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A Detailed View of the South Pacific Geoid From Satellite Altimetry

DAvID T. SANDWELL
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Images of sea surface undulations in the South Pacific have been constructed from GEOS 3 and
SEASAT altimeter data. Height discrepancies at crossover points, associated with long-wavelength radial
orbit error, were suppressed by taking along-track derivatives of the ascending and descending profiles.
These geoid slopes were then rotated and scaled to produce the north and east components of the
deflection of the vertical. Finally, the results are displayed by using the hill shading technique, where
gray-tone images represent the innner product of the deflection vector with an assigned sun vector. Less
apparent sea surface undulations can be enhanced by varying the sun’s zenith and azimuth. Shorter-
wavelength sea surface undulations reflect seafloor topography. For instance, fracture zones (FZ's)
appear as elongated sharp steps in the sea surface, while seamounts produce circular bumps. Since large
areas of the South Pacific are unsurveyed, many previously undetected features appear on the images.
Comparisons with bathymetric charts reveal 72 uncharted seamounts having geoid expressions greater
than or equal to Easter Island’s expression. The dominant features in the images, however, are the large
age-offset FZ’s such as the Eltanin and Udintsev FZ’s. The images reveal that the Eltanin FZ is
connected to the Louisville Ridge; combined they produce a continuous geoid signature across most of
the South Pacific. This supports the hypothesis of Hayes and Ewing (1968) that the Louisville Ridge is

the northwest extension of the Eltanin FZ.

1. INTRODUCTION

Over the past several years, two orbiting radar altimeters,
GEOS 3 and SEASAT, have made precise measurements of
sea surface undulations over most of the world’s oceans [Stan-
ley, 1979; Born et al., 1979]. Except for the 1-2 m sea surface
undulations associated with geostrophic flow and tides, the
geoid and sea surface coincide. As shown in section 4, these
altimeter data are extremely accurate and can resolve geoid
signals associated with seafloor topography. This accuracy,
along with the dense ocean coverage by these two satellites,
enables construction of high-resolution geoid maps over most
ocean areas. In well-surveyed areas, accurate geoid maps
could be used to discriminate among the various modes of
isostatic compensation of seafloor topography. They are more
useful, however, in remote southern ocean areas since shorter
wavelength geoid undulations can be used to map poorly sur-
veyed and uncharted fracture zones (FZ’s) [Sandwell and Schu-
bert, 1982a; Sailor and Okal, 1983] as well as to locate and
identify previously undetected large seamounts [Lazarewicz
and Schwank, 1982; Lambeck and Coleman, 1982]. Moreover,
orientations of fracture zones reflect relative plate motions in
the past and, therefore, place constraints on plate reconstruc-
tion models [Menard and Atwater, 1968]. In addition to these
geophysical applications, the maps are useful for geodesy. The
two components of the deflection of the vertical, which are
equal to the geoid gradient components divided by the earth’s
radius, are used for point positioning and inertial navigation.

In this study, deflection of the vertical maps of the South
Pacific were constructed from GEOS 3 and SEASAT altimeter
data. The technique for producing a two-dimensional surface
from a network of individual altimeter profiles is designed to
(1) enhance geoid undulations associated with FZ’s, sea-
mounts, and hot-spot swells; (2) reduce effects of radial
ephemeris error; and (3) produce an easily interpreted surface.
Because of these special requirements, the map construction
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technique presented here differs substantially from the cross-
over minimization techniques used in the past [Rapp, 1979;
Marsh et al., 1980]. It consists of local mathematical oper-
ations such as differentiation and rotation, making it easy to
implement. Furthermore, it runs rapidly on a minicomputer
and uses less than 30,000 bytes of core memory.

The biggest problem encountered in this study, and in other
studies using SEASAT data, is to retain some of the along-
track resolution of the individual profiles without introducing
artificial undulations caused by poor sampling in the cross-
track direction. This problem is alleviated somewhat by incor-
porating the less accurate GEOS 3 altimeter data in the small
gaps between the more accurate SEASAT altimeter profiles.

