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INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES III
Research Rapporteur Report on
Tropical Cyclone Structure Change and Formation
William M. Frank
Department of Meteorology
The Pennsylvania State University

1.

Introduction
Following the first International Workshop on Tropical

cyclones {lWTC-l) in 1985, McBride and Holland (1987) surveyed
the international forecasting community concerning the procedures
. being used to forecast changes in the formation, structure and
intensity of tropical cyclones.

They found that there was

generally broad interest in the subject and that many of the
forecast centers routinely issued forecasts of formation and
intensity.

However, verification of these forecasts was very

sparse, and there was little evidence that the forecasts were
significantly better than forecasts based on simple
climatological techniques.

This evidence supported a common

perception in the tropical cyclone research community that there
was no

d~monstrated

skill in forecasting the formation or

intensity and structure changes of tropical cyclones.
The lack of forecasting skill could result from a lack of
understanding of the mechanisms of cyclone formation and
evolution~

a lack of sufficient real-time data to observe these

processes, or both.

However, it is not possible to specify the

data requirements without understanding what processes need to be

observed, so the heart of the problem is to develop an adequate
understanding of the physical processes which

le~d

to the

- 2 -

formation and subsequent evolution of tropical cyclones.
Research has continued into these fundamental aspects of tropieal
cyclones, and this report briefly discusses current ideas on

w~y

tropical cyclones form and what processes determine their
structures.

Some important unresolved questions are presented

for purposes of discussion at the workshop.

2.

2.1

overview of Tropical cyclogenesis and Intensity Change
Tropical Cyclone Formation
The climatology and basic physical processes of tropical

cyclogenesis were reviewed by Gray (1979) and Frank (1981) and
their structure and structure change were reviewed by Holland
(1987).

facts.

There seems to

be a

broad consensus regarding a few

The storms always form from preexisting convective

weather systems located over warm, tropical water. ·Intensifying
and mature storms clearly draw their energy from the release of
latent heat, rather than from any pre-existing atmospheric energy
sources such as baroclinic or barotropic energy conversions.

The

intense winds and strong vertical mixing near the cores of
tropical cyclones cause enormous amounts of evaporation, many
times greater than occurs during undisturbed conditions.

The

subsequent release of the latent heat in the convective cloud
bands in and around the core provide the fuel that

run~

the

circulation.
--Strong,
t~e

unTdi:rec~ionar

-westerly-verttc:cn-sn.ear--aire{:t-ly-over- - - - -

system center is thought to be unfavorable for tropical

cyclogenesis, and such shear is frequently. observed to lead to

-

2.2

3 -

Tropical cyclone lntensity and structure Change
The causes of changes in the intensity and structure of

mature storms are not well understood.

Although it is something
~hen

of an axiom of faith that storms tend to intensify

moving

over warm water and weaken when moving over cold water, there is
little evidence that this occurs within the tropics (Evans 1993;
Drury and EVans, 1993).

Interactions between tropical cyclones

and larger-scale circulations have been hypothesized to be most
likely to occur when the cyclone interacts with upper-level
phenomena (Molinari and Vollaro, 1989, 1990, 1993).

The

·rationale is that the weaker inertial stability in the upper
levels of the storm facilitate interactions between the storm
inner core region and circulations at large distances from the
canter (Holland, 1987).
The interactions between upper-level circulations and the
storm core are complex. · For example, Molinari and Vollaro .(1993}
describe a sequence of events in which a·n approaching potential
vorticity anomaly associated with an upper-level trough causes a
storm to initially weaken but later intensify to a strength that
it might not have otherwise reached.

Upper~level

circulations

can lead to changes in the vertical shear above the storm core
and to increased or decreased vertical motion in the core

region~

However, increased vertical motion may in turn lead to an initial
strengthening of outer cloud bands weakening the eyewall
--circu-l-at-ion1-fol.-lowed-by-subsequent:--i-ntensi-f-icat;ion--as-cthe-eore----·· - - contracts.

While relationships between changes in the structure

of the tropical cyclone core and the intensity (maximum wind
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speed, central pressure) have been documented and analyzed (e.g.
- willoughby et al., 1982), relationships between the core and
external, large-scale circulations

re~ain

a controversial topic.

several authors have proposed that the maximum intensity
that a tropical cyclone may achieve under otherwise ideal
conditions can be estimated soley from the sea surface
temperature (SST) or from SST and the temperature of the outflow
layer or some other upper-tropospheric level (e.g. - Miller,
1958; Emanuel, 1986}).

These studies typically make empirical

assumptions of the inflow layer structure (e.g. - isothermal
inflow, specified humidities) and deduce the minimum possible
surface pressure based on simple analytical models of the storm.
These models appear to capture many of the essential properties
of tropical cyclones, though there is controversy.as to whether
they capture all of the important mechanisms that might affect
the minimum central pressure.

The.relationship between sea-

surface and upper-level temperatures and minimum central pressure
has been hard to verify using existing data sources.
Establishing upper bounds on a variable using observations is
difficult unless many of the samples sample approach the limit.
Analyses of data from several ocean basins suggests that while
there is some support for the idea that storms experience an
upper bound on intensity tied to sea surface temperature, this
limit is rarely approached (Evans, 1993).

Therefore, it is quite

-p-ossf6le f.naf.-t:ne--pronaoirit.y- of-experrencing--storms-above-a----- - -----

certain intensity at a location is influenced less by the limit
on the intensity value than by the distribution of storm
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intensities below the limit, as well as by the total number of
storms.

If estimates of the upper limit on intensity prove to be

roughly correct, the intensity forecast problem, either for
individual storms or for long-range predictions; will still
require much further research.

3.

Some Significant Unresolved Questions
Although the above discussion is brief, the.list of

questions below is rather long.

Since the purpose of these

questions is to stimulate discussion, the list is intentionally
kept broad to avoid coloring it too much with the viewpoints of a
few individuals, including those of the author.
3.1

Tropical Cyclone Formation
Does CAPE play a role in tropical cyclogenesis?
What exactly is CISK, and what role does it play in ·
cyclogenesis?
Do tropical cyclones form from internal instability
mechanisms or as a response to external forcing?
What types of external circulations affect
by what mechanisms do they do so?

cyclogenesi~,

and

Do tropical cyclones always form from mesoscale vortices in
Mess, or is this merely a common·mode of formation?

What are the differentiating factors between mesoscale
convective vortices that for.m cyclones and those that don't?
How important are interactions between MCSs, including
mergers, to tbe process of cyclone formation?
What changes must occur in a mesoscale vortex before it can
- -be--considered-'to--have--reaehed--~he-sel-f'-intens-i-.f-y-in~--s~age?-What features of tropical maritime MeSs must be observed in
order to detect tropical cyclogenesis?

-

6 -

At what stage of the formation process could tropical
cyclogenesis possibly be predicted?
Can the frequency of tropical cyclogenesis be predicted for
future climatic regimes? If so, what modifications in
current methodologies of·long-term prediction are required?
3.2

Tropical Cyclone Intensity and structure Change
What external phenomena affect the structure and intensity
of the cyclone core region?
What role does CISK play in cyclone intensification?
Do the primary interactions between cyclone cores and larger
scale circulations occur via the upper troposphere?
Do changes in sea surface temperature (or movement of a
storm over water of a different temperature) have
significant effects upon storm intensity or structure? On
what spatial and temporal scales are SST changes important?
How can one separate natural fluctuations of the cyclone
core structure and intensity from those caused by external
forcing? What sorts of observations and experiments would
be needed to determine the nature of the latter?
Is the maximum potential intensity of a tropical cyclone a
straightforward function of the temperatures of the sea
surface and tropopause alone, or are other major·factors
involved?
What fraction of tropical cyclones approach their maximum
possible intensities, and does this have an important effect
on the average intensity of cyclones experienced at any
location?
Can the mean intensity of tropical cyclones be predicted on
a seasonal or climatic time scale based on forecasts of the
average large-scale variables?
Will it be possible to predict structure and intensity
changes in tropical cyclones from observations alone, or
will sophisticated numerical models be needed?
What observations and model characteristics would be
required to predict cyclone intensity and structure changes?
- - - -

~---

- 7 -

4.

References

Briegle, L.M., 1993: An observational study of tropical
cycloqenesis in the western Pacific Ocean. Preprints of the 20th
Conference on Hurricanes and Tropical Meteorology, Amer. Meteor.
Soc., Boston, MA, pp. 397-400.
Charney, J.G. and A. Eliassen, 1964: On the growth of the
hurricane depression. J ... Atmos. Sci., 21, 68-75.
Chen, s. and W.M. Frank, 1993: A numerical study of the genesis
of extratropical-convective mesovortices. Part I: Evqlution and
dynamics. J. Atmos. S9i., so, 2401-2426.
Drury, s. and J.-L. Evans, 1993: sea surface temperature and
CAPE: Importance for tropical cyclone intensity. Preprints of
the 20th Conference on Hurricanes and Tropical Meteorology, Amer.
Meteor. Soc., Boston, MA, pp. 89-92.
Dunnavan, G.M .. , R.L. Elsberry, P.A. Harr, E.J. McKinley, anq M.A.
Soothe, 1993: overview of the Tropical Cyclone Motion - 92 (~CM92) mini-field experiment.. Preprints of the 20th Conference on
Hurricanes and Tropical Meteorology, Amer. Meteor. Soc., Boston,.
MA, pp. 477-480.
Emanuel-,-K-.-A-~,---D-.-J-.-Ra¥mond-and-R-.-----Rotunno,

199 3 : Tropical
cyclogenesis over the eastern North Pacific: Some results of
.TEXMEX. Preprints of the 20th Conference on Hurricanes and
Tropical Meteorology, Amer. Meteor. Soc., Boston, MA, pp. 110113
0.

Emanuel, K.A., 1986: An air-sea interaction theory for tropical
cyclones. Part· I: Steady-state maintenance. J. Atmos. Sci.,
43, 585-604.
Evans, J.-L, 1993: ·Tropical cyclone sensitivity to sea surface
warming. J. Climate_ May issue.
Ferreira, R.N, 1993: Barotropic Analysis of ITCZ Breakdown.
Preprints of the 20th conference on Hurricanes and Tropical
Meteorology, Amer. Meteor. Soc., Boston, MA, pp. J57-J58.
Fraedrich, K. and J.L. McBride, 1989: The physical mechanism of
CISK and the free-ride balance. J. Atmos. Sci., 46, 2642~2648.
Fraedrich, K. and J.L~ McBride, 1993: Large scale convective
instability revisited. Submitted to J. Atmos. Sci~
-

Franx-~--w~M-anu-s-.-cnerr,--r99r:----stmurat-ions--ol:--vortex--form<f'Eron-rn:--··

convective weather systems. Preprints of the 19th Conference on
Hurricanes and Tropical Meteorology, Amer. Meteor. Soc., Soston,
MA, pp. 241-244. .

- 8 -

Frank, W.M., 1967: Tropical cyclone formation. In 11 A Global
View of Tropical Cyclones 11 , R.L. Elsberry (Ed.), 53~90. Office
of Naval Research, Marine Meteorology Program, Washington, n.c.
Gray, W.M., 1984a: Atlantic seasonal hurricane frequency: Part
I: El Nino and 30 mb quasi-biennial oscillation influences.
Mon. WeS\,,. Re-v., 112, 1649~1668.
Gray, W.M •• , 1984b: Atlantic seasonal hurricane frequency: Part
II: Forecasting its variability. Mon. wea. Rev., ~. 16691683.
.
Gray, W.M., 1979: Hurricanes: Their formation, structure and
likely role in the tropical circulation. Meteorology Over the
Tropical Oceans. Roy. Meteor. Soc., Bracknell, Berkshire, U.K.,
pp. 155-218.
Holland, G.J., 1987: Mature structure and structure change. In
11 A Global View of Tropical Cyclones 11 ,
R.L. Elsberry (Ed.), 13-52.
Office of Naval Research, Marine Meteorology Program, Washington,

o.c.

Landsea, c.w., and W.M. Gray, 1992: The strong association·
between western Sahel monsoon rainfall and intense u.s.
landfalling hurricanes. J. Climate., s, 435-453.
Mcl;$ride, ·· J. L. and G. J. Holland, 1987: Tropical-cyclone
Forecasting: A worldwide summary of techniques and verification
statistics. Bull. Ame~. Meteo. Soc., 68, 10, 1230-1238.
McBride, J.L., 1981: Observational analysis of tropical cyclone
formation:. Part I. Basic description of data sets. J. Atmos.
~. 38, 1117-1131.

J.L. and R. Zehr, 1981: Observational analysis of
tropical cyclone formation: Part II. Comparison of nondeveloping versus developing systems. J. Atmos. Sci., 38, 11321151.

Mc~ride,

Miller, B.I., 1958: On the maximum intensity of hurricanes.
Meteor., 15, 184-195.

~

Molinari, J. and Du Vollaro, 1989: External influences on
hurricane intensity: Part I. outflow layer eddy angular
momentum fluxes. J. Atmos. Sci., 46, 1093-1105.
Molinari, J. and D. Vollaro, 1990: External influences on
hurricane intensity: Part II. Vertical structure and response
af-the-hurrTcane- vortex. -J-.-Atmos~--scr~-;--tf7-;--1902..:1918--:-- ------Molinari,·J. and o. Vollaro, 1993: Influences of vertical shear
and upper level vorticity on tropical cyclone intensification.
Preprints of the 20th Conference on Hurricanes and Tropical
Meteorology, Amer. Meteor. Soc., Boston, MA, pp. 23-26.

