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GEOSAT Altimeter Observations of Kelvin Waves

and the 1986—87 El Nino

LAaury MILLER, ROBERT E. CHENEY, BRUCE C. DouGLAS

Two years of GEOSAT altimeter observations are used to investigate the response of
sea level to anomalous westerly wind bursts in the tropical Pacific Ocean before and
during the 1986—87 El Niiio. Sea level time series along the equator show examples of
both positive and negative anomalies of 10-centimeter amplitude and 2- to 4-week
time scale propagating across the Pacific with phase speeds of 2.4 to 2.8 meters per
second, suggesting downwelling and upwelling Kelvin waves, respectively. A compari-
son of island wind observations with sea level indicates one instance (May 1986) in
which a positive sea level anomaly can be related to westerly winds caused by a cross-
equatorial cyclone pair in the western Pacific. This episode was followed by additional
wind bursts later in the year, and finally by sustained westerlies in the western Pacific
during November—December 1986, at the height of El Nifio. The GEOSAT observa-
tions reveal the sea level response to these meteorological events and provide a synoptic
description of the El Nifo oceanographic phenomenon.

T HAS BEEN SUGGESTED THAT THE
onset of sea surface warming in the
eastern tropical Pacific during an El
Nifio/Southern Oscillation (ENSO) event
may be triggered by short, intense bursts of
westerly winds in the western Pacific (I, 2).
According to this scenario, anomalous west-
erlies generate downwelling Kelvin waves in
the ocean, which then propagate eastward
along the equator. Since these waves pro-
duce eastward zonal current anomalies and
since the mean zonal sea surface temperature
gradient is negative (colder eastward), sur-
face temperatures in the eastern Pacific in-
crease as a result of the advection of warm
water zonally along the equator (3, 4).
Although other mechanisms may influ-
ence the development of an ENSO event,
there are several reasons for believing that
westerly wind bursts play a crucial role in
the initial stages. Westerly bursts are known
to occur more frequently in the western
Pacific just before an ENSO event (1), often
in association with the formation of cross-
equatorial cyclone pairs (2). The sea level
response to these bursts appears in tide gage
records from island stations, primarily in the
far western Pacific (5). Also, moored current
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meter records show that the passage of a
Kelvin wave front generates eastward zonal
transport in the surface mixed layer (6).
Because of the vast size of the Pacific and the
almost complete absence of islands in the

eastern half, it has been difficult to docu-
ment the oceanic response to these wind
anomalies.

We examine 2 years of sea level time series
along the equator in the Pacific based on
observations obtained from the U.S. Navy
altimeter satellite GEOSAT (7, 8). We first
focus on one unusually strong westerly wind
burst (May 1986), which forced a distur-
bance in sea level that propagated across the
Pacific. This wind—sea level event is note-
worthy because it led to several predictions
of El Nifio (9-11). We then examine how
sea level behaved along the equator during
the El Nifio, which occurred later that
year.

GEOSAT  (GEOdetic ~ SATellite),
launched in March 1985, circles the earth 14
times per day and yields coverage between
+72° and —72° latitude. Its radar altimeter
provides a continuous record of sea level
along the satellite ground track with a preci-
sion of approximately 3 cm. Previous work
based on the limited sets of altimeter data
collected in the 1970s (12) demonstrated

Fig. 1. (A) Sea level time series
derived from 15 months of GEO-
SAT altimeter data near Christmas
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Island (2°N, 158°W). Crosses rep-
1986 resent individual altimeter observa-
tions as determined by least-squares
adjustment of crossover differences.
The smooth curve shows an objec-
tive analysis fit to the same mea-
surements, based on a decorrelation
time scale of 15 days and a noise
level of 5 cm. (B) Comparison of
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altimeter-derived sea level from (A)
with low-pass filtered tide gage
time series for Christmas Island.
(C) Comparison of altimeter-de-
rived sea level from (A) (heavy
curve) with low-pass filtered east-
west wind component for Nauru
Island (upper light curve) and
Christmas Island (lower light
curve). The Nauru wind data have
been offset in time by 23 days;
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the Christmas wind data have been

1986 offset in speed by 5 m/sec.
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that temporal change of sea level could be
accurately determined from altimetric mea-
surements at “crossover points” (intersec-
tions of ascending and descending satellite
ground tracks). In the following analyses we
use the difference in sea level between the
two times of each crossover point (the cross-
over difference) to construct time series of
sea level. This method has been described by
Miller et al. (13) and Fu and Chelton (14).

