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Figure 1. Construction of Geosat time series for the 2° x 1°
region centered at 1°N, 157°W, near Christmas Island in the
central equatorial Pacific. A. The 2.5-year record based on cross-
over differences. Dots indicate average sea-level heights derived
from individual altimeter passes. The smooth curve is comput-
ed using objective analysis, where a 30-day decorrelation is as-
sumed. B. Sea level determined from collinear differences. C.
The 1-year overlap of the crossover and collinear records shown
in Figures 1A and 1B enables the two to be combined into one
continuous time series that can be extended as additional Geo-
sat data are collected. In this figure, the two records (crossover,
black; collinear, blue) are simply superimposed. D. Comparison
of the Geosat sea-level time series (black) with tide gauge data
(blue) from Christmas Island (1.9°N, 157.5°W). The rms differ-
ence is 5.9 cm with a 0.83 correlation. Calculations are based
on monthly means.”

vide surface truth in the open ocean where island data
are not available.

In a previous paper,® we compared Geosat GM time
series with 14 tide gauge records and 2 moorings in the
tropical Pacific. Average agreement of Geosat with the
surface measurements was 3.7 cm rms with a correlation
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of 0.68 for the 18-month period examined. Figure 1D
shows results for the 4-year Christmas Island example.
Based on monthly means, the rms difference of the al-
timeter and tide gauge records is 5.9 cm with a 0.83 corre-
lation. The large rms difference appears to be due to
damping of the altimeter signal by the quadratic orbit-
error model used in this case. The tide gauge record has
an rms amplitude of 10.5 cm compared with only 7.5 cm
for the Geosat time series. This signal damping can be
corrected by using an improved satellite ephemeris togeth-
er with a linear orbit-error model that removes relatively
little ocean signal. Water-vapor error is an additional
source of uncertainty in the altimeter record. Despite these
deficiencies, such comparisons demonstrate that the Geo-
sat time series are sufficiently accurate to permit prelimi-
nary examination of tropical ocean phenomena.

TROPICAL SEA-LEVEL
RESPONSE TO WIND

Sea-level changes in the tropics are driven primarily
by changes in the large-scale wind field. An example of
this relationship is shown in Figure 2, where we have
superimposed a Geosat sea-level record from the cen-
tral equatorial Pacific and a wind record that shows the
average zonal component at 850 mbar in the far west-
ern Pacific (5°S to 5°N, 120°E to 160°E). The sea-level
record has been lagged by 20 days (implying eastward
propagation) to highlight the correlation between these
two independent records. In general, bursts of westerly
(positive) winds correspond to increasing sea level, while
periods of pronounced easterly (negative) wind result in
decreasing sea level. Miller et al.® and Cheney and
Miller’ showed that most of these sea-level anomalies
were equatorially trapped Kelvin waves, a form of low-
frequency wave motion that arises because the Coriolis
parameter vanishes at the equator. These waves had sea-
level signatures of 10 to 15 cm, propagation speeds in
mid-ocean of approximately 2.5 m/s, and coherent zon-
al structure extending nearly across the Pacific Ocean.
The period of most intense Kelvin wave activity was late
1986 and early 1987, during initiation of El Nino. This
is consistent with the notion that short, intense bursts
of westerly winds in the western Pacific help trigger the
onset of El Nino through the generation of Kelvin waves.

MAPPING TROPICAL SEA LEVEL

Sea level in each of the three tropical oceans is deter-
mined monthly by using the most recently acquired Geo-
sat data. Ground tracks of the data used for the updates
are shown in Figure 3. In the Pacific and Atlantic oceans,
all data obtained within 40° of the equator are used,
yielding altimeter profiles up to 10,000 km long. Orbit
error is modeled as a quadratic trend over these arcs,
but a linear model is used for profiles shorter than about
3500 km. Slightly shorter arcs are used in the Indian
Ocean, and the linear orbit error model is used for the
entire region.