- 9 -

ooyama, K., 1964: A dynamical model ~or the study of tropical
cyclone development. Geotisica InternatiQnal, ~, 187-198.
Ritchie, E.A.~ 1993: Contributions by mesoscale convective
systems to the formation of tropical cyclones. Preprints of the
20th Conference on Hurricanes and Tropical Meteorology, Amer.
Meteor. Soc., Boston, MA, pp. 409-412.
Rotunno, R- and K.A. Emanuel, 1987: An air-sea interaction
theory for tropical cyclones. Part ll. J. Atmos. Sci,, 44, 542561.

Tuleya, R.E. and Y. Kurihara, 1981: A numerical study on the
effects of environmental flow on tropical storm genesis. ~
Wea. Rev., 109, 2487-2506.
Willoughby, H.E., J.A. Clos and M.G. Shoreibah, 1982: Concentric
eye walls, secondary wind maxima, and the evolution of the
hurricane vortex. J. Atmos. Sci., 39, 395-411.
Zehr, R.M. 1992: Tropical cycloqenesis in the western North
Pacific. NOAA Technical Report NESDIS 61, u.s. Department of
Commerce, Washington, D.C., 181 pp.
·
Zehr, R.M., 1993: Recognition of mesoscale vortex initiation as
stage one of tropical cyclogenesis. Preprints of the 20th
Conference on Hurricanes and Tropical Meteorology, Amer. Meteor.
Soc., Boston, MA, pp. 405-408~
·

- 11 -

Overview of Tropical Cyclone Formation and Structure Change Topics for
Discussion at IWTC-I I I
Charles H.P. Guard and Mark Lander

1. Introduction
On November 25, 1985, the first International Working Group on Tropical Cyclones
(IWTC-1) convened in Bangkok, Thailand for an 11-day period. This workshop was
followed four years later by IWTC-1 I in Manila, Republic of the Philippines, which
lasted over two weeks. These workshops have been very important in providing a
forum where tropical cyclone (TC) forecasters and researchers can exchange ideas
concerning the challenges of TC forecasting, warning and understanding. The workshops have allowed the forecasters to have some say in determining the focus of
World Meteorological Organization (WMO) TC programs, including research aspects,
and some influence .in setting program priorities. lt also affords the forecasters a
valuable opportunity to interface with other forecasters from other forecast regions to
discuss common problems and potential solutions, a benefit that has been a more
·routine occurence for researchers, but has, in the past, eluded most TC forcasters.
The basic goals of this Rapporteur Report are: (1) to review past IWTC workshops;
----

-----

---

-

-

---

-

(2) to assess where we stand with respect to past recommendations; (3) to establish
new recommendations for the up-coming workshop; and, (4) to examine the current
state-of-the-art in the forecasting of TC formation and structure change. The overall
objective is to update the corresponding chapters of the publication, A Global View of
Tropical Cyclones (Eisberry et al., 1987), which was largely developed from similar

Reports prepared for IWTC-1. Thus, the ·report concentrates on research and
techniques accomplished since 1985.
From a forecaster's point of view, structure change of a developed TC is more important than formation. This is because systems in the formative stages are weak, and
present minimal immediate threat (with the exception of flooding rains) to those being
warned. However, the fundamental question, "Why do some disturbances develop
into depressions, storms, or hurricanes while others do not?" must be answered, not
because of the immediate risk to life and property, but because improvement of
__cj_ynamic_I'Tiodel ~e_rformt:lnce and_ im~rQyEtc:t_IQ_Qg_-gl_n_g~ fo_recast_g_c:tpal:)jlities depem:L_______
on the acquisition of this basic knowledge.
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Over the last three years, the Pacific Basin has been the site of several field experiments that have shed increased light on the understanding of TC behavior in the
region. These experiments included:
(1) the TOGA-CO ARE experiment which studied air-sea interactions in the western
equatorial Pacific (Webster and Lukas, 1992);
(2) the WMO-sponsored SPECTRUM (the Special Experiment Concerning Typhoon
Recurvature and Unusual Motion) (Lam, 1991 );
(3) the United State's Office of Naval Research (ONR)-sponsored TCM-90 (Tropical
Cyclone Motion -1990} (Eisberry, 1990);
(4) the USSR-sponsored TYPHOON-90 (Eisberry, 1990); and,
(5) the Taiwan-sponsored TATEX (Taiwan Area Typhoon Experiment).
Data sets are now available for the 1990 field experiments (Harr et al., 1991 ), and
hopefully considerable research using those data sets will follow. In addition, ONR
has also sponsored two, month-long mini-field experiments in the western North
Pacific: TCM-92 (Dunnavan et al., 1992) and TCM-93. While these ONR experiments
have primarily concentrated on TC motion, they have also revealed much interesting ·
information concerning formation, genesis and intensification. Likewise, extensive
research using W-P3 aircraft has been accomplished by researchers at the Hurricane
Research Division of NOAA in Miami, Florida.
Basic problems, such as insufficient communicatio.ns, out-dated satellite display and
image-manipulation devices; and,. lack of funding for equipment maintenance,
expendable supplies and manpower continue to hamper nearly all TC forecast
agencies -- especially the smaller ones. Without solutions to these basic problems,
the potential improvements resulting from research will not be realized because they
cannot be implemented and routinely applied, at least in the near term.
Before discussing the topics of formation and structure change, it is necessary to
review some basic definitions as put forth by Frank in Chapter 3 of A Global View of
Tropical Cyclones (Eisberry et al., 1987). The following definitions will be used

throughout this Raporteur's Report:
(1) Genesis-- the transition from a disturbance to a depression, the initial formation
of a rotational circulation with a scale of a few hundred kilometers;
-- -- (2)-Bevelopment--------the transition-from-atropical-depressionto-a-tropical-storm;-and-(3} Intensification --the evolution from the tropical-storm stage to a hurricane
(mature cyclone).
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We have made a great deal of progress with respect to research since IWTC-1.
Progress with respect to implementing the information into the forecast process and
reaping the benefits of the new information have come more slowly. In this
Rapporteur's opinion, we must concentrate on speeding-up this process. We must
take advantage of the lnternation Decade for Natural Disaster Reduction (IDNDR) to
solve some of the basic fundamental problems that face the operational forecasters at
regional warning centers. After all, our goal is to reduce the impact of typhoons and
hurricanes, and the ultimate tool for doing this is timely and accurate warnings.
1.1. Some General Recommendations
(1 ). (Major) Communications need to be improved in order to get weather data

into regional centers and warnings out of those centers to customers. All regional
centers should be connected to the GTS to maximize data gathering and to allow
communications among various regional centers. For example, Southern Hemisphere
centers should be able to get timely satellite analyses from JTWC and forecast model
· output from the British Met Office.
(2). (Major) An economical source of· in situ data acquisition needs to be
pursued; not only for direct support to warnings, but also and perhaps more.
importantly; to provide a source of ground truth for evaluating new analysis and
forecast techniques. The Aerosonde and Perseus are potential sources for this in situ
data.
(3). (Major) Regional centers need to have access to state-of-the-art satellite
analy.sis capabilities. Funding for equipment, maintenance, spare parts and
consumable supplies should not be totally the responsibility of the regional center.
· (4). (Major) Funding is needed to allow visits among various regional centers,
both for training and familiarization/liaison. Training should be tailored to the specific
region.
2. Tropical Cyclone Formation.
This section concentrates on the transitions between the following stages: 1) tropical

_d~s_tl.JI"Q§.r1_9~__!_o_!r'QRic~l_9eRf~-~JQD_!_~n9 _?11rQRiCC!L deRr~ssiQI]JQ tmRLG9L§torm_._JhEL____ · · - - -

transition to hurricane (typhoon, cyclone) will be addressed in the structure change
section (Section 3) of this report.
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2.1. Climatology
The global and regional climatology were well presented in A Global View of
Tropical Cyclones (Eisberry et al., 1987) (hereafter to be refered to as, A Global View).
The overall averages of global and regional TC occurrence have probably not
changed a great deal; however, Neumann is in the process of updating statistics for all
of the basins. The updated information will be more heavily weighted with satellite-era
. data, and will provide a more accurate climatology for some regions, especially the
eastern North Pacific and the South Indian Ocean.
2.2. Large-scale environment
In A Global View, Frank summarized the large-scale climatological parameters
associated with TC formation:
(1) Warm sea-surface temperatures (SSTs} coupled with a relatively deep oceanic
mixed layer;
(2} Significant values of absolute vorticity in the lower troposphere;
(3) Weak vertical wind shear directly over the pre-storm disturbance, which is
usually manifested as a deep easterly current;
(4) Mean upward motion and high mid-le'leJhumidities.__
These parameters were derived largely from compositing (Gray,1981 ). From earlier
compositing results, Gray (1975) developed an annual "genesis parameter" which is
given by the product of a "dynamic potential" potential parameter and a "thermal
potential" parameter (Fig. 1). The dynamic potential parameter is computed from the
planetary vorticity, the magnitude of the vertical shear of the horizontal wind between
the lower and upper troposphere, and the low-level relative vorticitiy. The thermal
potential parameter includes ocean thermal energy (commencing at SSTs in excess of
26°C to a depth of 60 meters), and the magnitude of the mid-level relative humidity.
While Gray's genesis parameter provides a physical basis for the long-term
geographical distribution of TCs, all of these parameters frequently exist in real time
without any observed TC formation; and thus, this genesis parameter is not a useful
tool for predicting the real-time formation of specific TCs. Gray postulated that
formation actually occurs whenever the favorable long-term climatological parameters
are-exGeededT-but-agail"',-this-isn't-always-thecase.--Zehr-{-1990}-deNeloped_a_Genesis__
Parameter (GP) that is designed for day-to-day applications. lt bases genesis potenti~l
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on the product of 850 hPa vorticity, 850 hPa divergence, and a deep layer (850-200
hPa) shear parameter. Perhaps genesis schemes would work better in a reverse role:
apply them to weakening and dissipation where gradients are much stronger.
Many investigators (e.g., Merrill, 1988; Montgomery and Farrell, 1992) are looking
at the upper troposphere as the source of triggers for TC formation; others are
concentrating on the lower levels (e.g., Zehr, 1992); and, yet a third group is homing in
on the mid-levels (e.g., Chen and Frank, 1991 ). Given the relative rarity of TC
formation, it is likely that all levels are important as suggested by Gray (1988) in his
discussion of environmental influences on TCs.
2.3. Important physical concepts and processes
2.3.1. SATELLITE CONSIDERATIONS
In 1987, routine aircraft reconnaissance into TCs ceased in the western North
Pacific, placing much heavier reliance on information obtained from satellite imagery.
In 1990, the Joint Typhoon Warning Center (JTWC), Guam, began issuing warning on
tropical depressions when the surface wind speeds reached an intensity of 13 m/s.

This chC!II~_n_g~d Jh~_Qent~r tQ g~rlv~ n~'{V_s_at~IILte_t~c_hf'll9!JE3S, §inc::~ _toe_ ro_lJ_tin~ly _lj?_e_d _ _ _ _____ _
Dvorak intensity technique (Dvorak, 1975, 1984) has, as a lower bound to its
application, disturbances which already possess an intensity of 13 m/s. The JTWC
must issue a Tropical Cyclorw Formation Alert (TCFA) before the intensity reaches 13
m/s. Careful interpretation of satellite animation and a modification to the Dvorak
technique allows the center to identify the pre-13 m/s TC. The animation uses special
calor enhancements that emphasize the deep convection. If the animated images
indicate that 'the dominant apparent motion of the coldest cloud elements of the
tropical disturbance is anticyclonic, then it is deemed too early to issue a TCFA.
However, when the appearance of the cloud motion changes to cyclonic, the TCFA is
usually issued, unless synoptic data suggest otherwise. This animation technique is
based on an optical effect that illustrates the evolution of clouds from "unorganized"
deep convection to "organized" deep convection. The onset of cyclonic orbit -- around
a common center -- of the cumulonimbus
__assgci_ate_dwith

el~ments

and other cold-cloud debris

a_jropicaLd~turb_anc_e_may reflect the_ady~ctlo_n_of the~umuloJJimbu_s ______

elements by low-, or mid-, level cyclonic flow or a deepening of cyclonic flow to greater
depths in the troposphere.
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The general practice in applying the Dvorak technique is not to classify systems until
they meet the time constraints stipulated by Dvorak (18-24 hours of persistence), even
though the overall cloud pattern of the depression matches a T1.0, which indicates 13
m/s winds. Satellite analysts at JTWC now begin classification with a TO.O, indicating
less than 13 m/s winds. This practice also helps provide the 12- to 24-hour lead-time
needed for the TCFA. The results of these practices have allowed the JTWC to
precede most TC gene.sis events with a TCFA, while issuing very few TCFAs for nondeveloping disturbances (i. e., a low false alarm rate) (Guard et al., 1992).
Zehr (1992, 1993) conducted several TC genesis studies from a satellite
interpretation point-of-view. He indicated that the early spin-up of low level vorticity in
the core of western Pacific TCs is often the result of surges in the easterly or westerly
low-level peripheral flow. He suggests that the formation involves a discrete, twostage process (Fig. 2). The initiation of a mesoscale, low-level vortex by a distinct
area of cold, mesoscale convective cloud -- which is preceded by a surge in the lowlevel wind -- comprises Stage 1. Stage 2 is the genesis period that leads to the
development of the mesoscale vortex into a named tropical storm; this stage is
preceded by a second surge in the low-level wind field. The time between Stage 1
and-Stage-2 may-be-fre m-24-hour-s to several- days; ··Operationally, it is not-always
easy to identify the precursor surges or to clearly distinguish Stage 1 from Stage 2.
Forecasters also must be able to anticipate significant changes on the tirne-span of a
_ _ _ few hours, not "24 hours to several days".
The Dvorak intensity estimation technique (Dvorak, 1977, 1984) was developed
exclusively using Atlantic basin data. While the technique is excellent under most
conditions, there are numerous examples where the technique did not work well in the
western North Pacific (See JTWC Annual Tropical Cyclone Reports 1983-1992,
individual storm summaries). Clearly, a major effort is needed to improve and fine-tune
it for all basins.
Microwave imager data has become an important analysis tool at the JTWC, Guam.
lt has limited applicability in diagnosing TC genesis, but has greater applicability for
remote sensing of intensity change for storms above the development stage.