Figure 1A shows an example of a sea level
time series computed for a 2° by 8° (latitude
by longitude) area centered on 2°N, 158°W,
the location of Christmas Island, where tide
gage data are available. The altimetric record

Fig. 2. (A) Altimeter-derived sea 250 |A
level time series at 13 locations (8°

intervals between 166°E and

98°W) along the equator, April

1985 through April 1987. Sea level 200
was computed in the same manner
as in Fig. 1A. Horizontal lines indi-
cate zero mean values for the first
12 months (April 1985 through
April 1986) with 20-cm offset be-
tween pairs of series. (B) Histo-
gram along the x-axis indicating the
time intervals during which wester-
ly wind bursts were persistently ob-
served in the far western equatorial

g

Sea level (cm)
8

spans the 15-month period from 1 April
1985 to 30 June 1986. During this time 300
altimeter profiles were obtained in the sam-
ple area yielding approximately 4000 cross-
overs. The elongated 2° by 8° area provides
sampling with high temporal resolution
(one pass every 1.5 days) while still resolv-
ing the zonally banded structure of the
equatorial region. Plotted in Fig. 1A are the
300 individual heights determined from the
crossover differences by least-squares analy-
sis, together with an objective analysis fit to
these data. The root-mean-square scatter of
the observations about the fitted line is
approximately 4 cm. Much of this residual

98°W

114°W

Pacific. The histogram was con- 50 - y
structed by summing the number 178°W

of days for which analyzed westerly
winds greater than 5 knots were
found in each 5° by 5° box in the
region 0° to 5°S, 130°E to 170°E
(19).

Count

Fig. 3. Altimeter-derived maps of

sea level constructed at 10-day in-
tervals after the onset of the May
1986 wind burst event. Sea level
was computed on a 2° by 8° grid
(dots) in the same manner as in Fig.
1A. Contours are at 2-cm intervals

and represent sea level anomalies
relative to an annual mean (April

1985-86). Positive values are shad-
ed. Eastward propagation along the
equator is clearly evident and is
interpreted as a downwelling Kel-
vin wave forced by anomalous

westerly winds.
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variability may be due to real sea level signals
at time scales shorter than 15 days (the
decorrelation time chosen for the objective
analysis) or incomplete correction of envi-
ronmental errors, or both (15).

Figure 1B shows a comparison of the
altimeter time series with low-pass filtered
tide gage data from Christmas Island. Al-
though there are occasions when the two
records disagree by as much as 5 to 10 cm,
the root-mean-square difference is only 3
cm. Considering the different spatial and
temporal sampling characteristics of the al-
timeter and tide gage, the agreement is
remarkable. The occasional discrepancies
may reflect real differences between mea-
surements of sea level made in the open
ocean versus those made at an island. We
conclude that GEOSAT altimeter data are
adequate for monitoring sea level variations
in the tropics with an accuracy of a few
centimeters.

Both the altimeter and the tide gage rec-
ords in Fig. 1B display energetic 10- to 50-
day fluctuations, time scales at which wind-
driven Kelvin waves have been found in the
central Pacific (5). To investigate whether
the observed features are related to either
local or remote wind forcing, a comparison
is made in Fig. 1C between the altimeter sea
level near Christmas Island and the zonal
wind component measured at Christmas
Island and Nauru Island (0.5°S, 167°E),
3850 km west of Christmas Island. (In this
figure, the Nauru Island time series has been
offset by 23 days, the lag time of maxi-
mum cross correlation between Nauru zonal
winds and sea level near Christmas Island.)
Figure 1C shows that a correlation exists
between Nauru zonal winds and sea level
near Christmas, but not between Christmas
zonal winds and sea level measured nearby.
Two sharp peaks in sea level, on 23 Febru-
ary and 4 June 1986, coincide with westerly
wind bursts 23 days earlier (31 January and
12 May 1986) at Nauru. (A lag time of 23
days corresponds to a phase speed of 1.9
m/sec, which is somewhat smaller than the
theoretical speed, 2.2 to 3.0 m/sec, of a first
vertical mode Kelvin wave.)

Although the two wind bursts display
similar amplitudes (2 to 3 m/sec) at Nauru,
other evidence suggests that the May burst
was actually part of a larger, more intense
atmospheric disturbance. A satellite image
of cloud cover over the western Pacific on
18 May 1986 reveals a pair of tropical
cyclones arranged symmetrically between
10°N and 10°S of the equator along 160°E
(16). The two cyclones, Lola and Namu,
first appeared on 14 May 1986 at approxi-
mately these positions, then rapidly di-
verged northward and southward.