To justify the map construction technique and to under-
stand the various features of the geoid, it is necessary to
review the physical mechanisms that maintain geoid undu-
lations. This is done in the next section (section 2), where a
survey is made of the various forms of isostatic compensation
of seafloor topography, in particular the thermal compensa-
tion mechanism associated with oceanic FZ’s and hot-spot
swells. The altimetric technique for constructing subsatellite
geoid profiles from both altimeter and tracking data is also
briefly discussed in section 2. Uncorrected errors in individual
geoid profiles, caused by errors in the satellite’s radial posi-
tion, will introduce false short-wavelength “stripes” in geoid
maps. Consideration of this ephemeris error along with the
topographically produced geoid undulations leads to a simple
map construction technique, discussed in section 3. Sampling
problems, interpolation schemes, and image processing tech-
niques are discussed in section 3 as well. Finally, gray-tone
images of the geoid, constructed from the two components of
the deflection of the vertical, are presented in section 4. The
images are compared with recent bathymetric charts of the
South Pacific to locate a number of previously undetected
large seamounts. In addition, the images reveal the detailed
structure of the poorly surveyed Eltanin EZ and Louisville
Ridge as well as many smaller FZ’s.

2. RELATIONSHIP BETWEEN GEOID HEIGHT AND TOPOGRAPHY

Undulations in the shape of the mean sea surface, or geoid,
are caused by laterally inhomogeneous mass distribution
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within the earth. These mass anomalies are physically sup-
ported by deviatoric stresses arising either from convective
motions of the viscous mantle or from static loads on the rigid
lithosphere. Mantle-wide convection maintains many of the
longer-wavelength (> 10° m), larger-amplitude (> 10 m) geoid
undulations [Kaula, 1972]. Indeed, a number of studies point
out the high correlation between geoid undulations and the
surface manifestations of mantle convection, such as spreading
ridges, subduction zones, and hot-spot swells [Haxby and
Turcotte, 1978; Sandwell and Schubert, 1980; Griggs, 1972;
Crough and Jurdy, 1980].

While the geoid is dominated by these longer-wavelength
undulations, much of the information is contained in the
shorter-wavelength (< 10% m) undulations. These signals pri-
marily originate from density anomalies within the litho-
sphere. In all but a few extreme cases, shorter-wavelength
geoid undulations are highly correlated with seafloor topogra-
phy. This correlation has been used in well-surveyed areas to
estimate the thermal and mechanical properties of the oceanic
lithosphere. In poorly surveyed areas, however, topography

Fig. 1. Three isostatic compensation models used to explain the
correspondence between geoid height and topography h. Densities p,,
p., and p,, are the water, crustal, and mantle densities, respectively. (a)
The Airy compensation model has an average compensation depth d
of 11 km, resulting in a relatively low geoid/topography ratio. (b) The
geoid/topography ratio for the regional compensation model depends
strongly upon the strength of the lithosphere (see Figure 2). (c) Topog-
raphy across a fracture zone is supported by thermal buoyancy forces
caused by lateral temperature variations T, and T,. This relatively
deep compensation results in a high geoid/topography ratio.
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could be estimated from geoid undulations if the isostatic
compensation mechanism was known. Unfortunately, the re-
lationship between geoid height and topography is nonunique
because of the different topographic compensation mecha-
nisms.

A number of isostatic compensation mechanisms have been
proposed to account for the various types of seafloor mor-
phology. For each mechanism, the relationship between geoid
height and topography is nearly linear and primarily depends
upon the wavelength of the topography. The smallest geoid
undulations or gravity anomalies occur over topography that
is locally compensated at the crust-mantle boundary. The Airy
local compensation model, shown in Figure la, can explain
both the high crustal thickness and the low grav-
ity/topography ratios over oceanic plateaus [Den et al., 1969;
Hussong et al., 1979], portions of aseismic ridges [Kogan,
1976; Detrick and Watts, 1979], and seamounts formed near
ocean ridges [McNutt, 1979]. In this model the depth to the
Moho is adjusted to maintain a constant mass in every verti-
cal column.

