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WMO TROPICAL METEOROLOGY PROGRAMME

The long-term objectives of the WMO Tropical Meteorology Programme
endorsed by the World Meteorological Congress (seventh (1975), eighth (1979)
and ninth (1983)) are to enable WMO to:
1.

(a)

Promote the co-ordination of Members' research efforts in
relevant areas of tropical meteorology, by making the optimum
use of data, both, those which are routinely available and those
which are now becoming available from a number of tropical
experiments (e.g. GATE, MONEX, WAMEX and FGGE) and the
scientific results therefrom.
This will lead to a better
understanding of the behaviour of tropical weather systems and
to an improvement in forecasts, and will thereby be of economic
benefit to the community;

(b)

Ensure the effective transfer of scientific knowledge on
methodologies so as to help in the application of research
results to operational services in tropical countries;

(c)

Help scientists, especially those from developing countries, to
participate in studies of tropical meteorology conducted
elsewhere;

(d)

Provide advice to Members, on request, concerning research and
training projects in tropical meteorology;

(e)

Encourage the exchange of information between Members concerning
the up-to-date status of research in tropical meteorology.

2.
The main components of the WMO Tropical Meteorology Programme will
include work relating to the following research topics:
(a)

Tropical cyclones and associated storm surges;

(b)

Monsoon studies;

(c)

Meteorology of semi-arid zones and tropical droughts;

(d)

Rain-producing tropical disturbances;

(e)

Interactions between tropical and mid-latitudes weather systems;

(f)

Tropical limited area weather prediction modell.ing.

3.
The overall strategy: WMO should act as a co-ordinator of research
activities in tropical meteorology by keeping these activities under
continuous review and taking the initiative, where appropriate, to ensure that
the maximum benefit is derived from the effective transfer of scientific
knowledge on methodologies so as to help in the application of research
results to operational services in tropical countries. ,.,~"·~-;;~--~,,.
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FOREWORD
The ·world Meteorological Organization attaches great importance to
activities relating to tropical cyclones. One particular activity is the
application of research results by Members to improve the issuance of the
accurate and timely forecasts and warnings of tropical cyclones occurrence
which are essential for the welfare of countries affected by these hazardous
weather phenomena.
Following the decisions
made at Ninth Congress (1983) and the
thirty-fifth (1983) and thirty-sixth (1984) sessions of the Executive Council
and at the kind invitation of Thailand, the WMO International Workshop on
Tropical Cyclones (IWTC) was organized with the eo-sponsorship of the
United Nations Development Programme and the US Office of Foreign Disaster
Assistance (US/OFDA).
The programme of the workshop was developed by the International
Programme Committee (Chairman, Professor W. M. Gray) as a special and unique
gathering which brought together, for the first time, active tropical cyclone
researchers, forecasters and warning specialists from all regions affected by
tropical cyclones, including those from Members belonging to the WMO Tropical
Cyclone Programme regional bodies.
The main objectives of the IWTC were:
(a) to examine current
knowledge, forecasting and research trends on tropical cyclones from an
integrated global perspective;
(b) to report on these aspects and to offer
recommendations for future forecasting studies and research with special
regard to the _varying needs of different regions.
In-depth exchange of both practical and theoretical information_ and
extensive discussions on the complex problems of tropical cyclones resulted in
a number of useful recommendations concerning tropical cyclone forecasting,
warning and research. An additional outcome was the establishment of better
communication between tropical cyclone researchers and forecasters. Plans for
future international co-operation between individuals and governments dealing
with tropical cyclones were also developed.
The present publication contains a summary of the state-of-the-science
on the main topics prepared by the session chairmen and recommendations
resulting from discussions held at the IWTC.
I would like to thank all participants who attended the Workshop and
devoted their time and knowledge to help in the advancement of global efforts
for improved understanding of tropical cyclones.
WMO is also grateful to the Governments and Permanent Representatives
of Australia, China, France, USA, and USSR, for providing supplementary
support which enabled additional participants to attend.
I wish to take this opportunity to thank sincerely all members of the
International Programme Committee, topic session chairmen, working group
rapporteurs and those who assisted in the preparation of this publication for
their valuable collaboration.

~~-~---(G. 0. P. Obasi)
Secretary-General
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CHAPTER 1
INTRODUCTION
A.

HISTORICAL BACKGROUND AND RATIONALE

1.
In the implementation of the WMO Tropical Meteorology Programme (TMP)
(formerly called the WMO Programme of Research in Tropical Meteorology),
activities relating to tropical cyclone research were included as one of the
major components. The World Meteorological Congress (Eighth (1979) and Ninth
0983)), requested that the Commission for Atmospheric Sciences, through its
Working Group on Tropical Meteorology provide scientific advice and guidance
on the development and implementation of the relevant TMP projects aiming at
studying those problems that would help most Members in the tropics to improve
their forecasting services and thereby benefit their national economy.
2.
Following relevant directives of Congress and the Executive Council, a
number of initiatives were taken by the CAS Working Group on Tropical
Meteorology to prepare the scientific assessments of study areas related to
tropical meteorology, tropical cyclones being one of them. This was the basis
on which practical plans for the implementation of specific priority tropical
cyclone research projects were subsequently developed.
·
3.
In his capacity as a member of the above-mentioned Working
Group/Rapporteur on Tropical Cyclones, Professor W. M. Gray undertook a survey
mission in 1978 to visit some 30 cyclone-affected countries to determine their
interest and requirements for tropical cyclone research. The findings helped
to further elaborate the tropical cyclone project implementation plan.
The
survey also identified problems involved in the promotion of tropical cyclone
research which are summarized below:
There has been far too little contact and sharing of in-depth
knowledge on tropical cyclone questions by different countries
affected by tropical
cyclones.
There
has
also been
a
communication barrier between tropical cyclone forecasters,
warning experts, and researchers. Research on tropical cyclones
from a global perspective is quite limited and uneven.
There
appears to be no global dialogue of how best to improve the
knowledge on the most important physical processes of tropical
cyclones or to devise the best forecast techniques for these
storm systems.
The extensive experience of a number of tropical cyclone
forecasters about these special storm systems needs to be better
communicated to the research community.
At the same time new
findings of the research community should more quickly reach
tropical cyclone forecast offices and be tested under operational
conditions.
Everyone would benefit by the establishment of a
more extensive dialogue between these groups.
4.
Eighth Congress (1979), while recogn~z~ng as essential that both
operational and research aspects of tropical cyclone activities be given due
attention, stated that close interaction needed to be maintained between the

- 2 -

regional bodies of the WMO Tropical Cyclone Programme (TCP) and the CAS
Working Group on Tropical Meteorology. This motivated a meeting of experts on
the implementation of tropical cyclone research projects (Fort Collins, USA,
1979) to suggest a symposium/workshop which would bring together tropical
cyclone forecasting and research experts for an in-depth exchange of both
practical and theoretical information concerning the complex nature of these
tropical cyclones.
5.
Subsequently, a proposal was made for the World Meteorological
Organization to organize a series of special tropical cyclone workshops as
part of the activities relating to TMP and research aspect of TCP.
This
proposal was endorsed by the president of CAS and subsequently approved by
Ninth Congress (1983). It was originally intended that the first workshop in
this series should be in 1984, but because of the need for long lead time for
its planning and preparations, the Executive Council at its thirty-sixth
session (1984), agreed to a postponement until 1985.
B.

INTERNATIONAL PROGRAMME COMMITTEE

6.
An International Programme Committee was established for the workshop
with the membership: Professor W. M. Gray (USA, Chairman), Dr. C. P. Arafiles
(Philippines), Dr. L. Chen (China), Dr. G. Holland (Australia), Dr. T. Kitade
(Japan), and Mr. N. Suzuki (WMO Secretariat).
The Committee was responsible
for
the
overall
organization,
e.g.,
the organizational concept,
the
pre-workshop preparation, the development of a detailed workshop programme
(the choice of topics, the selection of topic chairmen, working group
rapporteurs, conducting the workshop and preparing the proceedings, etc.).
C.

ORGANIZATIONAL CONCEPT

7.
The International Programme Committee for the workshop developed the
following organizational concept, i.e.:
(a)

would be a special and unique gathering which would bring
together,
for
the
first
time,
active
tropical
cyclone
researchers,
forecasters,
and warning specialists from all
regions affected by these systems, including those from Members
belonging to TCP regional bodies. The lead time of 18 months was
needed to enable all participants to prepare themselves with
pre-workshop
documents and to fully exploit the existing
scientific knowledge and forecasting experience from all regions;

(b)

Knowledge of tropical cyclones has not advanced as rapidly as it
could have.
The workshop would help to better understand
physical processes of tropical cyclones and provide more accurate
forecasts so that improved damage mitigation measures could be
taken.
These are also the ultimate goals of tropical cyclone
researchers and modellers.
Much attention and effort should be
directed to these activities through the long-term international
co-operative programmes;

(c)

Besides providing the opportunity for the interchange of ideas
between researchers, forecasters and warning specialists, the
workshop was
also
intended to
generate
lasting personal
associations for the benefit of all.

It
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8.
These organizational concepts were supported by the CAS Working Group
on Tropical Meteorology (Second Session, Geneva, April 1984).
D.

OBJECTIVES

9.

The main objectives of the workshop were:

E.

(a)

To examine current knowledge, forecasting, warning, and research
trends on tropical cyclones from an integrated global perspective;

(b)

To report on these aspects and to offer recommendations for
future forecasting studies and research with special regard to
the varying needs of different regions;.

(c)

To promote future collaboration between participants,
especially between the research and forecasting communities.

TOPICS AND SESSION CHAIRMEN

10.
The major topics for
chairmen, are listed below:
Topics

F.

and

the workshop, with an indication of session

Subject

Chairman

Topic 1.

Tropical Cyclones from a Global and
Regional Perspective

W. M. Gray (USA)

Topic 2.

Tropical Cyclone Structure

J. L. McBride (Australia)

Topic 3.

Tropical Cyclone Formation

G. Love (Australia)

Topic 4.

Tropical Cyclone Intensity and
Structural Change

G. J. Holland (Australia)

Topic 5.

Tropical Cyclone Motion

L. Chen (China)

Topic 6.

Numerical Modelling of Tropical
Cyclones

T. Kitade (Japan)

Topic 7.

