Key to the success of
TOGA is the accurate
determination of basin

scale fluctuations . . .

36
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TOGA-TAO AND THE 1991-93
EL NINO-SOUTHERN OSCILLATION EVENT

By Michael J. McPhaden

T—{E EL NINO-SOUTHERN OscCILLATION (ENSQO)
phenomenon is an interannual perturbation of the
climate system characterized by aperiodic weaken-
ing of the tradewinds and warming of the surface
layers in the equatorial Pacific Ocean every 4-7
years. The impacts of ENSO are felt worldwide
through disruption of the atmospheric general cir-
culation and associated global weather patterns
(Rasmusson and Wallace, 1983; Ropelewski and
Halpert, 1987). ENSO also affects the ecosystem
dynamics in the Pacific Ocean, particularly the
higher trophic levels of the food chain on which
fisheries depend (Barber and Chavez, 1983).

The widespread and systematic influence of
ENSO on the ocean-atmosphere system led to ini-
tiation of the Tropical Ocean-Global Atmosphere
(TOGA) Program, a 10-y study (1985-1994) of
climate variability on seasonal to interannual time
scales. Key to the success of TOGA is the accu-
rate determination of basin scale fluctuations in
surface winds, sea surface temperature (SST),
upper ocean heat content, near-surface currents,
and sea level in the tropical Pacific. Measurement
of these oceanographic fields is required to de-
scribe fully the variability related to ENSO, to un-
derstand the physical processes responsible for
that variability, and to initialize and verify short-
term climate prediction models.

Plans for TOGA in the early 1980s called for
an ocean observing system that would rely on an
increased utilization of satellite products, in partic-
ular for SST, surface winds and sea level, and on
the development of a “thin monitoring” array of in
situ measurements based on an enhancement of
existing capabilities. The in situ array would in-
clude specifically a volunteer observing ship
(VOS) expendable bathythermograph (XBT) pro-
gram, a tide gauge network, a drifting buoy pro-
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gram and about 15 moorings located principally in
the eastern Pacific (U.S. TOGA Project Office,
1988). Unfortunately, even with the planned en-
hancement of existing in situ measurements, it
was recognized that large areas of the tropical
Pacific would still be poorly sampled and that im-
portant processes like wind-forced excitation and
propagation of equatorial Kelvin waves would not
be well resolved. The reliance on in situ measure-
ments was further heightened by delays in satellite
missions and/or temporal discontinuities in satel-
lite data coverage. For example, launch of the
U.S. National Aeronautics and Space Administra-
tion’s scatterometer (NSCAT) for surface wind
velocity estimates, originally scheduled for 1989,
has been delayed until after the end of TOGA,; and
there was a 2-y hiatus in satellite sea level altime-
try measurements between the end of the U.S.
Navy’s Geodetic Satellite (GEOSAT) mission in
1989 and the launch of European Space Agency’s
Environmental Research Satellite (ERS-1) in
1991.

The need for improved in situ observational ca-
pabilities in TOGA motivated Dr. Stanley P.
Hayes of the National Oceanic and Atmospheric
Administration’s Pacific Marine Environmental
Laboratory (NOAA/PMEL) to develop a wind and
thermistor-chain mooring capable of telemetering
its data to shore in real-time. He also conceived
and, until his untimely death in July 1992, di-
rected the implementation of a basin-scale net-
work of these moorings, which he called the
TOGA Tropical Atmosphere Ocean (TAO) Array
(Hayes et al., 1991b). TOGA-TAO far exceeded
in scope what had been originally anticipated as a
moored array component to the TOGA observing
system. In April 1993, TAO consisted of 65 moor-
ings; the array will expand to nearly 70 moorings
by the end of 1994 (Fig. 1). Hayes also estab-
lished a multi-national base of support for TOGA-
TAO, which at present involves cooperation be-
tween the United States, France, Japan, Korea,
and Taiwan.