The relationship between geoid height and topography is
most easily expressed in the Fourier transform domain
[Dorman and Lewis, 1970]

N) _ 27Glp. — pu)
H(k) glk|

where k is the wave number (i.e., 2rn/wavelength), and N(k)
and H(k) are the Fourier transforms of the geoid height and
topography h, respectively. The transfer function on the right
side of (1) contains model parameters (p,, is water density of
1025 kg m ™3, p, is crustal density of 2800 kg m~3, s is water
depth of 5 km, and d is Moho depth of 11 km) as well as G,
the universal gravitational constant, and g, the gravitational
acceleration. It depends only upon the magnitude of the wave
number through the two exponential upward continuation
factors. This Airy transfer function, shown in Figure 2 (solid
curve), has relatively low amplitude (~.4 m/km) over the
whole wavelength band and begins to decrease exponentially
at a wavelength of 2x times the water depth (~ 30 km) because
of upward continuation through the water column. Based
upon these calculations, seafloor topography that is nearly
Airy-compensated will not appear strongly on geoid height
maps.

Topography that formed on mature lithosphere, i.e., litho-
sphere that has had time to cool and strengthen, is not com-
pensated by a local increase in crustal thickness. Instead, the
lithosphere flexes to distribute the load over a broader area
(i.e., regional compensation), as shown in Figure 1b. The flex-
ure model, which incorporates a thin elastic plate (lithosphere)
overlaying a fluid half space (asthenosphere), has been used for
quantitative modeling of regional compensation [Turcotte,
1974]. The geoid/topography relationship for this model can
also be expressed as a linear transfer function [McKenzie and
Bowin, 1976; Banks et al., 1977]

e M1 — e™ 19 M
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where p,, is the mantle density of 3300 km m~3. The flexural
rigidity D characterizes the strength of the lithosphere, and it
is proportional to the cube of the thickness of the elastic plate.
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Fig. 2. Geoid/topography transfer function for Airy compensa-
tion model (solid curve) and regional compensation models (dashed
curves). Numbers along each curve indicate the age of the lithosphere,
in millions of years, at the time the topography formed. The large
changes with age occur because the elastic part of the lithosphere
thickens as the lithosphere cools.

This model explains the relatively high gravity/topography
ratios associated with seamounts along the Hawaiian Chain
[Gunn, 1943; Walcott, 1970] as well as seamounts in the West-
ern Pacific [Watts and Ribe, 1984]. Watts [1978] examined
the gravity/topography transfer functions for a number of sea-
mounts along the Hawaiian-Emperor Chain and determined
that the flexural rigidity is largely dependent upon the age of
the lithosphere when the seamount formed. Young lithosphere
has low rigidity and flexes readily under the load of a sea-
mount, whereas a seamount emplaced upon older, stronger
lithosphere has a broad low-amplitude flexure profile. This
strength-age relationship also explains the differences in the
wavelength and amplitude of outer rise topography at subduc-
tion zones [Caldwell and Turcotte, 1979]. As shown in Figure
2, these differences in lithosphere strength have a large effect
upon the geoid height. The dashed curves in Figure 2 are
geoid/topography transfer functions for topography formed
on lithosphere with ages of 0, 10, 20, 40, and 80 m.y. (i.e., using
Caldwell and Turcotte’s relationship between flexural rigidity
and age). As the lithosphere ages, the amplitude of the geoid
topography transfer function increases and the peak value
shifts to longer wavelengths. This large range in the ge-
oid/topography transfer function explains why two seamounts
that formed at different times, but are otherwise identical,
have vastly different geoid signatures. The geoid images pre-
sented in section 4 substantiate this strength-age relationship,
since the amplitudes of geoid undulations produced by sea-
mounts formed on the young lithosphere near the East Pacific
Rise are generally small or absent. On older lithosphere, how-
ever, geoid undulations over seamounts can be more promi-
nent.