Tropical Cyclone Measurement and
Analysis Techniques

R. C. Sheets (USA)

Topic 8.

Tropical Cyclone Coastal Impact

C. Arafiles (Philippines)

Topic 9.

Assessing and Improving Forecast
Warnings

R. L. Southern
(invited expert)

PRE-WORKSHOP PREPARATIONS AND THE CONDUCT OF THE WORKSHOP SESSIONS
(a)

Pre-workshop preparations

11.
The workshop was organized around nine basic topics.
Each of
topic chairmen was responsible for overall co-ordination, including
preparation of a summary report of his own topic. Each topic was divided
four to six sub-topics for which specialized working groups were set up.

the
the
into
The
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composition of these Working Groups was designed so that most workshop
attendees were with three or four different sub-topic areas.
Each Working
Group also had a rapporteur who was responsible for collecting background
material and for preparing a working group report in consultation with those
assigned to his working group.
The topic chairmen combined rapporteurs'
reports with their own summary reports.
12.
A 3-volume pre-printed publication containing reports by topic
chairmen and rapporteurs was printed by the WMO Secretariat under the WMO/TMP
report series and distributed to all participants prior to the workshop.
These reports of over 1, 000 pages provided a basic source of reference on
tropical cyclones and technical background for the workshop discussions.
13.
Questionnaire replies and personal views of participants were also
printed and distributed to all participants.

(b)

Sessions during the workshop

14.
The sessions during the workshop consisted of a combination of the
presentation of topic chairmen/rapporteurs' reports and panel discussions both
at plenary and at eight working group sessions sitting simultaneously.
Discussions among all participants were lively and proved extremely useful for
both the research and the forecasting groups to get to know each other
better. (For the daily schedule of the workshop, see Annex IV).

G.

PREPARATION OF THE FINAL REPORT

The post-workshop Report Editing Committee with the membership
indicated below met during the period 7-11 December 1985 and produced the
final version of the Workshop Synthesis Report to be published by WMO as the
proceedings.
15.

Membership: W. M. Gray (Chairman), G. Holland, C. Arafiles/J. Lirios,
L. Chen/H. Jin, J. McBride, T. Kitade, M. Fiorino, R. Southern,
I. Sitnikov, and N. Suzuki.
The main chapters of the report are:
Chapter 1
Chapter 2
Chapter 3
Chapter 4
ChaQ'ters
5-14

Annexes:
I-V

Introduction;
Summary;
Workshop recommendations;
State-of-the-science in operational forecasting;
Summary reports of Topic Chairmen;
Workshop structure, daily schedule and organizational
evaluation.
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CHAPTER 2
SUMMARY

This workshop was conducted to meet a perceived need for better
organization of the many varied global activities related to tropical cyclone
observations, forecasting, research and warning strategy.
The global attack on the tropical cyclone problem has become
increasingly fragmented in recent years by the growing need for specialization
in technology, research, and forecasting.
Since no one person can become
expert in all these areas, it is imperative that the maximum collaboration and
cross-fertilization of ideas be established and maintained so that the scarce
available resources can be used most effectively.
The workshop was therefore organized as an experiment to see if such a
diverse group of tropical cyclone experts could get together, share
viewpoints, discuss the science and operational aspects of tropical cyclones
and learn from each other.
The majority of the world's leading tropical
cyclone experts from all cyclone-affected regions and all related disciplines
were gathered in a workshop setting to discuss the state of the science, note
the
problems,
and
suggest
solutions.
Maximum
opportunity
for
cross-fertilization of ideas between these diverse groups was provided by the
combination of extensive pre-workshop preparation of state-of-the-science
reports together with extensive discussions in plenary and multiple working
group sessions at the workshop.
Stimulating discussion resulted on all aspects of the cyclone
problem. Participants generally praised the approach used in designing the
workshop.
Many expressed the view that they now have a much broader
appreciation of the scope of the cyclone problem.
The gathering also
initiated many personal contacts, which hopefully, will develop into
long-lasting scientific collaborations. Chapter 15 contains a summary of the
responses of participants to the evaluation of various aspects of the workshop
organization.
The -workshop has made a number of recommendations aimed at providing
improved understanding and more accurate forecasts, and at lessening some of
the devastating effects that tropical cyclones can have. Recommendations were
grouped under research, operational forecasting and WMO action headings.
These are described in detail in Chapter 3.
The strong view of the operational people at the workshop was that the
major impediment to further forecast improvements was a lack of adequate data
and a lack of knowledge of the physical mechanisms which bring about tropical
cyclone formation, structure change, and motion. It also was recognized that
the tropical cyclone track remained as the major forecast problem. The major
research and operational recommendations were therefore on the subject of
improving track forecasts, with special emphasis on:
(a)

Priority research effort to reduce the tropical cyclone position
forecast errors at 72 hours to the level of skill at 48 hours;
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(b)

The improvement of synoptic and sub-synoptic scale analyses and
predictions over the tropical and sub-tropical regions and to
provide these to regional centres in conjunction with a personal
computer based man/machine interactive system;

(c)

Development
of
a
better
understanding
of
environmental
interaction with tropical cyclones and of the processes which
lead to intensity and structural change.

It was also recognized by those at the workshop that a new branch of
activity was
emerging, that of the warning and disaster prevention
specialist.
Recommendations were made that forecasters should make every
effort to collaborate with these specialists, especially in the interpretation
and use of warnings, in probability forecasting, and in minimizing loss of
life and property from tropical cyclones.
The primary recommendation for WMO action was for the establishment of
a Standing Advisory Group of seven to eight tropical cyclone forecasters,
researchers, and warning specialists to help co-ordinate tropical cyclone
activities on a global scale.
The workshop noted that the main objective of the WMO Tropical Cyclone
Programme (TCP) is to promote an internationally co-ordinated programme which
will assist members in their efforts to minimize the loss of life and damage
caused by tropical cyclones. The WMO Tropical Meteorological Programme (TMP)
aims at assisting members in strengthening their research efforts through the
exchange of knowledge with particular emphasis on the transfer of knowledge to
developing countries.
The workshop considered it important to maintain communication links
between these two programmes so that information on activities of TCP regional
bodies may be made known to research communities and that new research
findings from IMP-sponsored tropical cyclone projects and other research, be
made known to various TCP regional bodies. This is justified from the point
of view of the efficient use of the limited funds available.
The workshop also considered it necessary to keep all concerned
sectors informed of significant developments in tropical cyclone research and
forecasting/warning activities by preparing and regularly distributing a
newsletter.
This would assist in the effective transfer of knowledge on
methodologies, so as to help in the application of research results to
operational services in cyclone-affected tropical countries.
In fight of the above, the workshop recognized a need for having an
appropriate working mechanism which would ensure the efficient co-ordination
of research and operational forecasting/warning aspects of tropical cyclone
activities.
The workshop therefore recommended that WMO take the necessary action
to establish a Standing Advisory Group of seven to eight tropical cyclone
experts, with the major responsibility to give spec~fic advice, when
necessary,
on the
co-ordination of
tropical
cyclone
research
and
forecasting/warning activities.
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Proposed terms of reference of the Standing Advisory Group of tropical
cyclone experts are as follows:
(a)

To give specific advice, when necessary, on the co-ordination of
tropical cyclone research and forecasting/warning activities;

(b)

To
keep
all
sectors
concerned
informed of
significant
developments in the tropical cyclone research and forecasting/
warning activities by preparing and disseminating an appropriate
newsletter at regular intervals;

(c)

To prepare a comprehensive plan for a periodic global workshop on
tropical cyclones, which will bring together both tropical
cyclone researchers, forecasters, and warning specialists, with a
frequency of about one every four years;

(d)

To help organize global standing committees of experts in various
tropical cyclone speciality areas similar to the pre-workshop
A-structure, as described in Annex I;

(e)

To assist in generating world-wide support for tropical cyclonerelated activities, particularly in research and forecasting, for
example, by organizing improved communications between various
speciality groups.
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CHAPTER 3
WORKSHOP RECOMMENDATIONS
3.1

PREAMBLE

3.1.1
The workshop, with its prepared state-of-the-science summaries and its
extensive plenary and working group discussions, provided a stimulating
environment for a maximum exchange of ideas.
This exchange of ideas also
resulted in a large number of recommendations for future action aimed at a
better understanding of the physical processes and the behaviour of tropical
cyclones, improving prediction skills by devising better techniques, reducing
the tropical cyclone impact, and developing closer working relationships among
research, forecast and warning specialists around the globe.
3.1.2
These recommendations were synthesized into a smaller number of
workshop recommendations by the following process.
First, each session
chairman gathered all the well supported recommendations for his topic and
presented them to the workshop in a plenary review.
Three committees then
collated these recommendations, under three headings of WMO action, research,
and operational forecasting, together with any others that were brought to
their attention. These were also presented and debated at plenary sessions.
Votes were taken on some major items. An overall workshop synthesis committee
then prepared the final set of workshop recommendations which were adopted
after further discussion.
3.1.3
Because of the wide representation of communities and expertise at the
workshop, these final synthesized recommendations provide a comprehensive
overview of the requirements from all aspects of the tropical cyclone problem,
from pure research to social and community responses.
A . summary of these
recommendations is presented in the following subsection. Those that require
further amplification or detailed explanation, are discussed further in
Section 3.3.
3.2

SYNTHESIZED WORKSHOP RECOMMENDATIONS

A.

General workshop recommendations

3.2.1

Two general recommendations were made by the workshop.

B.

These were:

A.l

The workshop participants were favourably impressed by the three
volume pre-workshop document containing reports of rapporteurs
with a wide range of backgrounds.
As a result, it was
overwhelmingly agreed that an editorial committee be established,
to prepare a tropical cyclone textbook based on these reports.

A. 2

The workshop strongly favoured the holding of further global
workshops on a time-scale of about once every four years.

Recommendations for WMO Action

3.2.2
The major recommendation was that a standing advisory group of
tropical cyclone experts be established. The rationale and terms of reference
for this group are contained in Chapter 2.
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3. 2. 3. Other recommendations for WMO action were as follows (the order of
presentation is random, no relative priority was assigned to these
recommendations):
B.l

Each tropical cyclone forecast centre should be encouraged to
prepare seasonal tropical cyclone summaries annually and send
these to a WMO-designated co-ordinating group for publication and
distribution.
WMO should encourage development of a global
archive of tropical cyclone data according to a standard,
internationally agreed format.