OCEANOGRAPHY*Vol. 6, No. 2¢1993



TAO Array

200N 1 1 1 1 1 1 L 1 - 1 1 1 L 1 1 ~—
{ August 1993 \\
10°N o @ @ o I
; o ; S -
0° 8 $ g $—%
& @ 3 & .
10°S 1 & & & i
20°S T T T T T T T T
130°E 150°E 170°E 170°W 150°W 130°W 110°W 90°W
200N 1 1 1 1 1 1L 1 1 v 1 1 1 1 1 1
| December 1994 ey |
o _! -
10°N A & & o & 3 & A4 S 3 &
. g 3 ; S ; o ; @ ; S e |
o I &
L < v g $—% 3 I
=% 2¢ > ® & & & ® o |
105 P Ny @ & S @ @ o o |
M % L TAO Project Office/NOAA/PMEL |
20°S

T T T

170°E

130°E 150°E

170°W

T T T T

150°W 130°W 110°W 90°W

8 Current Meter Mooring

4 Atlas Mooring

Fig. 1: The TOGA-TAO Array in August 1993 and in its final configuration December 1994. ATLAS

moorings, > and current-meter moorings, 1.

The TOGA-TAO Array

In 1983, Hayes began guiding the development
of the Autonomous Temperature Line Acquisition
System (ATLAS) mooring, a low-cost thermistor-
chain mooring based on the design of taut-line
current-meter moorings used successfully in
Equatorial Pacific Ocean Climate Studies (EPOCS)
and other equatorial Pacific programs predat-
ing TOGA. This development effort was under-
taken in the aftermath of the 1982-83 El Nifio-
Southern Oscillation event, the most intense of the
century, which was neither predicted nor detected
until well underway. The 1982-83 ENSO drama-
tized the need for improved observational tech-
niques to monitor and predict the evolution of cli-
matically significant oceanic and atmospheric
variability.

Prototype ATLAS moorings providing mea-
surements of air temperature, SST and subsurface
temperature to 500 m were first deployed in 1984
at 2°N, 108°W and 2°S, 110°W. All data were
transmitted to shore in real-time via Service
Argos, utilizing NOAA’s polar orbiting weather
satellites for data relay. These initial deployments
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were followed in 1985 by the installation of re-
gional scale meridional arrays that spanned the
equator along 110°W and along 165°E, the latter
in collaboration with the Institut Francais de
Récherche Scientifique pour le Développement en
Coopération (ORSTOM) in Noumea, New Cale-
donia. Recognition of the importance of the sur-
face wind field in driving the tropical ocean circu-
lation lead to the addition of real-time wind
measurements to ATLAS moorings in 1986. Be-
ginning in 1989, relative humidity sensors were
added for studies of atmospheric boundary layer
dynamics and air-sea exchange processes. The
early technical successes of the ATLAS mooring
program and the recognized value of the data for
short-term climate studies led to multi-national
plans for a basin-scale expansion of the array dur-
ing the second half of TOGA (1990-1994). This
expansion was feasible because the relatively low
cost of the ATLAS mooring allowed for its de-
ployment in large numbers.

TOGA-TAO as it is now constituted also in-
cludes a small number of Profile Telemetry of
Upper Ocean Currents (PROTEUS) and conven-
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tional current-meter moorings along the equator.
PROTEUS and ATLAS moorings are similar in
design and instrumentation. PROTEUS in addition
measures and telemeters current profiles in the
upper 250 m from a downward-looking acoustic
Doppler current meter mounted in the surface
buoy (McPhaden ef al., 1991b).

