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Abstract

Despite significant progress in the Tropical Ocean—Global Atmo-
sphere (TOGA) program, a humber of major hurdles remain before
the primary objective, prediction of the variability of the coupled
ocean-atmosphere system on time scales of months to years, can
be achieved. Foremost among these hurdles is understanding the
physics that maintains and perturbs the western Pacific warm pool,
the region of the warmest sea surface temperature in the open
oceans, which coexists with the largest annual precipitation and
latent heat release in the atmosphere. Even though itis believed that
the warm pool is a “center of action” for the El Nino—Southern
Oscillation (ENSO) phenomena in the ocean and the atmosphere,
successful simulation of the warm pool has remained an elusive
goal.

To gain a clear understanding of global climate change, the
ENSO phenomenon, andthe intraseasonal variability of the coupled
atmosphere—ocean system, it is clear that a better specification of
the coupling of the ocean and the atmosphere is required. An
observational and modeling program, the TOGA Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE), has been
designed to work toward this goal.

The scientific goals of COARE are to describe and understand:

1) the principal processes responsible for the coupling of the
ocean and the atmosphere in the western Pacific warm-pool sys-
tem;

2) the principal atmospheric processes that organize convection
in the warm-pool region;

3) the oceanic response to combined buoyancy and wind-stress
forcing in the western Pacific warm-pool region; and

4) the multiple-scale interactions that extend the oceanic and
atmospheric influence of the western Pacific warm-pool system to
other regions and vice versa.

To carry out the goals of TOGA COARE, three components of a
major field experiment have been defined: interface, atmospheric,
and oceanographic. An intensive observation period (IOP), embed-
ded in a period of enhanced meteorological and oceanographic
monitoring, will occur from November 1992 through February 1993
inthe western Pacific region bordered by 10°N, 10°S, 140°E, and the
date line. The experimental design calls fora complex set of oceano-
graphic and meteorological observations from a variety of platforms
that will carry out remote and in situ measurements. The focus of the
observational effort will be in an intensive flux array (IFA) centered
at 2°S and 156°E. The resulting high-quality dataset is required for
the calculation of the interfacial fluxes of heat, momentum, and
moisture, and to provide ground truth for a wide range of remotely
sensed variables for the calibration of satellite-derived algorithms.
The ultimate objective of the COARE dataset is to improve air-sea
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interaction and boundary-layer parameterizations in models of the
ocean and the atmosphere, and to validate coupled models.

1. Introduction

During the last decade there has been an unprec-
edented interest in the dynamic interactions of the
ocean and the atmosphere. Vast amounts of data
have been collected, and coupled ocean—atmosphere
models have been developed. The purpose of this
activity has been to establish the physical basis for the
variability of climate on interannual time scales and, if
possible, forecast the variability. With these goals in
mind, the international community launched the Tropi-
cal Ocean—Global Atmosphere (TOGA) program,
which allowed considerable resources to be brought
to bear on the problem.

TOGA is a major component of the World Climate
Research Programme (WCRP 1985) aimed specifi-
cally at the prediction of climate phenomena on time
scales of months to years. The philosophy upon which
TOGA is based purposefully emphasizes the tropical
oceans and their relationship to the global atmo-
sphere. Underlying TOGA is the premise that the
dynamic adjustment of the ocean in the tropics is far
more rapid than at higher latitudes and, therefore,
more closely in tune with the atmosphere. The specific
goals and scientific objectives of TOGA are (WCRP
1985):

e to gain a description of the tropical oceans and the
global atmosphere as a time-dependent system in
order to determine the extent to which the system is
predictable on time scales of months to years and
to understand the mechanisms and processes un-
derlying its predictability;

e to study the feasibility of modeling the coupled
ocean—atmosphere system for the purpose of pre-
dicting its variations on time scales of months to
years; and

e to provide the scientific background for designing
an observing and data-transmission system for
operational prediction, if this capability is demon-
strated, by coupled ocean—atmosphere models.
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In order to achieve the TOGA goals, a strategy of
long-term monitoring of the upper ocean and the
atmosphere, intensive and very specific process-ori-
ented studies, and modeling has been developed
(WCRP 1985). The plans have been enacted through
a series of national, multinational, and international
efforts (e.g., National Academy of Sciences 1986;
WCRP 1986).