B.2

WMO should continue, and where possible recommend, the upgrading
and strengthening of education and training schemes with respect
to tropical cyclone activities. This should include both public
and scientific education. A number of specific recommendations
in this regard are contained in Section 3.3.

B. 3

WMO should take what action it can to ensure
that tropical
cyclone related data are available through the GTS on a real-time
basis.

B.4

WMO should take action to encourage a systematic inter-comparison
of numerical tropical cyclone models with different physical
parameterization but using the same idealized data.

B.5

WMO should arrange for a group of expert(s) to study the
feasibility, and make recommendations for the introduction of
compatible microcomputers into operational forecast centres for
data acquisition, processing and display, and for interactive
analysis and use of objective forecast techniques.
Further
details are contained in Section 3.3.

B. 6

A few major tropical cyclone centres should be encouraged to
obtain capabi 1i ties for advanced synoptic and sub-synoptic scale
analyses and to make these available to smaller forecast offices
through the microcomputer system cited under the preceding
recommendation.
To ensure that these analyses operate at the
state-of-the-science, VAS-type systems, microwave sounders and
water vapour sensors should be recommended for future GMS and
INSAT systems.

B.7

WMO should urge countries operating gee-stationary meteorological
satellites. to make data from these systems available on a
real-time operational basis to the user community at large.
Specifically, Japan, India and the United States should be urged
to provide hourly imagery to users in their areas. The USSR and
the United States should be urged to supply polar orbiting data
in real-time.

B.8

Considering that tropical cyclone storm surges are primarily
responsible for considerable loss of lives and damage to
property, WMO should do what it can to support the transfer of
technology in storm surge modelling and forecasting from
developed to developing tropical cyclone research and forecast
centres.
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B.9

WMO, in collaboration with appropriate international agencies
like UNDRO, UNDP and LRCS should provide necessary support to
Disaster Preparedness and Prevention (DPP) activities including
tropical
cyclone
damage
assessment,
particularly
in
the
developing countries.

B.lO International funding sources (such as WMO (VCP), UNDP, UNDRO,
LRCS, major overseas aid agencies and developing banks) should be
advised of the needs and priorities for research, operational
forecasting/warnings
and
disaster
preparedness.
This
is
necessary for understanding tropical cyclone forecasting and for
mitigation measures to be taken at regional and national level as
expressed at the workshop.
C.

Recommendations for operational forecasting

3. 2. 4
The workshop generally agreed that tropical cyclone track forecast
remained the major problem, that there had not been significant improvements
in track forecasts over the past decade, and that this was partly due to lack
of data and sophisticated analysis schemes, and partly due to a lack of
funding for dedicated motion research. The highest priority recommendation
for improving operational forecasting and warning was therefore for work aimed
at:
C.l

Improving the synoptic and sub-synoptic scale analyses and
predictions over the tropical and sub-tropical regions and
providing these to regional centres in conjunction with a
interactive
system.
A
univariate
optimum
man/machine
interpolation scheme with a facility to accept manual 'bogus'
observations was discussed as a viable method.

C.2

Developing a next generation operational numerical model aimed at
improving longer period tropical cyclone motion forecasts.
(For
further details, see Section 3.3).

3.2.5
Additional major recommendations formulated by the workshop are
summarized below (these are not in order of relative priority). A number of
the recommendations which were related to operational aspects also requested
direct action by WMO and therefore have been included in the WMO list above
(see Section 3.2 B).
C. 3

Every effort should be made to improve the real-time data base
available to tropical cyclone forecasters.

C. 4

Tropical analyses should be archived and used to generate an
updated set of mean wind fields and ar;1omalies for forecasting
use.
Such mean wind fields and anomalies should account for
possible bias due to the 40-50 day oscillation.

C.5

All forecasts and warnings should be archived and verified
according to a standard, internationally agreed format. Elements
to be verified include position, core intensity, formation, the
extent of low-level wind fields and storm surge.
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C.G

Forecast centre officials should be encouraged to actively
collaborate with disaster prevention specialists, especially on
the interpretation and use of warnings, on probability
forecasting and minimizing loss of life and property from
tropical cyclones.

C. 7 Operational forecasters and research scientists should be
encouraged to work together on tropical cyclone research
projects.
Where possible this
should be formalized by
implementation of eo-located forecast and research units with
common goals and priorities.
(For further details, see
Section 3.3).

c. 8
D.

Efforts
to
precipitation
encouraged.

improve
tropical . cyclone-related
analysis and forecasting should

quantitative
be actively

Research recommendations

3.2.6
In agreement with the operational forecasting assessment that tropical
cyclone track forecasts remained the major problem, the foremost research
proposal was that there should be a priority research effort, with adequate
national/ international funding, aimed at reducing motion forecast errors in
the next decade. Specifically:
D.l

A high priority should be given during the next 5-10 years to
reducing the tropical cyclone position forecast errors at 72
hours to the level of the present skill at 48 hours.

3.2.7
There was also an endorsement of the need for research and forecasting
experts to collaborate more closely as recommended under Section 3.2,
Recommendation C. 7 above. Additional major research recommendations are as
follows: (these are not in order of relative priority).
D.2

The excellent information exchange at this workshop should be
further encouraged by the organization of periodic tropical
cyclone research workshops.

D. 3

Basic
research
aimed at · long..:..t-erm ·improvements
in our
understanding of tropical cyclones should be actively encouraged,
particularly that related to tropical cyclone and environmental
interaction. (For further details, see Section 3.3).

D.4

In conjunction with the
above
recommendation,
continued
encouragement should be given to the development of advanced
research numerical models, and to their use in investigating
tropical cyclone physical mechanisms, including environmental
interactions.

D.S

In conjunction with Recommendation D.4 above,
and with
operational
forecasting
Recommendation
C.2,
the
workshop
supported the collection of special, high density tropical
cyclone data sets for use with ongoing modelling and theoretical
studies.
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3.3

D.G

Continued support should be given to the application of advances
in satellite technology to the problems of tropical cyclone
analysis and forecasting.

D.7

The workshop recognized that aircraft reconnaissance provides the
most accurate observations of the cyclone core region and
recommends that the current facilities be maintained. The Guam
reconnaissance data should be better utilized by the research
community.
Individual nations should also be
encouraged to
install inexpensive instrument packages for use on military or
civilian aircraft to both aid forecasting and provide additional
valuable research data.

D. 8

Applied research aimed at more efficient utilization of tropical
cyclone forecasts should be actively encouraged. Such research
might include the psychological and the social response to
warnings, and means of survival in a tropical cyclone event.

D.9

All new forecast techniques and technology developments should be
critically reviewed and tested in research and operational modes
before being released for operational use.

AMPLIFICATION ON SPECIFIC RECOMMENDATIONS

3.3.1
Recommendation B.2 on Education: As part of this increased emphasis
on education and training, WMO should give consideration to the following:
(a)

Education authorities should be encouraged to introduce into
school environmental studies, the study of tropical cyclones as
a severe natural hazard, the safety measures needed and their
socio-economic impact.
The emphasis to be on establishing
routine activities rather than continuing on the at present
somewhat 'ad hoc' basis;

(b)

WMO should commission or arrange for publication guidance
manuals designed for countries with limited access to such
information
re:
(i)
An
operational
tropical
cyclone
forecasters' manual; and (ii) Risk evaluation, vulnerability
assessments and behavioural response studies;

(c)

The international community should be urged to support the
newly-established Asian centre for disaster preparedness and
training at the Asian Institute of Technology, Bangkok;

(d)

WMO should consider sponsoring small teams of three to four
research/forecaster experts to visit various developing country
forecast centres on a regular basis. The aim being to interact
with staff at these centres on their home ground, provide
instruction on tropical cyclone research findings, and advise on
regional forecasting.

3.3.2
Recommendation
B.S
concerning
the
feasibility
study on the
introduction of microcomputers: Two options for this purpose were discussed
at the workshop:
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(a)

Low cost, low technology option (such as an IBM PC-XT plus
printer)
with software support and training to allow a
forecaster to interpolate data from forecast charts and utilize
simple, interactive forecast guidance programmes. Such software
could also incorporate interactive forecaster training modules;

(b)

Higher cost option (such as an IBM PC-AT plus printer plus telex
plus satellite and radar receiver interface). This system could
potentially provide the forecaster with an integrated system
based on pre-processed data from a more technologically
sophisticated centre. It would be more costly than (a) and would
take longer to fully develop.

The final decision on these and other possible options should be made
by a qualified group of experts (including forecasters familiar with such
technology) before implementation of such a programme.
3.3.3
Recommendation C.2 on advanced operational numerical models: This is
a combined research and operations recommendation.
In addition to this
sophisticated model development, the workshop also made two further
recommendations:

3.3.4

(a)

A barotropic or a two level analogue of a sophisticated model to
be developed for use on microcomputers;

(b)

Models to be developed for the boundary-layer response to a
moving pre-specified pressure field for forecasting the wind
distribution in landfalling cyclones.

Recommendation
researchers:

C.7

on

the

relationship

between

forecasters

and

3.3.4.1 Discussion at the workshop included various ways in which formal
structures could be established to ensure continued interaction between
forecasters and researchers in their attempts to solve the various tropical
cyclone forecast problems. Such structures could include:
(a)

Forecasters and researchers be eo-located and co-operate on a
ver~ close basis;

(b)

Researchers and forecasters who are separated should have common
goals and keep each other aware of their needs;

(c)

Researchers and forecasters who are separate and without
formal connections should maintain incidental contacts.

any

3 .3. 4. 2 The productiveness of the small research group lead by C. J. Neumann
at the National Hurricane Center in the United States suggests that type (a)
above is a desirable model. However, the best system for a particular nation
depends very much on the national needs and on the type of people who can be
attracted to work in it.
3.3.4.3 Another effective method of achieving a good forecaster/researcher
rapport was considered to be to the encouragement of forecasters to undertake
applied research projects. Possible topics include:
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*

Synoptic climatologies;

*

The structure of sheared cyclones;

*
*

The structure of weak cyclones and depressions;

*

The structure of feeder bands;

*
*

Opposite hemispheric influences;
Case studies of cyclones with unusual tracks;

*

Cyclone weakening and absorption into fronts;

*

Forecasting seasonal cyclone numbers.

