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Abstract

A few examples of scientific accomplishments in tropical
meteorology and hurricane research are presented. Tropical
field experiments such as GATE have greatly influenced observational studies of convection and tropical easterly waves.
One application of the study of convection is the attempt
to estimate precipitation from satellite platforms.
Research in tropical cyclones has further improved the
definition of large-scale structure and the environment in
which the hurricane grows. Radiation, convection, and air-sea
interaction studies are directed at the forcing and possible
feedback of the hurricane with its environment. With this
improved physical understanding, numerical modeling of
hurricanes can now produce position forecasts of reasonable
accuracy that are becoming competitive with current
statistical-dynamical methods. There is a continuing effort to
attempt hurricane modification experiments in conjunction
with an adequate measurement program.
1. Introduction

This review is based on research results presented at
the recent 11th Technical Conference on Hurricanes
and Tropical Meteorology held 13-16 December 1977,
in Miami Beach. T h e results of this meeting have been
summarized by Pelissier and Koss (1978), and the papers
presented at the meeting have been published by the
AMS as a Postprint Volume, which was dedicated to
the lives and work of Max A. Eaton and Banner I.
Miller.
However, the results of this meeting by no means
cover the full scope of research in tropical meteorology
and hurricanes that is currently being done. During the
past several years there have been several exhaustive
summaries completed by Wallace (1971b), Garstang
(1972), and Yanai (1975). In addition, there have been
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several specialized summaries on the tropical boundary
layer and cumulus convection (Garstang and Betts, 1974).
Recently, a report on the scientific results of the GARP
Atlantic Tropical Experiment (GATE) has been presented (GATE, 1977), and Chang (1977) has published
a review of the scientific problems related to the coming
Monsoon Experiment (MONEX).
Therefore, in this summary we shall be very selective
and even arbitrary in mentioning just a few developments that seem especially interesting at this moment
in this very large and diverse field.
Certainly, GATE has been an important stimulus to
many aspects of tropical meteorology. There are several
important results dealing with tropical waves and with
the heat and moisture balance of a cumulus ensemble
(e.g., a "cloud cluster") that are considered to be an
important consequence of this international experiment.
However, a great deal of research is yet to be done,
since it has taken several years to validate and assemble
merged data sets from many different national platforms.
Another aspect of tropical meteorology is the monsoon
circulation (although its scope is not limited to the
tropics). An international program (MONEX) for measuring and modeling the features and dynamics of the
monsoon is being prepared (GARP, 1976) for the two
Special Observing Periods of the Global Weather Experiment during 1979. This experiment is focused on the
large-scale aspects of circulation and the accompanying
precipitation; the determination of the interaction with
the ocean surface and the global circulation is especially
important.
Developing independently of these field programs,
there are interesting results coming out of the work with
satellite imagery that determines cloud motion and also
estimates precipitation rates. Likewise, numerical models
of tropical disturbances (e.g., synoptic scale) and
parametric models that simulate some aspects of cumulus
convection have been developed independently of specific measurement programs, although they have certainly been stimulated by GATE and earlier field experiments.
Research into the dynamics and prediction of tropical
cyclones (Anthes, 1974) has been guided by the compilation of relatively infrequent observations and the developments in numerical modeling. A few of the current
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problems are cumulus parameterization, radiational effects, air-sea interaction, and simulated modification
experiments. Some of these problems are being addressed
with numerical models; in other cases, work is being
done with historical upper-air data sets in the tropics.
T h e data are screened to produce a composite that can
distinguish regional meteorological differences in the
environment of incipient or growing storms. During the
next few years there will be increased effort to monitor
tropical cyclones and to consider their potential for
modification.
However, an especially interesting and exciting aspect
of tropical storm research is the effort to forecast the
storm location with dynamic models. Furthermore, numerical models are being used to examine the possibility
of modifying some storms to reduce their intensity. T h e
measurement program with newly instrumented aircraft
platforms that is planned for this coming year will provide new impetus to hurricane research with measurements on a scale ranging from that of the cumulus cloud
up to that of the storm itself.

wind shear, each of which is a measure of the strength
of the two energy conversions. In this environment over
continental Africa the amplitude of a typical wave is
largest at 600-700 mb and would double in ~ 3 days if
frictional dissipation were absent.
T o the west of Africa over the ocean the maximum
surface temperature shifts abruptly southward into the
equatorial belt. But the easterly current continues to
transport warm, continental air over the shallow northeasterly trades, and the vertical wind shear is only slowly
modified. However, the meridional wind shear increases
at lower levels due to the contrast of the southeasterly