Examples of Geosat-derived sea-level maps for each
of the tropical oceans are shown in Figures 4 through
6. Because of systematic errors in the satellite ephemer-
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Figure 3. Ground tracks of Geosat ERM data used to monitor
sea level in the tropical oceans.
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Figure 4. Pacific sea-level anomalies, 1 May 1989, based on
Geosat altimetry. The map is constructed from approximately
2400 time series in 2° X 1° areas. Anomalies represent depar-
tures from a 1-year mean, April 1985 to April 1986. Contours are
at 4-cm intervals with negative values shaded.

is and existing marine geoid models, we cannot deter-
mine sea level in an absolute sense—only its anomaly
with respect to a reference period and its change with
time. For example, in the Pacific we express all time se-
ries as anomalies relative to an annual mean sea level
computed over the 12-month interval, April 1985 to
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level features are eastward-propagat-
1987 ing Kelvin waves as discussed in
Refs. 8 and 9. Sustained westerlies
in November-December 1986 result-
ed in large-scale redistribution of wa-
ter and marked the onset of the
1986-87 El Nino.
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Centimeters

Figure 5. Atlantic sea-level anomalies, 1 May 1989, based on
Geosat altimetry. The map is constructed from approximately
1200 time series in 2° x 1° areas. Anomalies represent depar-
tures from a 1-year mean, August 1987 to August 1988. Con-
tours are at 4-cm intervals with negative values shaded.

April 1986, a comparatively normal (i.e., a non-El Nino)
period. In the Atlantic and Indian oceans, we refer all
time series to the annual mean, August 1987 to August
1988. These maps show primarily the wind-driven, an-
nual signal of sea level. For example, Pacific sea level
(Fig. 4) reaches an annual minimum in the region with-
in 10° of the equator in May, while positive anomalies
dominate the off-equatorial bands between 10° and 20°
in both hemispheres. In November, the zonally banded
structure is the same, but with opposite sign (positive
along the equator, negative at higher latitudes). Updat-
ed analyses of the Geosat data are published monthly, '°
along with other oceanographic and atmospheric anal-
yses compiled in near-real time (1-month delay).

Of particular interest are long-term trends in sea level
related to climatic phenomena such as El Nino in the
Pacific. Figure 7 shows the result of combining all Geo-
sat time series to produce averages over three broad areas
of the Pacific: a northern band (8°N to 20°N), an
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Figure 6.
on Geosat altimetry. The map is constructed from approximately
1400 time series in 2° X 1° areas. Anomalies represent depar-
tures from a 1-year mean, August 1987 to August 1988. Con-
tours are at 4-cm intervals with negative values shaded.

Indian Ocean sea-level anomalies, 1 May 1989, based

equatorial band (7°S to 7°N), and a southern band (8°S
to 20°S). Each band extends across the Pacific and in-
cludes approximately eight hundred 2° x 1° time se-
ries. The black curve is the 4-year record, and the blue
curve is the first year (April 1985 to April 1986) repli-
cated for comparison with subsequent years. The sec-
ond year of the record is remarkably similar to the first,
except in the southern band, where average sea level is
decreased by 1 to 2 cm. Significant anomalies (4 to 5 cm)
develop in all three bands, however, during the third
year, with higher than normal sea level in the northern
band, a corresponding deficit in the equatorial region,
and continued low sea level in the south. In the two
northernmost bands, these anomalies persist until the end
of the fourth year, when sea level returns to 1985-86
levels. In the southern band, normal sea level is restored
one year earlier.

The changes are related to El Nino. Cheney and
Miller® show that during late 1986 and early 1987 the
transport of water was primarily from west to east near
the equator, in response to westerly wind bursts in the
western Pacific and a general weakening of the trade
winds throughout the tropics. Subsequently, the water
moved northward, from the equatorial region into the
north equatorial region.