- --2-.a.-2-.--I..GW-bEV.E-b-CQN £1QE.~A+IONS.
Zehr's findings are consistent with those of Lee et al. (1989) who indicate that for
development in the North Indian Ocean, an asymmetrical low-level circulation occurs
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before TC development. They attribute this to large-scale forcing which can come from
the poleward or equatorward side. This shear vorticity gradually changes to curvature
vortiQity, leading to intensification and greater symmetry. In some cases the strong
asymmetrical wind changes appear to be advected into the region (surge-type); in
other cases they appear to develop in situ. Lee et al. (1989) stress that early-stage
development (genesis) is not just a result of the favorable arrangement of internal
convective elements and mesoscale flow patterns, but is dependent on large-scale
flow processes that must occur before development can proceed.
Lander (1990) looked at tropical cyclone twins that develop rather symmetrically on·
each side of the equator. He found an initial clustering of deep convection along the
equator which is associated with a burst of westerly winds along the equator. The
equatorial convection subsequently collapses as low-level cyclonic vorticity canters
migrate away from the equator and produce their own associated organized
convection (Fig. 3). Lander concluded that a major outbreak in equatorial convection
accompanied .by a westerly wind burst may be a useful predictor of cyclogenesis.
Raymond (1993) proposed that the westerly wind burst is an air-sea interaction
instability that develops in response to a local maximum in the sea surface
is theorized to work as
temperature
of the equatorial western Pacific. The instability
-.
-----:-----------------------
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follows: the local temperature maximum induces a direct thermal circulation whose·
upward branch is manifested as moist convection. Vortex stretching in the updraft ·
induces the spinup of paired cyclo.nic vortices on opposite sides of the equator at low
levels, topped by anticyclonic vortices at upper levels. A low level westerly jet
develops at the equator. When this jet becomes sufficiently intense, the enhanced airsea transfers further stimulate the direct thermal circulation, resulting in a selfamplifying disturbance. He used a non-linear balance model to test the hypothesis.
While results were favorable, the theory does not explain the timing of the onset of the
burst or its demise. Nor, does it explain the fact that the low-level jet is often in-place
before the twin TCs develop. He proposes that the onset of the burst may be
coincident with the onset of the Madden-Julian oscillation. The demise of the jet is
probably associated with the change in equatorial low-level flow that results from the
poleward movement of the twin cyclones.
------------------------ -----------------------------

------------------------------------
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2.3.4. M ID-LEVEL CONSIDERATIONS
Chen (1990) developed a theory to explain mesoscale vortex formation in
midlatitude continental mesoscale convective complexes (MCC). A schematic
diagram of the initial, genesis, and intensification stages of the associated mesovortex
is shown in Figure 4. Frank and Chen (1991) adapted the midlatitude MCC model to
explain the development of mid-level vorticity often observed in pre-cyclone, tropical
Mesoscale Convective Systems (MCSs) embedded in larger cloud clusters. They
surmised that the saturation of the mid-levels from precipitating anvil clouds allowed
strong mesoscale vorticity to develop.

Model simulations showed that the vortex

growth was rapid as shown in Figure 5. Raymond and Jiang (1990) also emphasized
the importance of stratified clouds in the development and maintenance of long-lived
MCSs, and found tropical MCSs to be similar to the midlatitude MCCs, but with the
mid-latitude systems having two to three times more instability.

Satellite observations

often reveal mid- and lower-mid-tropospheric vortices that have developed rapidly
from MCSs and which propagate with the mean flow after the MCS has collapsed and
dissipated (personal observation). These vortices can last for days, and may
eventually move into areas favorable for development and further intensification.
Using-the-aircraft and dropwindsonde -data from the Tropical-Cyclone Motion-92
mini-field experiment (TCM-92) (Eisberry et al., 1992), McKinley and Elsberry (1993)
found further support for theories suggesting that vorticity development associated
with tropical MCSs starts initially in the mid-levels. The MCSs they studied had their
maximum cyclonic circulation at 400-500 hPa, with weak cyclonic circulations
extending upward to 300 hPa and downward to 700 hPa. The general dimensions of
the circulation were approximately 450 to 600 km. Emanuel et al. (1993), using aircraft
observations from the TEXMEX Experiment, presented a theory for the development of
eastern Pacific tropical cyclones. Their hypothesis encompasses a six-stage evolution
of which three stages pertain to genesis and development:
(1) Triggering: Formation of a long-lived MCS, characterized by a well-developed
mesoscale anvil system;
(2). Gestation: Development of a mid-tropospheric mesoscale cyclone in the
stratiform precipitation region of the MCS, with increasing relative humidity and
- -aecreasi n~~rtempe ratu re-arlow-levels-n-eanhe--cyclone·center.-Active-convection-may-be peripheral, and there may be little or no circulation at the surface;
(3) Ignition: After the boundary layer recovers nearthe center of the mid-level
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vortex, a new episode of convection develops, often explosively, near the core. The
high relative humidity in the middle troposphere prevents downdrafts, allowing strong
surface inflow and surface fluxes to feed the convection. The hurricane Carnot
cyclone is switched on, and a warm core system rapidly develops within the cold core
embryo.
During the TEXMEX Experiment, easterly waves propagating westward into the
eastern Pacific from the Caribbean often appeared to trigger the cycle. Lander (1993)
illustrated how tropical cyclone formation could occur on the eastern periphery of mon:..
soon "gyres". In these instances, MCSs develop in the extremely cloudy southeast
sector, and produce low-level vortices which are then advected northward. These lowlevel vortices may acquire their own central convection and become developed TCs.
The resulting tropical cyclones are frequently very small in size and may often be
categorized as midget TCs (Arakawa, 1952; Brand, 1972; and, Merrill, 1982). Figure 6
illustrates a monsoon gyre encompassing two TCs (Ty Ellie and TD 13W) that developed from MCSs born in the southeast sector of the gyre.
Lander and Guard (in preparation) studied midget TCs and identified several
characteristics of these unique storms. Their ability to rapidly develop and intensify
. are noteworthy. They-exhibited-a bias towards certaiA

geogra~l"lies,

times-ofyear, -and

large"-scale flow patterns. Due to their very small size, they are difficult to detect.
Analysis is also difficult, because pressure rises and weak, or weakening, low~level
winds occur in the immediate environment where forecasters are conditioned to look
for pressure falls and increases in low-level winds. Table 1 summarizes the
formation characteristics of midget TCs.
Soothe et al. (1993) discussed the observations from an aircraft mission during
TCM-92 into a reverse-oriented1 monsoon trough (e.g., see Fig 7) with an
accompanying monsoon surge. Their findings of horizontal and vertical wind fields
showed the very narrow (horizontally) and deep (vertically) characteristics of the jetlike wind bands. Their observations strongly supported a conceptual model (Guard,
1 The

monsoon trough of the western North Pacific is normally oriented northwest to southeast. Upon

occassion, it acquires a southwest to northeast (or "reverse") orieentation. A reverse-oriented monsoon
_jrQIJQ_I]js
tracks.

ott_enA~.9_Qi~ted witl]_unu~JJaU~astward

mQtion of TCJ;...at low latitude_or withnoJtb.._ode.nte_d_IC

-
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1986) of the "temporary" monsoon surges that frequently invade the western Pacific in
response to tropical cyclones, extratropical activity in the opposite hemisphere (Love,
1985) or other, as yet, unidentified external forcing (Fig. 8).
2.3.4. UPPER-LEVEL CONSIDERATIONS
Montgomery and Farrell (1992) studied the influence of upper-level potential
vorticity (PV) disturbances on the cyclogenesis process. They concluded after
extensive model runs that while most of the necessary conditions may be satisfied,
additional external forcing is believed critical in providing the required starting
mechanism. They associated the external forcing with migratory PV anomalies in
upper-level shear as the instigating agent. They hypothesize that the formative
mechanism for many tropical cyclones is, in fact, similar to the formative mechanism for.
midlatitude cyclones, but with condensation and· deep moist convection playing a
much greater role in the tropical cases. The authors conclude that data coverage in
the tropics is, in general, not sufficient for routine PV analysis and application. lt
stands to reason that upper-level conditions that are favorable for intensification (e.g.,
Sadler, 1976, 1978; Merrill, 1988 a,b) should, in general, be favorable to development.
. 2.3.5. NUMERICAL PREDICTION
Krishnamurti and Oosterhof (1989) illustrated the capabilities
of. very
.
. high resolution
models to accurately predict tropical cyclone formation. They predict that spectral
models truncated at a resolution range of 300 spherical harmonics (T300) are needed
for consistently good results. However, model physics. and design may be as
important. The U. S, Navy NOGAPS model (with a T79 spectral resolution) improved
its formation prediction capabilities with storm bogusing techniques and with a new
center-finding routine based on triangulation of winds about the center (Jeffries,
personal communication). The Bracknell (i.e., the British Meteorological Service)
Tropical Cyclone Advisory for the Northwest Pacific (WMO bulletin: FXXT03 EGRR)
has become a routinely used and respected product at the JTWC, Guam. The
Bracknell product describes the evolution (formation, development, or decay) and the
motion of TCs in a real-time run of their Global Circulation Model (GCM). This
. relatLYJ31~ low-res_olution GCM,_n.m by_jhe Briti.slLMeteorolQgicaLServ_ice,__bas~h_q_wn __ _
impressive skill in predicting development in the Pacific and Indian Ocean regions
(personal observation).
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2.3.6. LONG-RANGE PREDICTION
Gray (1988, 1990) discussed the physical processes involved with the seasonal and
inter-annual distribution of Atlantic hurricanes. Gray's seasonal prediction scheme for
hurricane activity 6-11 months in advance has shown considerable skill over the last
several years, and is routinely provided to the public. Chan (1990) attempted to
develop a similar scheme for the Pacific region, however, results have not been so
favorable, especially for longer-range prediction. lt may well be that large-scale interannual circulation changes (e.g., El Nine/Southern Oscillaiton) in the Pacific basin do
not influence the number of tropical cyclones or their intensity, but rather have more
influence on their geographical distribution. Thus, it is much easier to provide a
significant seasonal prediction for various parts of the basin, rather than for the entire
basin (personal observation).
Several authors (e. g., Guoxiong, 1991; Lander, 1994) found significant correlations
between sea surface temperature (SST) anomalies and the distribution of the development of western North Pacific TCs. Lander showed that during years with a low
Southern Oscillation Index (SOl}, more western North Pacific TCs became named
storms east of 160 East longitude, while during high SOl years, more reached tropical
-storm intensitywest-of-HlO East -(see

~ig.-9). ~he-strGnQ-inflblenGe

of the-QBQen --

seasonal intensity in the Atlantic (Gray et al., 1992) has not manifested itself as very
significant in the Pacific or Indian Ocean regions.
2.4. Operational forecasting
2.4.1. CURRENT PROCEDURES
In comparison to TC motion and intensification, the topic of TC formation (genesis
and development) is normally less critical to the forecaster. This is primarily because
the risk from the weaker storms is much smaller than for stronger storms. The
availability of data at the regional centers is a primary problem. While data over the
oceans is sparse, much more exists than gets to the centers. For example: Fixed and
drifting buoys, remote observing stations, oil rigs, satellite drift winds, satellite
microwave and imagery information, analyses, and numerical forecasts are available
_io_\lal")'iog_degrees_to_some centers,_buLnoUo.aii._Whilemuch_of-this_data-couldand----- _____
·should be made available to those centers that need it, insufficient communications
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hampers data acquisition. All regional centers should have access to data on the
GTS.
The importance of upper-air data has long been recognized, but the reliability of that
data has been diminished by costs for maintenance and spare parts for sophisticated
upper air equipment. Is it better to have data to 100 hPa 95% of the time, or data to 30
hP a 10% of the time? Perhaps it is time for WMO to support the use of minirawinsondes, and assist with the funding of the more expensive sondes. But, clearly to
the operational forecaster, data acquisition and dissemination are some of the most
serious problems they encounter. Less time spent on trying to work around bad
communications, would free up the forecaster to do more forecasting. Chan and
Holland (1989) suggest that the lack of forecast improvements in the last decade is
due, in part, to forecast methods and observing platforms that have not been optimally
coupled. The ineffective use of some data may also be attributed to the fact that it is
just too difficult for the forecaster to obtain the data when he/she is very busy.
Many regional centers have unique capabilities that could be shared with other
centers. Forecasters could learn from each other: if funds were available for such visits
or exchanges or training.
2.4.2. THE USE OF SATELLITES FOR GENESIS FORECASTING
Clearly the most valuable tool for genesis and development forecasting is the
meteorological satellite. Its value depends on the capabilities of the ground processing
and display equipment, and on the training of the analysts. Ground processing
equipment must be reliable, flexible, expandable,· capable of displaying high
resolution reconnaissance-quality data; and, most of all, it must be designed/tailored
for the analyst (user friendly with the fewest operations necessary to do the needed
displays and analysis).

McBride and Holland (1987) showed that new technology

and forecast techniques were very slow in getting into most regional centers.
While the meteorological satellite is a superb tool, some source of in situ data is
needed to validate the satellite data for the development of new techniques. The
Aerosonde and the Perseus offer such possibility. Several specific satellite
applications are discussed in Section 2d-1.
- - - - - - - ------- - - - - - - - - - - - - - - - -
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2.5. Recommended actions
The following recommendations are set forth concerning tropical cyclone formation:
(1 ). (Major) Techniques to improve satellite analysis and interpretation should be
pursued. The JTWC is in the process of compiling a list of deficiencies in the Dvorak
technique for the western North Pacific (the Dvorak technique was developed using
Atlantic data). Since the majority of the world's TC warning centers rely primarily on
satellite data, a major effort is needed to improve satellite techniques used to diagnose
TC structure and intensity.

