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Figure 5. Sea-surface height derived from the temperature 
at 300 m based on AXBT measurements (blue curve). Abso­
lute topography computed from the Geosat altimeter for 6 
May 1987 (black curve) . The asterisk indicates the point at 
which the sea-surface heights of the two curves were set 
equal to each other. (Adapted , with permission , from Porter, 
D. L., Glenn, S. , and Robinson, A. R. , " Geoid Estimates in the 
Gulf Stream from GEOSAT Altimetry Data and a Gulfcast 
Mean Sea Surface, " in IGARSS '89, 12th Canadian Symposi­
um on Remote Sensing, Quantitative Remote Sensing: An 
Economic Tool for the Nineties, Vol. 2, Vancouver, Canada; 
10-14 Jul 1989. ©1989, IEEE.) 

coefficient between the sea-surface height derived from 
the AXBT'S and the altimeter is 0.96, and the root-mean­
square difference between the two curves is 8.8 cm. 

Comparison of the Three Methods 
We now give examples of the different methods for 

analyzing altimetric data for the Geosat ground track in 
Figure 2. Real-time forecasts for the three days analyzed 
(31 December 1987 and 3 and 20 February 1988) were 
based on AXBT and satellite infrared data; no altimetric 
information was used in that forecast. For each day we 
computed the sea-surface height from the Harvard model 
(Fig. 6A); the absolute sea-surface height from the al­
timeter using the synthetic geoid (Fig. 6B); the altimet­
ric sea-surface-height anomaly about the altimetric mean 
(Fig. 6C); the sea-surface-height difference from the Har­
vard model's collinear pass-minus-pass pairs (Fig. 6D); 
and the sea-surface-height difference from the altimet­
ric collinear pass-minus-pass pairs (Fig. 6E). 

The bottom curve in Figure 6A for 31 December 1987 
of the Gulfcast has the Gulf Stream at 39.4 ON, an edge 
of a warm-core eddy near 41.5°N, and no cold-core ed­
dies. Figure 6B shows the absolute topography as com­
puted using the synthetic geoid for the same pass. The 
placement of the Gulf Stream based on the synthetic ge­
oid is farther north than it is for the model, and the 
warm-core eddy in the model results is also suggested 
in the absolute topography. But at 37.5°N in Figure 6B 
a cold-core eddy appears that has a depression of about 
50 cm, which is not in the real-time forecast. (Recall that 
the forecast was based on AXBT and infrared surface 
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temperature data only and that cold-core eddies south­
east of the Gulf Stream lose their infrared sea-surface­
temperature signal quickly.) 

The bottom curve in Figure 6C, for the same date, 
is the altimeter sea-surface anomaly (relative to a mean 
sea surface), which shows two depressions, one near 
37.5°N and the other near 40oN. With no a priori in­
formation, it would be difficult to decide whether the 
Gulf Stream was near 37.5 ON and a warm-core eddy was 
near 40 0 N or the Gulf Stream was near 40 0 N and a cold­
core eddy was near 37.5°N. Fortunately, one often has 
ancillary data from sources such as AXBT'S, satellite in­
frared imagery, or forecasts to remove such ambigui­
ties. Once the ambiguity is resolved, the method of using 
departures from the mean allows estimates of the posi­
tion of the Gulf Stream and the eddy. An estimate of 
the strength of the eddy can also be made. The signal 
representing the Gulf Stream is greatly reduced, howev­
er, since the Gulf Stream estimate is the deviation from 
the altimetric mean. 

For 3 February 1988, Figure 6A shows the Gulf 
Stream located at approximately 39.5°N, with no evi­
dence of either a cold- or warm-core eddy. The abso­
lute topography shown in Figure 6B for that date shows 
the Gulf Stream to be broader and weaker than in the 
model, possibly because the ground track cuts the Gulf 
Stream obliquely rather than at right angles. Figure 6B 
also shows evidence of a cold-core eddy near 37.5°N. 
For the same date, Figure 6C shows that the sea-surface­
height anomaly has no clear signal, implying that the 
individual pass sea-surface-height signal is nearly iden­
tical to the mean. There is some suggestion of the cold­
core eddy near 37.5°N, but no signal can clearly be desig­
nated as the Gulf Stream. 