The relationship of outflow layer characteristics to
intensity change;

3.3.4.4 Further specific recommendations on this topic were:

3.3.5

(a)

To encourage forecaster/researcher exchange programmes;

(b)

To establish technique development groups and maintain them in
close proximity to groups engaged in fundamental research;

(c)

For forecasters and researchers to be actively encouraged to
collaborate in the formulation of conceptual models likely to be
of use in operational areas.
It was further recommended that
such models be documented and distributed by way of regularly
updated cyclone forecast manuals.

Recommendation 0.3 concerning basic research on tropical cyclones:

The major impediments to improvements in forecasting all aspects of
tropical cyclones were considered by the workshop to be lack of adequate data
and lack of understanding of the underlying physics.
Only well supported
basic research can provide an increase in understanding and such research
could also provide some solutions to the data problem. Such research should
therefore be pursued with vigour. Topics that were discussed included:
(a)

The linear and non-linear processes that bring about tropical
cyclone motion;

(b)

The physical mechanisms of tropical cyclone formation and
structure change, and particularly the environmental interactions;

(c)

Climatological
studies
of
inter-annual
variability in tropical cyclogenesis;

(d)

Specific examinations of unusual events such as rapid deepening
or filling, rapid changes in track, looping, and large forecast
errors;

and

inter-basin
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(e)

The distribution of wind
tornadoes and microbursts
storms;

particularly that associated with
and precipitation in landfalling

(f)

The role of surface energy sources in tropical cyclone formation
and structure change;

(g)

The oceanic response to tropical cyclones, particularly with
regard to the generation of waves and storm surge;

(h)

The possible role of stratosphere-troposphere interaction should
be more carefully investigated.
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CHAPTER 4
THE STATE-OF-THE-SCIENCE ON OPERATIONAL FORECASTING OF TROPICAL CYCLONES
by
G. Holland and J. L. McBride
4.1

INTRODUCTION

As part of the pre-workshop preparations, two questionnaire surveys
were sent to representatives from all participating tropical cyclone
forecasting offices in the workshop. The first questionnaire was on formation
and structure (structure was defined as shown in Figure 8.2 of Chapter 8).
Because of the excellent response to this questionnaire, a second slightly
more comprehensive questionnaire on position forecasting and analysis was
circulated.
The aim was to provide a comprehensive global summary of the
state-of-the-science in operational forecasting and to elucidate some future
prospects.
Responses were received from Australia, Bangladesh, Fiji, Guam,
Hong Kong, India, Japan, La Reunion, Madagascar, Mauritius, Mozambique,
New Zealand, the Philippines, and the United States.
The Australian and
Indian responses covered all forecasting offices in those countries. Thus all
ocean basins were represented in the survey and the responses provided a
general indication of the views and practices of operational forecasters
around the world.
Not all respondents provided answers to all questions
however, so the statistics are not homogeneous and care must be taken with
inter-comparisons.
Responses on the following aspects of tropical cyclone forecasting are
summarized here:
the relative importance of different forecasts; the data
sources used; the techniques used; the analysis and forecast errors; and
perceived impediments to future improvements.
Details on various forecast
techniques and methods are not given, however.
These may be obtained from
previous reports such as the Australian Tropical Cyclone Forecasting Manual
(Bureau of
Meteorology,
Melbourne,
Australia,
1978),
the
Operational
Techniques for Forecasting Tropical Cyclone Intensity and Movement (WM0-538,
1979) and the TOPEX Operational Manual.
4.2
and
was
The
few

RELATIVE IMPORTANCE OF DIFFERENT TROPICAL CYCLONE FORECASTS
There was unanimous agreement that tropical cyclone position analysis
forecasting was the most important forecast function. Cyclone intensity
a clear second and rainfall was rated slightly ahead of outer structure.
relative importance of formation was not canvassed in the survey and too
offices make seasonal forecasts for this to be given a relative position.

The relative difficulties of analysing and forecasting the different
functions were by no means so clear cut. All functions were given at least
one 'most difficult' and one 'least difficult', rating, indicating the variety
of problems that beset different regions. Overall, rainfall was considered to
be the most difficult function for both analysis and forecasting. Outer
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structure and intensity were rated as being of equal second analysis
difficulty.
Cyclone position was rated the least difficult analysis
function.
The same relative order applied for forecasting, except that
position and intensity were rated equally as the least difficult.
Each respondent was also asked to indicate whether forecasting
tropical cyclone formation was a problem in their area of forecast
responsibility.
Nine replied yes, five replied no, and one replied
occasionally.
4.3

DATA SOURCES

Each forecast office representative was asked to rate a range of data
sources in order of importance for: (1) analysing and forecasting formation
and structure; (2) analysing position; and, (3) forecasting position. The
results are summarized in Tables 4.1 - 4.3.
Surface observations provided the most used data base for all aspects
of tropical cyclone analysis and forecasting. Unenhanced satellite data were
the prime source for structure and formation, but these were not considered to
be as useful for position analysis and forecasting. Upper-air observations
had the highest rating for position forecasting, reflecting the need for an
accurate steering current determination.
Radar and aircraft data received a low rating because they were not
always readily available.
Most centres gave these observations highest
priority when they were available.
4.4

TECHNIQUES

The Dvorak technique for analysing intensity, formation and position
was used almost universally and was the most common technique. All countries
also made use of some form of pressure/wind relationship in their analysis
procedure. With the exception of direct observations, such as an aircraft or
radar fix, all other analysis techniques mentioned were entirely subjective.
The final estimate was made by a 'reliability weighted' mean of all estimates.
There were no current operational numerical, nor widely accepted
objective, techniques . to- forecast formation or structure changes. The most
common method was to use the Dvorak technique, combined with persistence of
trend, and a subjective assessment of the prevailing atmospheric conditions to
forecast both formation and intensity.
Most offices did not explicitly
forecast outer circulation changes.
A number of centres formalized these
subjective assessments using some form of routine check sheet, an example of
which is shown in Figure 4 .1. The major effort also seemed to be devoted to
forecasting rapid formation or changes in structure.
The most commonly mentioned subjective indicators of formation were:
favourable surface or upper-air synoptic patterns, surface isallobars, and
some form of genesis index. For intensity trend, upper tropospheric outflow
layer interactions, low level wind surges or incursions of dry or cold air and
sea-surface temperature variations were mentioned by three or more centres.

By comparison with the lack of objective techniques for formation and
structure forecasting, most centres had some form of objective track
forecasting scheme. All centres used persistence as a prime forecast method.
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This was followed by analogic or climatological techniques (eight centres) ,
subjective steering determination (seven), statistical techniques (five),
dynamical techniques (four), forecaster experience (two), and satellite
techniques (one).
A number of centres also made use of the advisory
statements from other offices, particularly Guam.
4.5

ANALYSIS AND FORECAST ACCURACY

Formation:
Only three countries routinely kept any form of forecast
verification statistics on tropical cyclone formation.
Because of the
qualitative nature of the forecasts (e.g., that there was a potential for
development during the next 24 hours) and the different office verification
procedures, it was difficult to interpret those statistics that were kept.
Structure:
Only two countries had routine statistics on the analysis
and forecasting of tropical cyclone intensity and no country kept statistics
on forecast errors or other structural characteristics, such as size (Guam
kept a record of the extent of 30, 50, and 100 kn winds) .
The 24-hour
intensity forecast errors for the USA and Australia were 13. 3 kn and 15 hPa
respectively.
Both of these errors were worse than persistence.
The
Australian errors were much worse than those from the USA, reflecting the
impact of qualitative and inaccurate real-time intensity analysis in the
absence of aircraft reconnaissance.
As a result of this lack of objective verification statistics very few
respondents provided any objective indications of the accuracy of the various
analysis and forecast techniques used.
Only general assessments could
therefore be made.
Aircraft reconnaissance provided the best intensity indication.
The
most accurate was a complete low-level reconaissance of the vortex.
Spot
winds could be in considerable error, however, because they might be taken in
a non-representative part of the cyclone wind field. Hence, when a complete
reconnaissance was not available a central pressure estimate combined with
some form of pressure-wind relationship was preferred.
For regions without
aircraft observations, the Dvorak satellite technique was the most accurate
analysis technique.
Indeed the Dvorak technique was used as a bench-mark by
all offices and had clearly been the major influence on formation and
structure analysis and _forecasting.
Widely differing views were expressed,
however, on the level of skill of this technique. It produced generally low
mean errors but had a high standard deviation indicating that it could be
considerably in error on occasions.
A significant problem also existed in
that no ground truth verification of the analysis model had been made in a
number of regions.
Analysis using scarce surface observations alone were
subject to considerable error.
When used in conjunction with satellite
estimates, the overall accuracy probably increased.
Since there were no widely accepted intensity forecast techniques no
estimate of the relative accuracies of those few that were used could be made.
Position:
Five countries maintained routine position analysis and
forecast error statistics.
Those with access to aircraft reconnaissance
reported mean analysis errors of around 40 km.
Australia, which had no
reconnaissance had somewhat larger errors of around 70 km.
It was interesting
to note that Bell (Aust. Met. Mag. 27: 249-258, 1891) reported that the mean
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difference between best tracks for various north-west Pacific centres was also
around 40 km.
As a general assessment from the survey responses, the methods used to
estimate
position
had
the
following
relative
accuracy:
aircraft
reconnaissance around 20 km; radar, 20-55 km, depending on the degree of
organization; Dvorak satellite technique, 20-80 km, with a caution from some
respondents that considerable errors could occur for weak, sheared systems;
surface observations, 40-over 100 km.
Because of the wide variety of techniques used and their different
applications it is not possible to give a comprehensive error breakdown here.
The accuracy of the common techniques have been extensively reported in the
meteorological literature.
As a general assessment, vector mean forecast
errors are around 200-250 km at 24 hours, 400-500 km at 48 hours, and
600-700 km at 72 hours.
4.6