2. Tropical meteorology

We present here a few selected topics that represent both
the summary of accomplishment and the diversity of interests in the field: 1) tropical waves, 2) cumulus convection,
and 3) applications to precipitation estimates. Unfortunately, the limitations of time and space prevent us from
making any attempt to summarize boundary layer
studies, radiation in a cloudy atmosphere, numerical
modeling in the tropics, or mesoscale convection studies.
However, these topics are important, and the reader is
referred to the reports and summaries already mentioned
for more information on these subjects.

a. Tropical waves

Even before the GATE experiment in 1974 there was an
increasingly active research effort to document observationally and theoretically the tropical waves that were
described by Riehl in the 1950s. As a direct result of
GATE, there is a much better definition of the synopticscale easterly waves that propagate across the Atlantic
Ocean from their source region on the continent of
Africa. T h e average wave length is ~2500 km (Fig. 1),
and their period is ~3.5 days, which corresponds to
westward propagation at a speed of ~ 8 m s
During the summer months (June-September), these
waves appear to originate over the African continent as
a result of an instability in the mean easterly current.
T h e energy sources for growing waves are both the
kinetic energy of the mean current and the potential
energy associated with the horizontal temperature distribution. The horizontal temperature differences between
the hot desert air to the north and in the subtropics and
the cooler southwesterly monsoon current to the south
(Fig. 2a) are consistent with an easterly thermal wind and
easterly jet near 600 mb. T h e resultant zonal wind structure (Fig. 2b) contains both meridional and vertical
_1

FIG. 1. (a) A composite streamfield at 700 mb of tropical
easterly waves during a 28-day period in the eastern Atlantic.
The wave composite has been constructed relative to the
wave trough (longitude of vorticity maximum at 700 mb),
which is designated by category 4 (category 8 is the ridge,
etc.). The latitude relative to the vorticity maximum is
specified on the ordinate. The mean latitude for the vorticity
maximum is ~11°N; the mean wavelength is ~2500 km
(equal to 8 wave categories). A full barb on the wind vector
indicates 5 m s . The dashed line (which has been added to
the original figure by Reed et al. (1977)) is the trough axis
of maximum vorticity. (b) The composite vertical motion
field (in millibars per hour) at 850 mb. (Figure from Reed
et al. (1977).)
-1
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FIG. 2b. The August mean meridional cross section of zonal
wind in meters per second at 5°E (from Burpee, 1972).

FIG. 2a. The August daily average temperature field at the
surface in degrees Celsius (from Burpee, 1972).
monsoon flow with the northeast trade. Thus, barotropic
energy transformations may still be important here.
The cumulus convection that is embedded in these
waves is organized by the synoptic wave pattern, so that
the maximum precipitation generally occurs slightly
to the west of the wave axis where the synoptic-scale
upward vertical motion is also maximum (Fig. 3). Although the control {or organization) of convection by
the easterly waves has been established, there is evidence
for only weak energetic feedback of an ensemble of convective elements to the mean flow, especially over the
tropical Atlantic Ocean.
This description, which is largely the work of Burpee
(1972) and Reed et al. (1977), has stimulated a number
of independent and rather successful efforts to model
easterly waves in the tropical environment (Krishnamurti et al., 1977; Shaw and Rountree, 1976; Miyakoda
et al., 1976). Furthermore, a number of stability studies
now tend to support the barotropic-baroclinic growth
mechanism (e.g., Mass, 1977). In particular, the CISK
instability mechanism does not seem to be necessary to
sustain the disturbances of the eastern Atlantic, although
the low-level vorticity field is generally related to the
vertical motion and cumulus convection.
By way of contrast, Nitta (1970) has inferred that
latent heating is an important factor in the maintenance
of disturbances over the tropical Pacific (see also Wallace, 1971b). Here the available potential energy generated by cumulus clouds acts directly to maintain the
kinetic energy by baroclinic energy transformations.
This is but one example of a longitudinal variation in
characteristics of disturbances in the tropical belt. These
differences are the focus of some current investigations
that will be greatly aided by the observational data
collected intensively during M O N E X and the Global
Weather Experiment.
With improved understanding of the wave disturbance
has come a number of studies that examine the conditions for subsequent development of weak disturbances
into tropical storms, and occasionally hurricanes (e.g.,
Gray, 1977; Shapiro, 1977; Erickson, 1977). Some physi-