Relatively large, short-wavelength (< 10° m) geoid undu-
lations also occur over topography that is thermally com-
pensated [Haxby and Turcotte, 1978]. Features such as
spreading ridges, fracture zones, and hot-spot swells are nearly
in local isostatic equilibrium and are physically supported by
thermal buoyancy forces arising from lateral variations in
lithosphere temperature. Figure 1¢ shows a simplified view of
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the temperature, density, and topography across an FZ. The
lithosphere on the left side of the FZ is older, cooler, and more
dense than the lithosphere on the right side. It is in isostatic
equilibrium because the water depth on the left side is greater
than the depth on the right side. This simple model does not
include the effects of thermomechanical coupling across the
FZ, which were found to be important when modeling FZ
topography [Sandwell and Schubert, 1982b]. Nevertheless, it
reproduces the gravity field and geoid heights across FZ’s
[Sibuet and Mascle, 1978; Crough, 1979; Detrick, 1981; Sand-
well and Schubert, 1982a; Cazenave, 1982]. Across the younger
portions of FZ’s (<40 m.y.), the geoid height increases in a
steplike fashion from the older lithosphere to the younger
lithosphere. For example, the geoid step across large age offset
FZ’s (20-30 m.y.) is 3 to 4.5 m. The step amplitude, however,
decreases substantially as the age of the FZ exceeds 40 m.y.

The geoid/topography transfer function for this FZ model is
shown in Figure 3 (solid curve). The analytic expression for
the thermal compensation transfer function is the ratio of
equations (B4) and (BS5) in Sandwell [1982] and was calculated
by using a thermal expansion coefficient of 3.1 x 1073 K™, a
heat capacity of 1172 J kg™' K™', a thermal diffusivity of
8.0 x 1077 m? s™!, an asymptotic lithospheric thickness of
128 km, a mantle temperature of 1638 K, a seafloor temper-
ature of 273 K, and a flexural rigidity of zero. The amplitude
of this tranfer function is greater than the transfer function for
regionally compensated topography that formed on 80 m.y.
old lithosphere (Figure 2).

The final type of seafloor morphology considered here is the
hot-spot swell. These broad elongated swells in the seafloor
are produced as mature lithosphere passes over the upwelling
limb of a convective plume [Wilson, 1963]. Much of the sea-
floor swell and corresponding geoid high can be attributed to
local increases in the lithospheric temperatures [Detrick and
Crough, 1978; Crough, 1978; Sandwell and Poehls, 1980]. The
geoid/topography transfer function corresponding to a hot-
spot swell is shown in Figure 3 (dashed curve). For this model
the lithosphere was thinned from 128 km to 40 km, and it has
the flexural rigidity of 40 m.y. old lithosphere. Because of this
high rigidity, the transfer function drops rapidly near the flex-
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Fig. 3. Geoid/topography transfer function for the thermal com-
pensation model. Solid curve applies to an oceanic FZ. The hot-spot
swell transfer function (dashed curve) is relatively low at 100 km
because of lithospheric strength.
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ural wavelength (~300 km). At longer wavelengths, however,
the transfer function is relatively large (6 m/km) because most
of the compensation occurs at depths greater than 40 km.

This discussion of the theoretical and observational re-
lationship between geoid height and topography not only
helps when interpeting the geoid images (section 4) but pro-
vides a theoretical foundation for designing filters to enhance
the topographic geoid signal. Assuming a “white” topography
power spectrum, the transfer functions (Figures 2 and 3) show
that most of the topographic geoid signals will be composed
of wavelengths greater than 30 km. As stated previously, the
mantle convection geoid signal dominates the longer-
wavelength geoid undulations (>10% m). Thus the optimal
filter for enhancing the topographic geoid signal should
suppress the longer-wavelength geoid undulations; it should
also suppress the errors in the measurements. In addition, the
filter must be smooth in both the space domain and the wave
number domain to avoid artificial undulations [Bracewell,
1978]. This is especially true when high-pass filtering a func-
tion with a “red” spectrum, such as the earth’s geoid.

Altimeter and Ephemeris Error

Errors associated with altimetric sea surface height
measurements fall into three categories: those that can be
modeled or edited from the data, the altimeter noise, and the
radial epheremis error. Each error type is handled differently.