For 20 February 1988, Figure 6A shows the Gulf 
Stream farther north at 40.2 oN. The placement of the 
Gulf Stream from the model (Fig. 6A), from the abso­
lute sea-surface topography (Fig. 6B), and from the sea­
surface-height anomaly (Fig. 6C), all agree to within 0.1 ° 
of latitude along the altimeter track. 

Let us examine the collinear pass-minus-pass differ­
ences. If two passes over the Gulf Stream have identical 
Gulf Stream signals, but are translated along track, then 
the difference of those two curves will be either a "U" 
or an inverted "U" -shaped difference signal. Porter et 
al. 4 have shown that the two inflection points of the U­
shaped curve correspond to the positions of the Gulf 
Stream for the two specified days. 

For the collinear pass-minus-pass differences, we begin 
by using the individual model sea-surface heights in Fig­
ure 6A to interpret the model pass-minus-pass differences 
in Figure 6D. In Figure 6A, the Gulf Stream is located 
near 39.4°N on 31 December 1987, 39.5°N on 3 Febru­
ary 1988, and 40.2°N on 20 February 1988. When the 
model estimate for 3 February is subtracted from the 
estimate for 20 February (top curve in Fig. 6D), we are 
left with an inverted U shape in the center, with signal 
cancellation on either side. The south side of the invert­
ed U gives the Gulf Stream location for 3 February, and 
the north side gives its location on 20 February. Because 
the location differs in the two passes, the signal cancel-
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Figure 6. Ao Sea-surface heights derived from the Harvard University Gulfcast model. The dates next to the pass 
correspond to the day the satellite passed over the Geosat track shown in Figure 2. The curves of 3 and 20 February 
1988 are offset from the origin by 100 and 200 cm, respectively. B. Sea-surface heights as measured by the altimeter 
(single pass) minus a synthetic geoid. (Pass and dates as in Fig. 6A.) C. Sea·surface heights measured by the al­
timeter (single pass) minus a 1-year altimeter mean. (Pass and dates as in Fig. 6A.) D. Sea-surface-height differ­
ences between two collinear Harvard model-derived passes. The three curves are the differences for 3 February 
1988 minus 31 December 1987 (bottom), 20 February 1988 minus 31 December 1987 (center), and 20 February 1988 
minus 3 February 1988 (top). E. Sea-surface-height differences between two collinear altimeter passes. The three 
curves are the differences for 3 February 1988 minus 31 December 1987 (bottom), 20 February 1988 minus 31 De­
cember 1987 (center) , and 20 February 1988 minus 3 February 1988 (top). (GS = Gulf Stream, WE = warm-core eddy, 
CE = cold-core eddy.) 

lation is incomplete. When the model estimate from 31 
December is subtracted from 20 February (middle curve 
in Fig. 6D), an inverted U is obtained again for the Gulf 
Stream difference signal because the two Gulf Stream 
locations are widely separated, and are thus far enough 
apart that the full I-m signal amplitude is preserved. Also 
in this difference signal, the warm eddy from 31 Decem­
ber appears as a depression below zero. If the warm eddy 
were in the 20 February signal, it would have appeared 
as an elevation above zero. (The opposite holds true for 
cold eddies.) The final pass-minus-pass difference is 3 
February minus 31 December (bottom curve in Fig. 6D). 
Here the Gulf Stream is almost in the same location, 
so the signal cancellation is nearly complete. 