cal parameters (in addition to sea surface temperature)
that have been proposed as possible controlling parameters of storm development are vertical wind shear,
positive vorticity in the lowest 100 mb, positive vorticity
advection, or moisture convergence. For example, the
distinctive feature that separates developing from nondeveloping disturbances is not the amount of rainfall
occurring but the small difference between the upperand lower-level vorticity (Zehr, 1976; Erickson, 1977;
Arnold, 1977).
Finally, it should be emphasized that this description
is somewhat oversimplified, and, like the waves in the
extratropics, there is a large variability between individual disturbances. Furthermore, the generalization concerning dynamics of easterly waves and the role of cumulus convection is drawn from a rather small sample over
west Africa and the eastern Atlantic; we already are
aware of some important differences in other parts of
the tropics where synoptic wind fields and the moisture
and temperature structures are different.
b. Cumulus
convection
There has been a continuing study of the dynamics of
convection on different scales—individual cumuli,
merged cells, meoscale structure, and cloud clusters.
Some of this work of an observational nature has been
stimulated by the improved use of satellite imagery,
especially from a geostationary platform (the SMS satellite system). From another point of view this work is
part of a long history of theoretical studies and numerical modeling of cumulus dynamics and cloud physics
(see Cotton, 1975).
Between the observational studies and the theoretical
developments lies the work that combines both numerical models and observations (on a scale larger than the
individual cloud) in an attempt to assess the net or bulk
effect of cumulus convection. These effects (net vertical
motion, temperature change, etc.) can be measured and
some estimates made of the "feedback" to larger scales
of motion. After considering many different examples,
it may be possible to describe how the meteorological
fields surrounding the cloud field "control" the intensity
and dimensions of cumulus elements that occur within
the domain. Together, these two processes that we have
imagined are called "parameterization" of cumulus
convection. When one recognizes the importance of
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FIG. 3a. The composite humidity field (percent) deviation
from the zonal mean values at 300 mb. Trough axis at 100 mb
is indicated by the dashed line. (Figure from Reed et al.
(1977).)

FIG. 3C. Average precipitation rate (in millimeters per day)
from shipboard measurements. Trough axis at 700 mb is indicated by the dashed line. (Figure from Reed et al. (1977).)
subtle changes in cloud microphysics or sees the variety
in mesoscale organization of clusters of cumulus clouds,
it seems presumptious to dare to speak of "parameterizing" the bulk effects of cumulus clouds without knowing
a great many details of cumulus structure and growth
cycle. Yet, there has been substantial effort applied to
this problem with some very interesting results. It
remains to be seen if the "feedback" part of the cycle
is strong enough to warrant the sophistication of some
parametric cloud models.
An example of some recent results from a budget
analysis is shown in Fig. 4 (Nitta, 1977). A synoptic network was represented by upper-air observations spaced
- 4 4 0 km apart, and these data were used to compute
budgets of mass, heat, and moisture. It is characteristic
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FIG. 3b. Convective cloud cover (percent) for the composite
wave estimated subjectively from the brightest infrared
images of the SMS satellite. Trough axis at 700 mb is indicated by the dashed line. (Figure from Reed et al. (1977).)
of deep convection that the net heating curve has a
maximum at high levels above the maximum in moisture
deficit.
Subsequently, the net vertical motion has been decomposed into cumulus-scale updrafts and downdrafts
with a residual subsidence in the cloud environment
(Fig. 5a). This result was obtained by simultaneously
satisfying the heat and moisture imbalance (Fig. 4)
within the constraint of the decomposition of net vertical mass flux just described. T o obtain such a solution
it is necessary to construct a cloud model that describes
the internal mass balance and conversions of liquid and
water vapor to sensible temperature change by condensation and evaporation. There are several different
models that have been applied to this purpose; currently,
many of the models are a variation of an entraining jet
model cloud of Arakawa and Schubert (1974) and Ogura
and Cho (1973). From the analysis of budgets interpreted
through ensemble cloud models, detailed results of cloud
features can be obtained: cloud fraction, precipitation,
and cumulus recirculation. An example of such a result
is shown in Figs. 5a and 5b.
The computation of kinematic budget quantities has
become fairly routine although composite results are
needed to reduce random errors and the effects of unrepresentative data. However, the contribution of radiational heating and cooling terms to the heat budget in
a cloudy atmosphere has not been adequately assessed;
there is presently some interesting work being done with
radiative model calculations (Ellingson and Gille, 1978;
Welch and Cox, 1977) as well as some work on the relative influence of radiative terms on the budgets and
their application to cloud models (e.g., Gray, 1977; Silva
Dias, 1977).
T h e cloud models that are selected for interpreting
the results of large-scale budget analysis are becoming
more complex as they attempt to incorporate more
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FIG. 4. An example of the heat and moisture imbalance
that must be explained by the combined effects of radiative
cooling and cumulus convection. These data represent a
composite of eight observational periods over the GATE A/B
polygon (—0.6 X 10 km ) when a cloud cluster was in the
mature stage of development. (From Nitta, 1977.)
6
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FIG. 5a. Some results for the mass balance obtained by Nitta
(1977). The large-scale mass transport (M) is the sum of net
cumulus transport (M ) and environmental downdrafts (not
shown). The net cumulus transport is further resolved into
intense updrafts (M ) and saturated local downdrafts (M ).
c

