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Remote Sensing of Surface Ocean
Circulation with Satellite Altimetry

R. S. Mather, C. Rizos, R. Coleman

The gravitationally stabilized Geody-
namics Experimental Ocean Satellite
(GEOS-3) spacecraft (Fig. 1A) was
launched in April 1975 with an orbital pe-
riod of 101.79 minutes and an inclination
of 115°. In addition to the usual instru-
mentation for accurate position fixing, it
also carries a 13.9-gigahertz radar altime-
ter for measuring the vertical distance to
the sea surface. Included in the design
requirements for the altimeter in the
short-pulse mode was a precision of
+ 50 centimeters from averages over 0.1
second such that the correlation of ran-
dom error in the averaging procedure
was held to below .33 (/). As the space-
craft is moving at approximately 7 kilo-
meters per second, each data point has a
finite footprint. If one is considering the
local sea state, the analysis of 1-second
averages imposes a 15-km limit on the
shortest wavelength of information re-
coverable from GEOS-3 altimeter data of
this type 2).

Figure 1B illustrates the relationship
between the altimeter range /, the height
N of the geoid (datum level surface), the
height { of the stationary sea surface
above the reference ellipsoid, and the
dynamic sea-surface topography (SST)
{s. The last three quantities are related
by

=N (1
The horizontal gradients of {; are one of
the factors influencing the circulation of
the surface layer of the ocean through
the equations (3)

¢ o o4 1 dpa
X1 fXQ dxl ow dxl + Fl (Za)
ot = —g e L dpa ooy

B dv,  py dx
SCIENCE, VOL. 205, 6 JULY 1979

The velocities of the known steady-state
ocean currents never exceed 300 cm/
sec (4). It follows from Eq. 2 that gradi-
ents of {; cannot exceed 3 meters per 102
km at mid-latitudes.

Furthermore, as the steady-state wind
velocities seldom exceed 50 m/sec, the
resulting velocities of the ocean surface
layer are less than 50 cm/sec (3). The
changes produced in gradients of ¢ at
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never exceeding 9000 km in length. The
data were, for the most part, collected on
a regional rather than a global basis, the
acquisition areas and periods being gov-
erned by the location of transportable te-
lemetry units. These instruments occu-
pied any given site for periods up to 3
months.

3) The precision of the orbit determi-
nation was variable. The analysis of or-
bits based on Doppler tracking data in-
dicated a root-mean-square (rms) radial
error of = 1.3 m (5). This figure reduces
to = 0.9 m in the case of a GEOS-3
ephemeris based on laser tracking data
supplemented with S-band tracking only
where needed (6). The major source of
error is probably the model of the earth’s
gravity field used in orbit integration.
The best models available at present are
the Goddard earth model (GEM) series.
The latest set consists of GEM 9, based
on satellite data only, and GEM 10, ob-
tained from a combination of satellite
and surface data (7).

Summary. The Geodynamics Experimental Ocean Satellite (GEOS-3) radar altime-
ter has provided some information on the dynamic sea-surface topography of the
global oceans. Regional studies of the densely surveyed Sargasso Sea indicate that
the average nontidal variability of the oceans is + 28 centimeters. Sea-surface highs
and lows determined from GEOS-3 altimetry correlate favorably with eddy structures

inferred from Nimbus-6 infrared imagery.

mid-latitudes are less than 50 cm/10? km.
The errors in GEOS-3 altimeter data
must be below = 20 ¢m/10? km if these
data are to be used in mapping steady-
state currents. An improvement of a fac-
tor of 5 is needed if such data are to be
used in determining the changes of ¢
with time that are associated with varia-
tions in the surface circulation.

At first glance, it would appear that the
signal-to-noise problems preclude the re-
covery of information related to ocean
circulation from GEOS-3 altimeter data.
The principal difficulties are the follow-
ing:

1) The data were collected only be-
tween parallels 65°N and 65°S (Fig. 2A).
This, together with the absence of re-
cording facilities on-board GEOS-3, lim-
its the available surface coverage, for a
5-day sample, to that shown in Fig. 2B.

2) The altimetry measurements were
recorded in the form of discrete passes

4) The datum level surface (geoid)
needs to be defined in ocean areas with a
precision of better than = 20 ¢m/10* km
through shorter wavelengths. It has been
conventional to assume that such deter-
minations are obtained from surface
gravity and elevation data which are re-
lated to the geoid (8). The desired preci-
sion cannot be obtained directly because
(i) the gravity data in ocean areas are not
of sufficient quality or density to allow
reliable computations of a gravimetric
geoid; and (ii) the relevant data in the
form of gravity anomalies, if assumed to
be of adequate quality, nevertheless are
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related to the sea surface and not the
geoid.