Design criteria for TOGA-TAO are based on
general circulation model simulations of wind-
forced oceanic variability and on empirical stud-
ies of space/time correlation scales. These studies
indicate that basin-scale wind measurements
within ~7° of the equator are required to simulate
accurately the seasonal to interannual evolution of
SST variability in the cold-tongue region of the
equatorial Pacific and that the ocean responds
most sensitively to zonal wind rather than merid-
ional wind forcing on these time scales (Harrison,
1989). Zonal wind field variations are minimally
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Fig. 2: Time series of (A) surface winds and (B) sea-surface temperature at
selected locations along the equator. Dailv data have been lightly smoothed
with a 5-day Hanning filter for clearer presentation. Island wind data from
Kapingamarangi (1°00°N, 154°50°E) and Nauru (0°32’S, 166°54'E) have
been substituted where gaps exist in the mooring time series. Dashed lines
are long-term monthly averages based on the Comprehensive Ocean Atmos-

phere Data Set (COADS) for winds in (A) and on COADS-Ice analyses for
SST (Reynolds, 1988) in (B).
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coherent over 2-3° latitude and 10-15° longitude
(Harrison and Luther, 1990), and approximately
one sample per day is required to achieve an ac-
curacy of 0.5-1.0 m s for monthly mean zonal
wind speeds at a particular location (Halpern,
1988; Mangum et al., 1992). The space/time
scales of upper ocean thermal structure are depth
dependent and nonstationary in time. However,
the most stringent thermal field sampling require-
ments (for thermocline temperature during non-
ENSO periods) are comparable with those for
zonal winds (e.g., Meyers et al., 1991; Hayes and
McPhaden, 1992). Zonal current variations are
coherent over 20-30° longitude on monthly time
scales along the equator (McPhaden and Taft,
1988). where direct velocity measurements are re-
quired because of the limited utility of the
geostrophic approximation.

Enhancements to the TAO Array at present in-
clude additional moorings west of the date line as
part of the TOGA Coupled Ocean Atmosphere
Response Experiment (COARE; Webster and
Lukas, 1992) to provide finer than 10° zonal reso-
lution of surface winds, upper ocean temperatures,
and currents along the equator over a 2-y period
beginning in early 1992 (Fig. 1). Also, sensors
have been added to several moorings in the west-
ern Pacific to measure salinity. rainfall, and in-
coming shortwave radiation for specialized re-
search purposes. Similarly, bio-optical sensors
have been added to the 0°, 140°W PROTEUS
mooring for the Equatorial Pacific Joint Global
Ocean Flux Study (Murray et al., 1993).

TAO data are made available to the research
community directly from PMEL via Internet
anonymous file transfer protocol (ftp) procedures
and via a dial-up phone line data base. In addition,
PMEL distributes TAO Workstation Display soft-
ware, which allows remote users to display inter-
actively real-time TAO data and animations on
Unix workstations using a point-and-click win-
dows interface (Soreide and McPhaden, 1993). A
subset of the real-time TAO data stream is retrans-
mitted on the Global Telecommunications System
(GTS) by Service Argos, so that the meteorologi-
cal measurements are available for assimilation
into atmospheric numerical weather prediction
models at, for example, the European Center for
Medium Range Weather Forecasting (ECMWF),
the Fleet Numerical Oceanography Center (FNOC),
and the U.S. National Meteorological Center
(NMC). Real-time TAO SST measurements are
included in weekly blended analyses of in situ and
satellite data at NMC (Reynolds, 1991), subsur-
face thermal data are assimilated directly into the
NMC operational ocean model (e.g., Leetmaa and
Ji, 1989), and wind data are incorporated into the
Florida State University (FSU) monthly ship wind
analyses (Legler, 1991). Data from the TAO
Array have also been used to validate satellite-de-
rived estimates of SST (e.g.. Liu, 1988), wind
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Fig. 3: (A) Monthly mean SST (in °C) averaged between 2°N and 2°S as a function of time and longitude
based on TAO buoy data. Contour interval is 0.5°C. Symbols along the top abscissa indicate longitudes
where data were available at the start of the record (August 1986); symbols along the bottom abscissa
indicate longitudes where data were available at the end of the record (mid-August 1993). The actual
distribution with time is shown in (B). Months with data at 2°S, 0°, and 2°N are indicated by OJ, A, and
O, respectively.

speed (e.g., Atlas et al., 1991; Bates, 1991), sea
level (e.g., Cheney et al., 1989; Picaut et al.,
1992), surface geostrophic currents (Picaut et al.,
1990), rainfall (McPhaden et al., 1993) and most

A skeletal version of the TAO Array was used
to describe the evolution of the 1986-87 ENSO
event (McPhaden et al., 1990; McPhaden and
Hayes, 1990) and the mechanisms responsible for

recently estimates of surface wind velocity from
the ERS-1 scatterometer. (Halpern et al., 1993).