u

d

realistic dynamics and precipitation physics. A good deal
of experimentation is being done to incorporate a
realistic, yet parametric, method of determining the
cloud and rainwater components of the condensation
rate. This conversion between water components and
the evaporation of falling precipitation will determine
the precipitation rate for the model, which can be compared with nature.
Finally, the contribution of cumulus clouds to the
vorticity budget has been estimated in only a few cases
(e.g., Todd and Vincent, 1977; Cheng et al, 1977) and
is not generally used in the solution for the cumulus
population. However, Cotton and Tripoli (1977) have
shown that vertical transport of momentum in a shearing
environment is important for the development of an
individual convective cell. Recently, Stevens et al (1977)
and Stevens and Lindzen (1977) have used a simple
model to estimate vertical momentum transfer without
explicitly calculating cumulus updrafts/downdrafts.
c. Applications to precipitation
estimates
The feedback of cumulus convection to the larger-scale
synoptic environment varies from intense (hurricanes)
to weak (incipient disturbances in the eastern Atlantic).
However, even for conditions where the feedback is
weak, the effects of organized cumulus convection are
important for human activity at the earth's surface, in

FIG. 5b. Some results of Nitta ( 1 9 7 7 ) showing the distribution of mass flux associated with clouds of different heights.
The results were obtained by interpreting the data in Fig.
4 with an entraining jet cloud model that also includes
saturated downdrafts.
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FIG. 6. An example of the detailed hourly precipitation estimates from hybrid radar scans
from four ships during GATE. The resolution is 5 km. The GATE inner polygon (B-area) is
indicated. (Courtesy of M. Hudlow.)
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particular, the distribution and intensity of precipitation.
The cloud ensemble model for parametric convection
is capable of predicting precipitation in prediction
models or diagnosing it from budget computations.
Alternatively, estimates of precipitation can be inferred empirically from satellites if a suitable "ground
truth" measurement of precipitation is available for
calibration. For this purpose, radar observations of reflectivity are sometimes used to estimate precipitation,
although these results also depend on a calibration with
a representative drop-size distribution (the Z-R relationship). Calibration with measured rainfall from a network
of surface stations is also possible over selected areas.
Over water, of course, only radar measurements can be
used for direct comparison, but these observations from
stabilized platforms on board ships are relatively rare.
Remotely sensed microwave observations have also been
used over oceans, but calibration is based on radar observations, which in turn have been calibrated by rainfall
observations over land (e.g., Wilheit et al., 1977).
However, during GATE, a flotilla of ships equipped
with radar for quantitative precipitation measurements
produced a detailed sequence of precipitation estimates
(Fig. 6) that is unique in the extent of its spatial and
temporal coverage for this type of high-resolution data.
The use of these data is only beginning, but the results
will be compared with other studies over land and with
different rainfall estimating techniques by remote sensing.
Most techniques are based principally on areal estimates of clouds and their heights or infrared temperatures (e.g., Waters et al., 1977). However, it is necessary
to identify the relative intensity of convective elements
as well as to distinguish between active convective clouds
and the general cloud mass, since not all bright cold
clouds are associated with precipitation (Cheng and
Rodenhuis, 1977). Another important feature is the
effect of merged cloud systems and mesoscale organization on the intensity of total rainfall (Wiggert et al.,
1977; Holle et al., 1977). Estimates of the expansion of
cloud mass from a sequence of satellite images have been
used to distinguish intensity (e.g., Stout et al., 1977).
Alternatively, rainfall estimates can be made by a meteorologist using his professional experience to assess the
relative importance of the cloud characteristics mentioned above as well as the influence of different synoptic
environments (Scofield and Oliver, 1977).
With the development of parametric convection
models in conjunction with selected opportunities of
excellent radar coverage (e.g., GATE or the Florida
Area Cumulus Experiment (FACE)), it should soon be
possible to refine the method for obtaining precipitation
estimates. Although the average error is sometimes near
50%, there is a need for improvement of individual estimates, which often have a larger error. Improved methods can be applied to tropical disturbances, hurricanes,
and extra tropical cyclones to extend the coverage of
convective precipitation estimates over a significant part
of the globe.