Despite these adverse factors, it is
possible to obtain some information on
the following parts of the spectrum of dy-
namic SST in both space and time from
GEOS-3 altimetry.

Quasi-stationary components of very
long wavelength for which gravity field
components are known to better than |
part in 10%. These are zonal harmonic
terms, principally of degree 2({s;2), and
to a lesser extent of degrees 3({s;30) and
4(Zs140), in the global surface spherical
harmonic expansion of {; given by

ES B lel m

where (s are coefficients of degree n
and order m, S, being surface spheri-
cal harmonic functions defined by

§ad

2
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Sinm = Pan(sin ¢) cos mA

S2717" = Pﬂﬂl(Sin ¢)) Sin mA

(4a)
(4b)

where P,,(sin ¢) are normalized associ-
ated Legendre functions (9).

Time-varying components of {s with
wavelengths between 50 and 500 km and
amplitudes in excess of 30 cm. Oceano-
graphic phenomena of interest in this
part of the spectrum are ocean eddies
which have been extensively studied in
recent years. Eddies have long been ob-
served near the strong western boundary
currents, such as the Gulf Stream (/0).
Although the formation of eddies has
been well documented, there is still
much to be learned about their move-
ments and life histories.

A study of the power spectrum of the
stationary dynamic SST (the signal), as
estimated by oceanographers (/1), in re-
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lation to that of the estimated errors in
the GEM 9 gravity field model (the noise)
shows that it is not possible to recover
any harmonics in {; of degree greater
than or equal to 4 (I2) (except perhaps
the zonal coefficient {;,¢,). This follows
because the degree variance of the SST
(V{), given by

n 2
Vie= 2 > Lo

m=0 a=1

&)

for degree n, is less than the degree vari-
ance of the error in GEM 9 for n > 4.
The coefficients {smn in Eq. 3 used to es-
timate the expected variance in Eq. 5 are
obtained by the analysis of steric anoma-
lies computed from surface measure-
ments of temperature and salinity to
depths of 2000 m (/7). To facilitate the
direct comparison with results from the
GEOS-3 data, the ocean area is defined
as those regions that were scanned by
the altimeter. The numerical values of
Lsonm change if this definition is altered
(13). A more specific examination of the
individual coefficients obtained in this
manner shows that the signal-to-noise ra-
tio is favorable for the recovery of the six
dominant coefficients in the global repre-
sentation of {;. In decreasing order of
magnitude, these dominant coefficients
are Ls1005 L1200 Lstr1s Lstaor Lorror AN L0

The GEOS-3 Altimeter Data Bank

The data are in the form of discrete
passes of lengths up to 9000 km. An or-
bital ephemeris was prepared under the
supervision of the National Aeronautics
and Space Administration (NASA) Wal-
lops Flight Center (WFC) (called Wal-
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lops orbits in this article). These orbits
are based primarily on Doppler tracking
data. The ephemeris used in this study
was computed at either the NASA God-
dard Space Flight Center (GSFC) or the
U.S. Naval Surface Weapons Center
(NSWC), using dynamic satellite reduc-
tion techniques. A smaller set of orbits
was based primarily on high-precision la-
ser tracking data (6). The times of the al-
timeter ranges are correlated with the
GEOS-3 ephemeris to define { (Eq. 1).
The accuracy with which this correlation
is performed is critical as the rate of
change of the altimeter range can be as
large as 20 m/sec. For example, a time
tagging correlation error of 1 millisecond
can cause an error in £ of 2 cm.

The difference between values of { ob-
tained by this method and the gravi-
metrically determined N values (Eq. 1)
should not exceed *= 2 m. Nevertheless,
the data originally provided to investiga-
tors by WFC showed differences due to
time tag errors that were sometimes in
excess of = 10 m. As the true variation
of { over short periods of time is unlikely
to exceed = 60 cm, the analysis of cross-
overs of GEOS-3 ground tracks (Fig. 2B)
during some limited time span leads to
the following conclusions (/4). (i) The
crossover discrepancies in { based on
Wallops orbits, after the exclusion of ap-
proximately 12 percent of the passes, in-
dicated that the radial component of or-
bital error was in the range = 1.3 m. In
the case of laser orbits (6), the figure was
* 0.9 m. These Wallops orbits are suit-
able for global studies. (ii) The rms error
can be reduced to + 0.3 m for regional
studies covering up to 4 x 10 km? if in-
dividual passes are treated as internally
consistent but subject to unknown ‘‘or-
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Fig. 1. (A) Diagram of the GEOS-3 spacecraft. (B) Vertical section in the GEOS-3

orbital plane (see Eq. 1). The computed orbit required corrections for bias b and
tilt ¢ to bring about rectification in the orbital plane.
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bital’’ errors which can be modeled by a
constant bias (b) and a tilt (¢) (Fig. 1B).