(2). (Major) Research on environmental interactions and forcing must continue to
be pursued. This is an area where researchers and forecasters must work closely
together.
(3). (Minor) Long-range prediction efforts should continue with emphasis on
changes in the distribution of cyclones as well as changes in the numbers and
intensity.
(4). (Minor) The costs of maintaining sophisticated upper air equipment degrades
. the reliability of upper-air stations. The mini-rawinsonde should be accepted by WMO,
and funding should be made available for the more expensive sondes. This is needed
_tQ f9gilitate acgomglis_hment of Rec_gmmendatioQj2)_._ __________________ -c

_ _ _ _ _ _ - ___ _

3. Tropical cyclone structure change
Structure change encompasses two relatively distinct topics: (1) changes in intensity
--the maximum tangential wind speed or minimum central sea level pressure; (2}
changes in size -- distance to the outer edge of the 15 m/s wind band or distance to
the outermost closed isobar. Changes in intensity are somewhat easier to anticipate
and to explain after-the-fact than are changes in size; the causes for the observed
changes in size are often elusive.

3. 1. Intensity changes
The subject of intensity prediction was discussed extensively at the 19th Conference
on Hurricanes and Tropical Meteorology held at Miami, FL from 6-10 May 1991.
During the Conference, a panel composed of forecasters and researchers discussed
- intensity-eh ang e-tJ ncle r-th e-tepie-"-ls-l'he re-Any Hope--fo r-'fropieai-Gyele ne-Intensity---- -- - - - - Prediction?". Several presentations ran the gamut from very pessimistic to very
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optimistic.

During the panel discussion and audience participation period, several

key items were brought to light. In the mean, it is difficult to beat a persistence-type of
intensity forecast, such as Dvorak's "one T-number per day" rule. This emphasizes the
forecaster's need to be able to predict extreme (outlying) events such as rapid
intensification/explosive deepening or rapid weakening.
An accurate landfall forecast is essential to an accurate intensity forecast. For the
.forecaster, the problem is trying to predict what the actual 1-minute or 10-minute
sustained wind (and accompanying gusts) will be in the habitation layer. Terrain
effects greatly complicate both measurement and prediction of the actual wind, and
winds can be highly variable depending on location and exposure. Researchers, on
the other hand, have concentrated on understanding what causes the observed radial
profile of the tangential winds in tropical cyclones. A complete assessment of the
panel discussion can be found in Elsberry et al. (1992). Useful intensity- and sizeprediction techniques have yet to be derived from these research results.
The importance of being able to forecast intensity change, especially large changes,
is underscored by the fact that Typhoon Omar (August 1992) underwent an unanticipated rapid intensification eight hours before directly striking Guam. ·1n Novemser-of -1992,-TyJ:)hoen-Gay-filleEl-an-estimated-99--hP-a-in-less-than-36-h01.JI'S-(the-mag--------nitude of this rapid weakening was unanticipated) over warm tropical waters prior to
striking Guam. These two events presented monumental challenges to operational
forecasters (Guard, 1993) and engendered a great amount of grumbling and
discontent from the citizens of Guam.
3.1.1. ENVIRONMENTAL INFLUENCES
Gray (1988) presented a summary of the environmental influences on TCs.
He devided these external forcing influences into three basic types: (1) the surface
environment; (2) the horizontal tropospheric environment; and, (3) the upper
tropospheric and stratospheric environment. Figure 10 illustrates Gray's basic
environmental Types. He points out that while much study has been acomplished on
Type 1 influences, the Type 2 and Type 3 influences have not been studied sufficiently.
Because of the lack of study, many theories involving these types of forcing are not
-wellaGGe-~ted-. Sensitivity-modeling-of-Type-2-al'ld-Type-3-el'"lvironmentaLinlluencesJs______

badly needed.
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Gray (1988) also emphasized the time-scales involved in these environmental
influences. These time-scales can be divided into scales representative of the
following:
(1) Long-term climatological
(2) lnter-decadal
(3) Inter-seasonal
(4) Intra-seasonal
(5) Few-days
(6) Diurnal
To these, we may add: the advective time-scale (7) and the inertial time-scale (8)
contained in the Rossby number, U/fl; and, (9) the typical time-span of the life cycle of
a mesoscale convective system (MCS). The advective time-scale, (U/L)-1, is on the
order of a day. The inertial time-scale is well-represented by the pendulum day (4n/f)
which varies with latitude, being 93 hours at 15° latitude and 33 hours at 40° latitude.
Smaller-scale influences, such as trochoidal motions, short-lived convection, and
turbulence in the low level winds, are considered more internal.
TC activity on climatological time-scales is well-related to the Coriolis parameter and
to_tbe~se_as_n_nally

_var¥ing __ pammeters_ot lo_w_..JeveLrelati'llS--vorticity,the_magnitude-ottbe--'- ------

inverse of the vertical shear of the horizontal wind between the lower and upper
troposphere, ocean thermal energy (the sea temperature excess above 26° C to a
depth of 60 meters), the vertical gradient of equivalent potential temperature between
the surface and 500 hPa, and the magnitude of the mid-level relative humidity. Gray
(1975) incorporated these paramsters into a seasonal TC genesis parameter (see
Section 2: Tropical Cyclone Formation). These parameters are also important in
intensity change, but the mechanics are not so well understood as they are for
formation.
Decadal time-scales are related to environmental influences that occur over a
decade or a few decades. For example, Gray (1990) and Gray et al. (1992a) discuss
the importance of the impact of the west African (Sahal) rainfall on the occurrence of
intense landfalling Atlantic tropical cyclones. Gray (1988) defines a Hurricane (or
typhoon) Destructive Potential (HOP) to compare the seasonal tropical cyclone
-intensity as-the-seasGnal-su m--Gf-the-GbserveEI-Gr-estimated-oyolone-ma*i mum-wine--- - -- - - (VMAx) for each 6-hour period for which the hurricane is in existence, or:
HOP

= I(VMAx)2

for (VMAx) < 65 knots (33 m/s)

(1)
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The period 1886-1917 was about 150% more active than the period 1917-1946. The
period 1947-1969 was much more active than the period since 1970, and for TCs
exceeding 100 knots (50 m/s) the former period was 3 1/2 times more active than the
latter. Table 2 shows changes in annual average western North Pacific TC activity for
the periods 1952-1971 and 1972-1986. The former period has a 28% higher number
of typhoons, a 72% higher HOP, a 207% increase in
and a 333% greater number of

typhoons~

typhoons~

120 knots (60 m/s),

150 knots (75 m/s). These decadal

changes in the TC distribution, or the global general circulation that may influence it,
have not been adequately explained for the Pacific and other regions outside the
Atlantic.
Inter-seasonal time-scales include the quasi-biennial oscillation (QBO) and El Nino
Southern Oscillation (ENSO). The TC-QBO associations are related to the shear
between the upper tropospheric winds and the stratospheric winds. Gray (1988)
, hypothesizes that TC activity is inhibited in easterly phase QBO periods because of the
extra lower stratospheric wind ventilation (blow through) and resulting greater upper
. tropospheric to lower stratospheric vertical wind shear as illustrated in Figure 11. The
QBO-effect is not as strongly associated with western North Pacific TC activity, but
-af:}f:}~ar-s-te-aGt-Gf:}f:}GSite-iR-tt"le-westem-Nertt"l-~aGific-te-the-way--it-acts-il"l~the-Atlal"ltic.----------

-This is attributed to the normally stronger upper tropospheric easterly winds in the
Pacific. Stratospheric influences·need much more study. ENSO effects onTC activity
are primarily re.lated to the distribution of the formation of tropical cyclones, and are
briefly discussed in Section 2d-6.
Intra-seasonal time-scales pertain to observed 15-25 day periods of high TC activity
inter-leaved with 15-25 day periods of relatively low activity. Seven to eight named
cyclones may develop in active periods, while one or two typically occur during
inactive periods. Active periods often contain multiple-storm outbreaks, greatly
complicating intensity and motion forecasting as a result of complicated environmental
interactions and the greater demand on the time of the forecaster.
The few days time-scale is the period that has the most significance to the
operational forecaster since he/she is primarily issuing forecasts for one, two, or three
days. lt is certainly the external forcing scale that has the most influence on TC
--structu re-change~--l"he se influences-will-be discussed-i rHh e-fellewing-seetiens-;- --------------For the most part, diurnal influences along with an inter-play between the advective
time-scale, the inertial time-scale, and the life-span of MCSs primarily affect the
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genesis and development processes. However, midget tropical cyclones can begin
rapid intensification at about 17 m/s vice 33 m/s for more normal sized tropical
cyclones (Lander and Guard, personal observations), and thus diurnal fluctuations as
described by Zehr (1987), may be sufficient to trigger significant intensity change for
these small systems. Large diurnal fluctuations in convection may cause winds at the
surface to be much weaker than those that would be expected from fight level winds at
1-2 km or as expected from Dvorak intensity estimates. Powell (personal communication) has shown the relationship between lower-tropospheric stability and the
strength of winds through the boundary layer to the surface. However, during the
diurnal convective maximum (Usually about 0400 local time), a banding-type eye can
rapidly form, bringing near-typhoon intensity winds to the surface (for example,
Typhoon Forrest; JTWC 1989).
Zehr (1987) discussed the effects of diurnal fluctuations in the deep convective
clouds. Merrill (1988) attributed changes in intensity to, primarily, environmental
influences.

Merrill (1989) also developed a diagram to illustrate the processes that

influence intensity change--both environmental (external) and internal (Fig. 12).
DeMaria et al. examined the Eddy Flux Convergence (EFC) of relative angular
_m_Qrn_entum_aL20_0_bEaJo_r_name_dAtlantic_"[Cs._TtJe_y:Jound_a_statistically_significanL ... _______
relationship between the EFC within 600 km of the storm center and the intensity
change during the next 48 hours, provided the effects of vertical shear and sea surface
temperature change were considered. Challa and Pfeffer (1990) found EFC values of
about 6 m/s per day in data composites of developing tropical depressions and values
near zero for non-developing depressions. Molinari and Vollaro found EFC values of
up to 27 m/s per day were associated with the interaction of Hurricane Elena and a
mid-latitude trough.
One of the largest sources of intensity forecast error is the unanticipated occurrence
of rapid intensification or explosive deepening. Holliday and Thompson (1979)
defined these events in the following manner:
(1) rapid intensification: 1.75 hPa/hour for 12 hours or more; 42 hPa/day
(2) explosive deepening: 2.'50 hPa/hour for 12 hours or more; 60 hPa/day
3.1.2. THEORETICAL CONSIDERATIONS
----------------

------

----------------------

---------------------------- --------------

Emanuel (1988) illustrated that the potential peak intensity of a TC could be
theoretically estimated by assuming in to be a heat engine governed by a Carnot cycle

-
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operating between the temperature bounds of the sea surface and the entropyweighted temperature of the outflow layer (usually in the very high troposphere near
the tropopause). The implications are that any process which reduces the temperature
difference between the sea surface and the upper troposphere will reduce the
potential peak intensity of a TC. Figure 12 illustrates the Carnot cycle-TC relationship.
Emanuel's theoretical work nicely explains the conventional observation of the
weakening of tropical cyclones as they move poleward and over a cooler sea surface.
In addition, observed climatologies of peak intensities of tropical cyclones stratified by
latitude of formation show a decrease in the peak intensity, the higher the latitude of
formation. However, since tropical cyclones have been observed to decay over open
water at low latitude, and since very few tropical cyclones reach their "potential" peak
intensity, other factors besides the sea surface/tropopause temperature differential are
controlling the actual peak intensity reached by most tropical cyclones.
Short-term (several hours to a day) fluctuations of intensity also present problems for
the forecaster. Willoughby et al. (1982) and Willoughby (1990) attribute some of these
fluctuations for intense hurricanes (>50 m/s) to the occurrence of concentric eye walls
and their life cycle. As the primary eye wall shrinks and moves inward, a secondary
-0l:lte r-wall-elel:lEH::>e§i ns-te-eeve le~;--l=hen-as-flew-te-the-i Rl'"le r-eye-wall-is-cut-ofLandtbe_ ______
inner eye wall begins to dissipate, the cyclone's intensity then levels out or may even
show slight weakening. However, as the secondary wall cloud becomes dominant,
intensification is resumed.
3.1.3. INTENSITY FORECAST APPLICATIONS
3.1.3.1. Climatological Applications
A basic, but powerful tool for intensity prediction, is the use of specially stratified
climatological data. Mundell (1991) developed techniques for predicting maximum
intensity and the time that the cyclone is expected to peak in intensity (peaking hour).
By looking at the latitude at which a tropical cyclone first became a named tropical
storm or a hurricane, one can predict the most likely maximum intensity and the most
likely time of its occurrence (Fig. 14)..Also by looking at the forecast synoptic situation,
one can anticipate whether the intensificatior) rate will be faster/slower or greater/less
·· than-ave rage~-~he-ferecaster -ean-then-favora-fereeastthat-is-higher/lower-than-the-- ---. -···--·average. Determining the timing of the event is much more difficult than forecasting
the event itself.