The effect of this massive westerly burst
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on equatorial sea level can be seen in a
sequence of 13 altimeter time series (Fig.
2A) computed at 8° longitude intervals and
spanning the 10,500-km distance between
166°E and 98°W along the equator. Begin-
ning in mid-May 1986, sea level rose rapidly
over the western and central Pacific, reach-
ing a maximum positive anomaly of 13 cm
at 174°E on 31 May. This disturbance sub-
sequently propagated eastward with gener-
ally decreasing amplitude. Estimates of
phase speed determined by linear regres-
sions of the arrival time of maximum sea
level as a function of longitude indicate two
distinct longitudinal regimes. In the western
and central Pacific (166°E to 146°W) the
phase speed was 9.3 m/sec; however, in the
cast (146°W to 114°W) it was 2.8 m/sec.
The former value is much greater than the
speeds predicted for free Kelvin waves in the
Pacific (2.2 to 3.0 m/sec) (5, 17). The latter
value, however, is only 7% higher than
expected in the region 146°W to 114°W.
The large apparent zonal variation in phase
speed could be due to differences in local
versus remote forcing effects along the equa-
tor. The formation of a cross-equatorial
cyclone pair is generally preceded by the
appearance of zonally oriented, low-pressure
troughs near the equator in each hemisphere
(2). These cause anomalous westerlies to
occur over a broad longitudinal band (for
example, 30° to 40°), often extending east of
the international dateline. Thus, sea level in
the western and central Pacific may be re-
sponding to both local and remote forcing,
while the eastern Pacific may be responding
to only remote forcing, in the form of a free
Kelvin wave. More information about the
spatial structure of the wind field is obvious-
ly needed to properly interpret the altimeter
time series.

We have focused on the May 1986 event
because it was thought to mark the onset of
an El Nifio; however, the altimetric records
in Fig. 2A reveal that at least 5 months
separated the May event and the mature
stages of El Nifio (18). During the interven-
ing half-year, sea level behaved very differ-
ently as a function of longitude. In the
western Pacific (166°E to 170°W), Fig. 2A
shows 10- to 15-cm positive pulses in Au-
gust, September—October, and November—
December followed by generally negative
anomalies beginning in January 1987. In the
central Pacific (162°W to 138°W), the
pulses were smaller in amplitude, and sea
level remained fairly constant except for a
large (24-cm), long (3-month) pulse in No-
vember—January. In contrast to both the
western and central Pacific, sea level in the
eastern Pacific (130°W to 98°W) showed
the pulses superimposed on a steady, 25-cm
rise between July and January; sea level then
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dropped abruptly in January—February
1987.

In order to determine if this pattern of sea
level change could also be associated with
westerly bursts, we examined wind summar-
ies in NOAA’s monthly Climate Diagnostics
Bulletin (19). Indicated in Fig. 2B are peri-
ods when westerly bursts were persistently
observed in the far western tropical Pacific
(0°to 5°S, 130°E to 170°E). The histogram
was constructed by summing the number of
bursts reported in consecutive 10-day inter-
vals. The most striking aspect of this plot is
the correspondence between episodes of
well-developed westerlies and positive sea
level anomalies (Fig. 2A) during the El
Nifio time interval, November 1986
through March 1987. Strong westerlies in
November-December produced a maxi-
mum sea level anomaly in the central Pacific,
which then propagated eastward at a phase
speed of about 2.4 m/sec (measured be-
tween 170°W and 98°W). The westerlies
diminished in January 1987, at which time
sea level anomalies declined and eventually
turned negative over the western Pacific.
(This negative sea level anomaly also propa-
gated eastward, suggesting an upwelling
Kelvin wave.) Subsequently, westerlies re-
sumed in February 1987, producing anoth-
er smaller, positive sea level pulse which
propagated eastward with a speed of about
2.8 m/sec (measured between 170°W and
98°W). In addition to these two large epi-
sodes and the May 1986 event, Fig. 2 shows
a number of other occasions when westerly
bursts were followed by pulses of rising sca
level. However, eastward propagation is not
always apparent. (The most notable example
of this inconsistency occurred in Novem-
ber-December 1985, when positive sea level
anomalies appeared almost simultaneously
across the entire Pacific.)

Figure 3 shows a series of four sea level
anomaly maps generated at 10-day intervals
beginning on 18 May 1986, when the cy-
clone pair, Lola and Namu, was closest to
the equator. These maps demonstrate the
remarkably narrow meridional scale of the
sea level response to a westerly burst.
Whereas the zonal scale of the sea level pulse
is the order of 10,000 km along the equator
(7 June 1986), the meridional scale is only
200 km (e-folding distance at 130°W) (20).
Off the equator, the maps show negative sea
level anomalies oriented zonally along 5°N
and 5°S. These reflect divergences caused by
annual variations in the winds at these lati-
tudes.

In summary, by taking advantage of the
unprecedented temporal and spatial cover-
age of the GEOSAT altimeter observations,
we have been able to construct a synoptic
picture of sea level variability across the

entire tropical Pacific. Sea level time series
generated at regularly spaced intervals across
the Pacific reveal a complex, zonally depen-
dent response to westerly wind anomalies
before and during the 1986-87 El Nifio.
Kelvin waves forced by wind bursts, such as
the May 1986 event, change in amplitude as
they propagate into the eastern half of the
Pacific. During the El Nifio, sea level vari-
ability in the western and central Pacific was
dominated by month-long Kelvin wave
pulses, while in the eastern Pacific these
pulses were superimposed on a gradual 25-
cm increase in sea level over 6 months.
These observations should provide new in-
sight into the mechanisms responsible for
the initiation and development of El Nifio.
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