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Abstract

During the Southern Hemisphere summer, an aircraft research
program (EMEX: the Equatorial Monsoon Experiment) was con-
ducted over the tropical ocean north of Australia to investigate the
mesoscale convective systems in the monsoon flow. EMEX was
conducted concurrently and in the same location as the Australian
Monsoon Experiment (AMEX) and the Stratosphere—Troposphere
Exchange Program (STEP). Airborne Doppler radar and other
aircraft instrumentation were used to document the horizontal and
vertical air motions in ten major cloud systems. The EMEX airborne
platforms were supplemented by a surface Doppler radar and the
enhanced AMEX upper-air sounding network. The data obtained
should significantly enhance the knowledge of vertical motions in
tropical clouds and thereby lead to a better understanding of how
these clouds influence the large-scale tropical circulation and cli-
mate. An overview of the project is given in which the weather
situations are reviewed and examples of the data are shown. Some
initial results are discussed, together with their significance to the
scientific objectives of EMEX and the parent program, the Tropical
Ocean Global Atmosphere Program (TOGA).

1. Introduction

The Equatorial Mesoscale Experiment (EMEX) was
conducted over the tropical oceanic area north of
Australiain January—-February 1987, during the South-
ern Hemisphere (austral) summer. The program ex-
plored the vertical air motions and other kinematic
properties of tropical mesoscale convective-cloud sys-
tems (“cloud clusters”) by direct aircraft penetration.
The project was organized to coincide with two other
major experimental programs being conducted in the
region at the same time. The Australian Monsoon
Experiment (AMEX) (see Holland et al. 1986) was a
program of enhanced upper-air soundings and radar
data collection in northern Australia, aimed at better
documentation of those large-scale weather patterns
over Australia that are associated with the ebb and
flow of the Australian monsoon. AMEX provided an
excelient synoptic context for the convective and me-
soscale measurements obtained in EMEX. The
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Stratosphere—Troposphere Exchange Program
(STEP) was conducted to obtain high-level aircraft
measurements of trace chemicals, radiation, and other
quantities above tropical convection in the region with
the aim of understanding tropospheric—stratospheric
interaction. These data added to those collected with
the lower flying EMEX aircraft. The combination of
these three independent but interlocking programs
constituted a comprehensive tropical field program
covering a wide range of interacting scales of phenom-
ena. The purpose of this article is to provide a brief
overview of EMEX. The scientific background and
objective of the program, the design and execution of
the experiment, and some examples and preliminary
analyses of the data collected will be discussed,
together with the experiments relevant to its parent
program, the Tropical Ocean Global Atmosphere Pro-
gram (TOGA).

2. Motivation, objectives, and background

EMEX was motivated by the continuing need for a
better understanding of the relationship of convection
to large-scale dynamics and climate. Of particular
interest is near-equatorial convection, which occurs
around the globe over both land and ocean and is an
integral part of large-scale quasi-steady flow patterns
such as the Hadley cell, Walker cell, the Pacific east-
west circulations involved in El Nino—Southern Oscil-
lation events, and the Asian winter monsoon. Such
convection is regionally enhanced over the tropical
land masses of Africa and Central America, and espe-
cially over the warm pool regions of the tropical Indian
and Pacific Oceans that span Indonesia. The Indone-
sian region is the crossroads of the Australian-Asian
summer and winter monsoons. Figure 1 presents a
schematic view of the tropical circulation. For later
reference, the locations of the GARP Atlantic Tropical
Experiment (GATE) and the summer and winter Mon-
soon Experiments (summer and winter MONEX) are
indicated. Over the warm-pool regions, which are
persistently convective during the entire year, the total
precipitation exceeds 4 m. To the north and south,
over India and Australia, which possess monsoon
climates with distinct wet and dry periods, the annual
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Fie. 1. Schematic view of the surface circulation of the tropics for the boreal summer (upper panel) and winter (lower panel). Contours
show the long-term mean longwave radiation to space (W m). Low radiating regions (OLR < 220 W m™) are stippled and represent

regions of persistent and intense convection. The solid and dashed lines indicate the monsoonal and near-equatorial flow, respectively.
The experimental domains of GATE, Summer MONEX, Winter MONEX, and AMEX/EMEX are shown as the enclosed areas. The
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location of the planned TOGA COARE is also indicated. Adapted from Webster (1983).

precipitation still is in excess of 2 m. Thus, over large
regions of the tropics, heating budgets are dominated
by latent heat release.