-
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DeMaria and Kaplan (1991) developed a scheme for predicting intensity change in
the Atlantic. The Statistical Hurricane Intensity Prediction Scheme(SHIPS), uses
synoptic, climatological, and persistence factors. lt was developed using a standard
multiple regression technique. Table 3 summarizes the SHIPS predictors.
Verification of SHIPS forecasts against another technique known as the Statistical
Hurricane Intensity Forecast scheme (SHIFOR) (Jarvinen and Neumann, 1979)
indicated skill throughout the three-day forecast period.
Leslie et al. (1992) applied a Markovian chain technique for forecasting TC
intensity in the Australian region. The method predicts transitional probabilities
between five discrete categories of intensity and these probabilities are applied to
short-period (24-hour) forecasting of TCs. The technique bettered CLIPER (a basic
statistical technique using climatology and persistence) by up to 22% out to 24 hours.
The Australian Bureau of Meteorology and the JTWC use flow chart-type checklists to
assist their TC forecasters in predicting intensity change (McBride and Holland, 1987).
3.1.3.2. Numerical Intensity Forecasting
· Krishnamurti and Oosterhof (1989), using a T170 triangular truncation g.lobal
spectral model, found that as the horizontal resolution of a global model is increased
·---------·--·---

there is a marked improvement in the track and structure of the storm. Both of these
capabilities are necessary for improved intensity forecasts, but the authors observed
that even the T170 truncation is not sufficient to discern the maximum wind bands.
Mathur (1992) ran several experiments using the National Meteorological Canter
(NMC) Quasi-Lagrangian Model (QLM) at the 40 km operational resolution and at a 20
km very high resolution. The results of his experiments led him to conclude that the
· first priority at the Center should be to increase the QLM horizontal resolution for
further improving the QLM operational forecasts of track and structure.
3.1.3.3. Satellite Applications
Mundell (1990) developed a satellite technique that looks at changes in the
relationship between the concentration of inner core (0-2° lat.) and outer (2-6° lat.)
deep convection. Whenever the 24-hour running mean of the concentration of inner
_QQ@pj)(e_l?_~--7~_ll_Qjot~r_§~C::1§1_he_2_4-hQl.JrruD.Ding_meall.9f_Ql1113LPi~E3J~?_,.§§~_g,_~a.f:>i_cj_

intensification will occur in about 12 hours if synoptic conditions are favorable (Fig.
15). Felde and Glass (1991) demonstrated the potential for using microwave imager
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data to determine the intensity of tropical cyclones. Merrill (1991) presented a
technique for the physical retrieval of typhoon structure using passive microwave
observations. His technique shows promise whenever high-resolution AMSU data
becomes available. TC intensity estimates using microwave could be used to fine
tune the Dvorak technique, especially in the T3.5-T5.0 ranges when an embeddedcanter pattern (i.e., the cent er of the storm is under the cold cloud shield and the eye
can't be seen on visible or IR imagery) is present. . Application of Dvorak's technique
for storms with embedded canters has been more problematical for satellite analysts
than the application of Dvorak's techniques for other TC pattern types (although the
shear-type pattern is often difficult to diagnose at night if the low-level circulation
center can't be found on the IR imag·ery). Once fine tuned with the microwave, theIR
imagery of a particular storm can be "calibrated" and then can be better used to
diagnose intensity change.

3.2. Tropical cyclone size considerations
Perhaps the most elusive TC change to predict or to understand is the change in
size. Numerous TCs have exhibited unusual changes in size of their radius of

damaging wind~ffnat

exceea-rso-r<nrTnT2-nou rs-.--Optm:Htorrally, lorec-asts·-uf-IC-size-:---- -

change are primarily based on persistence, a few statistical programs, and some
information from recent studies. Overall, forecast skill in size change has been
relatively poor (personal observation) .. A great deal of research is needed to expand
our understanding. One particular problem that complicates wind-distribution
research is the fact that no operational warning center verifies wind-distribution
information except for the maximum win·d. A great topic for discussion would be to
determine how to best verify wind-distribution forecasts.
Weatherford and Gray (1988), using a unique data base of western North Pacific
aircraft reconnaissance data, revealed many interesting characteristics of TCs
pertaining to their structural variability (this information should be covered in the
section on Tropical Cyclone Structure). Weatherford (1989) expanded the study to
include the structural evolution of TCs. Her findings that pertain to intensity and size
changes are summarized in Table 5.
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Holland (1983) developed an equation for expressing the radius of maximum winds
(Rw) of a TC in terms of scaling parameters. The equation is:
Rw =A 118

(2)

where: A determines the location of Rw relative to the origin or the radial scaling (size
parameter); and, 8 defines the shape of the profile (shape parameter). In 1988-89,
Martin and Holland adapted the concept to an analysis and forecast technique
(undocumented) for western Pacific TCs in order to generate information on the 15, 25,
and 50 m/s wind distribution.

The technique incorporates the Dvorak Current Intensity

(Cl) number as the shape parameter and the radius of the -65° C isotherm above the
cyclone (from IR satellite data) for the size parameter. The technique has been used
operationally at the JTWC for four years. lt works well for small systems (<150 km
radius to outer 15 m/s wind), but under-estimates the wind distribution for large
systems. The technique uses speed of motion and latitude to build in an asymmetric
wind field.
3.3~

Recommended Actions

(1 ). (Major). The influence of the environment (external forcing) on TC structure
change needs to continue. There needs to be more interaction between the researcer

- - - - - -

and the forecaster.
(2). (Major). More and better satellite techniques need to be developed to address
structure change. Much scientific information is already available that can be applied.
(3). (Minor).

Discuss changes to current TC warning format for wind distributio·n

information as currently detailed by a point~radius wind structure. Very large TCs and
TCs with large wind assymetries often have their maximum winds displaced a few
hundered kilo metes from the c.enter of the circulation. Suggested changes to the
warning format would allow for point-band or point-ring of high winds displaced from
the TC center.
(4). (Minor). Discuss the appropriate averaging interval in the "sustained" wind
values reported on TC warnings.
(5). (Minor). Discuss feasibility of including peak gust (time and magnitude) on
standard synoptic reports.
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CHARACTERISTICS OF THE GENESIS AND DEVELOPMENT
OF MIDGET TROPICAL CYCLONES

1) Genesis is favored in specific geographic locations:
a) Over water near large mountainous Islands (e.g., Taiwan and Luzon);
b) Near rugged mountainous continental coastlines (e.g., northwestern Mexico, the
northern coast of South America);
c) In channels or bays bounded by mountainous terrain (e.g., the Mozambique
Channel and the Gulf of Thailand);
d) In the Marshal! islands at low latitudes and eastward of 160°E at the junction of the
monsoon trough with the tradewind trough (or ITCZ); and,
e) Occasionally in the Carolina islands equatorward of 6°N.
2) Genesis is favored in specific synoptic regimes:
a) In direct association with cyclonic cells (cold-core lows) in the TUTT which overlie the
tradewind easterlies well into the flank of the subtropical ridge; and
---------

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -------------------

b) In the peripheral cloud band of the monsoon circulation when that circulation is
organized as a very large (2000 km diameter) nearly· circular vortex which is
displaced to the nort~ of the normal monsoon trough location; this appears to be the pattern
referred to by Arakawa as a "convergence area in the. subtropics".

-

TABLE 2.
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Changes In Annual Average NW Pacific Tropical-Cyclone

vs. 1972-86.1

Activity In 1952-71

1952-71

1972-86

15.0

% Annual

Difference
28%

Mean Number of
Typhoons

19.2

Mean Number of
Typhoon Days

318

215

48%
Higher

2987

1735

72%
Higher

Higher

Annual Mean
Typhoon Destruction
Potential (HOP)
m2s-2

1957-71

1972-86

No. of Typhoons With
V max ~ 120 Knots

118

57

207%
Higher

. No. of Typhoons With
V max ~ 150 Knots

40

12

333%
Higher

1 From Gray,

1988.

TABLE 3. Summary of SHIPS Predictors
1. Potential intensity - current intensity
2. Square of predictor 1
3. 850-200 mb shear of horizontal wind
4. Previous 12 h intensity change
5. 200 mb relative eddy angular momentum tlux
6. ·200 mb earth eddy angular momentum flux
7. Julian date
8. Longitude
9. Distance
land
10. Time tendency of vertical shear
11. Storm size (from 850mb wind analysis)

...

to

----------------------------
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TABLE 4.

CHARACTERISTICS OF THE STRUCTURE
OF MIDGET TROPICAL CYCLONES

1) The average ROCI is less than 2° of great circle arc;
2) The central minimum sea-level pressures are significantly higher than those of largersized tropical cyclones with comparable maximum wind speeds;
3) They tend to rapidly intensify at lower intensities than normal- or large-sized tropical
cyclones (e.g., at 17 ms-1 vice the 32 ms-1 average intensity at which Holliday and Thompson
(1979} found for the commencement of rapid intensification);
4) They tend to weaken more rapidly than normal- or large-sized tropical cyclones, both as
a result of environmental factors and landfall;
5) They exhibit little or no peripheral cloud bands; some merely possess a narrow eyewall
which is surrounded by

a compact zone

(often hidden under the cirrus canopy of the central

convection) of lines of towering cumulus clouds;
____6_)_Ihe_~ have small

ey~J:;_,_U_SUall)'

less than 30 km diameter;______ _

7) They often are embedded in a relatively convection-free environment (e.g., the sole
convective cluster in the tradewind flow near a TUTT cell);
8) They exhibit very limited to negligible storm surge effects, even at very high intensities;
and,
9) After rapid intensification, they usually reach a maximum intensity of about 50-55 ms-1;
they may reach super typhoon intensity (~ 66 ms-1) after a second episode of intensification
which is usually accompanied by some increase in size and the acquisition of banding
features.
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Table 5. Some general observations, and forecasting rules concerning tropical
cyclone intensity change and size change from The Structural Evolution of Typhoons
(Weatherford, 1989).
Observations

1. Cyclones were observed to develop from the inner core outward and also to
decay from the inner core outward.
2. If an eye appears at a relatively high minimum sea level pressure when the outer
core is less resistent to radial inflow, angular momentum Will concentrate rapidly near
the inner core, enhancing the deepening process. Conversely, the longer it takes a
cyclone to develop an eye, the more resistant the outer core becomes to radial flow,
thus repressing the deepening process.
3. The more intense the cyclone, the more symmetric is the tangential wind field.
4. The more intense the cyclone, the smaller the radius of maximum wind.
5. Elliptical eyes are commonly seen when the cyclone is first forming an eye and
when the eye begins to disappear.
6. Concentric eyes appear on average at 925 hPa and were not observed above
950 tiPa.
General Forecasting Rules
1. Intensifying cyclones expand their gale~force wind radii at an average rate of 40
. _km/da~. A filii ng _e.y_clone_wiiLc_o_otinU£Ltn_expand_aUbis_rate_asJong_as_an_e_y.eJs _ __
present.
· 2. The strength of the 1-2.5° radius Outer Core wind Strength (OCS), on average, is
half the value of the maximum wind speed.
3. The OCS generally increases at rate of 2.5 m/s per day regardless of whether .
the cyclone fills or deepens, as long as an eye exist~.
4. A developing cyclone intensifies at an average rate of 8 hPa per day before the
appearance of an eye and at 20 hPa per day immediately after the eye appears.
5. ·ouring intensification, the eye typically appears at an average minimum sea level
pressure value of 980 hPa and disappears at 955 hPa during filling.
6. The sooner the eye appears, the more rapid the rate of deepening and the more
intense the cyclone is likely to become.
7. Cyclones which deepen rapidly(~ 42 hPa/day) have usually formed an eye when
they reach 985 hPa. This eye will characteristically be smaller than average (40 km for
rapid deepeners vs. 50 km for all cyclones).
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Figure 1. (a) Yearly genesis parameter as a product of dynamic potential terms and thermal
potential terms. Units are in number of TCs per 5° Lat-Long. square per 20 years. (b) Annual
observed TC-origin frequency. Units are as in (a). (From Gray, 1975).
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International Workshop on Tropical Cyclones Ill
Research Rapporteur Report on Oceanography and
Air-Sea Interaction
JeffKepert
.Bureau of Meteorology Research Centre
Melboume, Australia
1. Introduction
The majority of studies of the response of the ocean to a tropical cyclone
have focused on two main effects, the generation of coastal storm surge, and
the profound and lasting effect the cyclone has on the upper part of the ocean,
producing vigorous mixing and upwelling that leaves a marked trail of cold
. surface water behind the storm. There is good reason for the focus on storm
surge, in that it is one of the major devastation mechanisms of the storm.
Lesser attention has been given to the development of wind waves and
subsequently swell in cyclones.
The ocean, as a source of heat and moisture vapour, has long been
_ _I"ecognise_d__as_im_por_tant to tro}lical cyclone develo:Qmentf for examJ>le
in the
------------------famous rule that the sea surface temperature must exceed 26.5°C for genesis to
occur. The prevailing CISK hypothesis has until recently reduced emphasis on
the transfer of sensible and latent heat from the sea to the air within the
cyclone itself, in that under CISK the energy required to drive the storm is
imported from afar in the ·cyclone boundary layer. A contrarY" view (Emanuel,
1986) presents the cyclone as the manifestation of an air-sea interaction
instability, where the transfers of latent and sensible heat within the storm
envelope are essential to its development.
Given the importance of air-sea exchange of heat, moisture and
momentum within the cyclone, remarkably little is known about the physics of
the air-sea interface under such severe conditions. There. are no direct
measurements of surface heat or moisture fluxes at wind speeds similar to
those found near the core of tropical cyclones. There · have been several
calculations of the surface drag coefficient in cyclones, such as that of Frank
(1984) based on an angular momentum budget study, but these require further
assumptions to close the budget and so are difficult to regard as definitive.
Most modelling studies, then, use surface transfer parameterisations developed
___and_t_e_ste_d_for ~_gmyaraJ;ively_mgdest ~~~peeds, and extrapolated into the
tropical cyclone regime. There are no sound arguments -supportiilg -such
extrapolations, and as will be seen, there is a growing body of evidence to
suggest that they are not valid.
In this report, I will first give a brief overview of the current state of the
science, followed by an identification of the major scientific issues. I will then
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discuss areas which have either potential or the need for future research
development, and close with an' outline of the outcome of previous IWTCs, and
propose recommendations for this IWTC to consider.

