights less the
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regional geoid of Fig. 4. Fig. 6 illustrates a number
of examples of these residual heights. The total
geoid height will be this height plus the heights from
Fig. 4. Other examples for the Southern Cook
Islands have been given by Lambeck (1981b). The
signals near the islands ¿ue generally indicative of
regional isostatic @mpensation, the mechanism for
which can be adequately described by the flexure
theory of elastic or viscoelastic plates (the
lithosphere) over an inviscid medium (the asthenos-
phere) (Lambeck & Nakiboglu 1981). The flexural
properties of the plate are summarised by an
effective flexural rigidity D which may be expected
to be a function of the properties of the plate at the
time of loading, of the duration of loading, or of the
magnitude of the load.

Fig. 6 illustrates the observed signals for the
GEOS 3 passes 20,33,89 near the Tubuai island of
Rurutu. Also shown are the predicted signals based
on the flexure model using D : 1de dyne cm and a
load density o1 2.5 g cm-3 (see Lambeck 1981b for
details). If D is much smaller than this value a state
of local isostatic compensation is approached, while
for very much larger values of D a state ol zero
compensation is attained (see Fig. 6, pass no.2O).
Clearly these models indicate that the compensation
is regioTal, but the observations do not provide a
very précise constraint on the value of D. For these
passes, agreement between theory and observation
is acceptable for (0.5<D<2)1de dyne cm.

Pass no. 33 indicates a small anomaly at about 120
km southeast of the island of Rurutu, suggestive of a
small seamount that is not located on the map of
Mammerickx et al. Pass no. 75 (not shown) nearly
orthogonal to pass no. 33, indicates a similar
anomaly, suggesting that such a seamount is located
at 23.4"5 latitude, 150.7"W longitude.

Fig. 7 illustrates some comparisons for nearby
Rimatara, and again an adequate comparison
between theory and observation results if
(0.5<D<2)1Úe dyne cm. The Rimatara complex on
the Mammerickx et al. chart consists of 2 main
seamounts with a third but much smaller feature
lying about 100 km to the northwest of Rimatara
Island. Passes 95 and 113 indicate, however, that
this third feature may be significantly larger than
indicated on this chart. These effective flexural
rigidity values for both Rurutu and Rimatara are in
general agreement with those found for the
Aitutaki-Mauke chain and point to ages of the load
in excess of a few million years, since otherwise
higher effective flexural rigidities could be antici-
pated (Lambeck 1981b). Hence the relatively recent
volcanism of 1.0x10ó y (Dalrymple et al. 1975,
Duncan & McDougall 1976) is likely to represent a
secondary phase of activity after the formation of
the bulk of the volcanic complex at an earlier date.
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UNCHARTED SEAMOUNTS

The pronounced and characteristic altimeter signals
near seamounts and volcanic islands indicates that
the geoid observations may provide evidence for
uncharted or mislocated seamounts in areas where
the bathymetry is incomplete. The South-West and
South Pacific provide several examples of this when
the geoid data are compared with the bathymetric
charts of Mammerickx et al. (1975) and of the New
Zealand Oceanographic Institute, but we limit the
discussion here to the Cook-Tubuai area. To give
some indication of the sensitivity of the anomalies
we have computed geoid anomalies over theoretical
conical-shaped seamounts of different sizes rising
from the sea floor at 4500 m depth and with D :
1de dyne cm and p : 2.5 (Fig. 8). These models
have average slopes that are characteristic of the
observed seamounts and volcanic islands in the area.
Also indicated is the noise level of the altimeter
data, and clearly the larger the seamount the further
the pass can lie from it and still give a detectable
signal.

Fig. 3 illustrates the profiles 3 and 29 that pass
within 50 km to the east of Mauke, but the anomaly
predicted by the flexure model and parameters that
satisfy the observations for the other islands in the

Aitutaki-Mauke group is only a small part of the
observed amount, if the load is defined by the
bathymetry of Summerhayes (1967). (See Fig. 9a.)
The nearly orthogonal profile no. 105 in fact
indicates that there are 2 anomalies. one centred on
Mauke and a second at about 70 km to the southeast
of Mauke. This is indicative of an uncharted
seamount located at about 20.7"5 latitude and
157'W longitude (Fig. 9b). This location is based on
the assumption that the centre of the load lies at ttre
intersection of lines orthogonal to the satellite tracks
at the points where the observed anomaly is a
maximum. The inversion for the size of the
seamount is not unique, but assuming a conical
shape of the form given in Fig. I, the radius of its
base must be of the orde¡ of 18 km and rise some
3000 m above the sea floor (Fig. 8, model 4).