FIG. 7. Vertical cross section of azimuthally averaged radial
wind component (in meters per second) for western Atlantic
composite hurricane. (Figure provided by William Gray.)
3. Hurricanes

T h e first part of this review of tropical storm research
was organized around the physics of tropical cyclones.
We shall consider here recent developments in our understanding of 1) large-scale structure of tropical cyclones, 2) release of latent heat of condensation, 3)
radiation, and 4) air-sea interactions. We shall conclude
by discussing some recent developments in prediction
models and hurricane modification efforts.
a. Large-scale structure of tropical cyclones
Some of the more important contributions to our knowledge about the large-scale structure of tropical cyclones
have come from the compositing of rawinsonde data
(Frank, 1977a, 1977b, 1977c; Nunez and Gray, 1977) and
aircraft data (Gray and Shea, 1976). By compositing data
over many storms, according to their location with respect to the cyclone, a dense network of observations
can be achieved. T h e stratification of the analyses according to storm size, intensity, season, or other parameters can reveal important differences between storms.
T o the extent that important asymmetries from one
storm to another are not averaged out (there is some
evidence to suggest that this is the case), the compositing
method produces a three-dimensional picture of a
"typical" storm of a given type. These analyses are
valuable for revealing the important physics of tropical
storms and are useful in verifying research models of
tropical cyclones.
One of the important results that have come out of
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FIG. 8. Vertical cross section of tangential wind component (in meters per second) produced by
a model hurricane without cumulus parameterization (Rosenthal, 1978).
these studies is a better definition of the mean radial
circulation in tropical cyclones. In particular, the mean
observations show a significant inward mass flux through
layers (1-3 km) considerably above what is normally considered to be the turbulent planetary boundary layer
(PBL), as can be seen in Fig. 7. Even though the mean
inflow velocities are small outside the PBL (—1ms ),
the large depth through which they occur implies that a
significant part of the transverse mass circulation occurs
above the PBL.
A second important result from the compositing
studies verifies the concept of a steering flow in determining the movement of tropical cyclones. George and Gray
(1976) found that the cyclone speed was best correlated
with the 700 mb flow, whereas the direction of the storm
followed the winds at 500 mb.
Recent observational studies have shown that the
cloud structure of tropical cyclones undergoes an appreciable diurnal variation. Browner et al. (1977) found
a maximum of the area of cirrus coverage at 1700 local
solar time (LST) and a minimum at 0300 LST. Frank
(1977a) found a small diurnal variation in rainfall in
the western North Pacific, with a maximum in the late
morning and a minimum in the late afternoon. However, these rainfall variations had little noticeable effect
on the dynamical structure of the storm.
The research concerning the intensification of tropical disturbances into tropical cyclones has been summarized earlier. Theoretical analyses, numerical modeling, and data analysis are being used to address this
important problem.
3

-1

3 Here we define the planetary boundary layer as the layer
next to the surface that is dominated by small-scale turbulence. This layer does not coincide with the inflow layer,
which can be much thicker.