IMPEDIMENTS TO IMPROVING ANALYSES AND FORECASTS

The most common response to this question 'iras that there was a lack of
adequate data in the cyclone vicinity. For formation and structure there was
unanimous agreement in this regard. Lack of surface data was mentioned most
often followed by lack of satellite and upper-air observations.
Many
respondents also expressed a need for aircraft reconnaissance in their
region. It was notable that all countries believed they experienced this lack
of adequate data problem regardless of their current level of sophistication
in data retrieval and analysis. This indicated that an objective, realistic
assessment of the tropical cyclone data base and its impact on analysis and
forecasting was needed.
Such an assessment should include realistic
recommendations for improvement.
The second most commonly expressed impediment was the lack of
knowledge of the underlying physics and mechanisms of formation, structure
change and motion.
As one respondent stated there was
"inadequate
understanding of the interaction of the cyclone with its environment, the
physical processes involved in development, movement and decay, and realistic
quantification
of
the
results".
This
sentiment
was
also
expressed
consistently at the workshop.
A number of respondents commented that the present highly subjective
nature of the forecasts, especially as regards formation and intensity, was
unsatisfactory and called for more objective techniques.
Insufficient
manpower, especially dedicated cyclone specialists, the time lag between
technological and research developments and their implementation in forecast
offices, reluctance by forecasters to try new techniques, and inability to
forecast synoptic-scale flow changes were also mentioned by at least one
respondent.
The large majority of respondents were optimistic that there would be
significant improvements in tropical cyclone forecasts in the next decade.
Some respondents noted that this could be most effectively achieved by a
combination of academic and forecast people in the research and forecast
environment.
One respondent also was pessimistic regarding improvement in
smaller forecast centres because of their lack of the financial and staff
resources needed to effectively implement the techniques and methodology being
developed in the larger centres.
A recognition of this problem led to the
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workshop
recommendation
for
application
of
standardized,
inexpensive
microcomputer technology in all forecast centres. Such computer technology
could be used to run interactive forecast techniques and to interface
satellite and radar data and other products from more technologically
sophisticated forecast centres.

4.7

SUMMARY

The questionnaire survey of all major forecasting offices provided a
global indication of the methodologies and problems of tropical cyclone
prediction. These indicated that position analysis and forecasting was the
most important function and that rainfall forecasting the most difficult. The
major data sources were surface observations and satellite imagery, but
aircraft reconnaissance and radar data were given precedence when available.
Forecasts were still quite subjective.
There were virtually no objective
techniques for formation and structure change, and a subjective decision was
made on which combination of objective motion forecast techniques should be
used in any given circumstance. These subjective assessments were quantified
to some extent by the use of check sheets, which were especially useful for
alerting forecasters to the possibility of possible sudden changes.
The major impediments to future improvements were seen as lack of data
in the cyclone vicinity and lack of knowledge of the underlying physical
mechanisms.
The inability of small centers to utilize the technology and
methods being developed by larger centres was also mentioned.
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TABLE 4.1
Perceived levels of importance of specified data sources in the analysis
and forecasting of tropical cyclone formation and structural change.
'---.....__

~

Ranking Frequency

~~.Rank

Data source

~ Highest

Second

Third

Lower

Not used

Unenhanced satellite
imagery

8

3

0

2

0

Surface observations

8

2

2

1

0

Enhanced satellite
imagery

3

2

0

2

6

Aircraft reconnaissance

2

2

1

1

6

Upper air observations

2

2

6

3

0

Cloud winds

0

0

3

5

5

Satellite remote
sensing

0

0

0

2

11

The numbers
category.

indicate the number of respondents who gave a ranking in each
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TABLE 4.2
Perceived levels of importance of specified data sources in the analysis of
tropical cyclone position.
,,
""-~,.,_

"-,

Rank

Ranking Frequency

~""-

Data source

'~

Highest

Second

Third

Lower

Not used

Surface observations

5

2

0

2

0

Radar

4

1

3

1

0

Aircraft reconnaissance

3

1

0

0

5

Unenhanced satellite
imagery

2

3

3

1

0

Enhanced satellite
imagery

0

3

2

2

2

Upper air observations

0

2

1

6

0

Cloud winds

0

0

1

6

2

Satellite remote
sensing

0

0

0

1

8

The numbers indicate the number of respondents who gave a ranking in each
category. There were fewer respondents to this question than to the previous
one (Table 4.1).
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TABLE 4.3
Perceived levels of importance of specified data sources
in the forecasting of tropical cyclone position.

~~

Rank

-.,......_

Ranking Frequency

~~

Data source

~

~----

Highest

Second

Third

Lower

Not used

Upper-airobservations

6

2

0

1

0

Surface observations

4

4

0

1

0

Radar

2

1

1

1

4

Unenhanced satellite
imagery

1

2

4

2

0

Cloud winds

1

2

0

4

2

Aircraft reconnaissance

1

0

2

0

6

Enhanced satellite
imagery

0

0

2

4

3

Satellite remote
sensing

0

0

1

2

6

The numbers indicate the number of respondents who gave a
category.

ranking in each
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Figure 4.1 - Check sheet for subjective determination of intensity trend used
by Australia (Australian Tropical Cyclone Forecasting Manual
1978, Bureau of Meteorology, Melbourne, Australia)
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CHAPTER 5: TOPIC 1
TROPICAL CYCLONE GLOBAL AND REGIONAL CLIMATOLOGY
by
W. M. Gray
5.1

INTRODUCTION

The climatology of tropical cyclones (TC) is discussed from a global
and regional perspective.
The aim is to acquaint the reader with the
different characteristics of tropical cyclones in the different storm
regions. These differences are primarily a result of differences in storm
basin climatology.
The aim of this report is to explain some of these
regional differences and other climatological features of the TC.
Statistics on the occurrence of named tropical cyclones (systems with
measured or estimated maximum sustained winds of 17 m s- 1 or greater)
throughout the globe for the last 27 years are listed in Table 5 .1. There
are, on average, approximately 80 named tropical cyclones (TC) per year which
form over the globe. The annual variation from this 27-year-mean ranges from
-16% to +21%.
The average annual variation is 9%.
Individual basin
variability is considerably higher.
There are no obvious secular trends in
either the global or regional statistics.
Figure 5.1 shows the location of the initial detection points of TC
formation over a 20-year period.
About two-thirds of these TCs reach
hurricane intensity (maximum sustained winds ~ 33 m s- 1 ) . About two-thirds
of all cyclones form in the Northern Hemisphere (N.H.).
Similarly, about
two-thirds of all tropical cyclones form in the eastern as opposed to the
western hemisphere. Thirteen of the globe's tropical cyclones form poleward
of 20 degrees latitude and nearly all of these occur in the N.H. This is due
to the higher latitude occurrence of warm ocean temperature and the minimum of
summer baroclinicity which occurs in the N.H. as compared to the S.H.

Figure 5.1 - Initial detection points of TC formation over a 20-year period
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TABLE 5.1

Yearly variation of tropical cyclones by ocean basin

Year

S. H.

1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

1958-59
1959-60
1960-61
1961-62
1962-63
1963-64
1964-65
1965-66
1966-67
1967-68
1968-69
1969-70
1970-71
1971-72
1972-73
1973-74
1974-75
1975-76
1976-77
1977-78
1978-79
1979-80
1980-81
1981-82
1982-83
1983-84
1984-85

NW Atl
12

NE Pac

NW Pac

N.
Indian

5
4
12

14
20
10
18
16
14
12
17
16
18
17
18
10
14
15
19
21
18

22
18
28
29
30
25
39
34
31
35
27
19
23
34
28
21
23
17
24
19
28
23
24
28
26
23
27

5
6
4
6
5
6
7
6
9
6
7
6
7
6
6
6
7
6
5
5
4
7
2
3
5
3
4

Total

239

383

705

Average

8.9

14.2

11

% of global

11

6
11

6
9
13
5
11

8
7
14
8
14
4
7
8
8
8
6
12
8

13
13

10
12
9
9
6
11
13

s.
Indian
11

6
6
12
8
9
6

12
5
11

8
10
11

7
13

4
6
8
9
6
13

Aus-S.
Pac
18
15
16
11

20
14
13
11
11

17
15
13

15
20
22
24

Total
81
69
70
81
78
72
84
79
80
91
84
72
82
97
87
74

13

74

12

21
21
14
12
17
18
14
19
17
23

76
85
67
87
76
80
83
79
79
96

149

243

444

2163

26.1

5.5

9.0

16.4

80.1

18

33

7

11

20

100

14
4
10

21
6
15

35
17
18

9
2
7

13

24

5
8

11
13

97
67
30

1.12

1.26

.69

1.0

.89

.79

.35

11
11

11
11

12
5
11

Total
Maximum
Minimum
Range
Range/seasonal
mean
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It appears that long-term geographical differences in seasonal
tropical cyclone frequency can be directly related to seasonal values of low
level vortici ty ( ~), Coriolis parameter (f), the inverse of the vertical
shear (Sz) of the horizontal wind between the lower and upper troposphere or
1/Sz, ocean thermal energy or sea temperature above 26°C to a depth of 60 m
(E), the vertical gradient of ee between the surface and 500 hPa
caee/ap) and middle troposphere mean relative vorticity (RH).
All six
of these parameters are known to be important for TC occurrence.
There are noteworthy differences in the climatology of tropical
cyclones between TC basins. These basin to basin climatological differences
in TC activity are related to the geographical differences in the above six
parameters.
Major interest in the climatology of TCs does, however, not rest with
the long term TC climatology but rather with the season-to-season and within
season, TC variations from this background climatology.
In general, storm basins with the most cyclones have as a percentage
the least season-to-season variability. The North Atlantic has the highest
seasonal TC variability. By contrast, the NW Pacific has only slightly more
than half as much season-to-season named storm variability.
About 80-85% of tropical cyclones originate in, or just on the
poleward side of the inter-tropical convergence zone (ITCZ) or monsoon
trough.
Most of the remainder (~12-15%) form in the trade winds (embedded
systems as they are sometimes called) away from the monsoon trough. Embedded
system formation often occurs in association with a special upper level flow
pattern such as a Tropical Upper Tropospheric Trough (TUTT) or baroclinic
trough at sub-tropical latitudes. Atlantic TC formations are not typically
related with a monsoon trough, but are embedded trade wind formations 50-60%
from westward traveling disturbances of African or east Atlantic origin.
There
is another important smaller class of sub-tropical or
mixed-tropical-baroclinic, or hybrid, type of tropical cyclone.
These
comprise perhaps 3-5% of the global total of tropical cyclones. They form in
sub-tropical latitudes in or near the baroclinic regions of stagnant frontal
zones or to the east of sub-tropical upper air troughs. Sub-tropical cyclones
are typically le::;s intense than their purely tropical· cousins but often cover
a larger area.
This type of mixed tropical-baroclinic cyclone can cause
special problems to the forecaster, however.
They need more study.
Sub-tropical formations are most prevalent in the north-west Atlantic and the
north-west Pacific where formation is possible at a higher latitude than in
the S.H. or in the NE Pacific or north Indian Ocean.
5.2

CHARACTERISTIC TROPICAL CYCLONE BASIN DIFFERENCES

It is likely that a forecaster or researcher can better understand
tropical cyclones of his own region if he knows more of the characteristics of
tropical cyclones in the other ocean basins and the very large range of TC
behaviour which sometimes occurs. There is not enough space to describe the
characteristic of each TC basin as discussed in the extensive pre-workshop
rapporteur reports. These consisted of reports of the characteristics ··of TC
in the Atlantic (by C. Neumann), in the N.E. Pacific (by R. Elsberry), in the
N.W. Pacific (by C. Bao), in the N. Indian Ocean (by G. S. Mandal), in the
S. Indian Ocean (by Y. Valadon), in the Australian Region (by G. Foley) and in
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the S.
Pacific
characteristics.