Altimeter passes 95 and 113 between Maria and
Rimatara, on the northwestern end of the Tubuai
islands, indicate a further seamount about midway
between the 2 islands where the bathymetric map of
Mammerickx et al. (1q75) shows a small feature
rising about 1200 m above the surrounding sea floor.
Comparing the observed anomaly (Fig. 7) with the
predicted seamount profiles and with the nominal
protiles of Fig. 8 indicates that this feature must be
somewhat smaller in size than that proposed
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Fig, E Theoretical geoid anomalies (right) over nomina^l^seamounts (left) of different heights and base a¡eas resting on
an elastic plate with effective flexural rigidity D : 10¿v dyne cm.
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southeast of Mauke. Collinear profiles 37 and 69,
between Mauke and Maria, suggest another
bathymetric feature (Fig. 9b). Profile 110, to the
west of 37 and 69, exhibits a small anomaly as well,
indicating that this feature lies at about latitude
21.5"5 and longitude 155.6'W. Inversion of the
seamount anomaly gives a radius of its base of about
23 km with an elevation above the sea floor of 35ü)
m. Together, these observations strongly suggest
that the Southern Cook Islands of Aitutaki and
Mauke extend physiographically in a southeasterþ
direction to at least the northwestern part of the
Tubuai chain (see Fig. 10). That is, these
observations suggest that it is the Aitutaki-Mauke
group that forms the extension of the Tubuai
Islands, not Rarotonga and Mangaia as has
sometimes been suggested (e.9., Duncan &
MacDougall L976), and that these latter 2 islands
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may form part of a second, parallel, chain. To test
this hypothesis we have examined the altimeter
records for the presence of seamounts to the south
of the northern part of the Tubuai chain. 3 possible
seamounts have been located (Fig. 10) all at about
the same distance south of the Tubuai-Cook axis as
are Rarotonga and Mangaia although the density of
the GEOS data is insufficient to determine whether
or not they form a quasi-continuous ridge.

If subsequent ship surveys confirm the existence
of these seamounts in the Cook-Tubuai chain, it
may be appropriate to name them after their ship of
discovery, as Geos A to Geos D. While such names
are less prosaic than those for other features in the
chain, Eclipse Seamount and Astronomer Bank in
the Aitutaki-Mauke group provide ample precedent
for the suggestion.

The above are only some of the signals that have

Fig. 9q- Observed le$s theoretical geoid anomalies for passes southeast of Mauke. The theoretical heights are based on D
: 1úe dyne cm and the bathymetry given by Summerhayes (1967).

b Sâme as ¿ but for pâsses nórthwest of Maria. The theoretical heights are based on the bathymetry of
Mammerickx et al. (1975).

21 4 21.O 20 6 20'2 19'8 22.O 21'6 21 2 20.8 20.4

Pass 110
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been found that are indicative of uncharted
seamounts in the region covered by Fig. 2. We have
not attempted a systematic survey at this stage since
there is a considerable amount of altimeter data
from the SEASAT satellite that we have only given
cursory attention to date. In addition to these
unchafed seamounts we have found some evidence
for mislocated seamounts. One example in the Cook
area is Fabert Bank to the south of Mangaia, at
24.1"S and 158.6"E according to Mammerickx et al.
(7975).2 GEOS profiles pass within 5 km of this
location, but neither reveals the positive seamount
anomaly of 1.5 m predicted by flexure theory for D
: lÚe. This points to a mislocation of this feature
by 20 km or more, but the density of satellite tracks
in this area is inadequate to suggest a more correct
location. A preliminary examination of the SEA-
SAT satellite data points to a location error of 2o in
longitude, placing Fabert Bank near the Rarotonga-
Mangaia-GEOS E-F axis.
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