Figure 6E shows the same pass-minus-pass differences 
calculated from the altimeter data. The inverted U in 
the 20 February minus 3 February difference (top curve) 
has a steep northern face and a broad southern face. 
The altimeter difference indicates that the Gulf Stream 
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on 20 February is in the expected location, but that the 
Gulf Stream crossing on 3 February is broader than in 
the model estimate. In the 20 February minus 31 De­
cember difference (middle curve), the inverted U near 
40 0 N clearly indicates the location of the Gulf Stream 
on both days. As before, the Gulf Stream on 20 Febru­
ary is in the expected location, but on 31 December it 
is slightly north of the model estimate. Since the two Gulf 
Stream locations are closer in the altimeter data, the am­
plitude of the U in the difference signal is less than in 
the model estimate. Also, the cold eddy present in the 
31 December signal appears near 37.5 oN as an eleva­
tion above zero in the difference signal. The signal can­
cellation in the last altimeter difference signal, 3 February 
minus 31 December (bottom curve) indicates that the lo­
cation of the Gulf Stream in these two passes is nearly 
identical. Deviations from complete cancellation are 
caused by the difference between the broad stream cross­
ing on 3 February and the narrow stream crossing on 
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31 December. Again, the cold-eddy signal is present near 
37.5°N. 

Real-Time Measurements of the Gulf Stream 
Altimeter measurements from Geosat are provided by 

APL'S real-time data systerp for Geosat. The system 
computes dynamic topography within 48 hours of the 
time the measurements are made by the satellite. Com­
putations begin as soon as the sensor data record tapes 
have been prepared by the Geosat ground station from 
the satellite telemetry. As described by CaIman and Man­
zi elsewhere in this issue, standard corrections are made 
for atmospheric and ionospheric propagation and for 
tides. Once the dynamic topography has been comput­
ed using the synthetic geoid, data are transmitted elec­
tronically to the Harvard group for use in initializing 
an ocean forecast model and in optimizing the place­
ment of in situ measurements by ship and aircraft. 

Two examples of the real-time dynamic topography 
are shown in Figure 7. Figure 7A contains data for 18 
April 1989; the ground track is the green line shown on 
the model forecast of Figure 1 C. Excellent agreement 
exists between the altimeter and model, both for the ele­
vation (l m) and the location (37.8°N) of the Gulf 
Stream; neither data set shows warm or cold eddies. A 
more complicated example occurred on 12 March 1989 
as represented in Figure 7B, whose ground track is the 
yellow line in Figure 1 C. The model forecast for that 
day was initialized on the basis of satellite infrared im­
agery alone. Cold eddies with significant subsurface 
structure that can be detected in the altimetry often are 
not visible in the infrared imagery, because sea-surface­
temperature contrast is lacking. Although the location 
of the Gulf Stream in the altimeter signal agrees well with 
the Harvard model estimate, the altimeter clearly shows 
a cold eddy, near a latitude of 36°N, that was not ob­
served in the imagery and therefore not included in the 
model initialization. When this occurs, the next model 
initialization is updated to include the cold eddy in the 
proper position. 

A 

Other Regions and Signal Strength 

The Gulf Stream system is one of, if not the most, 
energetic regions in the world's oceans, and therefore 
presents a strong surface height that is readily measured 
by the Geosat altimeter. Many other strategically impor­
tant regions of the oceans have surface signatures that 
are only a small fraction of the Gulf Stream's, howev­
er. One is the frontal system that lies roughly parallel 
to the ridge between Iceland and the Faeroe Islands, also 
called the Greenland, Iceland, United Kingdom (GIUK) 

Gap. The demonstrated need to acquire extensive knowl­
edge of frontal movement and dynamics in this region 
has prompted an investigation to determine how effec­
tive the Geosat altimeter can be in measuring fronts and 
eddies in this region, and how this information can be 
used for nowcasts and in the initialization of dynamic 
forecast models in the area. 12 

From April to September 1987, AXBT surveys were 
conducted in the rectangular region between 6 ° and 
11 oW and 63° and 66°N to construct and evaluate the 
Harvard forecast model. The resulting data set afford­
ed the opportunity to explore the concept of extracting 
a synthetic geoid in the region. To that end, 29 AXBT 

surveys were objectively analyzed and used to create a 
mean sea-surface-height map. A contour map of this 
mean field is shown in Figure 8A with the Geosat al­
timeter ground tracks used in the study overlaid. To 
compute a synthetic geoid, a mean height was deter­
mined for the Geosat data from the first thirty 17-day 
cycles (starting 12 November 1986) using the procedures 
discussed earlier. Because of occasional dropouts, not 
all means had 30 passes to average, but at least 22 Geo­
sat passes went into a mean for a given ground track. 
The mean altimetric sea-surface height is shown in Fig­
ure 8B along the ground track shown in Figure 8C. 