(by

C.

Revell).

Each

basin

has

its

unique

storm

(1)
North Atlantic
(average -9 named TCs per year).
TC formation
in the early and late part of the season occurs more around the Western
Caribbean from in-si tu development.
Subsequent movement is more northerly.
In the middle of the TC season formation results more from systems moving
westwards from the eastern Atlantic or West Africa.

(2) NE
Pacific
(average ~15 named TCs per year).
A good
climatology exists since daily satellite pictures have been available.
This
is a unique basin for TC dissipation at tropical latitudes due to the
occurrence of lower SST, and higher tropospheric wind shears. Few TC recurve
except late in the year.
( 3) NW Pacific
(average -27 named storms per year).
Most active
of the TC basins and has the largest and most intense TCs.
Formation is
possible in all months of the year.
Possesses all classes of TC formation.
TCs of this basin affect the lives of the greatest number of people.
(4) N. Indian Ocean
(average -6 named TCs per season).
TC season
is split into two periods and two basins. Approximately one-third of TCs on
average form in the pre-monsoon period around May-June while two-thirds occur
in the post-monsoon period of September-December. TCs do not usually form in
mid-summer. About one-third form in the Arabian Sea and two-thirds in the Bay
of Bengal.
TCs usually cross land before recurvature.
Some Bay of Bengal
systems can be traced as disturbances across the S.E. Asian peninsula, others
cannot.
( 5) S.
Indian
classical monsoon trough
occurs at lower latitude
by baroclinic westerlies

Ocean
(average ~a named TCs per season).
A
TC region. As with other S.H, TC basins recurvature
than in the N.H. The frequency of sheared TC systems
is rather high.

( 6) Australian Region
(average
~10
named TCs per season).
The
region is geographically split between south-west moving TCs which have a high
frequency and are very intense just off the NW coast. The Gulf of Carpenteria
has many weaker TCs which are frequently semi-stationary.
TCs off the east
coast usually follow meandering courses but have -a prevailing direction to the
east. System initiation over land has been reported on a number of occasions.
(7) South Pacific
(average ~6 named TCs
165 E).
Many TCs form which move with an easterly
occurs quite far east in El Nino years.
5.3

per season east of
Formation
component.

SPECIAL BASIN TROPICAL CYCLONE TRACK DIFFERENCES

Figure 5.2 shows the track of tropical cyclones for a recent
three-year period. A large variability in track is evident. This figure does
not, however, portray well many of the systematic track differences between
the different storm basins.
These track differences are a result of the
different background climatologies that occur in the various basins.
For
instance:
(a)

The latitudinal distribution of fast <> 7.5 m s- 1 ) , slow (< 2.5
m s- 1 ) , and looping motion tropical cyclones in the Atlantic
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are opposite to that in the NW Pacific.
This is due to the
presence of monsoon trough conditions in the NW Pacific and the
absence of such monsoon conditions in the Atlantic. There is a
much higher percentage of fast moving tropical cyclones at low
latitudes in the Atlantic in comparison with the Pacific.
The
percentage of low versus high latitude cyclones that loop are
very different in the two basins. The Atlantic has substantially
more looping cyclones at high latitudes than the NW Pacific and
the NW Pacific has more looping activity at low latitudes.
(b)

The percentage of slow moving, erratic or stationary tropical
cyclones in the Australian region is the highest in the world.
This is why track forecasting in the Australian region is more
difficult than in other basins.

(c)

The South Pacific has tropical cyclones whose entire life-cycle
occurs while they are moving in an easterly direction. This is
uncommon in the other basins.

(d)

Because of restrictions of land or cold water to their poleward
sides only a very small number of named tropical cyclones in the
North Indian Ocean and the NE Pacific experience recurvature.
This reduces the often difficult forecast problems associated
with recurvature and speed acceleration that occur when cyclones
enter a westerly steering environment. It is not surprising that
these regions are judged to have the least forecast track
difficulty.
Forecast difficulty, in general, goes up with
latitude.

Figure 5.2 - The tracks of tropical cyclones for a 3-year period
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Neumann and Pelissier (Mon. Wea. Rev., 1981) have defined forecast
skill as the degree to which it
is possible
to
improve
on
a
Climatology-Persistence (or CLIPPER) forecast. The degree to which a cyclone
track deviates from the track specified by climatology-persistence is a
measure of the degree of forecast difficulty.
Using this criterion Pike
(Proceedings AMS Houston Conference, May, 1985) has classified the six
different global basins by their track forecast difficulty at 24, 48, and 72
hours (see Table 5.2). This table shows that by this definition the most
difficult basin in which to make forecasts is that of the South Pacific/
Australian region.
Forecasts in the Australian region are about twice as
difficult as forecasts of the North Indian Ocean or NE Pacific. The Atlantic
is only slightly less difficult than the South Pacific/Australian region. The
NW Pacific is the third most difficult basin for track forecasting.
TABLE 5.2
Average Forecast Difficulty (FDL) inn mi, and normalized FDL (NFDL),
ranked by basin from most to least difficult (Pike, 1985)

Rank
Basin

24 hr

72 hr

48 hr

FDL

NFDL

FDL

NFDL

FDL

NFDL

1.

s.w. Pac.-Aust.

130

1.37

272

1.34

393

1.32

2.

North Atlantic

113

1.19

250

1.24

367

1.24

3.

Western N. Pac.

99

1. 04

225

1.11

341

1.15

4.

s.w. Indian

87

0.91

183

0.91

270

0.91

5.

Eastern N. Pac.

78

0.82

159

0.79

233

0.78

6.

North Indian

63

0.67

124

0.61

177

0.60

Mean of all basins

95

1.00

202

1.00

297

1.00

This- concept of forecast difficulty appears to be very useful in
determining realistic forecast skill differences between the different TC
basins and individual cyclones. It is suggested that track forecast skill in
all ocean basins should be considered in terms of how well track forecasts can
improve on climatology-persistence.
5.4

OPPOSITE-HEMISPHERE INFLUENCES

It is important that TC forecasters are aware of meteorological events
beyond their basin. Weather charts that portray conditions of the opposite
hemisphere can in some situations be very useful for the detection of
cross-hemispheric influences.
Recent studies have indicated that it is
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possible for winter hemisphere cold surge influences to cross the equator and
lead to an enhancement of the low level summer hemisphere monsoon westerlies.
This can sometimes stimulate TC formation.
It is also important that upper troposphere opposite hemisphere
conditions are monitored. Recent research has indicated that the positioning
of an opposite or winter hemisphere 200 hPa anticyclone can be quite important
in the maintenance and/or enhancement of the outflow patterns of summer
hemisphere tropical cyclones and in this way influence TC intensity change.
For instance, a strong equatorial upper level anticyclone in the S.H. is
extremely favourable for enhancing the equatorward outflow of a N.H. tropical
cyclone and vice versa. In particular, when a low latitude anticyclone of the
opposite hemisphere increases its strength or builds from east to west into a
position equatorward of a tropical cyclone of the opposite hemisphere, a
general strengthening of the equatorial outflow channel of the tropical
cyclone is sometimes observed. This leads to cyclone intensification.
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Figure 5. 3 - Portrayal of clustering in time of the initial dates of the
formation of all global named tropical cyclones. Active (shaded)
and inactive (unshaded) formation periods are expressed as
percentages of the named storm activity that would be expected
for that date and period based on climatology. When no named
storms occurred during an inactive period a zero is given with a
bracketed figure indicating the number of expected named storms
that would have been anticipated from climatology.
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5.5

CLUSTERING OF CYCLONES IN TIME

Tropical cyclones tend to cluster in time.
One can observe 10-20
cyclones around the world within an active two- to three-week period in August
or September.
These active periods are typically separated by a two- to
three-week interval when there is little cyclone activity.
Active and inactive periods occur about 50% of the time.
During
average active conditions between July and October one can expect tropical
cyclones to form around the world at a rate of about 15 to 20 named storms per
month (or about one storm every two days) versus only three named storms per
month (or one per eight days) in the inactive periods of the same months.
During the lower frequency months of April to June, the average active TC
period experiences a formation rate of about six named storms per month (or
two per ten days) versus only a little more than one named storm per month (or
one third of a storm per ten days) during the inactive periods of these slack
months. Although variable in length, active and inactive TC periods average
roughly a duration of 20 days.
On an annual average about seven to eight
named storms form during the typical active TC period while only one to one
and a half cyclones form during inactive TC periods. This results in about
85% of the world's named storms being formed during active periods compared
with only about 15% forming during a similar number of days during inactive
periods.
Similar time clustering of weaker tropical weather systems such as
cloud clusters is much less evident.
Cloud-cluster systems exist at nearly
any time and can occur in large scale environmental situations not conducive
to cyclone genesis.
It appears that active cyclone periods are a product of
favourable large scale general circulation changes in the tropical atmosphere
that occur on time scales of about 15 to 25 days.
Unfavourable genesis
situations exist for similar and sometimes longer periods.
Figure 5.3 shows active periods of TC activity in terms of the
percentage of named tropical cyclones above or below what would be expected
for each calendar period based on the last 27 years of TC climatology.
When
no named storms occurred during an inactive period a zero is given with a
bracketed figure indicating the number of expected named storms which should
have occurred during this period based on climatology.
Note how there are
distinctive two- to three-week periods when TC activity is one to three times
more prevalent than that expected from the climatology of that period and of
other similar length periods when TC activity is only 0 to 50% of that
expected from climatology. Active and inactive TC periods appear to alternate.
The typical length of time between successive active periods or
between successive inactive periods is on the average about 40 days.
These
oscillation periods of named storm activity appear sometimes to have some
correspondence with the 40- to 50-day oscillation of tropical wind and
cloudiness which is beginning to receive much attention.
Thirty- to 60-day
oscillations are beginning to be found in tropical surface pressure, upper
level winds, and outgoing long-wave radiation (OLW). This one- to two-month
tropical oscillation, first detected in the early 1970s, has been hypothesized
to be a consequence of a 40- to 50-day modulation of convection within the
global Hadley cell circulation.
There appears to be few subjects on the climatology of TCs more in
need of a thorough examination than this question of how global active and
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inactive storm periods are associated with (or modulated by) such 40- to
50-day global oscillations in tropospheric wind, surface pressure, and
Outgoing Long-Wave radiation (OLW). This is an important topic for future
research. Whether TCs are related or not to such an oscillation, new research
should be directed to the question of the global general circulation
conditions that bring about such changes in active and inactive TC periods.
As global numerical modelling becomes more sophisticated and as new
empirical studies are undertaken, it might be possible to forecast such
periods of global active and inactive TC activity with some degree of skill
but this would probably require the utilization of a very insightful
combination of empirical knowledge and numerical modelling products.
5.6