Large-scale modeling suggests that accurate verti-
cal distribution of the heating associated with the cloud
systems in these regions is important to the accurate
calculation of the large-scale quasi-steady circula-
tions (Hartmann et al. 1984). In particular, it was found
that the large-scale circulation was extremely sensi-
tive to the specification of the latent heating profile.
Although the total heating in the column was set to be
the same in each case, the response imparted by the
different vertical distributions of the total heating was
very dissimilar. At shorter time scales, near-equatorial
oceanic mesoscale convective systems have been
shown by Lau et al. (1989) to constitute an important
component of the 30-60 day oscillation and of synop-
tic-scale westerly wind “bursts” embedded within these
longer-period oscillations. These authors also empha-
size the importance of the relation of the vertical
distribution of heating in the cloud systems to the
dynamics of the westerly wind bursts and the longer-
period oscillations. Clearly, an accurate calculation or
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specification of the vertical heating profile is necessary
for a successful simulation of the large-scale circula-
tion. :

The importance of the vertical heating profile is
increased by the fact that the convection associated
with the warm pools may be rapidly transmitted to
higher latitudes, where it exerts a significantimpact on
extratropical weather. Webster and Chang (1988) and
Chang and Webster (1990) have theorized that rapid
communication (termed “fast” teleconnections) takes
the form of modified equatorially trapped modes forced
initially by periods of explosive convection in the warm
pool regions. Thus, the accurate characterization of
the heating function appears as a fundamental goal for
a wide range of atmospheric processes. However, as
recently discussed by Houze (1989), the vertical dis-
tribution of large-scale heating of the atmosphere by
mesoscale convective systems in the tropics, the
fundamental aggregate of the heating function, is not
satisfactorily understood or documented, despite the
considerable progress on this problem that has been
made as a result of previous tropical field programs.

In the tropics, the large-scale averaged vertical
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distribution of heating is closely related to the mean
vertical distribution of vertical air motion. The state-
ment of the First Law of Thermodynamics, scaled for
low latitudes, suggests a balance between diabatic
heating and adiabatic cooling, and vice versa (Charney
1969). Noting that the thermodynamic surfaces near
the equator tend to be almost horizontal, itis clear that
the large-scale adjustment to the heating is very rapid.
Stated alternatively, the balance between diabatic and
adiabatic heating and cooling is a result of a domi-
nance of gravity-wave processes, which disperse the
effects of the large-scale heating away rapidly. Thus,
the problem of determining the large-scale heating
reduces largely to determining the vertical air motions,
which are dominated by mesoscale convective-cloud
systems.

In the past ten years or so, the vertical air motions
in tropical mesoscale convective-cloud systems have
been inferredindirectly by vari-
ous technologies. These re-
sults, however, remain some-
what inconclusive regarding
such basic matters as whether
the maximum upward motion
(and, hence, heating) occurs
in the lower, middle, or upper
troposphere. As summarized
by Houze (1989), the upward
motion in the stratiform com-
ponents of these cloud systems is undoubtedly con-
centrated at upper levels, while for the convective
components it is unclear from the available observa-
tions whetherthe upward motion is concentratedin the
lower, middle, or upper troposphere, or to what extent
the vertical profile of convective vertical motion varies
from one large-scale environment to the next.

The effects of tropical convection on horizontal
momentum fields are also of interest to large-scale
dynamics and climate. The coupled ocean—-atmo-
sphere system is bound by the flux of momentum from
the atmosphere to the ocean and by the flux of heat
and moisture from the ocean to the atmosphere. The
accurate determination of these fluxes is a primary
goal of the TOGA experiment and is vitally necessary
forcoupled ocean—atmosphere modeling. Indisturbed
regions of the tropics where the mean large-scale
winds are small in magnitude compared to the trade-
wind regime, it appears that there is a considerable
enhancement of the heat, moisture, and momentum
fluxes (Webster 1987). Such enhancement may result
fromincreased gustiness associated with disturbances.
Furthermore, there is evidence that momentum trans-
port by tropical convection is highly organized when
the convective cells are contained in sloping squall
lines (LeMone 1983). In addition, the effects of heating
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and/or momentum transports by organized convec-
tion may lead to balanced mesoscale circulations,
which may persist and be significant in the evolution of
the atmospheric flow and precipitation. Case studies
show that a mesoscale vortex can appear at midlevels
in the stratiform regions of tropical convective systems
(e.g., Gamache and Houze 1982, 1985; Houze and
Rappaport 1984), and, of course, it is well known that
tropical cyclones can develop from a mesoscale con-
glomerate of convection.

In view of the implications of the kinematic charac-
teristics of tropical mesoscale cloud systems on large-
scale dynamics and climate, through heating and
effects on momentum and vorticity fields and the
enhancement of the ocean-atmosphere interface
fluxes, it would appear desirable to document as
directly as possible the vertical and horizontal air
motions in mesoscale convective systems. Previous

The coupled ocean—atmosphere system is bound by the
flux of momentum from the atmosphere to the ocean and
by the flux of heat and moisture from the ocean to the
atmosphere. The accurate determination of these fluxes
is a primary goal of the TOGA experiment and is vitally
necessary for coupled ocean-atmosphere modeling.

documentation of vertical air motions in equatorial
convection has been limited by technology. Much of
the information obtained in past field studies (summa-
rized by Houze 1989) has been inferred rather indi-
rectly from sounding-data composites. The only ex-
tensive set of statistics on the in situ measurements of
in-cloud vertical air motions in near-equatorial oceanic
convective cloud systems is the set of data obtained
on aircraft penetrations of clouds in GATE and ana-
lyzed by Zipser and LeMone (1980) and LeMone and
Zipser (1980). Although the Zipser—LeMone studies
constituted a landmark in tropical meteorology, the set
of data (collected in 1974) was nonetheless limited in
several respects:

e [t was not comprehensive in representing all of the
GATE convection, since the GATE aircraft program
had several objectives, of which penetration of
clouds was only one.

o No remote-sensing capability was available on the
GATE aircraft, thus data could only be obtained for
flightlevel. Since most of the GATE research flights
were in the low to midtroposphere, the sampling at
high levels was very limited.

e Theinstrumentation was suitable only for detecting
intense convective vertical air motions; there was
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no way to obtain information in situ on the air
motions in stratiform precipitation regions.