The application of » and ¢ corrections
per pass also eliminates portions of the
spectrum of {;. However, the resulting
data are less noisy and therefore suitable
for differential regional studies of {; and
its variations with time. Although global
solutions are subject to higher noise lev-
els, they retain all information on s with
wavelengths greater than 10° km. Re-
gional solutions over an area ¢ (in
square kilometers) do not contain infor-
mation on {; with wavelengths greater
than 2d because of the application of b
and ¢ corrections. However, the noise is
smaller by a factor of 4.

Parameters of the Quasi-Stationary

Component

Only the six harmonic coefficients list-
ed earlier can be recovered from the best
gravity field model available at the pres-
ent time, if the satellite altimetry is free
of error. However, the altimetry data are
not free of error. Any solution procedure
would fail if errors in the altimetry data
had the same wavelengths as those
sought in the SST.

The term of zero degree ({500 = 1.15

Fig. 2. (A) The distribution of GEOS-3 data
available for sea-surface topography studies.
(B) Specimen of GEOS-3 altimeter coverage
for a 5-day period from 6 to 10 September
1975. The four-digit numbers at the ends of
the lines are revolution numbers. The acro-
nyms are tracking station identifying names.
Note the badly biased passes.

80.0

m) obtained from the global analysis of
steric anomalies is not of relevance as it
is incorporated in the definition of the
geoid. The dominant term is therefore
the second-degree zonal harmonic
(Ls120 = —46 cm) (Table 1). The GEOS-3
altimetry as acquired during any S-day
period traces a partial global grid of
ground tracks (Fig. 2B). The quality of
the tracking is reflected in the average
crossover discrepancy. A second means
of assessing the quality of { values gener-
ated from the altimetry is to study the
variation of values of { within a 1° by 1°
square. The value of N varies with posi-
tion within such a square with an rms er-
ror of = 0.3 to = 0.8 m. The variation of
s within such a region does not material-
ly alter these figures for changes in { over
the same area. The values obtained are a

function of the orbits, varying from
+ 1.7 to = 2.1 m for Wallops orbits and
reducing to = 1.3 m for laser orbits
(Table 1). These figures tend to confirm
the estimates obtained from the cross-
over analysis for the radial component of
the orbital error.

Global solutions are noisy but have the
advantage of being related to the orbits.
The latter are referred to a geocentric
reference system with origin at the geo-
center (earth’s center of mass) and ori-
ented in relation to the conventional .in-
ternational origin (CIO) and the meridian
of zero longitude as defined by the Bu-
reau International de I’'Heure (/5).

These solutions require a set of sta-
tionary ¢ values in the form of 1° by 1°
equiangular means prepared with the use
of the best available orbits so that no in-
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formation on low-degree contributions to
the shape of the sea surface is lost. The
tidal signal has been largely eliminated in
the process of averaging the data. The
geoid model defined by GEM 9 was dif-
ferenced from the grid of sea-surface
heights. (These residual heights would in
fact be the quasi-stationary component
of the SST as a continuous field if the
GEM 9 geoid were free from error for all
wavelengths.) The residual heights, how-
ever, allowed a determination of the
dominant harmonic coefficients, as they
did not contain errors equivalent in
wavelength and amplitude to the SST.
We have also obtained solutions based
on the use of long passes of GEOS-3 al-
timetry after the noise levels have been
reduced to = 80 cm by the application of

b and ¢ corrections. However, the adop-
tion of such a procedure loses informa-
tion with wavelengths greater than twice
the length of the pass. The exception is
information on harmonics that are sym-
metrical about the equator. Table 1 lists
the coefficients obtained from various
subsets of the GEOS-3 altimetry data
bank at GSFC derived from both Wal-
lops and laser orbits.

The solutions reported are the follow-
ing:

1) The equinox data set contains over
310,000 records of GEOS-3 altimeter
data collected between 25 August and 5
November 1975 and between 25 Febru-
ary and S May 1976. Under ideal circum-
stances, parameters of the global SST
computed from this data set would be

Table 1. Determinations of the dominant parameters of the stationary global sea-surface topog-
raphy from various subsets of GEOS-3 altimetry in the global mode.