(a) Zonal Wind Anomalies (m s™!)

SST variability along the equator (Hayes et al.,
1991a; McPhaden and Picaut, 1990). The array in
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Fig. 4: Monthly mean anomalies averaged between 2°N and 2°S for (A) zonal winds (m s~')and (B) SST
(°C) as a function of time and longitude. Symbols along the top abscissa indicate longitudes where data
were available at the start of the record (August 1986); symbols along the bottom abscissa indicate

longitudes where data were available at the end of the record (mid-August 1993). Contour intervals are
I ms'in(A) and 0.5°C in (B).
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Fig. 5: Contour plots of zonal velocity (cm s')in the top 250 m from PRO-
TEUS moorings on the equator at (A) 165°E, (B) 140°W and (C) 110°W for
September 1991 to August 1992. Westward (negative) flow is shaded blue;
eastward (positive) flow is shaded yellow to red. Data have been smoothed
with an 11-d Hanning filter.
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late 1987 consisted of 15 moorings, primarily con-
centrated along 110°W, 140°W, and 165°E. In the
following section, we present a preliminary de-
scription of the 1991-93 ENSO from a much
more extensive array of buoy measurements
across the Pacific basin.

The 1991-93 ENSO

Throughout much of 1990 and early 1991, con-
ditions in the equatorial Pacific suggested that a
weak ENSO might be developing, although the in-
dicators were mixed. The Southern Oscillation
Index (SOI), a measure of the strength of tropical
Pacific atmospheric circulation based on the sea
level pressure difference between Tahiti, French

Polynesia, and Darwin, Australia, was between 0
and —1 during this time. Negative values (imply-
ing weak circulation) were mainly the result of
higher than normal surface pressures at Darwin
(Climate Analysis Center, 1993) and were associ-
ated with warm monthly mean SST anomalies of
0.5°C west of the date line. Tradewinds west of
the date line were characterized by the frequent
occurrence of westerly wind bursts lasting several
days to a week or more (Fig. 2a), and monthly
means weaker than normal by 1-2 m s™'. On the
other hand, east of 170°W the development of the
equatorial cold tongue in mid-1990 was very simi-
lar to that in 1989 (Fig. 3a), and the magnitude of
SST anomalies in the cold tongue was typically
<0.5°C (Fig. 4b). Likewise the tradewinds were
close to or slightly stronger than normal east of
170°W during 1990 and early 1991 (Figs. 2a
and 4a).

Warm SST anomalies < 1°C subsequently
began to appear in the central and eastern Pacific
in mid-1991. However, the ENSO really began to
take shape in September 1991, when an abrupt
SST increase (e.g., 2°C at 0°, 140°W) interrupted
the normal seasonal evolution of the equatorial
cold tongue (Fig. 2b). This sharp rise in SST was
associated with a westerly wind burst of several
weeks duration west of the dateline in
August-September (Fig. 2a). A second pro-
nounced episode of westerly winds penetrated
eastward to 170°W during November and Decem-
ber 1991, followed by a third westerly wind event
that reached all the way to 140°W for a few days
in January 1992. SST anomalies east of the date
line grew in response to the amplification and
eastward extension of these westerly wind anom-
alies, peaking at >2°C near 155°W in the first
quarter of 1992. By March, 28°C SSTs, values
usually confined to the west of 170°W along the
equator, appeared as far east as 110°W (Fig. 3a).
Conversely, under the influence of intense local
westerly wind forcing, SST decreased to near-nor-
mal temperatures in the western Pacific (Figs. 2b
and 4b). The lowest monthly values of the SOI
during the event (-3.4 and —3.0) were reached in
January and March 1992 (Climate Analysis Cen-
ter, 1993).