Aircraft penetration studies of convective vertical
motions in the clouds of a Bay of Bengal depression
during summer MONEX (Warnerand McNamara 1984)
and of hurricanes (Jorgensen et al. 1985) have been
made with techniques and results similar to those of
the Zipser-LeMone studies of GATE clouds. How-
ever, these later studies of oceanic convection have
the same limitations as the Zipser—LeMone studies,
and, strictly speaking, they do not describe near-
equatorial oceanic convection.

The airborne studies undertaken earlier did not
have the advantage of Doppler radar observational
capability. However, ground-based Doppler radars
have been used to document the kinematic structure
of a few cases of near-equatorial continental tropical
mesoscale convective systems in West Africa in great
detail (e.g., Sommeria and Testud 1984; Roux et al.
1984). An excellent documentation of the structure of
the squall lines that characterize many equatorial
continental cloud systems over land was obtained.
These studies conducted over land demonstrate the
powerful ability of the Doppler radar to map the kine-
matic structures of these cloud systems. Documenta-
tion of equatorial oceanic cloud systems by Doppler
radar, of course, could not be addressed by the
studies over Africa, and the few case studies obtained
do not, as yet, constitute a statistical picture of all the
kinematic structures occurring over the continent.

The limitations of past datasets and the importance
of having good information on the vertical velocity and
other kinematic properties within equatorial cloud sys-
tems led to the primary objectives of EMEX:

e To document, as intensively and directly as pos-
sible, the vertical profile of vertical velocity and
other kinematic structures of mesoscale tropical
convective-cloud systems (“cloud clusters”) over
the ocean near the equator with the most up-to-date
instrumentation available.

e To investigate the physical mechanisms respon-
sible for the convective and stratiform components
of the observed cloud systems.

The objectives were attainable primarily because of
the advent of airborne Doppler research radar, which
has the capability to map kinematic fields in a large
atmospheric volume surrounding the aircraft remotely
—not just along the flight path. The aircraft platform
can cover great areas and is free to obtain Doppler
radar data over the ocean. Convection over land was
not studied in EMEX because the resources available
for the project wouid not allow satisfactory documen-
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tation of both oceanic and continental cloud systems.
It was considered more useful to focus on one or the
other and do a good job rather than to lose focus by
trying to examine both types of phenomena. Since the
character of oceanic convection had not yet been
explored by Doppler radar and is of interest to re-
search connected with the El Nifio—~Southern Oscilla-
tion and other events over the tropical Pacific, it
seemed reasonable to focus first on the oceanic cloud
systems. In the remainder of the paper, we will de-
scribe how EMEX was designed and carried out as an
experiment centered around airborne Doppler radar
measurements to obtain a statistically meaningful
sample of kinematic data in the interior of near-equa-
torial oceanic mesoscale convective systems. Anover-
view of the project, a summary of the weather situa-
tions encountered, a description of the data collected,
and some preliminary results indicating the successful
achievement of the stated objective will be given.

3. Design and execution
of the experiment

a. Location of the project

The region where EMEX was conducted is shown in
Fig. 2. Large precipitation-producing cloud clusters
occur throughout the equatorial latitudes, and, in prin-
ciple, EMEX could justifiably have been conducted
in a variety of locations. The region north of Australia,
however, is ideal, since it is part of the "maritime
continent,” which is the name given by Ramage (1968)
to the highly convective region comprised of the is-
lands, peninsulas, and intervening seas of Indonesia,
Malaysia, Papua New Guinea, and northern Australia.
As pointed out by Ramage, the latent heat released in
clouds and precipitation in this region during the
austral summer constitutes one of the primary sources
of energy for the atmosphere. In addition, the tropo-
pause is higher and colder here than anywhere in the
atmosphere at any time and is representative of other
monsoon regions during their convective phases and
the tropical atmosphere over the tropical ocean warm
pools. Toillustrate the ubiquity of the convectionin the
region, Fig. 3 shows a comparison of the vertical
profiles of heating from a number of regions in the
tropics. With the exception of the GATE profile, the
AMEX heating rates (W. Frank, personal communica-
tion) match those from the western Pacific and Atlantic
Oceans." Hence, the cloud clusters that occur in this
region are of considerable general interest and an
ideal target for a study of tropical convection.

' The locations of the profiles can be seen in Fig. 1. The western
Pacific profiles are indicative of the TOGA COARE region.
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