FACTORS LEADING TO INTER-ANNUAL DIFFERENCES IN CYCLONE FREQUENCY

It is difficult to isolate the causes of variability in tropical
cyclone frequency and track from season to season. One can, of course, in
retrospect, say that surface pressure was higher or lower than normal and that
wind currents were stronger or weaker than normal, etc. It has been observed
that anomalous tropical cyclone activity is frequently inversely related to
storm basin Sea Level Pressure Anomaly (SLPA), Sea-Surface Temperature (SST)
and/or upper wind conditions but these associations do not explain why such
anomalies are present or how such anomalies may be predicted.

5.6.1

The El Nino

It appears that some of the inter-annual variations in seasonal TC
activity, particularly in the Atlantic and South Pacific, can be associated
with the presence of El Nino events and/or the strength of the Southern
Oscillation Index (SOI)
i.e., Tahiti minus Darwin sea level pressure.
Atlantic hurricane activity is for instance (when measured in terms of
hurricane days) only 40% as much during periods of moderate and strong El Nino
as compared with non-El Nino periods.
If one knows that an El Nino is
occurring a prediction of below normal TC activity could be statistically
made. Atlantic hurricane activity also has a surprising association with the
east versus west wind phases of the Quasi-Biennial Oscillation (QBO) of
equatorial stratospheric winds.
Although less noticeable in other TC ocean
basins, El Nino, SOI, and QBO influences need more extensive analysis.
Because these are world-wide and long period events they open up possibilities
for seasonal prediction.
However, the large reduction in overall TC activity during El Nino
years in the Atlantic is not obvious in the other TC basins. This does not
mean that the typical locations and tracks of TC are not influenced to some
degree by the El Nino event.
El Nino years are associated with a larger
number of NE Pacific TCs that track further westward than average. El Nino
events are usually associated with South Pacific TCs forming further to the
east than average. And in the season following an El Nino, TC activity in the
NW Pacific Ocean has been observed to sometimes begin at a later date.
Tropical cyclone activity in the South Pacific during the 1982-1983 TC
season emphasizes such track alteration. The 1982-83 El Nino event (strongest
of this century) resulted in eight TCs being formed east of 160°W.
This
equals the number of such formations east of 160°W for the previous 13 years.
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5.6.2

The quasi-biennial oscillation and tropical cyclone activity

In the Atlantic during the period 1950 to 1985 there have been twice
as many hurricane days during the seasons when the 30 hPa equatorial
stratospheric winds were from the west (-34 hurricane days per year on
average) than when 30 hPa QBO winds were from the east (~16 hurricane days
per year). A satisfying physical explanation for this relationship has yet to
be advanced. However a similar association has not been detected or is very
weak in the other TC basins.
It is important that physical hypotheses be
advanced for this QBO-TC association in the Atlantic and that a similar
association be more carefully analyzed in the other TC basins.
5.6.3

Surface pressure

It is observed that tropical cyclone formation is, on a monthly and
seasonal basis, inversely related to Sea-Level Pressure Anomaly (SLPA). SLPA
values as small as 0. 5 to 1. 0 hPa can be important.
Tropical cyclone
formation is more likely when SLPA is below average. High pressure leads to
fewer cyclones. There are also lag correlations between pre-season SLPA and
subsequent seasonal TC frequency.
Strong statistical evidence has been presented on the inverse
correlation of early season Australian region TC activity with the Darwin
sea-level pressure 2 to 5 months before the start of the hurricane season.
When Darwin pressures are higher than normal in the winter period of July to
September, October to January tropical cyclone activity is suppressed.
Negative SLPA is associated with higher following season TC activity. Low
latitude upper tropospheric zonal wind anomaly and wind shear anomaly are also
related to, and have a lag relationships with, TC frequency in the Atlantic.
It is likely that such lag relationships are also present to some degree in
the other TC basins.
It is important that such SLPA and wind anomaly relationships be
portrayed in terms of their deviation from the climatological average of these
values for that approximate date. This involves the averaging of values over
periods of 10 to 15 days to filter out the short time-scale transient events
as shown in Figure 5.4 yet retaining an ability to distinguish the phases of
the 40 to 50 day or other longer time-scale oscillation.
5.7

DISCUSSION

TC experts should have an understanding of the important regional
differences in tropical cyclone behaviour. The background climatology in the
various TC basins exhibits important differences. One must exercise care in
applying forecast rules or in interpreting research results written about the
tropical cyclones of one storm basin to another basin. This is because the
background climatology of each basin can be very different. For instance, the
US tropical cyclone literature, in its concentration on Atlantic cyclones, has
tended to emphasize easterly waves. The easterly wave concept is much more
applicable to the Atlantic than to the other TC basins which are usually
monsoon-trough dominated. Cross hemispheric influences are also observed to
be generally less dominant in trade wind as compared with monsoon-trough
environments. A single all encompassing and simple model of tropical cyclone
and environmental interaction which is applicable to all the global storm
basins will probably not be forthcoming.
Although the inner circulation
features of the tropical cyclone are similar in all the storm basins, the
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5.8

RECOMMENDED ADDITIONAL ITEMS FOR STUDY

(1) Explore the clustering in time of TC activity and its possible
association with 40- to 50-day oscillations in tropical wind, pressure, and
cloudiness;
( 2)
cyclones;

Make more studies of opposite hemisphere influences on tropical

(3) Determine the full extent of the El Nino, ENSO, and Stratospheric
QBO influences on TC activity in all storm basins;
(4) Develop
more statistics and
understanding of TC weakening
processes due to environmental shearing and of the way TC systems are absorbed
into frontal zones and so take on extra tropical characteristics;
( 5) Develop more
statistics
and understanding
of
the
hybrid
sub-tropical type of TC formations associated with frontal bands and/or upper
level troughs,
( 6) Encourage forecast and numerical analys.is centres to portray
their basic data (SLPA, wind, cloudiness, etc.) in terms of the deviations of
these quantities from their climatology for that approximate date;
(7) Fully investigate the role of SLPA and 200 hPa zonal wind anomaly
versus TC activity;
( 8)

Perform more comparisons of TC activity between different storm

basins;
(9) Attempt to obtain a better understanding of within seasonal
variations of the TC activity in each storm basin.
For instance why is
Atlantic TC activity so concentrated in September ?
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CHAPTER 6:

TOPIC 2

TROPICAL CYCLONE STRUCTURE
by
J. McBride

6.1

INTRODUCTION

This report attempts to describe the current state of knowledge of the
structure of the tropical cyclone.
The report draws upon and attempts to
synthetize two sources: the first is the series of working group reports
prepared prior to the workshop; the second is the subsequent workshop
discussion recorded in written comments from six A-working group rapporteurs
and six B-working group scribes plus personal notes from two weeks of workshop
plenary sessions.
Accordingly, the emphasis is on recent developments and
issues of current concern to the forecast and research communities.
Well
accepted ideas from earlier studies are not mentioned; though the reader is
referred to the excellent summary of that aspect of the subject by Anthes
(American Meteorological Society, Meteorological Monograph, No.41, 1982).
A tropical cyclone has several characteristics which distinguish it
from other atmospheric systems. The primary cyclonic wind circulation extends
over a scale of several hundred kilometres. This circulation has its maximum
amplitude in the lower or middle troposphere and diminishes rapidly with
height above about the 400 hPa level. Thus from thermal balance considerations
the system is warm-cored in the upper troposphere. Other distinguishing
features are: the extreme horizontal pressure gradient and high wind speeds;
the inner annulus of eye wall cloud; the spiral cloud bands observed on radar
and satellite imagery and the large amplitude but highly asymmetric outflow
which is restricted to a relatively thin (approximately 200 hPa thick) layer
of the upper troposphere.
At outer radii the flow of the outflow layer is
anticyclonic, but at inner radii for the fully developed cyclone the cyclonic
circulation extends through the entire depth of the troposphere.
6.2

INNER REGION STRUCTURE (R

= 0-

2° RADIUS).