Normal- -
ized Oceanpgraphlc Orbital solutions (cm) L
fficient solution (cm) ong-
coe pass
- B solu-
Gl Equinox }’Zals Laser Wal- lvoV asl tions
a n m b (;- represen- Pt equi- lops, co?ni (cm)
a tation equi- nox 1976
nox plete
1 1 0 +7 +10 —127t —22t —1611 —137¢
1 1 1 -22 -21 -1 —72t +7t -5t
1 2 0 —46 —44 —46% —54% —47% —47% —45%
1 3 0 +7 +7 +14 +10 +13 +10 +2
1 4 0 -10 -10 -11 -10 -18 -12 -7
rms variation
per 1° by 1° square 174 133 178 205 80
Number of 1° blocks
16,707 16,575 14,782 27,171
Number of data points
310,920 308,401 367,762 875,273 27,674

*Between 65°S and 65°N from a spherical harmonic solution to degree 16 and order 16.

nongeocentricity of the reference coordinate system.
permanent earth tide.
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Fig. 3. A composite surface spherical harmonic representation of the dynamic sea-surface to-
pography from GEOS-3 altimetry (zonal coefficients of degrees 2, 3, and 4) and steric anomalies
(balance coefficients to degree 16). Contours are in meters with reference to an arbitrary datum.
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minimally affected by seasonal varia-
tions. This data set provides a 49.3 per-
cent coverage of the oceans within the
parallels 65°S and 65°N, excluding inland
seas. Both Wallops and laser orbits were
used to obtain solutions from this data
set.

2) The Wallops 1976 data set, based
on over 350,000 data points collected
during the first 8 months of 1976, was ex-
amined because it had the smallest cross-
over discrepancies based on the use of
Wallops orbits. This does not necessarily
mean that the orbits for other periods
were inferior as there may be some time
tag problems associated with the data.

3) The Wallops complete data set in-
cluded 850,000 data points. Over half of
these data, recorded during the earlier
part of the period from April 1975 to Au-
gust 1976, were subject to higher levels
of noise. This data set provides a 80.1
percent coverage of the oceans.

4) The long-pass solution was the only
data set prepared after the use of » and ¢
corrections to reduce orbital noise. We
computed these corrections for long
passes by fitting the data, pass by pass,
to the best available gravity field model
and simultaneously solving for the shape
of the sea surface.

The results in Table 1 highlight the in-
ability to recover the comparatively
large coefficients of first degree ({51,
Ls110) at the present time due to the non-
geocentricity of the system of reference
used in integrating the GEOS-3 orbits.
The values obtained for these coeffi-
cients can be expected to change with
the system of reference used.

The three zonal harmonics of degrees
2, 3, and 4 as obtained from the different
solutions are in good agreement with the
values obtained from the analysis of ster-
ic anomalies. The rms variation per 1° by
1° square is probably a good indicator of
the quality of the solution in each case
(Table 1). The unweighted mean value
obtained for the normalized second-de-
gree zonal coefficient g, is —42 = 3
cm, which compares with —46 cm ob-
tained from steric anomalies after allow-
ing for the effect of the permanent earth
tide (/6) and incomplete sampling. Val-
ues obtained for the other dominant zon-
al coefficients are listed in Table 1.

As far as we know, truncated surface
spherical harmonic series for modeling
the global dynamic sea-surface topogra-
phy have not been used by oceanogra-
phers. Figure 3 illustrates the representa-
tion obtained from a model to degree 16
(289 coefficients). The zonal harmonics
of degrees 2, 3, and 4 obtained from
GEOS-3 altimetry are supplemented by
oceanographically determined values to
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the required degree. The lack of fit of the
resulting model to the oceanographic
data, due to the effect of truncation, is
+ 9 cm. Models of this type can be easily
converted to geostrophic components of
the surface current vector if a non-
accelerated system is assumed.

Time Variations in the Sargasso Sea

Since surface measurements give the
eddy kinetic energy of the oceans as
varying between 400 and 2000 cm?'sec
(17), the expected variations in ¢ due to
eddy formation and decay can be as large
as 10> cm with half wavelengths of 102
km (I8, 19). The minimum useful resolu-
tion of variations of ¢, with time from
GEOS-3 altimeter data is = 50 cm. Glob-
al solutions cannot meet this goal at the
present time. GEOS-3 ground tracks al-
most repeat themselves every 526 revo-
lutions. The comparison of pairs of such
overlapping passes shows that the rms
discrepancy between any pair can, with
some minimal editing, be reduced to
around = 30-cm if the Nyquist limit (20)
is taken to be 15 km (2/7). This figure can
be 50 percent higher in the vicinity of
fast-flowing currents. These results are
obtained after each pass is subject to b
and c corrections (Fig. 1B).