The TOGA program has passed the midway point
of the ten-year period of intensified ‘monitoring and
modeling activities. In the second half of the TOGA
observing period, the thermodynamical structure of
the upper regions of the tropical oceans has begun to
be monitored on a regular basis with a scale, fre-
quency, and intensity similar to that which has long
been considered normal for the atmosphere. Process
studies have been conducted focusing on specific

A major achievement in TOGA has
been the determination of the relative
importance of the Atlantic, Indian, and
Pacific ocean basins in producing the
interannual El Nino-Southern
Oscillation (ENSO) signal.

aspects of the dynamical structure of the tropical
ocean waveguide, turbulent mixing of the upperocean,
and the distribution of salinity. These studies have
concentrated on understanding the processes re-
sponsible for the equatorial cold tongue, its relation to
eastern-boundary circulation, and the relative impor-
tance of local and remote forcing on the eastern and
central Pacific Ocean. Long-term monitoring of the
structure of the tropical ocean has been achieved by
an XBT (expendable bathythermograph) program and
by the TOGA Tropical Atmosphere—Ocean (TAO II)
buoy array, which spans the entire Pacific basin be-
tween 8°N and 8°S, the TOGA/World Ocean Circula-
tion Experiment (WOCE) Pan-Pacific drifting-buoy
program, and the TOGA sea level network. In addition,
the low-latitude meteorological sounding and surface
observation network has been augmented and the
FGGE [First Global Atmospheric Research Program
(GARP) Global Experiment] surface drifting-buoy pro-
gram in the Southern Hemisphere has been contin-
ued.

A major achievement in TOGA has been the deter-
mination of the relative importance of the Atlantic,
Indian, and Pacific ocean basins in producing the
interannual El Nifio—Southern Oscillation (ENSO) sig-
nal. The tropical Pacific Ocean has emerged as the
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predominant basin in ENSO. The relationship of the
Pacific Ocean to other tropical regions and to the
global atmosphere is as follows: The Pacific Ocean
undergoes strong interannual variability with a time
scale of three to five years. It has been argued that this
variability appears to be an internal dynamical mode of
the coupled ocean-atmosphere system of the tropical
Pacific basin (see Philander 1990 for review). The
variation is transmitted very rapidly eastward along
the equatorial ocean waveguide. The resulting varia-
tion of the sea surface temperature (SST) (Fig. 1a)
drives an atmospheric response that encompasses
the entire tropics (Fig. 1b). In turn, this response is
translatedto remote, planetary-scale, wind-stress forc-
ing functions on the surfaces of the other two basins.
Thus, following ENSO variations in the Pacific struc-
ture, the Atlantic and Indian oceans are affected by
anomalous wind forcing originating in the Pacific. This
scheme emphasizes the importance of the Pacific
Ocean in general, and the warm-water regions in
particular. It does not mean that variations in the other
oceans are less important, as it is obvious that they
invoke changes in local tropical circulations such as in
the Brazilian region (Moura and Shukla 1983) and the
south Asian region (e.g., Shukla and Paolino 1983;
Rasmusson and Carpenter 1983). Rather, it allows
variations in the Atlantic and Indian oceans to be
placed in a sequential perspective on ENSO time
scales. ‘

Theoretical constructions have attempted to ex-
plain the variability of the Pacific Ocean basin. In
general, these theories cluster around the instability of
the coupled ocean—atmosphere system or its quasi-
cyclic variation (Philander 1990). Both families of
theories depend on the character and structure of the
coupled system. The instability theory describes the
growth of unstable modes of the basic state of the
coupled system, and the quasi-cyclic theory depends
on successive reflections of neutral, equatorially
trapped ocean models from the boundaries of the
Pacific basin within the basic state of the joint system
(Graham and White 1988). These two theories are
probably not mutually exclusive as it is possible that
both the instability and cyclic processes work together
to produce the diverse spatial and temporal scales of
ENSO.

Modeling and assimilation efforts within TOGA have
led to the first quasi-operational ocean—atmosphere
prediction model running in near-real time, initialized
with data collected from the TOGA monitoring network
(see Cane 1990). Experimental efforts to couple ocean
and atmospheric models in order to synthesize the
total system have been vigorous. Phenomenological
models have produced a clearer view of how the
tropical atmosphere and ocean combine to produce a
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Fia. 1. (a) Time~longitude distribution averaged between 4°N and 4°S of the mean monthly sea surface temperature (SST; °C) between
January 1979 and December 1989. The shaded regions denote (left to right) the land masses of Africa, Indonesia, and South America. Light
and heavy shading regions depict SSTs in excess of 28°and 29°C, respectively. Note the two major “warm events" (i.e., EI Nifio) in 1982-
83 and 1986-87. In contrast, 1988 was a "cool" event (La Nifia) where the warm waters contract to the western Pacific Ocean. Data from

the NOAA Comprehensive Ocean—Atmosphere Data Set (COADS).

robust interannual signal. Thus, there has been con-
siderable progress toward the primary goals of TOGA
through these observational and modeling efforts. A
critical review of the first haif of the TOGA program is
given by the National Research Counci! (NRC 1990).