Table 1
Depth of the 20°C isotherm (in m) for August 1991
and February 1992.

Longitude August 1991 February 1992
165°E 167 145
170°W 169 135
140°W 122 155
110°W 67 111

Values are averages between 2°N and 2°S at 165°E,
140°W, and 110°W; values at 170°W are for the equator only.
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The observed changes in SST for late 1991 and
early 1992 were mediated by large-scale adjust-
ments in the upper-ocean heat content and current
structures. The eastward expansion of the western
Pacific warm pool was associated with a reversal
of the westward flowing South Equatorial Current
across the basin. This surface current reversal was
modulated on the time scale of the westerly wind
bursts in response to direct wind forcing west of
the date line (Fig. 5a), and in response to the pas-
sage of remotely wind-forced equatorial Kelvin
waves east of the date line (Fig. 5, b and c). At
165°E, the maximum eastward flow in the surface
layer was over 100 cm s™' in January 1992. Cur-
rent fluctuations on monthly time scales at 140°W
led those at 110°W by ~2-3 wk, consistent with
the 2-3 m s™' phase speeds expected for first baro-
clinic mode equatorial Kelvin waves in the eastern
Pacific (Johnson and McPhaden, 1993). Peak-to-
peak fluctuations in the depth of the upper thermo-
cline (as characterized by the depth of the 20°C
isotherm) were 25-50 m in the central and eastern
Pacific between October 1991 and March 1992 in
association with the passage of these Kelvin
waves (Fig. 6).

The thermocline normally slopes downward
from east to west across the Pacific in response
to large-scale tradewind forcing. In August 1991,
for example, the 20°C isotherm was 100 m
deeper at 165°E than at 110°W (Table 1). How-
ever, relaxation of the trades and anomalous east-
ward displacement of the warm surface layer ele-
vated the thermocline west of the date line by
25-30 m in November—December 1991 (Fig. 6),
and depressed the thermocline in the eastern
Pacific by 40-50 m during September—November
1991 (Fig. 6). Depression of the thermocline in
the cold tongue region limits the effectiveness of
local equatorial upwelling (i.e., upward mass flux
near the equator associated with Ekman diver-
gence in the surface layer) in cooling SST.
Hence, warm SST anomalies developed in the
eastern equatorial Pacific even at those longi-
tudes where local zonal winds were near to or
slightly stronger than normal throughout the
event, e.g., east of 125°W (Fig. 4). A similar re-
lationship between SST and local zonal wind
anomalies was evident at 110°W in the eastern
Pacific during the 1986-87 ENSO (McPhaden
and Hayes, 1990; see also Fig. 4).

By February 1992, the 20°C isotherm was only
~35 m deeper at 165°E than at 110°W; moreover,
the slope of the 20°C isotherm had reversed be-
tween 140 and 170°W (Table 1). This flattening
and reversal of the east-west slope to the thermo-
cline weakened the baroclinic zonal pressure gra-
dient, which is the driving force for the Equatorial
Undercurrent. As a consequence, the Undercurrent
at 140°W was reduced to about one-half its typical
strength from December 1991 to March 1992 (Fig.
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Fig. 6: Anomalies in the depth of the 20°C isotherm (in m) averaged between
2°N and 2°S for July 1991 to mid-August 1993. Anomalies are based on TAO
buoy data smoothed to 5-day averages and differenced from an XBT clima-
tology (Kessler, 1990). Contour interval is 10 m. Symbols along the top ab-
scissa indicate longitudes where data were available at the start of the
record; symbols along the bottom abscissa indicate longitudes where data

were available at the end of the record.