b. Release of latent heat of condensation
In spite of the recognition for over 100 years that the
latent heat of condensation is an important energy
source of tropical cyclones, the mechanism by which
this heating governs the intensification and maintenance
of the tropical cyclone continues to be the subject of
intensive study and lively debate. Because the cumulus
convection occurs on a horizontal scale of a few
kilometers, whereas the hurricane circulation covers a
horizontal scale of 1000 km or more, meteorologists have
historically tried to explain the interaction between
these two quite different scales of motion. The question
of how the heat of condensation on the small scale results in a warm core structure on a large scale has been
studied from observations by Gray and his colleagues.
From a theoretical and numerical modeling point of
view, the usual approach has been to parameterize the
cloud-scale latent heat release in terms of the largerscale hurricane parameters such as moisture convergence.
Recent efforts along this line, specifically addressed to
the hurricane problems, were reported by Anthes (1977a,
1977b) and Hack (1977). Such a parameterized approach
seems essential when models with coarse resolutions
(horizontal grid spacing >50 km) are used because significant amounts of precipitation and the associated release of energy can occur without the grid volume on
this scale being saturated.
On the other hand, if the horizontal resolution is
sufficiently fine, recent numerical simulations by Yamasaki (1977) and Rosenthal (1978) indicate that model
tropical cyclones with realistic structures may develop
without parameterizing cumulus convection (Fig. 8). In
these models the resolvable scales of motion determine
a condensation (as well as evaporation) within grid volumes that may become saturated (or unsaturated in the
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presence of liquid water). When it is practical to use
fine horizontal resolution, this explicit treatment of the
condensation process may be preferable to the use of
parameterization schemes that often have empirical factors or ad hoc assumptions that play an important role
in the evolution of the larger-scale system. A noteworthy
result of Rosenthal (1978) emphasizes that the integration of the hydrostatic primitive equations in a conditionally unstable atmosphere does not necessarily lead
to computational instability or other numerical difficulties, as was widely thought in the 1950s and 1960s.
The estimation of instantaneous rainfall rates by
satellites using microwave radiometers (Adler and
Rogers, 1977) promises to contribute greatly to our understanding of the spatial and temporal variability of
latent heat release in tropical cyclones. For the first time,
estimates of the instantaneous spatial distributions of
precipitation are possible. These observations may help
monitor cyclone intensification as well as estimate the
potential for flooding from rainfall as the storm approaches land.
c. Radiation
Because of the relatively small diabatic heating rates
associated with radiation (typically 1°C per day) compared with the diabatic heating rates associated with
condensation (100°-400°C per day), the influence of
radiation on tropical cyclone development and maintenance has received relatively little attention. Recently,
however, Gray and his colleagues have suggested that the
diurnal variation of convection as well as the weak, but
deep, inflow layer may be explained by differential radiative cooling between the cloudy interior regions of the
hurricane and the relatively cloud-free environment
(Gray and Jacobson, 1977). Numerical simulations by
Fingerhut (1978) support the idea that horizontal variations in radiative heating can produce significant largescale divergence patterns. However, it is probable that
diurnal variations in the divergent wind component and
the associated condensation can occur with only minor
changes in the rotational component of the storm, because of the long time scale required for the rotational
wind to adjust to small changes in the divergent wind
component. The role of radiation in tropical cyclones
is still unclear at this time, but the above recent research suggests that it may be more important in real
storms than previously thought.
d. Air-sea interaction
Another aspect of the tropical cyclone problem that continues to attract attention is the interaction between the
hurricane and the ocean. Studies using aircraft observations (Moss and Merceret, 1976; Moss, 1977) and numerical models (Anthes and Chang, 1978) have indicated
that the hurricane PBL consists of a well-mixed layer
-500-1000 m thick in which the potential temperature,
specific humidity, and wind do not vary with height. T h e
hurricane PBL seems to be mechanically rather than
thermodynamically driven, and the sensible heat transfer
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is probably much less than previously thought. The
turbulent transport of heat into the PBL from aloft appears to be sufficient to sustain a horizontally isothermal
PBL in spite of the adiabatic cooling as the air in the
PBL flows toward low pressure. Simulations of hurricane
landfall by Tuleya and Kurihara (1978) indicate that the
suppression of evaporation is the most important factor
in causing the decay of storms that move over land.
The response of the ocean to the atmosphere has been
studied by Johnson (1977) and Black (1977). These
studies have demonstrated upwelling, mechanical mixing, and inertia-gravity waves in the ocean response to
translating hurricanes. Numerical modeling studies by
Elsberry et al. (1976) and Chang and Anthes (1978) (Fig.
9) have shown that vertical mixing driven by the surface
stress must be taken into account to explain the observed thermal response of the oceanic mixed layer to
tropical storms.
e. Hurricane prediction models
Hope and Neumann (1977), in a worldwide survey, cite
31 fully operational models for the prediction of tropical cyclone motion that are in use at the various forecast
centers. Of these, —80% are purely statistical, 10% are
purely dynamical, and the remaining 10% are statisticaldynamical. These latter models use the output from a
numerical model in a statistical prediction framework.
The great preponderance of the purely statistical models
relates to the fact that many remote areas of the world,
typified by the tropical cyclone basins, lack sufficient
computer power or initial analyses to perform numerical
prognoses on a fully operational basis. Furthermore,
until recently, it had not been demonstrated that the
numerical models could improve on the statistical guidance, even in areas with adequate computer power and
analyses.
Perhaps the greatest practical application of tropical
cyclone research in very recent years has been the development of improved dynamical models for the prediction of tropical cyclone motion and intensity. At this
time, these models are not capable of predicting intensity, but considerable progress has been made in
predicting the storm track for periods of up to 48 h.
T h e most sophisticated of the hurricane models currently being used operationally for the prediction of
storm motion is the 10-layer model at the National Meteorological Center (NMC) (Hovermale and Livezey, 1977).
This model, which contains parameterizations of latent
heating and friction in the PBL, is run on a (50 X 50)
grid with a horizontal resolution of 60 km. This grid
moves with the storm to keep the storm in the middle
of the domain. Over the past few years, the model has
been run operationally on storms threatening the continental United States, and its performance has compared favorably with other statistical, statisticaldynamical, and barotropic models in use at the National
Hurricane Center (NHC) as well as the official forecast.
Indeed, at 48 h, the model appears to have performed
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FIG. 9. Current speeds (in centimeters per second) and directions in the mixed layer generated
by a stress field similar to that of a hurricane moving at a speed of 5 m s toward the north
(top of figure). The spacing between tick marks is 20 km. The two crosses denote the initial
and current position of the storm (Chang and Anthes, 1 9 7 8 ) .
_1