Errors or path effects that have been successfully modeled
arise from variations in microwave velocity, from solid earth
and ocean tides, from atmospheric pressure variations, and
from ocean waves. The SEASAT data were corrected for the
important effects by using correction factors described in the
Geophysical Data Record Users Handbook [Lorell et al.,
1980]. The GEOS 3 data were also corrected, although the
water vapor correction was modeled [Stanley and Dwyer,
1980]. The SEASAT data were edited using the following cri-
teria: land data, tilt angle out of limits, height blunder, signifi-
cant wave height blunder, automatic gain control outside the
range 32-60 db, and rms of height frame average >0.5 m.
GEOS 3 data editing criteria were similar: global model data,
auto track, APG/AASG edit, Kalman edit, and automatic
gain control outside the range 67-79 db. Other obvious blun-
ders, such as latitudes exceeding 90°, were also edited. Most of
the bad SEASAT data were acquired near the Antarctic ice
sheet [Marsh and Martin, 1982], while bad GEOS 3 data
points are randomly distributed geographically. Outlying
points were effectively removed by this editing procedure.

Unmodeled altimeter error, or noise, generally has low am-
plitude and consists mainly of short wavelength (<60 km).
Brammer and Sailor [1980] investigated the noise spectrum for
SEASAT data and found that very short wavelength noise
(13-33 km) has amplitudes of ~ S0 mm. Through analysis of
colinear passes they also found a high coherence between
passes for wavelengths greater than 60 km. A similar analysis
[Brammer, 1979], using GEOS 3 data, demonstrates that for
wavelengths greater than 60 km the geoid signal exceeds the
altimeter noise. Since the signals of interest in this study have
amplitudes exceeding 0.5 m and wavelengths greater than 30
km the altimeter noise is not a major problem.

The largest errors occur because of mislocating the satellite
with respect to the reference ellipsoid. Estimates of the radial
ephemeris error, based upon height discrepancies of crossover
points, are 1 to 2 m rms for SEASAT data [Marsh and Wil-
liamson, 1980] and 1.8 m rms for the first 1.5 years of GEOS 3
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data [Lerch et al., 1978]. The radial orbit error for the remain-
ing 2.5 years of GEOS 3 data is slightly higher (S. Klosko,
personal communication, 1983). Fortunately, this radial
ephemeris error has a dominant period of once per revolution.
Removal of biases and trends from passes a few thousand
kilometers in length eliminates most of the orbit error. Typical
bias and slope errors for GEOS 3 orbit errors are 1.5 m and
0.15 urad, respectively (1 arc sec = 4.848 urad = 0.5630 m/deg)
[Douglas et al., 1983]. Extreme slopes in GEOS 3 orbit error
are 0.4 urad. For periods of less than one third of a revolution
the amplitude of the SEASAT orbit error is less than 50 mm,
corresponding to a slope error of about 0.02 urad [ Marsh and
Williamson, 1980]. As shown in section 4, typical values for
the deflections of the vertical associated with seafloor topogra-
phy are 15 urad. These angles are about 100 times the slope
errors in the GEOS 3 orbit and 750 times the SEASAT slope
errors. Thus when geoid slopes rather than the geoid heights
are used the orbit error is suppressed far below the typical
topographic geoid signals.

3. GRADIENT ESTIMATION, INTERPOLATION, AND IMAGE
PROCESSING

Differentiation of each altimeter profile not only suppresses
radial ephemeris error but also acts as a high-pass filter. After
differentiation, short-wavelength geoid undulations have
about the same amplitudes as the long wavelength undu-
lations. A network of differentiated profiles can be used to
construct deflection of the vertical maps and sun illumination
images. Consider for the moment the subsatellite tracks of a
single satellite, as shown in Figure 4a. The derivative of the
geoid height, with respect to time, along the ascending pass is

ON, 0N 36, ON 0¢,

% o0 @ T a 3
and along the descending pass is

aN; _aN 20, N 29, @

ot 00 o 0 ot

where N is the geoid height, 6 is latitude, ¢ is longitude, and ¢
is time. The subscripts 1 and 2 refer to ascending and descend-
ing orbits, respectively. The functions 00/dt and d¢/dt are the
two components of the satellite’s velocity. At a crossover they
satisfy the following relations to an accuracy of better than
1%:

200, _ 0, 39,09, S
a o o ot 5)

The geoid gradient vector is obtained by solving (3) and (4),
using (5)

ON 1

%=M(N1—Nz) (6)
ON 1 . .
£=g(N1+N2) (7)

where the dot denotes d/0t. Notice that for near-polar orbits,
¢ is small and N, = —N,. In this case the north component
of the geoid gradient is well determined, while the east compo-
nent is poorly determined. The opposite effect occurs at the
extreme latitude points of satellites in nonpolar orbits; ex-
treme latitudes for SEASAT are +72° and —72°. The north
(&) and east (1) components of the deflection of the vertical are
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obtainable from the geoid gradient and are

g= LN ®)
T a0
1 ON
ﬂ__acosoga ©)

where a is the radius of the earth and the small angle approxi-
mation to the tangent function was used (i.e., tan (a) = «).

When two or more satellites with different orbital incli-
nations are incorporated into the above analysis, the situation
is slightly more complex. Consider the intersection of four
passes from two satellites as shown in Figure 4b. To dis-
tinguish the passes, they are labeled 1, 2, 3, and 4. The along-
track derivative of each pass can be computed from the geoid
gradient at the crossover point

N, 0, ¢,||oN
Nl |0, .|| a0
N = e, & [lon (10)

N, 0, 4. ||o¢
Using matrix notation, (10) becomes

N=0@VN (11)

where

0 0

V=0 %0 +¢ 2
In this case, the inverse problem of solving for the geoid gradi-
ent is overdetermined. However, since the derivative of each
profile contains some noise with standard deviation g;, the
best estimate of the geoid gradient will be one that minimizes
the weighted distance between the observations N; and the

model M,
4 /N — M\2
min Y, <;>
i=1 0;

(12)

The values of the weights g; are difficult to estimate, since they
represent the standard deviation of the derivative of the noise.
However, when two or more data sets have different noise
levels the relative values of standard deviations are useful for
deemphasizing the noisier data. To solve (12), let

. N 0, .
NN g b gt (13)
O; g; g;
The solution is [ Hamilton, 1964]
VN = (0"0) '0"'N’ (14)

where t and —1 are the transpose and inverse operations,
respectively. A two by two matrix must be inverted at every
crossover point. This technique is easily extended to three or
more satellites with different noise levels. However, it can be
rigorously applied only at the crossover point of two non-
parallel passes.

In addition to the geoid gradient, the covariances are also
obtained

L =(0'0)!

2 2

S Tgg ()
T 002 0442
0¢ (-2

(15)

where

(16)
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Fig. 4. (a) Schematic diagram of SEASAT ground tracks (1,
ascending pass; 2, descending pass). () SEASAT (1 and 2) and GEOS
3 (3 and 4) ground tracks. GEOS 3 data fills some SEASAT data gaps
and increases the number of crossover points.

The elements of the covariance matrix depend only upon the
quality of the data and the geometry of the passes.

Interpolation

When using both GEOS 3 and SEASAT data the spacings
between crossover points varies considerably over the oceans.
The largest spacings of up to 80 km occur near the equator in
regions of sparse GEOS 3 coverage. Near latitudes of +72°
and +65° the crossover spacings are small: 10-20 km. In
theory, the shortest wavelength resolvable is equal to twice the
sampling interval, so in poorly sampled regions the resolution
would be low (~ 160 km), whereas at higher latitudes shorter
wavelengths could be resolved. A two-dimensional surface
constructed via this conservative approach, however, does not
utilize the full along-track resolution of the individual passes.
A higher-resolution surface can be constructed by using a
priori knowledge of the typical geoid signals produced by the
various types of seafloor topography. For example, the geoid
gradient surrounding an isolated Airy-compensated seamount
decreases approximately as r~3, where r is the distance from
the seamount. A variation of this simple model for the auto-
correlation function is used in section 4 to interpolate among
passes.