The determination of barotropic modes in the region 
caused concern because of the small sea-surface heights, 
which are in general between 20 and 30 cm. A previous 
study (A. R. Robinson and E. Dobson, unpublished 

B 
0.9 ,-----,.---,----,----.---..------.,-------, 

Figure 7. Comparison between 
the absolute sea-surface height 
computed from the altimeter (blue 
curve) and the sea-surface height 
derived from the model (black 
curve) for (A) 18 April 1989 and (8) 
12 March 1989. 

376 

g 
E 
Ol ·cu 

..r::. 

0.6 

0.3 

Q) 0 g 
't: 
::J 
fJ) 

m -{).3 
en 

-{) .9~~-~-~-~-~~-~ 
30 32 34 36 38 40 42 44 30 32 34 36 38 40 42 44 

North latitude (deg) North latitude (deg) 

Johns Hopkins APL Technical Digest, Volume 10, Number 4 (1989) 



Synthetic Geoid and Estimation of Mesoscale Absolute Topography 

A B 80~----~----~------~----~----~ 

65 70 

OJ 
(]) 

~ 
(]) 

I "0 
:l 

.1::: 

.N -§, 60 
~ .0; 
1: 
0 I 
Z 64 

50 

63 40 
11 10 9 8 7 6 60 62 64 66 68 70 

West longitude (deg) North latitude (deg) 

C D 20 

--Geosat 
--Hydrographic 

65 10 model 

OJ 
(]) 

~ 
(]) E "0 
2 ~ 

§ 1:: 0 
Ol 

~ 
.Q5 

1: I 
0 64 z 

-10 

63L-~~~-L~~~ __ ~~==~~~~~ -20L-------~-------L------~------~ 
11 10 9 8 7 6 60 62 64 66 68 

West longitude (deg) North latitude (deg) 

Figure 8. A. Mean sea-surface-height contour map showing Geosat ground tracks (contour interval = 0.02 m). B. Mean al­
timeter height for the pass shown in panel (C). C. Sea-surface-height contour map for 25 April 1987, with ground track over­
laid. D. Geosat altimeter dynamic topography (blue curve) and model dynamic topography (black curve). (Refer to Fig. 1 caption 
for color code used in A and C.) 

data), using pass-minus-pass differences, extensivelyana­
lyzed and determined the "best" consistent set of daily 
barotropic modes, and those modes were applied in the 
analyses. Tidal corrections were also applied to the data. 
It was determined that as long as ground tracks were 
not in the region of shelf waters, the Schwiderski tidal 
model was accurate. 13 

The mean sea-surface height from the model was then 
subtracted from the Geosat mean to obtain a first esti­
mate of a synthetic geoid in the GIUK Gap. To validate 
and determine the accuracy of the Geosat topography, 
we are comparing absolute dynamic topography along 
given ground tracks for individual days with model 
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heights along the same ground track. We give one good 
comparison to show the potential with the synthetic geoid 
method for obtaining dynamic topography from Geo­
sat height measurements. A contour map of the mod­
eled sea-surface height for 25 April 1987 is shown in 
Figure 8e, with the Geosat ground track for that day 
superimposed. The frontal axis is evident from roughly 
64.5°N diagonally to 63.5°N, and a large eddy is ap­
parent to the south, with an eddy of lesser strength to 
the north. The Geosat ground track crosses the front 
and intersects the western edge of the southern eddy. Fig­
ure 8D gives the comparison between the model and the 
Geosat altimeter, and both measurements show the same 
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frontal elevation of about 22 cm and the tip of the south­
ern eddy. This work is promising, and a more extensive 
analysis will be published in the future. 