This principle can be used to define re-
gional models of the sea surface in limit-
ed areas for the study of time variations
in {; and hence the motion of eddies. The
area most densely surveyed during the
GEOS-3 mission is in the vicinity of the
Gulf Stream and the Sargasso Sea to the
east of the Gulf Stream in the western
North Atlantic (Fig. 4A). Over 250 altim-
etry passes were acquired in the area.
These data were processed to obtain
monthly solutions for the shape of the
Sargasso Sea from July 1975 to Novem-
ber 1975 and from April 1976 to July 1976
(22). The solution for September 1975 is
illustrated in Fig. 4A. The average varia-
bility of nontidal heights of the ocean
surface models between July 1975 and
August 1976 was = 43 cm (23). Geomet-
rical instability contributes to this figure
as the configuration of passes varies
from month to month. It drops to + 33
cm if the peripheries of the region are ex-
cluded. Such models appear adequate
for the study of variations in {, associat-
ed with eddies with amplitudes larger
than 50 cm. The ocean tides were treated
as a source of random error in these pre-
liminary determinations. In view of the
large distance between amphidromes,
the major tidal effect is removed in the
corrections for » and c¢. The model
shown in Fig. 4A is referred to the mean
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sea-surface height for the epoch of mea-
surement at each point and does not con-
tain information on the quasi-stationary
components of ¢, which maintain the

Fig. 4. (A) Regional
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steady-state current systems such as the
Gulf Stream.

The variation of ¢, with time can also
be studied along selected profiles of
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overlapping passes; 32 profile sets, hav-
ing between five and nine overlapping
passes in each set, are available in the
western North Atlantic (24). Each of
these passes is fitted by the application
of corrections for b and c to the average
of the whole set. Thus, the datum for
each set of overlapping passes can be
slightly different. The application of b
and ¢ corrections removes all informa-
tion on sea-surface variability with
wavelengths in excess of twice the pass
length and with periods shorter than that
of a single overlap (37.2 days). The aver-
age rms discrepancy was = 33 cm,
which is an improvement on the resolu-
tion obtained from the set of regional so-
lutions presented here. The disadvantage
is the lack of a unique datum for the re-
gion and the restricted coverage ob-
tained in both space and time.

The power spectrum of the 32 sets of
overlapping passes were analyzed for an
estimate of the variability of the oceans
in the test area with periods greater than
a month and wavelengths between 150
and 5000 km. The value obtained from
data recorded between April 1975 and
August 1976 was *+ 28 cm. Considering
the magnitude of unmodeled orbital er-
ror, this value is in reasonable agreement
with oceanographic estimates and is
compatible with the eddy kinetic energy
of a wind-driven circulation. Figure 4B
shows the layout of passes in the overlap
data set for September 1975. A high-pass

282

filter was used to remove all variations of
{ with wavelengths greater than 100 km.
The resulting window was used in the
study of eddies.

The location of eddies shown in Fig. 4,
A and B, are reported by the National
Weather Service from infrared imagery
distributed by the National Environmen-
tal Satellite Service (25). Both the
monthly regional solutions and the over-
lapping pass sets were examined for cor-
relations with the eddy structures report-
ed. Sea-surface minima occurred within
50 km of the infrared-sensed cyclonic ed-
dies 64 percent of the time and within 100
km on all occasions where altimetry data
were available for comparison. In the
case of comparisons between { maxima
and minima from overlapping pass sets,
correlations with eddy structures were
obtained 58 percent of the time if the cri-
terion was that the altimeter-defined ¢
maxima and minima lay within the in-
frared-defined eddy feature. This corre-
lation increased to 98 percent if instances
of partial overlap were also included.
The sample sizes were 33 in the case of
the regional solution comparisons and 37
for the overlapping pass sets.

In the case of regional solutions, com-
parisons were also made between highs
and lows in { and monthly highs and lows
in the mean sea-surface temperature.
Unfavorable correlations were obtained
16 percent of the time from a sample of
44 comparisons over 10 months. The

slightly inferior level of correlations in
this case is not unexpected as surface
temperature features do not necessarily
correlate with eddies (/9).