Consider the sampling function

1 data exist (17)
0 no data

gi(o’ ¢) = {
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for the ith set of parallel passes. The noise in the geoid gradi-
ent along a single pass can be reduced by convolving it with a
low-pass filter p(6, ¢):

J j " 00’ $0)9:(00, o)p(0 — 0o, ¢ — bo) dby dbo
—n/

SANDWELL: VIEW OF SOUTH PAcIFic FROM ALTIMETRY

bility, since (g;, p) is inversely related to the distance from
real data. A smoothed version of the geoid gradient VN can
now be calculated everywhere by using the two or more sets of

N0, ¢) =

Equation (18) is more concisely written,

ﬁi = <Nigi7 p>IKgis P>

where { , > represents the convolution integral. The smooth
version of the along-track geoid gradient at 6, ¢ is a weighted
average of the the surrounding data points. The sampling
function g,(8,, ¢,) ensures that areas containing no data are
not used. In addition to smoothing along profiles, (18) can be
used for interpolating between profiles, since it can be evalu-
ated at points where no data exist. The denominator of (18) or
(19) provides a measure of how close the interpolated point is
to existing data. For points lying on or near an altimeter pass,
{g;, p> will have a large value, and the geoid gradient estimate
will be accurate. On the other hand, <{g;, p) will be small for
interpolated points far from any data.

The half width of the weight function p controls resolution
in the map. To retain short-wavelength information, p should
be narrow. However, artificial undulations will develop in in-
terpolated areas if p is much narrower than the track spacing.
The optimal width can only be deduced by trial and error.

The weight function is not necessarily isotropic. Its shape
also controls the accuracy of the interpolation. For instance, a
long but narrow geoid undulation may appear on several
parallel passes. A person interpreting these passes would nat-
urally identify the trend and interpolate along it. The interpol-
ation scheme described by (18) could also interpolate properly
if the weight function was wide along the strike of the feature
and narrow in the perpendicular direction. W. F. Haxby (per-
sonal communication, 1983) uses an anisotropic interpolation
technique that can determine when trends exist. Unfortu-
nately, this method is incompatible with the crossover tech-
nique described above. Other anisotropic interpolation tech-
niques are being tested.

The weight function adopted here is

plr) =1 e (20)
where
r = a(0* + (¢ cos 0)*)'? (21)
and
o= ay cos 0 oo = 30 km (22)

The parameter o controls the width of the weight function. A
plot of p versus r/a appears in Figure 5 (solid curve). For
comparison purposes the Gaussian function exp (r%/2a?) is
also plotted (dashed curve). The two functions are similar,
except at large values of r/a, where their slopes are much
different.

After convolving the data with the weight function the exact
position of the altimeter profile is less important. Indeed, one
could image that profiles exist everywhere, although some are
more reliable than others. The convolution of the sampling
function g; with the weight function p is one measure of relia-

2 (18)
J J gi(0o, do)p(0 — Oq, ¢ — @) dOy ddpg
0 —n/2
interpolated passes. The forward relationship is
(19) (N/gip) ,, 0N
<I5 vy (23)

{gi P> 0 00

Equation (23) is taken as the definition of the smooth geoid
gradient. When data from only one satellite are used, the
smooth geoid gradient can be estimated through (6) and (7),
where N, is replaced by N;. When using data from two or
more satellites, however, each data type should be weighted
according to its distance from an actual pass of data. This is
accomplished by multiplying (23) by the factor {g;, p)

(N/gi, p) = <gi, pOO/ —+<g,, p><15. a¢

This set of equations is solved via the least squares approach
described above. The solution is

(24)

VN = (0'0) '0"N’ (25)
In practice, the convolution integral (18) does not have to
extend over the entire surface of the earth. Adequate numeri-
cal accuracy is achieved by integrating over a radius of 6¢,
which corresponds to 200 km (i.e., when using (20)). These
convolution integrals involve many computer operations, al-
though they are well suited for parallel processing techniques.