5b). Weakening of the Undercurrent at 110°W
was also evident (particularly in March 1992) but
less pronounced than at 140°W, because the slope
of the thermocline remained upward to the east
throughout the ENSO at 110°W where the
tradewinds were locally stronger than normal
(e.g., Figs. 2a and 4a; Table 1).

Westerly wind anomalies began to abate in the
central and western Pacific in February—March
1992. At the same time, a stronger than usual
westward South Equatorial Current appeared west
of the dateline (Fig. 5a) and the normal “spring-
time reversal” of the South Equatorial Current
failed to materialize (i.e., eastward flow ~50 cm s
in the surface layer along the equator that usually
occurs during boreal spring in the eastern Pacific;
Halpern, 1987; McPhaden et al., 1991a) (Fig. 5, b
and c). Hence, the surface currents along the equa-
tor were anomalously westward across the basin
by March—April 1992. In response to these large
scale zonal wind and current changes, the 28-29°C
surface waters began a retreat to the western
Pacific (Fig. 3a) and the thermocline began to rise

The eastward expan-
sion of the western
Pacific warm pool was
associated with a
reversal of the west-
ward flowing South

Equatorial Current . . .
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in the eastern Pacific (Fig. 6). By April 1992, the
SOI was also on the rise.

Surface cooling abruptly accelerated in June
1992 with a 2-4°C drop of SST in the cold tongue
(Fig. 2b). This resulted in slightly colder than nor-
mal SSTs between 110°W and 140°W (Figs. 2b
and 4b) and the development of a more pro-
nounced cold tongue in mid-1992 compared with
mid-1991 (Figs. 3a and 7). The sharpness of the
June drop in SST was particularly pronounced at
110°W (4°C in a week) where the thermocline had
shoaled to within 50 m of the surface.

In August 1992, the SOI became positive for
the first time since 1990. SST, thermocline depth,
and surface easterlies were near normal in the
eastern and central Pacific, and it appeared that the
event had terminated. However, west of the date
line, SSTs near the equator remained 0.5-1.0°C
warmer than normal, 1-2 m s westerly wind
anomalies persisted, and the thermocline remained
25 m shallower than normal. Then late in 1992,
westerly wind anomalies began to intensify in the
central and western Pacific, and a trend towards a
deeper than normal thermocline and warmer than
normal SSTs developed anew in the cold tongue
region (Figs. 4 and 6). By April 1993, ENSO con-
ditions had clearly returned, though they were not
quite as pronounced as in early 1992. The SOI
had dipped to —1.6 and, in the eastern Pacific, near
equatorial SST anomalies had grown to 1.0°- 1.5°C
and the 20°C isotherm depth was 20 m deeper
than normal. Subsequently, these ENSO anomalies
diminished, with near normal SSTs appearing
along the equator between 110°W and 155°W in
July 1993. Whether the observed tendencies to-

ward cooler climatic conditions in the tropical Pa-
cific will continue is unknown at present, since ex-
isting ENSO prediction schemes give conflicting
forecasts for the next 6 mo (Climate Analysis
Center, 1993).

There are precedents for large scale anomalous
climatic conditions associated with ENSO, to span
three calendar years (e.g., mid-1957 to early-1959;
mid-1986 to early-1988). However, data from
1991-93 provide the best documentation of such
prolonged warm conditions in the tropical Pacific,
and indicate a detailed evolution of the coupled
system unlike that of any event in the recent past.
In particular, the second major amplification of
basin scale westerly wind and SST anomalies in
early 1993 has no apparent analogue in the past 40
y for which enough data exist to make reasonable
comparisons (cf. Harrison, 1987; Kousky and Leet-
maa, 1989; Rasmusson and Carpenter, 1982). The
previous two events (1982-83 and 1986-87) like-
wise evolved differently than any in the past 40 y.