The Sea Surface Topography
Maintaining the Gulf Stream

Regional solutions do not contain in-
formation on the quasi-stationary com-
ponents of {,. Global solutions define ¢
through those harmonics for which the
signal-to-noise ratio is favorable. Neither
of these techniques is adequate at the
present time for studying variations of {;
with position which maintain a dominant
steady-state current such as the Gulf
Stream. The regional monthly models
are consistently biased in relation to the
best available geoidal model (26). The
contour pattern of the discrepancy D be-
tween the sea-surface models from altim-
etry (after orientation to GEM 9) and the
best available gravimetric geoid in the re-
gion is regular east of the 2000-m depth
contour (Fig. 5A). These contours reflect
the errors in the gravimetric geoid and in
the quasi-stationary SST if the orienta-
tion of the regional models is assumed to
be free from error. One cannot separate
¢, from the sources of error without
adopting a speculative assumption about
one of the contributory sources to D.
The gravimetric geoid is computed at
each point from a fixed distribution of
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Fig. 5. (A) Discrepancies between the average sea surface for 1975.5
to 1976.7 and the best available gravimetric geoid in the Sargasso Sea;
contour interval, 50 cm. Bathymetry depth contours on the shelf area
are given in meters. (B) A speculative estimate of the quasi-stationary

sea-surface topography maintaining the Gulf Stream for 1975.5 to

1976.7; contour interval, 50 cm. Bathymetry depth contours on the

shelf area are given in meters.
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data by the use of quadrature techniques
(27). The resulting pattern of errors can
be expected to vary slowly with position.
Linear regression techniques establish
the variation (dE/ds) in the geoidal error
E along profiles orthogonal to the aver-
age direction of the contours east of the
2000-m depth contour, s being the dis-
tance from the southeast corner of each
profile. The correlation obtained is al-
ways better than .99. If it were assumed
that this pattern of errors were to contin-
ue west of the 2000-m depth contour, the
values of ¢, maintaining the Gulf Stream
can be estimated along each profile by
means of the relation

L=D -~ (6)

ds °

The resulting contours of { in the re-
gion adjacent to the continental shelf
slopes are shown in Fig. 5SB. These con-
tours underestimate the quasi-stationary
Gulf Stream velocity as being 50 cm/
sec, although in the correct direction.
These results are presented to illustrate
the difficulty of obtaining a reliable esti-
mate of quasi-stationary dynamic SST
associated with limited features of the
ocean surface circulation from presently
available data. The shortcomings are not
in the altimetry data themselves but in
the best available gravity field and geoid
models through the relevant wave-
lengths.

Conclusions

The analyses described above demon-
strate the potential of the satellite altime-
ter as a tool with which to study the dy-
namics of the surface layer of the
oceans. Sophisticated tracking support is
not needed to track eddies, provided 30
passes of data are available each month
per 108 km? in the region of interest. A
resolution of = 25 ¢cm can be expected in
such a case. It should also be possible to
recover variations with wavelengths be-
tween 150 and 5000 km and amplitudes in
excess of 30 cm, provided a reliable
ocean tide model is available. It is not
possible to recover the quasi-stationary
component of the SST in this range of
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wavelengths unless one makes specula-
tive assumptions.

Acceptable values of the three zonal
harmonics of degrees 2, 3, and 4 of the
quasi-stationary SST are obtained from
global solutions. These contain 75 per-
cent of the strength of signal. Significant
gravity field model improvements with a
precision of three parts in 10° are needed
before further advances are possible in
this area. No evidence currently exists
for any significant widespread discrep-
ancies between satellite and surface
oceanographic determinations of the
quasi-stationary dynamic SST.

Data collected during the Seasat mis-
sion will provide an improved basis for
the recovery of ocean dynamic informa-
tion from radar altimetry for several rea-
sons: (i) a more complete data coverage
will be available in both space and time,
(ii) the complement of precise tracking
systems available is likely to have a bet-
ter distribution than that used for the
GEOQOS-3 mission, and (iii) the improved
gravity fields obtained from the analysis
of GEOS-3 data should also provide
more precise orbits.

Much work remains to be done on the
recovery of oceanographic information
from satellite altimetry under adverse
signal-to-noise conditions. The oceano-
graphically determined global fields of
will, in the short term, be useful yard-
sticks for such studies. Because they can
be used to synoptically monitor rapidly
changing phenomena, satellite tech-
niques will revolutionize methods in
physical oceanography.
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