better, on the average, than the other methods. During
the 1977 hurricane season, the NMC model, together
with the SANBAR barotropic model (Sanders et al.,
1975), gave outstanding performance on Hurricane Anita
in the Gulf of Mexico.
Research into improved statistical models is also continuing. The most promising appear to be statisticaldynamical models. Over the Atlantic tropical cyclone
basin, the statistical-dynamical NHC73 model (Neumann
and Lawrence, 1975), along with the barotropic SANBAR model, outperformed, on the average, the other
prediction models in routine operational use at N H C
over the 4-year period 1973-76. As has been pointed out
by Neumann (1977), however, the introduction of new
objective analysis methods has degraded the performance
of certain statistical models (including NHC73). Current efforts at N H C are geared toward restructuring
the models so that they become more insensitive to
analyses (Leftwich et al., 1977) changes. Also, a MonteCarlo testing scheme (Neumann et al., 1977) should provide the ability to avoid predictors that are statistically
insignificant.
In addition to the effort at NMC, other research
groups are investigating methods of improving hurricane

prediction by dynamical models. Ley and Elsberry (1976)
have tested a three-layer triple-nested forecast model
with a resolution on the interior of 51 km. Madala and
Hodur (1977) are developing a five-layer nested model
for the prediction of Pacific typhoons. Groups at the
Geophysical Fluid Dynamics Laboratory (Kurihara et al.,
1977) and at the National Hurricane and Experimental
Meteorology Laboratory (Jones, 1977a, 1977b) have developed three-dimensional nested hurricane models that
although designed primarily for research purposes should
provide important support to the improvement of
operational models.
T h e initialization of hurricane models with real data
appears to be an important area in which improvements
in operational hurricane prediction can be made. Hoke
and Anthes (1977) have compared a dynamic initialization scheme with a more conventional static initialization scheme. Shewchuk and Elsberry (1977) and Sanders
et al. (1977) have found that information on an accurate
initial position and track can improve the short-range
forecasts of storm position. Kurihara and Tuleya (1978)
proposed a dynamic scheme for initializing the hurricane
boundary layer. Further research along the above lines
and the incorporation of satellite data into the initializaUnauthenticated | Downloaded 01/09/23 06:00 AM UTC
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FIG. 10. Profile of wind speed vs. time for Hurricane Anita
GMT, 2 September 1 9 7 7 ) as displayed on NOAA
42 RF aircraft. The distance between the vertical lines corresponds to 15 min. The y axis is labeled in meters per second.
(Figure provided by Robert Sheets.)

Fig. 11. Digitized PPI radar display of convection around
eye of Hurricane Anita (0600 GMT, 2 September 1977) as
displayed on NOAA 42 RF aircraft. The range markers are
20 n mi ,(37 km) apart. (Figure provided by Robert Sheets.)

tion procedures give hope that the forecast errors associated with the present dynamical models have not yet
reached their minimum values.

With these results in mind, it is possible to identify
a few trends in research interests that seem to have been
established. First of all, there is an increasing interest in
organization of cumulus convection: internal structure
of cloud clusters, mesoscale organization and severe
storms, and cloud-cloud interaction between individual
cumulus clouds. T h e interaction of organized convection
with larger scales of motion seems certain to be different
than if the convection were randomly distributed.
Closely connected with the problem of cumulus organization is the influence of the boundary layer and its
control of convection and feedback from mature cumulus
clouds.
T h e stimulation for research effort that was provided
by BOMEX, GATE, and other tropical experiments
has been enormous. The data sets range from adequate
to ideal and unique. There are important results coming
from these data, and they will continue to come in an
unpredictable fashion as long as there continues to be
the intellectual and material support for this effort
that presently exists.
T h e potential applications of this research are great;
an example is the estimation of convective precipitation
from remote platforms. Before these techniques are
working up to their full potential, the parametric models
and the empirical relationships should be brought into
agreement.
In the immediate future there are several more field
experiments that will provide new data sets for analysis
in the tropics. T h e M O N E X will give detailed observation of the monsoon circulation, as well as an analysis
of the monsoon disturbances with their imbedded convection. Simultaneously, the Global Weather Experiment
will provide a global data base including complete
equatorial coverage of the tropical belt with geostationary satellites in addition to special observations of highaltitude drifting balloons and dropsonde aircraft, which
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/. Modification of tropical cyclones
In spite of the recent paucity of Atlantic hurricanes that
meet the criteria for seeding, progress in the area of
basic hurricane research has continued in association
with Project Stormfury (Sheets and LaSeur, 1977). Of
particular note are the recent improvements in the measurement capability of the research aircraft (Fig. 10 and
Fig. 11). These aircraft will now provide detailed information on the cloud physics of the cumulus convection, the turbulent structure of the hurricane PBL, and
the sea surface at a quality previously unmatched.
The focus of the U.S. measurement effort and possible
modification attempt (Project Stormfury) is over the
Atlantic Ocean. In addition, the Republic of the Philippines has been considering the feasibility of a typhoon
modification experiment over the Pacific. Based on
Stormfury experience, the project would use, in addition,
an airborne Doppler radar to detect changes in storm
circulation. Thus, the projected experiments in both
oceans should give ample opportunity for new measurements and attempts at modification.
4. Conclusions