The unusual evolution of the coupled ocean-
atmosphere system in the tropical Pacific during
1991-93 highlights the complexity of the phenom-
enon we call ENSO. While there are aspects of
ENSO common to all events (e.g., a seasonal time
scale weakening of the tradewinds and basin scale
warming of SST along the equator), significant
event-to-event differences challenge attempts to
characterize ENSO variability in terms of regu-
larly occurring stages of development. Moreover,
event-to-event differences, which are not well un-
derstood, emphasize the need for more research
into ENSO dynamics. A better understanding of
the mechanisms responsible for the onset, intensity,
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Fig. 7: Monthly mean SST (°C) and monthly mean surface wind vectors from TAO buoy data for August
1991 and August 1992. SST data are gridded using an objective analysis procedure with the Reynolds

(1988) averages as a first guess field.
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duration. and decay of ENSO anomalies will likely
lead to improvements in our ability to predict
ENSO using coupled ocean-atmosphere models.

Conclusions

A major goal of the TOGA program is to de-
velop a predictive capability for short-term cli-
mate variations on time scales of seasons to a few
years. By analogy with present efforts in weather
prediction, achieving this goal will rely on the de-
velopment of suitable dynamic climate models
and the establishment of an observing system to
provide initialization and validation data for
model forecasts. Significant progress has been
made during TOGA toward developing measure-
ment programs to support short-term climate pre-
diction. In particular, the TOGA-TAO Array is
providing an unprecedented in situ data stream for
real-time monitoring of tropical Pacific surface
wind, SST, thermocline depth and upper ocean
current variations. The data are of sufficient accu-
racy and resolution to allow for a coherent de-
scription of the basin-scale evolution of these key
oceanographic variables, and important processes
such as the excitation and propagation of equator-
ial Kelvin waves can now be observed in real-time.

Progress has likewise been made in the devel-
opment of models for ENSO prediction (e.g., Bar-
nett et al., 1988; Cane et al., 1986; Ji and Leet-
maa, 1992). However, existing prediction schemes
have limited forecast skill, and initialization pro-
cedures for dynamic climate forecast models have
not yet been developed to take full advantage of
available oceanic and atmospheric data sets.
Moreover. TOGA-TAO will not be completed
until 1994, so that sufficient time will not be
available before the scheduled end of TOGA to
evaluate critically its utility for ENSO predictions.
As a result. planning is in progress to continue the
TAO Array in support of the World Climate Re-
search Program’s CLIVAR (Climate Variability)
study, and in support of a U.S. contribution to
CLIVAR. namely the Global Ocean Atmosphere
Land System (GOALS) program. GOALS and
CLIVAR, research programs scheduled for the 15-
year period 1995-2010, will build on the success
of TOGA to understand and predict better the cou-
pled ocean-atmosphere variability originating in
the tropics on time scales of seasons to a few
years. TOGA-TAO also is being considered as a
contribution to the proposed Global Climate Ob-
serving System (World Meteorological Organiza-
tion, 1992), the proposed Global Ocean Observing
System (Joint Oceanographic Institutions, 1993),
and the proposed International Research Institute
for Climate Prediction (IRICP Task Group, 1992).
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Epilogue

This article is dedicated to the late Dr. Stanley
P. Hayes of NOAA’s Pacific Marine Environmen-
tal Laboratory. It was through Stan’s inspiration
that TOGA-TAO was conceived, and through his
persistence and dedication that it was imple-
mented. Stan’s research was characterized by the
innovative application of observational techniques
to important problems in physical oceanography.
Where suitable techniques did not exist, Stan
guided the engineering developments necessary to
achieve his objectives, for example with the
ATLAS mooring. He served on steering commit-
tees for TOGA and World Ocean Circulation Ex-
periment (WOCE), and in 1989 was awarded
NOAA’s highest honor, the Department of Com-
merce Gold Medal, for his leadership in the
EPOCS Program. In a career marked by distinc-
tion, Stan leaves a legacy of over 60 scientific
publications, and a visible imprint on international
climate programs being carried out today.
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