Despite substantial progress gained thus far during
the TOGA program, there is still considerable doubt
regarding the elementary physical processes that
maintain the mean and transient states of the warm-
water regions of the eastern Indian and western Pa-
cific oceans. These doubts restrict our ability to model
adequately the coupled atmosphere—ocean system
and form obstructions to improvements in forecasting
ability. Some of the concerns are:

e Diagnostic studies find balancing the surface en-
ergy budget of the Pacific warm pool to be an
elusive goal. Some estimates possess an unex-
plained residual in the surface energy balance of
order 60—80 W m= (cf. Godfrey and Lindstrom
1988).

e The simulated warm-pool surface temperatures of
stand-alone ocean models are often too warm
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when the model is forced with either heat fluxes
derived from climatological data or from those de-
rived by atmospheric models. Realistic model simu-
lations have been achieved only using carefully
tuned heat fluxes at the ocean surface together with
an assumed climatological cloud cover (Gent 1991).

e One of the weaker links in both simple coupled
models and coupled GCMs is the nature of interac-
tions in the western tropical Pacific. In coupled
models that simulate ENSO, the westerly wind
anomalies in the model western Pacific are weaker
than observed in nature (Hirst 1988; Cane 1990). It
is not clear whether this is due to deficiencies in the
model physics or to exclusion of western Pacific
atmospheric interactions with the tropical atmo-
sphere over other ocean basins and/or with the
extratropical atmosphere (e.g., Gutzlerand Harrison
1987; Meehl 1987).

It is clear from the above that a careful set of
measurements in the warm-pool region of the Pacific
Ocean is needed. It is only through such efforts that
significant model improvement for both diagnostic and
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forecasting purposes can be realized. In the next
section, a broad description of the phenomenology of
the atmosphere and the ocean of the tropical warm-
pool regions is given. Section 3 outlines the scientific
objectives of the TOGA Coupled Ocean-Atmo-
sphere Response Experiment (COARE), a progrém
designed to address the concerns listed above, and
basic strategies to be employed. The scientific ob-
jectives of the individual elements of COARE are
listed in section 4. The overall experimental design
of COARE with particular emphasis on the intensive
observation phase (IOP) is presented in section 5.

2. The scientific basis for TOGA COARE

The largest region of warm water lies in the western
Pacific and eastern Indian oceans. Figure 2a shows
the long-term average distribution of SST for the
boreal winter. The 28°C isotherm is shown as the
heavy contour. The significance of the warm pools to
the general circulation of the atmosphere can be seen
from Fig. 2b, which shows the smoothed total diabatic
heating in the atmospheric column between 750 and
50 mb calculated from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) initialized
data (Hoskins et al. 1989). The field represents contri-
butions from latent, radiative, and sensible heating
from a broad range of scales of phenomena. The clear
correspondence of the warm pools with the maxima of

60N

the total heating indicates the role of the warm pool in
setting atmospheric global-heating gradients and, by
extension, the importance of warm-pool phenomena
in the general circulation of the atmosphere.

Avariety of phenomena occur in both the ocean and
the atmosphere within the tropical warm pools and the
warm pool in the western Pacific Ocean in particular.
One special characteristic appears to link the phe-
nomena within the warm pool: In the ocean and the
atmosphere individually, and jointly within the couplied
system, the phenomena interact strongly over broad
time and space scales.

a. Structure of the atmosphere over the warm pool

1) GLOBAL CONTEXT OF THE WARM POOL

Air—sea interaction in the western tropical Pacific is
dominated by the large-scale atmospheric conver-
gence associated with the ascending branch of the
Walker circulation, with the major tropical ascent oc-
curring over the Pacific-Indian ocean warm pool (e.g.,
Webster 1983). The convergence of air and moisture
from the Pacific and Indian oceans leads to vigorous
convection and heavy precipitation and the release of
latent heat in the atmosphere, which drives the Walker
circulation (Cornejo-Garrido and Stone 1977; Hartmann
etal. 1984). Figure 3 shows an estimate of the annual
average precipitation over the Pacific Ocean by Taylor
(1973). Precipitation appears to be widespread with
extrema of over 5 m yr' and an overall average in
excess of 3 m yr' over the warm pool.
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Fic. 2. (a) The long-term mean (1959-1989) boreal winter (December—February) SST (°C) distribution. Lightly and heavily shaded
regions denote temperatures in excess of 28° and 29°C, respectively. Blank areas in the Southern Hemisphere indicate insufficient data.

Data from COADS.
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