This brief review has described several examples of important research results in the area of tropical waves,
bulk effects of convection, and remotely sensed precipitation estimates. Research in hurricane dynamics has also
progressed to a point where problems of air-sea interaction and radiational forcing are being examined. Nevertheless, improved understanding of hurricane structure
and the proper representation of cumulus convection
continue to be the focus of observational programs and
modeling work.

N
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will supplement an augmented program of upper-air
soundings in the tropics. Such a data source will give a
stimulating view of the global nature of tropical waves
and convection. We should also be able to deduce more
clearly the interaction with the planetary circulation
and with the meteorological features of mid-latitudes.
Second, the research problems in tropical meteorology
have become more and more cross-disciplinary. It is not
unusual to find scientific questions phrased in the language of several specialties: radiation and synoptic-scale
cloud cover; the boundary layer, turbulent fluxes, and
convective transports; and the ocean mixed layer and
the circulation of a tropical cyclone. Furthermore, the
contemporary problems addressed in "tropical" meteorology frequently have an analog in the extratropics,
and scientists from many disciplines have contributed to
an understanding of the features of the tropical atmosphere.
Finally, the numerical forecasting of tropical cyclone
tracks from three-dimensional models is feasible and
should become increasingly accurate when initial conditions are known more accurately. Furthermore, the possibility of artificial modification of clouds and cloud
systems, including hurricanes, continues to be an appealing venture and at least part of the motivation for physical investigations, During the next few years there is a
possibility that several experiments will test our physical
understanding by attempting to modify the storm intensity.
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announcements continued from page 789

ranged on three spiral arms that can be adjusted to cover
6000-16 000 m of smooth, flat terrain with a maximum
output of 1000 MW. Measurements will be taken by temperature and air velocity sensors suspended on two meshes above
the burners at levels up to 60 m. Also photogrammetry, instrumented aircraft, chaff tracking by radar, infrared imagery,
and lidar will be used.
The aim of the project is to improve the knowledge and
understanding of the behavior of a buoyant jet throughout
its clear air and cloudy phases and, hence, to construct an
adequate model for the effects of a localized, large heat release in the atmosphere.
The project will be operated in collaboration with
£lectricite de France by the Institut et Observatoire de
Physique du Globe du Puy de Dome, Universite de Clermont
II (Dr. P. Waldteufel, Director). Main investigators involved
in the project are J. Dessens and B. Benech, with several
other groups from French laboratories participating. The
project will continue until 1980. Foreign participation will
be welcome. Further information for those interested can
be obtained from: Drs. J. Dessens and B. Benech, Centre de
Recherches Atmospheriques Henri Dessens, Campistrous
Cidex B 47, 65300 Lannemezan, France.
Continued on page 803
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Meteotron experiments: Participation invited

A new series of experiments is being planned with a Meteotron of increased power in Lannemezan, France. Meteotron is
the name given to an array of oil burners set up in open
air to trigger atmospheric convection. The first Meteotron,
used from 1961 to 1964, consisted of 100 burners arranged
on the 100 m sides of a square and had an output power of
650 MW. The creation of cumulus clouds and the formation
of vortices reminiscent of tornadoes have been observed during Meteotron operations. These findings were reported by
Henri and Jean Dessens in Nature (193, 13-14, 1962) and in
the Journal de Recherches Atmospheriques i(l, 158-162, 1964).
Using the same burners on a hexagonal area of 4000 m
over the period 1971-73, B. Benech carried out quantitative
studies of the convective jet over the Meteotron; he formulated a relative diffusion model for the lower part of the
jet and an absolute diffusion model for the upper parts
(J. Appl. Meteor., 15, 127-137, 1976). He has also examined
the plume penetration into elevated, stable layers (Ph.D.
Dissertation, Univ. of Toulouse, No. 740, 1977).
The present project, which will reach the data collection
stage by June 1978, is based on the use of 105 burners ar2
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