Image Processing

Contour maps of the north and east components of the
deflection of the vertical are difficult to interpret, especially for
the untrained eye. Perhaps the simplest method for displaying
these data is the hill shading technique; it also provides im-
mediate visual impact [Horn, 1982]. Consider the sun shining
on an irregular surface (e.g., beach sand or snow). An observer
sees hills and valleys on the surface by looking at the patterns
of brightness. For a small surface element the observed light
intensity depends upon the following factors: (1) the direction
of the vector between the element and the sun (sun vector), (2)
the unit vector between the element and the observer, (3) the
unit vector normal to the surface element (e.g., the deflection
of the vertical), and (4) the reflectance properties of the surface.
Unlike sand and snow, the geoid undulations are much too
small to be seen. However, an enhanced geoid image can be
created by exaggerating the amplitudes and choosing a reflec-
tance model.

For simplicity the Lambertian reflectance model was adopt-
ed. In this model the reflectance is independent of the direc-
tion between the surface element and the observer. It depends
only upon the cosine of the angle between the sun vector and
the unit normal to the geoid. The sun vector s is specified by
an azimuth angle A, measured counterclockwise from east, and
a zenith angle ¢, measured from vertical, and is

s = (cos ¢ sin A, sin ¢ sin 4, cos 1) (26)



SANDWELL: VIEW OF SOUTH PACIFIC FROM ALTIMETRY

Weight Function p

Radius r/a

Fig. 5. Weight function (solid curve) that is convolved with the
data to both smooth along a pass and interpolate among passes. The
Gaussian function (dashed curve) is not suitable for interpolation
because it decreases too rapidly when r/a > 3, about 80 km.

The normal to the geoid is

n= (’1’ f’ 1)/(’72 + éz + ])1/2

where 5 and £ are the east and north deflections of the vertical
given in (8) and (9). For the marine geoid these deflection

27)
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angles are extremely small (~15 urad), and under normal
lighting conditions, reflectance variations are too small to be
seen. If the sun is placed very close to the local horizon, how-
ever, (i.e, A= 90°) the irregularities in the sea surface are
amplified. The reflectance R is the dot product of the s and n
vectors

R(s, n) = s - n/|s||n| (28)

This imaging technique is used in the following section to
display deflection of the vertical over the South Pacific.

4. DATA ANALYSIS AND RESULTS

The area investigated in this study encompasses most of the
South Pacific. This area was chosen for two reasons. First, it
contains the Eltanin FZ system, which is the largest in the
world’s oceans. Both theoretical and observational [Cazenave
et al., 1983] studies indicate that this FZ dominates the
shorter-wavelength geoid undulations in the South Pacific.
Second, most of the study area is poorly surveyed. Indeed,
there are many regions, some as large as 5° by 5°, that do not
contain available depth soundings. Because of this poor sam-
pling, one would expect that many seamounts have not been
detected.

A bathymetric chart [Mammerickx et al, 1974] of this
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Fig. 6. Bathymetric chart of the South Pacific [after Mammerickx et al., 1974]. Major age offsets in the seafloor occur
along the Heezen, Tharp and Udintsev FZ’s. Bathymetric coverage of this area is sparse.
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region is shown in Figure 6. The major features are the East
Pacific Rise, which is offset by about 700 km at the Eltanin
FZ system; the Chile Rise; the Kermadec and Tonga trenches,
which are bisected by the Louisville Ridge; and the Sala y
Gomez Ridge and the Nasca Ridge. In addition, the area con-
tains many seamounts and smaller FZ’s. Compared with other
ocean areas, the bathymetry of the South Pacific appears
smooth. This is largely due to an absence of bathymetry data.
In contrast to the poor bathymetric coverage of this area,
the coverage by the SEASAT and GEOS 3 altimeters is dense
and relatively uniform. The ground tracks of edited SEASAT
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and GEOS 3 data are shown in Figures 7a and 7b, respec-
tively. Each track represents a sequence of closely spaced (~7
km) data points, and each data point is an average of 1000
radar pulses. Before editing, there are 6.0 x 10° SEASAT data
points and 2.9 x 10> GEOS 3 data points. Much of the
SEASAT data below —65<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>