2. The current state of the science
A more detailed view of the oceanographic topics covered below may be
found in the chapter by Isaac Ginis in the revised edition of "A Global View of
Tropical Cyclones" (Elsberry, 1993). Further information on storm surge may
also be found in the chapter by Charles Jelesnianski in the WMO "Global
Guide to Tropical Cyclone Forecasting" (Holland, 1993).

2.1 Coastal storm surge
Flooding due to storm surge is without doubt the main cause of death
from tropical cyclones. A large amount of scientific effort has therefore been
devoted to taking observations and developing and verifying models to the
extent that cyclone storm surge is now a reasonably well understood
phenomenon. The surge is a gravity wave with wavelength similar to. the size of
the cyclone. In deep water, this consists of a rotating mound of water with
small ocean elevation. Upon entering shallow water, divergence resulting from
the conservation of :QOtential vorticity, bathymetric channelling and reflections
from the coast substantially increase the surge height, leading to coastal~~~--
inundation (Jelesnianski, 1992). When the cyclone is moving parallel to the
coast with· a speed and direction similar to that of the ·coastally trapped Kelvin
waves, resonant excitation becomes another mechanism capable of producing
substantial surges (Gill, 1982, section 10.10 and Fandry et al, 1984). Factors
such as wave run-up on gently shelving coastlines can also increase the inland
penetration (Bureau of Meteorology, 1978).
Numerical models of coastal storm surge are typically based on the
depth-integrated shallow water equations, in which the driving wind field is
provided by a bogus tropical cyclone. A detailed data set for the bathymetry
and inland topography is required. Such models exhibit a high degree of skill,
and are capable of capturing the more exotic aspects of surge behaviour, such
as resonant excitation of coastally trapped waves mentioned above (Jarvinen
and Lawrence, 1985, and Hubbert et al, 1991). The actual surge experienced is
often highly sensitive to the precise details of the track of the cyclone, and so
the usual approach is to run the model for a range of possible forecast tracks
and compare the results. This strategy has been assisted by the recent advent
___Q_f'_such _models suitable for rwming on a personal computer (Hubbert et al,
1991). Some aspects of de
are atpresent --not-wen--lianalecl;-sucn- as the___ interaction between waves and surge in shallow water, and possible effects of
the nature of the coastline on surge behaviour, such as the damping of the
surge in Hurricane Andrew by. Florida's coastal mangroves (P.G. Black,
personal communication to G.J. Holland, 1993).

tau
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Reliable quantitative ob,servations of storm surge for model verification,
are not easy to obtain, due to the tendency of cyclones to destroy the measuring
equipment, and the sparse nature of such observation points. Observations of
high water level based on debris deposition and damage need care in
partitioning the inferred high water level, at unknown time, into components
due to the storm surge, wave run-up, and astronomical tide, although surge
models can help with this.

2.2 Wind waves and swell
The typical wave model (e.g. WAM, The Wamdi Group, 1988) forecasts
wave spectral energy, E, using the equation
aE
at + c... , .VE
-

= sinput

+

sctiss

+

snonlin.ear

(1)

· where the left hand side gives the local change of wave energy and propagation
of wave energy at the group velocity cg, and the three terms on the right hand
side are respectively the input of energy to .the wave field from the wind, the
loss of energy, and the transfer of energy to different wavelengths through
nonlinear interactions.
An. example of an input-tlmD.-i-s-that-proposed-by-Miles-(-19S'77,-i-n-which
the wavelets affect the air flow above them, producing a feedback mechanism
which it can be shown through a linearised stability analysis leads to
exponential growth. Snyder et al (1982) parameterise this in terms of the· wind
friction velocity u*, and in the WAM ·model u* is then calculated through a
surface drag coefficient which depends on wind speed alone (The WAMDI
Group, 1988). Janssen (1991) proposed modifications to the input term
including the use of a drag coefficient which is a function of wave age. This is
physically plausible as a young, growing wind sea must be extracting more
energy from the wind than a mature steady-state sea. This particular
parameterisation has been shown to produce unrealistic results in the Southern
Ocean due to the much longer fetches encountered there than in the Northern
Hemisphere where the model was developed and tested (Bender, personal.
communication, 1993). Tropical cyclones are of course a wave forecasting
problem of the opposite nature to the Southern Ocean, as their small size and
tight flow curvature result in a wave field that is continually substantially out
of balance. There has been little work done to determine an appropriate source
term for waves in tropical cyclones, and this must at present be regarded as an
open question.

The dissipation term may include the effects of bottom friction, (including
percolation through porous media and the effects .of viscous mud), parasitic
capillary growth, and microscale. and large scale breaking, in which energy is
transferred to the underlying currents.
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Finally, the nonlinear interaction term (Hasselman, 1985) moves energy
from short, steep wind waves to the longer, more rounded swell waves. This
term can be computed directly, but the expense involved means that for
computational efficiency it is usually parameterised in a wave prediction model.
It is arguably the best understood of the three terms.
As with any other numerical model, issues such as resolution and order
of accuracy of the discretisation are important. The predominant use of first
order upwinding schemes to solve Eq 1 introduces excessive numerical diffusion
which can be greatly reduced by going to third order upwinding (Bender,
personal communication, 1993). Another problem can arise in tropical cyclone
wave prediction is a starfish pattern in the predicted wave height due to
insufficient resolution of wave direction.
The situation is greatly complicated as a cyclone makes landfall, with the
possibility of refraction, reflection and funneling of waves by features of the
bathymetry and coastline shape. There is al.so the interaction with surge to be
considered. For example, deeper water can support larger waves as well as
retard breaking, and so a coast that is· normally given some protection from
large waves by shallow water or a reef offshore that causes waves to break
there, may lose. that protection given a significant surge.

2.3 Effects on the upper ocean
It has long been known that tropical cyclones leave a trail of reduced sea
surface temperatures across the ocean surface. '.fhis cooling, which can reach
6°C and may persist for several weeks, is predominantly caused by turbulent
mixing which deepens the oceanic mixed layer. This turbulence is, in turn,
driven by three m:ain processes: near-surface wind driven shear, shear at the
base of the mixed layer due to the velocity discontinuity across the base of the
mixed layer, and convection due to the surface buoyancy fluxes (Ginis et al,
1993). Upwelling may contribute to this cooling by bringing cooler water to
nearer the surface. Such a sea surface cooling would be expected to have a ·
significant negative feedback effect on the cyclone, since it reduces the sensible
and latent heat fluxes into the atmosphere.

Similarly, the cyclone also leaves a trail of reduced surface salinity,
where the desalinisation mechanism is rain water incursion. There have also
been observations of tracks in other variables, such as surface tension (Pudov,
1993). These changes can have a long term effect on the ocean circulation.
Modelling and observational studies show the bulk of the cooling occurs
· ·· ----w--tlie 1eft-(figE.t)of-thetracJrm-th:e-s-outhtrrn-(northern-)-hemisphere-0Price,
1981, Holland, 1987, and many others). Such cooling would be expected to alter
the horizontal and vertical structure of the cyclone atmospheric boundary layer,
and thus effect the air-sea exchanges of momentum, heat and moisture and
hence should have an impact on storm surge and wave generation, as well as
cyclone intensity, structure and behaviour. Studies with atmosphere-ocean
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coupled models, such as that reported by Kurihara (1992), have shown a
reduction in maximum surface Wind of up to 7 m.s- 1 and a sea surface cooling of
up to 5.6°C. The pronounced asymmetry of this cooling might be supposed to be
a particularly important factor, and some coupled model sensitivity
experiments exhibit changes in the cyclone's direction and speed of movement.
The asymmetry in the sea surface cooling is the result of a coupling
between the inertially rotating wind-driven currents, and the anticyclonic
rotation with time of the wind stress vectors to the left (right) of the track in
the southern (northern) hemisphere. The asymmetric currents then lead to a
corresponding asymmetry in the turbulent entrainment a:t the base of the
oceanic mixed layer, which produces in a similar asymmetry in the mixed layer
deepening and cooling. Within the thermocline, currents are produced largely
by pressure gradients, rather than .wind stress, and are therefore quite
different in character. These currents are quite divergent, with associated
intense upwelling penetrating from well below the thermocline.
The issue of coupling between waves and currents seems to be largely
·unexplored at present in tropical cyclones. Recent work by Tolman (1991) in the
North Sea, found that
"relatively small tide and surge-induced modulations of mean wave
parameters such as the significant wave height or the mean wave
period have been found (typically 5% to 10%). Modulations of the
spectral wave density of the wave energy can be of the order of
------5e%-to-1ee%~:~·------------------------------------------------------

Significantly, this work considers the case of unsteady depths and currents,
and so it may be of particular relevance to the situation of a landfalling tropical
cyclone.

2.4 Microphysics at the interface
As the wind speed rises, the nature of the interface between the
atmosphere and the ocean changes dramatically. Waves grow and break,
producing whitecaps and large areas of foam, and the associated air bubbles
burst, injecting droplets of sea water into the atmospheric surface layer. Strong
winds also whip sea spray droplets directly from the crests of waves.
It has been debated for some years as to whether these spray droplets
have a significant impact on the net air-sea exchange of heat, moisture and
momentum during tropical cyclones. Measurements are hard to make under
such conditions, and theoretical calculation depends on unknowns such as the
rate of formation of spray droplets and their transport by the complicated
-turbulent-airflow--over-an- intense-wavec-field~Nevertheless-,-recent-progress-has------- -----included measurements over the North Sea (the HEXJ.\.1AX experiment, Smith
·et al, 1990) which show no enhancement of the Dalton number CE with wind
speed, up to. about 18 m.s- 1 (Katsaros and DeCosmo, 1992) (the Dalton number
is the bulk transfer coefficient for moisture, where the evaporative flux E = CE
p U (q - qsalTserJ)), and thepretical studies (Andreas, 1992 and Fairall et al,
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1993) showing a substantial increase in the CE at higher wind speeds. Model
studies of the tropical cyclone boundary layer which include the effects of spray
evaporation, show that it is potentially a large term in the boundary layer
thermodynamic budget. Fig 1 shows the effect of various physical processes on
the change in temperature and moisture as an air parcel spirals into the core of
a tropical cyclone, as calculated by the model of Kepert and Fairall (19H3). This
study produced an air-sea temperature difference of 4°C at the radius of
maximum wind, in reasonable agreement with measurements of large air-sea
temperature differences taken in tropical cyclones in the South China Sea and
Carribean Gulf, shown in Fig 2 (Pudov, 1993 (see also Fairall et al, 1993) and
P.G. Black, personal communication, 1993).
The evaporation of spray will significantly moisten the near-surface layer
and so reduce the direct evaporation from the surface. This feedback will to
some extent reduce the impact of spray evaporation on the net transfer of
water vapour to the atmosphere, but even if there is complete cancellation,
spray will still significantly affect the surface energy balance. This is because
the latent heat required for evaporation directly from the sea surface is
supplied by the sea, whereas the spray droplets have very little heat content
and so the heat for their evaporation is supplied by the atmosphere. Thus spray
evaporation results in a cooler, moister atmospheric near-surface layer with
less cooling of the ocean- surface. This atmospheric cooling, shown in the
observations ·described above, would result in a significant stabilisation of the
lower atmospheric boundary layer. A single radiosonde observation in Typhoon
------------·-'fess-with-a-win-d--speed-of-2-1---m.--;s.-Lshows-the-depth-of-cooling-to-be-abou-t-1-20-m-----(Pudov, personal communication, 1991). The resulting partial decoupling, .
together with an inertial oscillation, may explain observations of low level jets
in tropical cyclones (e.g. Moss and Merceret, 1975, and Wilson, 1979). It would.
also reduce the air to sea momentum flux and thus have an effect on storm
surge and wave generation.
Another mechanism by which spray could stabilise the lower boundary
layer is through mass loading by the spray droplets. Pielke (1991) showed that
this could have a significant effect on the wind profile, although Fairall et al
(1993) suggest that his mass loadings are too large, and Andreas (1992)
presents some calculations with large amounts of spray which produce
unbelievably large droplet mediated thermodynamic fluxes.
2.5 Feedbacks in the above
A common theme in the above has been how the cyclone significantly
alters the ocean surface over which it moves, through upwelling, mixing and
--- wave-generation,-whilst-t-he-ocean-medifies-the-lewer-atmesphei'e-,th-I'eugh-----heat, moisture and momentum fluxes, and spray generation. As each changes
the characteristics of the other, there is the potential for feedbacks and other
complex interactions. Here, by way of summary, I list a few possibilities:
-interaction between waves and currents
- wave characteristics (age, steepness, etc) affect the drag coefficient
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- spray alters the surface heat and moisture fluxes, thus producing
atmospheric near-surface coolmg which then alters the momentum flux
between atmosphere and ocean, and gives rise to low level jets
- changes in surface drag affect the generation of spray, waves and storm
surge
- sea surface cooling affects the horizontal and vertical structure of the
atmospheric boundary layer, the surface fluxes into the storm, and hence the
storm motion
- sea surface cooling may affect the cyclone motion