This two-step process is illustrated in the sequence of
Geosat maps in Figure 8. Conditions in November 1986,
just before the beginning of El Nino, were relatively nor-
mal over most of the tropical Pacific. The band of posi-
tive sea level along the equator and the two negative
bands near 10°N and 10°S are created by annual varia-
tions in the large-scale wind field. Conditions soon be-
gan to change, however. Sustained westerly winds
dominated the far western Pacific (120°E to 160°E) from
mid-November through the end of December, generat-
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Figure 7. Average sea level derived from Geosat data in three
regions of the Pacific: (top) northern band, 8°N to 20°N; (mid-
dle) equatorial band, 7°S to 7°N; (bottom) southern band, 8°N
to 20°S. Black curves represent the average sea level in each
band during the 4-year period. Blue curves replicate the first
year of the record in each band to enable a comparison of sub-
sequent years. Anomalies are related to the 1986-87 El Nino.

ing a series of eastward-propagating positive sea-level
anomalies (known as downwelling Kelvin waves) along
the equator. The Kelvin waves had sea-level signatures
of 10 to 15 cm and can be seen in the December 1986
map superimposed on the already positive sea level in
the equatorial band. Traveling at approximately 2.5 m/s,
these internal waves required nearly two months to cross
the Pacific. Their eastward progress from December to
February can be followed in Figure 8. At the same time,
sea level in the far western Pacific became increasingly
negative as water was drained out of that area. By April
1987, negative sea level dominated most of the equatorial
region across the Pacific.

Significant changes also occurred in the northern band.
The sequence of maps shows sea level becoming increas-
ingly positive in that area beginning in November 1986;
westward propagation is also apparent. Conditions did not
become anomalous, however, until March-April 1987,
when sea level in the northern band had become signifi-
cantly higher (5 cm higher on average) than normal (see
also Fig. 7). For the next two years, sea level remained
anomalous over most of the tropical Pacific until Febru-
ary 1989, when sea level returned to 1985-86 levels. We
hope that by monitoring tropical Pacific sea level in near-
real time, we may be able to better predict the arrival of
the next El Nino.

CONCLUSIONS

The application of altimeter data to tropical ocean dy-
namics is one of the greatest challenges in satellite ocean-
ography because of the small amplitude and large spatial
scale of the sea-level signatures. Accurate altimetric de-
termination of sea-level change as a function of time,
however, is possible with appropriate processing. Com-
parison of Geosat time series with multiyear records from
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Sequence of Geosat-derived sea-level maps for the Pacific showing the beginning of the 1986-87 El Nino. Contours

at 3-cm intervals show anomalies relative to the April 1985 to April 1986 mean. Eastward-propagating positive anomalies at the
equator during December to February are Kelvin waves generated by westerly winds in the far western Pacific and mark the begin-
ning of El Nino. As the event progresses, sea level becomes increasingly negative in the western Pacific and along the equator,
while north of 8°N sea level gradually increases. This anomalous situation persisted throughout 1987 and 1988, eventually return-

ing to normal in 1989.

island tide gauges in the tropical Pacific typically yields
4- to 6-cm rms agreement and correlations of 0.8 to 0.9.
We should add that similar good agreement is obtained
between the altimeter results and wind-driven ocean-
circulation models. Such models represent the only means
of obtaining spatial resolution comparable to that of the
altimeter over entire ocean basins. Incorporation of al-
timeter data in wind-driven models of the tropical oceans
will yield a powerful research tool that should lead to im-
proved understanding of the combined ocean/atmosphere
system.

Geosat marks the beginning of a series of satellite al-
timeter missions that should yield a decade or more of
continuous global coverage. Such records are essential to
obtain more complete descriptions of climatic phenome-
na such as El Nino. The Geosat mission has also permit-
ted the first near-real-time monitoring of sea level over
entire ocean basins, thus allowing observation of the
1986-87 El Nino as it evolved in the Pacific Ocean. This
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monitoring effort continues today and has become an
operational product; Geosat maps are published month-
ly by Noaa'® for all three tropical oceans. In the next
decade, with the possibility of several altimeter satellites
operating simultaneously, global sea level may be moni-
tored in near-real time as routinely as the weather is today.
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