A final example from the northern northeast Atlan­
tic concerns the western front edge of an eddy observed 
in the summer of 1988 during the Athena Experiment, 
conducted at sea by French naval oceanographers 14 in 
collaboration with Harvard scientists, using altimeter 
data supplied by the APL real-time data system. The 
high-quality in situ database consists of information 
gathered from hydrographic stations for measuring tem­
perature and salinity versus depth and expendable 
bathythermographs to determine the baroclinic fields, 
and a SOund Fixing and Ranging or SOFAR float (sub­
surface Lagrangian drifter) to determine the barotropic 
mode. The model output and comparison shown in Fig­
ure 9 were made in real time at sea. The Harvard mod­
el system is flexible and portable and has been run on 
various ships and remote locations in real time since 1986 
on Micro VAX, HP, and SUN computers. The inset in 
Figure 9 shows the model sea-surface-height field in a 
210 x 210 km region centered at 25.1 oW and 52.6°N. 
The large-scale mean flow is weak, but the occasional 
eddies are relatively strong. Methods 1 and 2 (pass­
minus-synthetic geoid and pass-minus-mean sea surface, 
respectively) are identical here, since no contribution 
from sub-bas in-scale mean oceanography is expected. 
The comparison between the combined in situ data and 
model estimate (e.g., hydrography, float, model) and the 
altimeter estimate of the absolute topography is excel­
lent for both shape and amplitude (40 cm), as Figure 9 
shows. 

CONCLUSIONS 
A synthetic geoid is an estimate of the medium­

spatial-scale components of the true geoid, obtained by 
removing long-wavelength oceanographic signals, orbit 
errors, environmental corrections, and a mean mesoscale 
oceanographic sea surface from a mean sea surface com­
puted using altimetric data. The technique of using the 
synthetic geoid allows estimates of the absolute sea­
surface topography associated with the oceanic meso­
scale. To obtain the synthetic geoid, we need a good es­
timate of the mean sea-surface field over the same time 
period when the altimetric mean field was formed. The 
estimated mean field can be derived from models and 
data. If the mean kinetic energy (MKE) for the area un­
der investigation does not contain sub-basin-scale fea­
tures, then the estimate of zero for the background mean 
sea-surface height suffices. 

The three different oceanographic areas discussed in 
this article-the Gulf Stream, the GIUK Gap and the 
Athena area-have their own distinctive oceanographic 
signals. The Gulf Stream region has MKE and eddy ki­
netic energy (EKE) with equal magnitude, and meander­
ing yields a mean feature about 200 km wide. Thus, the 
removal of the mean Gulf Stream is important in deriv­
ing the synthetic geoid. The MKE and EKE resulting from 
frontal meandering in the GIUK Gap region also are the 
same order of magnitude, but altimeter sea-surface-
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Figure 9. Comparison between sea-surface height deter­
mined from the altimeter minus a mean sea surface and the 
sea·surface height derived from the model. Inset shows the 
ground track of the altimeter over the nowcast of the Athe­
na area. Blue contours represent negative values; red indi­
cates positive values. 

height signals across the front are much smaller than 
those in the Gulf Stream. It becomes more difficult, but 
still possible, to obtain absolute sea-surface topography 
in the GIUK Gap by the same methods used in the Gulf 
Stream region. In the Athena area, the MKE density is 
small and the EKE density associated with an occasion­
al eddy feature is much larger; the estimate of the 
altimetrically-derived mean sea surface is a good estimate 
of the synthetic geoid. 

For a few Geosat passes over the Gulf Stream, we 
have demonstrated that the absolute sea-surface topog­
raphy computed using the synthetic geoid agrees well 
with model results and with in situ data. We are now 
performing thorough quantitative studies comparing the 
altimeter result with both models and in situ data. The 
synthetic geoid approach for the GIUK Gap shows prom­
ise; some initial estimates of the absolute sea-surface 
topography agree well with model results. A preliminary 
study in the region of the Athena Experiment, which has 
little mean oceanography, shows that the use of the mean 
sea surface as the synthetic geoid gives excellent results. 
The synthetic geoid is a powerful tool for direct sea­
surface-height signal estimates, which are more easily in­
terpreted for research, nowcast, and forecast purposes 
than the results from the pass-minus-pass and pass­
minus-mean methods. 
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