3. Major scientific issues, and areas needing further research
development
As outlined above, significant progress has been made in understanding
what the oceanic response is to a given applied tropical cyclone surface stress
field, in terms of horizontal and vertical currents, vertical mixing and
thermodynamic modification. This knowledge has been particularly useful in
the development of operational cyclone storm surge models. Similarly, much is
known about the generation, propagation and decay of wind and swell waves,
and this knowledge is starting to be applied specifically to tropical cyclones. On
the other hand, the large body of existing knowledge about various transfers
between the ocean and atmosphere has tended to be widely applied to. the
problem, but with little attempt at validation of the existing ideas to the
extreme conditions founaat-tll.e tropiCal cyclone ru.r-sea inte:rrace:--While-s-om-~
modelling studies have found that extrapolating standard formulae for, say, the
drag coefficient to tropical cyclone conditions produce satisfactory results,
others have found that this approach results in significant overprediction of
factors such as wave and surge height.
We may thus be in the position of being able to quite well predict the
horizontal, vertical and turbulent response of the ocean to an applied set of
surface fluxes, together with associated changes in factors such as sea surface
temperature, but be unable to confidently determine the all-important surface
fluxes of momentum and buoyancy. For example, the drag coefficient physically
ought to depend on the wave age. The fact that some ocean circulation models
produce good results with much simpler expressions for Cn could be due to a
number of factors, but we cannot claim to have full understanding until this is
resolved. The nature of the energy input term in wave models is a related
issue. It may be that future work will have to consider a three-way coupling
between atmospheric, ocean circulation and wave models.
Similarly, on the atmospheric side of the interface, the presence of spray
·. - -----gfeatly complicates matters. Ks witnt11e ocean cas-e-;-m-odels-Irave-su·c-c~ssfully---
reproduced many of the observed features of a cyclone, using simple surface
flux and boundary layer formulations which have been validated only for much
more benign conditions. Nevertheless, the recent observational, theoretical and
modelling work outlined above suggests that the role of sea spray is something
which will continue to require careful attention in the future.
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Even with the question ·marks over the details of how the atmosphere
and ocean do couple within a tropical cyclone, the recent work on coupled
models indicates that this is a fertile field and that such models may come to
be regarded as essential for full understanding of tropical cyclones. Given the
possibility of feedbacks such as that from ocean surface cooling to cyclone
intensity and motion, it seems possible that coupled models will one day be
regarded as necessary for prediction, too.
4. Outcomes from previous IWTCs

Recommendations from IWTC-I mention research in oceanographic topics
specifically only in notes (f) and (g) to recommendation D.3, which strongly
encouraged basic research in tropical cyclones and their interaction with the
environment. These notes indicated that the role of surface energy sources in
tropical cyclone formation and structure change, and the oceanic response to
tropical cyclones (particularly with regard to the generation of waves and storm
surge) were research topics worthy of vigorous pursuit.
IWTC-II, under general recommendation A2, continued to include storm
surge as an important factor, suggesting the systematic mapping of
vulnerability to storm surge (and other factors) and the development and
distribution of forecast algorithms for winds and surge. Surface transfer
processes rated a peripheral-mentton;-for-exampte-in-re-comm.Bndation-e2-on,----'------tropical cyclone motion. It also recommended (E 1) that oceanic mixed layer
response, storm surge and sea state should be a ~ew topic foriWTC-III.
Of these recommendations, significant progress has been made with
storm surge, leading to models of high skill suitable for operational use,
although there remain opportunities for refinement; Use of techniques such as
MEOW (Maximum envelope of water, Jelesirianski 1992) and surge atlases.·
have given a valuable indication of vulnerability to surge where these have
been done. General research on wave modelling will have applications to·
tropical cyclones, although it is possible that the special nature of tropical
cyclone wave fields may result in the parameterisations in the wave models
requiring modification. This is at present a largely unexplored field.
There has also been significant progress on the response of the ocean
mixed layer and thermocline to the cyclone, with modelling studies shoWing the
impact cold upwelling can have on motion and other aspects of the cyclone. The
growing body of observational and theoretical evidence that sea spray
evaporation can have a large impact on the boundary layer structure and
· --atmosphe-rlr--o-cl?an-errergy-budget-is-indicative----of-some-very-interesting-effects
which will need further exploration.
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5. Draft recommendations for future directions
As outlined above, much has been learnt in recent years about how the
ocean responds to the passage of a tropical cyclone, with the feedbacks found in
coupled models being particularly interesting. Doubtless there is still much to
learn and this will continue to be a fertile field for research, so my first
recommendation is

The oceanographic and meteorological community continue to
vigorously study the way the ocean and atmosphere interact within
a tropical cyclone, with particular attention being given to the
generation of waves, and the nonlinear feedbacks whereby cycloneinduced modifications to the ocean lead to changes in the cyclone.
One of the major uncertainties in such work will be getting the details of
the coupling between the respective models correct. Indeed, the ultimate value
of it will rest very much on this. However, evidence outlined above is sufficient
to at the very least cast doubt on the validity of the currently prevailing
approaches, and so my second recommendation is

That careful attention continue to be given to the physical
atmosphere exchange
mechanisms
by which the ocean and
.
.
momentum, heat and moisture within tropical cyclones~ and to
methods for accurate calculation of these interfacial fiuxes.
References
Bureau of Meteorology, 1978: The Australian Tropical Cyclone Forecasting Manual. (Editors ·
AB. Neal and G.J. Holland) Bureau of Meteorology, Melbourne, Australia, 274pp.
Elsberry, R.L. (editor), 1993: A Global View of Tropical Cyclones. In preparation.
Emanual, K.A., 1986: An air-sea interaction theory for tropical. cyclones. Part I: Steady-state
maintenance. J. Atmos. Sci., 43, 585-604.
Fandry, C.B. and L.M. Leslie, 1984: Kelvin-type coastal surges generated by tropical cyclones.
J. Phys. Oceanogr., 14, 582-593.
Frank, W.M., 1984: A composite analysis of the core of a mature hurricane. Mon. Wea. Rev.,
112, 2401-2420.
Gill, AE., 1982: Atmosphere-Ocean Dynamics. Academic Press, New York, 662pp.
Ginis, I., M.A Bender and Y. Kurihara, 1993: A numerical study of the tropical cyclone-ocean
interaction. In Tropical Cyclone Disasters, edited by J. Lighthill, Z. Zhemin, G.J. Holland and
K.A Emanuel, Peking University Press,-Beijing, Clillia, 1993.
Hasselmann, 'S. and K Hasselmann, 1985: Computations and parameterisations for the
nonlinear energy transfer in a gravity wave spectrum. Part 1: A new method for efficient
computations of the exact nonlinear energy integral. J. Phys. Oceanogr., 15, 1369-1377.

- 65 -

Hasselmann, S., K Hasselmann, J.H. Allender and T.P.Barnett, 1985: Computations and
parameterisations for the nonlinear' energy transfer in a gravity wave spectrum. Part II:
Parameterisations of the nonlinear energy transfer for application in wave models. J. Phys.
Oceanogr., 15, 1369-1377.
Holland, G.J., 1987: Mature structure and structure change. Chapter 2 in A Global View of
Tropical Cyclones, edited by R.L. Elsberry.
Holland, G.J., 1993 (editor): WMO Global Guide to Tropical Cyclone Forecasting, publication
draft.
Hubbert, G.D., G.J. Holland, L.M. Leslie and M.J. Manton, 1991: A real-time system for
forecasting tropical cyclone storm surges. Weather and Forecasting, 6, 86-97.
Kepert, J.D. and C.W. Fairall, 1993: The impact of sea spray on the tropical cyclone boundary
layer. Paper presented at the Fourth International Conference on Southern Hemisphere
Meteorology and Oceanography, Hobart, Australia.
Janssen, P .AE., 1991: Quasi-linear theory of wind-wave generation applied to wave forecasting.
J. Phys. Oceanogr., 21, 1631-1642.
Jarvinen, B.R. and M.B. Lawrence, 1985: An evaluation of the SLOSH storm-surge model. Bull.
Amer. Meteor. Soc., 66, 1408-1411.
Jelesnianski, C., 1993: The habitation layer. In WMO Global Guide to Tropical Cyclone
Forecasting, edited by G.J. Holland, publication draft.
Katsaros, KB., and J. DeCosmo, 1993: Water vapour flux from the sea at high wind speeds. In
----

--Tropicai-eyclone-Bisasters,---edited-by--iJ-;-bighth-iH,-Z;-Zhemin,-6;J-;-HeHand-and-K.-A-Emanuel.~,- - - - - -

Peking University Press, Beijing, China, 1993.
Kurihara, Y., 1992: Surface conditions in tropical cyclone models. In Modelling Severe Weather:
Papers Presented at the Fourth BMRC Modelling Workshop. Bureau of Meteorology Research
Centre, Melbourne, Australia.
Miles, J.W., 1957: On the generation of waves by shear flows. J. Fluid Mech., 3, 185-204.
Moss, M.S. and F.J. Merceret, 1976: A note on several low-level features of Hurricane Eloise
(1975). Mon. Wea. Rev., 104, 967-971.
Pielke, R.A and T.J. Lee, 1991: Influence of sea spray and rainfall on the surface wind profile
during conditions of strong wind. Boundary-Layer Meteorology, 55, 305-308.
Price, J.F., 1981: Upper ocean response to a hurricane. J. Phys. Oceanogr., 11, 153-175.
Pudov, V.D., 1993: The ocean response to the cyclones influence and its possible role in their
tracks formation. In Tropical Cyclone Disasters, edited by J. Lighthill, Z. Zhemin, G.J. Holland
and KA Emanuel, Peking University Press, Beijing, China, 1993.
Smith, S.D., KB. Katsaros, W.A Oost and P.G. Mestayer, 1990: Two major experiments in the
------humidit-y-e:lfchange-over-the-sea-(-HEXQS}-prowam.-BuZZ.-Amel'.-MeteoT".-Soc.,-71,_161-172.
Snyder, R.L., F.W. Dobson, J.A Elliot and R.B. Long, 1981: Array measurements of
atmospheric pressure fluctuations above surface gravity waves. J. Fluid Mech, 102, 1-59.
Tolman, H.L., 1991: Effects of tides and storm surges on North Sea wind waves. J. Phys.
Oceanogr., 21, 766-781.

- 66 -

The WAMDI Group, 1988: The WAM model- A third generation ocean wave prediction model.
J. Phys. Oceanogr., 18, 1775-1810.
Wilson, KJ., 1979: Characteristics of the subcloud layer wind structure in tropical cyclones.
Paper presented at International Conference on Tropical Cyclones, Perth, Australia.

TOPIC SEVEN
TROPICAL CYCLONE WARNING AND MITIGATION
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Research and ForP.caster Rapporteur, Frank Woodcock

Tropical Cyclone Warnings and Mitigation
One of the major problems underlying the provision of tropical cyclone warnings is
the unreliability of the basic data. This grows from the initial uncertainties in the
specification of cyclone:•
•
•
•
•
•

position
strength
size
intensity
vertical extent
dominant on-going processes of change

to the end of the forecast lead-time. The problem is compounded, particularly near
landfall, because the interaction between the underlying surface (ocean, terrain,
rivers) and the atmospheric disturbance is extremely complex and almost
impossible to predict in detail under operational conditions.
Position analysis and prediction
·Position analysis and prediction is the most important and most tractable problem
facing forecasters and researchers alike. Recent improvements in position
-----·--predietion-accuracy-have-been-achieved-by-high-resolution-global-models-for-lead ~---
times of 36 hours and beyond. Nevertheless, forecasts at this range are still
unreliable (300-400 km mean errors and standar9 deviations of 200-300 km) and .
can provide little more than general guidance and IWTC //'s Highest Priority
Research Recommendation (C.t) should be maintained.
1
-:::--

Arshorter lead-times relatively simple modelsand statistical methods often provide
the best guidance and initial position errors contribute more to the forecast error.
Environmental fields do riot seem to have a major impact on position forecast
accuracy when lead times are less than about 1. 8 hours. The accuracy of the
recent cyclone track and speed of movement analysis is the dominant factor
(De Maria et a/, 1990). For these short range forecasts it is important to maintain a
"running best track" (RBT). The availability of a robust RBT algorithm in tropical
cyclone warning centres has the potential to significantly improve short term
position forecast accuracy. One or two algorithms have been reported in the
literature (Curry et a/, 1985, Titus and Jarrell, 1985) but there has been no
evidence of a concerted effort to develop, test and distribute these to the
international community. lt is recommended that an objective running best track
algorithm be developed and distributed internationally.
------------

One requirement for RBT algorithm development is that observational fixes need to
be tagged with error estimates. This is often difficult because the likely error
statistics associated with particular observation platforms are not widely known. As
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an example, a good eye fix from a geostationary satellite image near the satellite
sub-point can be within ± 20 km but near the limb the same fix may be mis-located
by an order of magnitude more.

lt is important that forecasters are aware of the inaccuracies inherent in the initial
data and it is equally important that estimates of these error values are logged
together with the fix position as part of the cyclone track archive. Although the
accuracy of tropical cyclone locations is often event dependent, the publication of
mean error values for satellite fixes as a function of sub-satellite distance would be
useful.
The following analysis of operational errors in tropical cyclone position forecasts
over the 1985-1993 period in the Australian Region (Table 1), provides an insight
into the source of forecast errors.
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Table 1

382 (317)

Forecast errors in initial position error (I PE) ranges0-25, 25-100 and
> 100 km. Number in parentheses are from Eq 1. 24, 48 h samples .~
with IPE > 100 km are 64 and 20 cases, others exceed 100.
'

An interesting aspect of Table 1 is that the mean forecast error (.A.F), to a good
approximation, can be expressed in terms of:-

.A.F

=

.A.I + 6.3

X

L

......................................... (1)

-~-where -c-iStfle

leaC-fime-(nr-Tne estirrfa:teamean forecasrerrors aerivec.nrom(1Jare
included in parenthesis in Table 1.

Although the standard deviations are very large, Equation 1 conveniently partitions the
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mean forecast errors into a component (AI) due to the observing system inability to
resolve the cyclone centre and a component (6.3 x L) due to forecasting skill. The
constant 6.3 can be interpreted as a mean error growth due to the forecasting
methodology of 6.3 km/h. This is lower than the Australian CLIPER error growth of 7.2
km/h (Morison R., 1993).
lt is apparent that large initial position errors have a major impact on forecast accuracy.
Mean initial position errors exceeding 100 km contribute 68%, 52% and 34% of the
mean forecast errors at 12, 24 and 48 h respectively. A further illustration of the impact
of large initial position errors on the final forecasts is shown in Fig 1.
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Figure 1

12 h position forecast errors (km) for small (< 45 km) and large (> 75
km) initial position errors.

lt is clear that the employment of observing systems capable of resolving cyclone
positions will have a major impact on the accuracy of position forecasts. The systems
most likely to do this are:- (a) satellite microwave scatterometers, (b) radars near
landfall, (c) aircraft reconnaissance missions, (d) aerosondes and (e) over-the horizon
radars.
The additional potential of microwave scatterometers to resolve the horizontal wind
distribution (see Fig 2} through cloud cover promises an important breakthrough in
operational tropical cyclone analysis and prediction and a major effort should be made
to bring these benefits to operational fruition (This requires a strengthening of several
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components of IWTC If's Applied Research Recommendation C.9).
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ERS1 Microwave scatterometer display of cyclone Oliver at two time
periods. (Modified from a picture supplied by Tim Liu, NASA Jet
Propulsion Laboratory, CA)

The- problem of large position errors in tropical cyclone forecasts, compared to the area
of dangerous winds, demands that warning recipients, as well as forecasters, should be
aware of the reliability associated with forecasts (See IWTC 11 General
Recommendation A2)
The usual solution to this problem is to use strike probability forecasts (Jarrell, 1978;
Templeton and Keenan, 1982). This approach is based on the assumption that the
distribution of errors in tropical cyclone position forecasts over a region changes only
slowly with time. Thus, the historical distribution of errors in forecasts can be applied to
the current situation. The weaknesses of this approach are:·
•

the impact of improvements in forecast accuracy that may accrue in a
.. -----·---r~gion will not b_e reflected_jn reduc~d-~re~of warnll'lQ_l.l_ntil_ a SIJ_fficiently
large error history has been accumulated.
•
like CLIPER, strike probability is unrelated to the prevailing meteorological
problem.

- - -
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•

unless stratification of the historical data has been undertaken, there is no
cyclone size, strength, intensity or initial position error discrimination.

A better approach to the problem of forecast uncertainty is to employ a Monte Carlo
generated ensemble of barotropic model runs over a domain encompassing the likely
influences on the cyclone in over the forecast period. For < 24 hour forecasts, where
initial position and storm motion errors usually dominate, it would be necessary to
undertake multiple (<40) barotropic model runs 1 to accommodate the distribution of
cyclone initial positions and to fit a bi-normal distribution to the forecast positions. For
longer period forecasts, it may be necessary to perturb the model's boundary conditions
to account for steering flow variations. Some work on this approach has been
undertaken by Leslie and Holland (1991 ). This approach should enable derivation of
realistic probability forecasts which includes contributions to the forecast errors from the
·"uncertainties in both the initial position and the prevailing steering flow.
If the horizontal wind distribution is known, this can then be added to the forecast
outcome distribution. lt should then be possible to objectively construct warning zones.
This is an important step because it establishes an objective nexus between warning
zones, (and hence over- and under-warning costs), and the observing system's ability
to resolve the current tropical cyclone position, horizontal wind distribution and the
cyclone's steering current.
·
The viability of the barotropic model ensemble approach is strengthened by recent
results from the National Hurricane Centre; Miami, indicating that weakest component
in the process of forecasting of tropical cyclone positions is the quality and quantity of
data and its assimilation and not the inadequacy of numerical modelling 2 • In a nonsheared atmosphere, even a relatively modest barotropic model (DeMaria et a/, 1992)
provides more accurate track forecasts than well established statistical techniques such
as NHC83 when data are good (DeMaria et a/, 1990)'.
lt is a relatively small step from objectively setting the warning zones to establishing a
completely objective tropical cyclone warning system. Such a system could be used in
simulation or parallel real time studies to provide:•

Information on the impacts of data and techniques on operational performance
and products,
Information on people-machine mixes for operations.

•

_________,_ A_83l(B_3_gdd,_s1ngle_A_8_b_b_ar_o_tr_opJc_rnod_eLr_uo.Jate_s_abe.uL60_se_c_oods_oo_a_66_Mt:lz.A86 _ _ __
DX; about 33 secs on an average UNIX work-station and about 2'12 secs on a CRA Y; 24
(12) h runs take about Y2 (114) these times etc. (Lance Leslle, personal communication,
1993).
2

Robert Sheets, personal communication, 1991.
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•

. An interesting benchmark for real time performance.

Such an approach would be consistent with Applied Research Recommendation C.S.
IWTC 11 Operational Forecasting Recommendation 0.3 was for the implementation of
CLIPER models. Since IWTC 11, this has been completed for the Australian Region 3 (3
sub-regions), the South Pacific3 and the South Indian Ocean 4 • lt is normal to develop
CLIPER regressions from best track records, however, this leads to a marked
degradation when they are applied to operational tracks. Hence, it is recommended that
operational track information is archived along with best track archives.

Intensity analysis and prediction
The literature shows no response to the Dvorak technique component of IWTC ll's
Applied Research Recommendation C.9. However, WMO's Global Guide to Tropical
Cyclone Forecasting 5 (ed Greg Holland), herein referred to as the Guide, includes the
technique and a significant synthesis of research on tropical cyclone formation and
intensification has been undertaken for the Guide by R. Merrill drawing from research by
. Zehr (1992) in accordance with General Recommendation A 1.
The use of Markov chain techniques (Leslie et a/, 1990; Morison, 1993) for intensity
prediction has produced some encouraging results compared to Dvorak's technique but
the method needs wider evaluation. Similarly a CLIPER type statistical intensity
prediction model (De Maria· and Kaplan, 1991) and a further refinement to include
synopficinformafion were developed-for-the Atl~mtic-(E>-e-Mcrria-and-Kaplan-;-1-ge:3)-i...-_----
more skilful than climatology alone but this method needs further verification, including a
comparison with Dvorak. The usefulness and applicability of the CLIPER and Markov
techniques to other areas is unknown. ·
A major problem in the Southern Hemisphere is that in most situations the central
pressure has been estimated using Dvorak so ·that any statistical technique can only
attempt to predict a Dvorak derived intensity. Cyclones that do not conform to the
Dvorak evolution will be poorly forecast.
lt is important that good quality cases be archived for later evaluation; it is
recommended that IWTC If recommendation C.9 be maintained and strengthened to
include a report back component.

3

-----Mor-ison,-fl.-and-E.-Woodcock.-(ln_pr_eparation_for_tbeAust_MeJ._M_ag~_9_9A)~
4

Ollvler Rajaonarlvelo . personal communication. 1990.

5

In publication.

-
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Strength and size analysis and prediction
Aerial reconnaissance and satellite micro-wave scatterometers provide the only
objective operational information on cyclone size and strength. Both these parameters
play a significant role in warning and response scenarios. The lack of operational
information on them is a serious impediment in establishing appropriate warning zones.
lt is strongly recommended that the position, strength and size parameters are derived
from satellite scatterometer data and provided to operational centres in rea/time. /t is
also important that validation of these derived parameters is undertaken .
. The major emphasis of recent cyclone field programs has been tropical cyclone motion
in accordance with IWTC ll's perceived priorities. Nevertheless there must be a
substantial amount of field data from the major experiments which could be analysed to
provide a better understanding of the evolution of the size and strength parameters
during the cyclone's life cycle. The most detailed study (Weatherford and Gray, 1988 a
and b) was confined to intense typhoons and it is questionable that similar results will
hold for weaker systems and in other basins.
On-going processes of change
A. Merrill has synthesised much of the current knowledge of the operationally detectible
processes of change and in the decision trees that appear in Chapter 2 of the Guide.
-

~-Preliminary-evaloation-of--these-dedsion-tre-es-ind icates-th-at-the~rare-very-cumb-ers-ome=----

. to use under operational conditions. Hence, it is recommended that these decision trees
are further streamlined and built into an expert system 6 , stored on a floppy disk,
distributed to operational centres for trial over the next four years and that the results of
the four year trial are collected and synthesised prior to' IWTC IV. This approach should ·
allow the decision trees to be evaluated over a wide range of conditions and provide
gu-idance on further improvements. The development of new methods in the intervening
p.eriod could be similarly processed .
. Some of the relevant recommendations from IWTC I and 11 in this area may not be
particularly effective because they did not carry a "report back" component. Hence, even
if well documented operational cases arise, they may not reach the research
community. Similarly, the research community responses are not known.
Rainfall prediction
A. Merrill has synthesised a pragmatic approach to operational prediction of rainfall in
Chapter 2 of the Guide. The recommendation in the section above covering On-going
processes of change applies also to rainfall prediction.

6

Some work on this has commenced In Australia (Frank Woodcock, personal
communication).
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Surge and sea state prediction.
Storm surge and huge swells pose a grave danger to low lying coastal and island
communities. There is an urgent need to identify particularly vulnerable communities
taking into account worse case scenarios and evacuation requirements. To achieve this
requires:•

•

Coastline, bathymetry and topography data sets (1-2 km horizontal resolution but
including islands; bathymetry files 2-5 metres vertical resolution in water.< 100 m
deep; topography files 1-2 metres vertical resolution land below 20 m abbve high
·
tide).
The resources to undertake multiple run of both high resolution sea state and
storm surge models.

Figure 3 (Davidson et a/, 1993) shows the results of several runs of a storm surge
model (Hubbert et a/, 1991) where the radius of cyclone maximum winds was varied.
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Figure 3

Maximum and minimum surge height near Mackay as a function of
radius of maximum winds for a 933 hPa tropical cyclone.

Since these resources are not widely available, there are several exposed communities
which may be;- (a) unaware of their vulnerability and (b) inadequately covered by
existing warning system arrangements.
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This information is needed to reduce the existing risk and in planning to mitigate future
disasters. Significant tourism and associated infrastructure development is occurring in
the tropics. The risk is growing.

lt is recommended that an international program should be commenced to:•

•

identify communities that are particularly vulnerable to inundation to tropical
cyclone generated surge and waves and
assist in the preparation of authoritative reports on the extent of vulnerability and
the development of mitigation plans.

Tropical cyclone work-stations
IWTC 11 recommended (general recommendation A2) that WMO takes all possible
action to help the installation of inexpensive personal computer tropical cyclone workstations in tropical cyclone forecasting centres as a important step towards
implementing the WMO goals for the UN International Decade of Natural Disaster
Reduction (IDNDR). Since then WMO and the Bureau of Meteorology have arranged
for demonstrations of and hands-on training on the Australian Work-station (ATCW) in:the Southern Hemisphere of RA V, in RA I, RA IV and ·RA 11.
·- -----rh-e-Australian-ewonJtn-attng-eomm1tteeof-II:JNDR-;-the Bureau of Mereorology ana
WMO have combined to install ATCW in several South Pacific centres and self installing
. software has been dispatched to La Reunion RSMC. The :Bureau of Meteorology and
Australian International Development and Assistance Bureau (AIDAB) arranged for the
training and ~nstallation in Indonesia and two international training workshops (Brisbane,·
Nov 1992 and Melbourne, Oct 1993). The Australian Coordinating Committee of IDNDR
has played a vital role in enabling the development of ATCW through financial support
for consultant programmers. The first fully operational trials of ATCW are will'take place .
during the 1993/94 summer in Brisbane, Darwin, Perth and Nadi which will provide an
important test bed for international applications. By late 1994, it is expected that the
work-station will more readily available to the international community.
Tropical cyclone work-stations have the potential to:-

•
•
•
-- -e

Provide a bridge between operations and research and hence to facilitate the
implementation of new techniques,
Standardise and automate many procedures (e.g. database entry, verification),·
Simplify the application of many objective guidance tools (e.g. RBT, CLIPER,
storm surge, etc.) and
----Provide an fnterfaceto -warnTng-compOsition-ana-C:!TssemlnatTon-systems (e.g.
good hard copy graphics, facsimile, etc.)
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it is recommended that the work-station component'of General Recommendation A2
from IWTC 11 is maintained.
Over 55 countries have requested the installation of ATCW software. Such a large
number imposes a considerable maintenance, training and development burden which
needs to be shared to some extent. While the Bureau is prepared to continue
development and maintenance of the software, it is recommended that Tropical Cyclone
Programme of WMO co-ordinates a system whereby each Regional Association Tropical
Cyclone or Hurricane Committee which uses A TCW designates a contact point as a coordinating centre for the Region's ATCW interests. This will significantly spread the
administrative overheads of developing and maintaining ATCW.
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Warning and Impacts related recommendations

IWTC If's Highest Priority Research Recommendation (C.1) should be maintained.

it is recommended that an objective running best track algorithm be developed and
distributed internationally.
This requires a strengthening of several components of IWTC //'s Applied Research
Recommendation C.9 which should also include a report back requirement.
it is recommended that operational track information is archived along with best track
archives
lt is strongly recommended t17at the position, strength and size parameters are derived
from satellite scatterometer data and provided to operational centres in real time. lt is
also important that validation of these derived parameters is undertaken and the results
published.
lt is recommended that the Guide decision trees are built into an expert system, stored
on a floppy disk, distributed to operational centres for trial over the next four years and
that the results of the four year trial are collected and synthesised prior to IWTC IV

lt is recommended that an international program should be commenced to:- ·
•
•

identify communities that are particularly vulnerable to inundation to tropical
cyclone generated surge and waves and
assist in the preparation of authoritative reports-on the extent of vulnerability and
the development of mitigation plans.

lt is recommended that the work-station component of General Recommendation .A2
from IWTC 11 is maintained.
lt is also recommended that WMO co-ordinates a system whereby each Regional
Association Tropical Cyclone or Hurricane Committee which uses ATCW designates a
regional contact point as a co-ordinating centre for the Region's ATCW interests. This
will significantly spread the administrative overheads of developing and maintaining
ATCW.
-------------------------------
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