In the mature stage, tropical cyclones show great similarity in
structure and organization, especially in the inner core region.
This
similarity results from the strong physical forcing associated with the
release of latent heat and the relatively uniform characteristics of the
lower boundary (sea surface). The most important data source for this inner
region comes from reconnaissance aircraft. Over the past 25 years this tool
has been used in many research studies to gain a relatively complete
documentation and physical understanding of the symmetric wind and thermal
structure of the mean fully developed tropical cyclone at lower and middle
troposphic levels. Recent advances in aircraft instrumentation technology have
made possible quantitative precipitation estimates from radar, more accurate
horizontal and vertical wind measurements, and more quantitative cloud
microphysics observations. Accordingly the research emphasis has shifted
towards the cloud, mesoscale and transient properties of the inner region.
This has led to several major new findings. For example, it has been shown

/'
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that most mature cyclones fall into one of two distinct types depending on
whether the inner convective bands are structured as contracting concentric
rings or. alternatively as spiral bands. Detailed structural and theoretical
studies of both types appear in recent journal articles by members of the
United States Hurricane Research Division.
Another example is the emergence in recent years of a new view of the
structure of the eyewall. It is now believed that the eyewall is a region of
nearly uniform mesoscale
ascent with convective scale updraft cores
superimposed, perhaps preferentially in certain quadrants, by environmentally
forced asymmetries. A schematic cross-section for one particular cyclone is
shown in Figure 6.1. The vertical velocity maximum is located inward from the
radius of maximum wind (RMW) by 3 to 5 km and tilts outward with height as
does the RMW and the radar reflectivity maximum. The horizontal band in the
reflectivity pattern corresponds to a stratiform rain regime which has been
the subject of several studies exploring both the cloud microphysics and the
mesoscale dynamics.
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Figure 6.1 - Schematic cross-section depicting the locations of the clouds and
precipitation, radius of maximum wind, and radial-vertical air
flow through the eye of Hurricane Allen, 1980. Darker shaded
regions denote the location of the largest radial and vertical
velocities.
Radar reflectivity (d.BZ) contours are based on a
composite of 15 research aircraft passes through the system.
(From Jorgensen, Monthly Weather Review, 1984).
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A research question of current interest is the determination of the
vertical distribution of latent heating in the convective and stratiform rain
regimes of the inner core. Another is the determination of how cloud
microphysical processes lead to the origination of down drafts below the
melting level in the stratiform region and the role of these down drafts in
rainband organization and cyclone intensification.
A topic of some discussion but unresolved at the workshop was whether
these recent developments help clarify the reasons behind the wide scatter
found on plots for large numbers of cyclones of maximum wind versus minimum
central pressure.
Several workshop participants indicated· a current interest in the
structure of the tropopause and lower stratosphere in the inner core. This is
an area that has undergone very little research, but is now thought by some
scientists to play an important role during cyclogenesis and later stage
intensification.
6.3

OUTER REGION (R

> 2° RADIUS)

This has been an area of very active research during the 1970s and
1980s, the main tool being rawinsonde composite analysis. Probably the major
finding was that the rotational circulation of the tropical cyclone covers a
broader area than previously realized, generally extending to at least 1 600
km radius from the cyclone centre. The secondary (or transverse) circulation,
on the other hand, has been shown to have appreciable magnitude within only
600 km from the centre.
The circulation out to 8° radius (approximately 900 km) and its change
during development of the cyclone is shown in Figure 6. 2. Characteristic
properties shown include the very small decrease with height of the rotational
flow between 900 and 500 hPa, the strong vertical shear near 300 hPa, the line
of zero tangential wind sloping downward with radius, and the upper level
anti-cyclonic flow at outer radii.
In the research literature, asymmetries and inter-basin variabilities
in the outer region wind and thermal structure have been documented and
discussed.
It has been shown that the upper level outflow is dominated by
asymmetries, and. in particular most of the outflow is confined to one or two
outflow jets.
Issues explored have included the role of eddy circulations
associated with these jets in the physics of cyclone development, decay and
structure change.
Other aspects explored in the literature are the effect of the large
scale surrounding flow on cyclone structure; the variability in size of
individual cyclones; the role of the large scale environment in the cyclone's
angular momentum budget; the actual definition of the cyclone's circulation
and how to separate cyclone features from environmental features correlated
with intensity; the effect of the upper level sub-tropical westerlies, and the
orographic, thermal and moisture-availability effects of large land masses on
tropical cyclones.
Workshop discussion covered the fact that these studies concentrated
on the composite-mean cyclone and on the apparent lack of detailed research on
the variability about this structure in individual cases.
Another matter
needing research is the tie-in between this well-documented outer wind-thermal
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structure and the satellite observed feeder band cloud features extending over
a similar scale. Also discussed was the link between the outer and inner core
circulations for individual cyclones. In this context, it was thought that
insight might be gained if some of the above discussed studies were repeated
with the composite procedure based not on geometric distance but rather on a
scaling related to some feature of the cyclone, e.g. the radius of the central
dense overcast, or perhaps a localized Rossby number or deformation radius.
In operational applications, individual tropical cyclones have
traditionally been characterized by one parameter (e.g. maximum wind or
minimum central pressure) measuring the intensity of the inner core
circulation. The realization in recent years of the importance of the outer
circulation has made it clear that cyclones must also be characterized by at
least one additional parameter measuring this outer region's structure. This
issue is explored further in Chapter 8, Topic 4 - Tropical cyclone intensity
and structure change.
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Figure 6. 3 - Cross-section of the asymmetric inflow layer near the centre of
Hurricane Frederic 1979. Arrows are wind vectors scaled in the
same proportions as the axes. The heavy lines are the unsmoothed
and smoothed tops of the. inflow layer.
Light solid lines are
isopleths of constant absolute angular momentum (10 5 m2
s- 1 ) .
Dashed lines are isopleths of equivalent potential
temperature (C). X marks denote theoretical heights of an Ekman
layer based on an assume depth of 2400 m at r= 135 km.
(From
Frank, Monthly Weather Review, 1984).
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6.4

BOUNDARY LAYER STRUCTURE

The pre-workshop working group report reviewed developments in
knowledge of the tropical cyclone boundary layers of both the ocean and the
atmosphere, though discussions at the workshop concentrated mainly on the
latter.
There have been several new findings in recent years, based largely on
observational and theoretical studies of the very well observed Hurricane
Frederic of September 1979. Aspects of interest included the large degree of
asymmetry of the inflow at small radius, the magnitude of the low level
vertical wind shear, the rapid decrease of boundary layer depth with
decreasing radius (Figure 6. 3) and the physical causes of asymmetries in
boundary layer structure.
Much recent research has explored the nature and magnitude of surface
turbulent fluxes in tropical cyclones. Observational studies of Frederic and
tropical cyclone Kerry indicate the surface transfers of both momentum and
sensible heat are considerably smaller than.previously thought.
There are a number of matters of current interest, bordering on
controversy, in tropical cyclone boundary layer studies. Entrainment mixing
of heat downward into the sub-cloud layer is now thought to be the primary
physical process accounting for nearly constant boundary layer temperature
with radius near the cyclone centre. The traditional assumption of the drag
coefficient continuing to increase with wind speed in the high wind regime
near the centre has been found to be unsupported by some observations.
Areas showing current promise include observational and numerical
studies of boundary layer asymmetries and in particular their distribution
relative to rainbands. The radial mass flux is a dominant parameter in the
physical explanations of cyclone properties such as rainfall, energetics and
eye contraction. In order to improve knowledge of the radial mass flux, high
priority should be given to direct measurements of the vertical shear within
the cyclone boundary layer.
Concerning the ocean boundary layer, the pre-workshop report described
a number of new findings on the response of sea-surface temperatures to the
passage of a cyclone. -These resulted from the observational work of Peter
Black. Specific phenomena documented included a crescent-shaped pattern of
sea-surface temperature (SST) decrease and mixed layer depth increase in the
right rear quadrant of the translating cyclone. Also of interest were observed
shortwave os~illations in SST with about half the wavelength predicted for
inertial motion.
Workshop discussion centred on the relationships between SST and
cyclone development and intensification. Concerning development the general
op~n~on was that the threshold value of 26.5° C was not as rigid as previously
thought. Most of those present believed the role of SST was simply to ensure
a high enough value of atmospheric conditional instability to allow convection
to penetrate to the upper troposphere.
Considerable discussion took place on the role of SST in cyclone
intensification. Black has recently documented significant intensity changes
in seven different cyclones, changes that were consistent with observed
gradients of SST in the cyclone's path. In workshop discussion, similar
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observations of numerous cases of weak cyclones rapidly intensifying upon
encountering regions of high SST such as the Gulf Stream were described.
It
was noted that the effect was most marked for weak cyclones and that the high
SSTs have to be over a large enough area where the effect may often be masked
by the simultaneous action of the various wind field parameters known to
directly influence intensity change. With these qualifications, it was felt
that a relationship between SST and cyclone intensity had been firmly
established.
However this result goes against traditional wisdom that is
strongly influenced by the experience of forecasters and by some research
results of the early 1970s. None of the recent findings linking intensity to
SST were yet in the referred literature, so the issue must still be considered
as unresolved.
6.5

OUTFLOW LAYER

As discussed above, studies since 1970 have documented the shallow
depth of the tropical cyclone outflow layer, its concentration into one or two
anti-cyclonically curved jets and the important role of these jets in the
transport of angular momentum necessary for cyclone maintenance and spin-up.
This region is the focus of several current research projects, particularly at
Colorado State University. The current emphasis is on the dynamic structure
of the outflow jets and their role in cyclone intensification.
Despite this interest, there is a lack of detailed mesoscale
observations of the outflow layer.
Probing of the inner core of tropical
cyclones by research and reconnaisance aircraft has been restricted to the
lower and middle troposphere; therefore current thought on the dynamical
structure of the upper tropospheric outflow does not have a sound
observational basis. Workshop discussion showed disagreement on the primary
theoretical reason for the existence of the outflow jets.
In numerical
models, they usually form as a result of inertial instability; though it was
agreed that this mechanism still lacks observational support.
6.6

CLOUD BAND STRUCTURE

Satellite and radar imagery of tropical cyclones are dominated by
banded structure, whereas to a first approximation the low and middle level
wind fields are asymmetric, particularly at inner radii.
Various physical mechanisms are possible under these circumstances.
It is observed that some bands move rapidly whereas others remain fixed with
respect to the cyclone centre. The bands are favoured regions for convection
but their motion is not the result of motion of individual cells in as much as
the cells often form at the leading edge of a propagating band and move to the
trailing edge.
From theoretical discussions in the pre-workshop working group report,
it seems the rapidly moving bands are gravity waves or squall lines. These
propagating bands draw energy from their leading edge as squall lines do, and
their mesoscale structure resembles that of squall lines in many respects.
Stationary bands, on the other hand, are clearly not gravity waves.
Kinematically, they appear to be a consequence of vortex motion or interaction
with the meridional gradient of planetary vortici ty. Thermodynamically they
appear to draw their energy from turbulent transfer at the underlying surface.
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Discussions at the workshop highlighted the fact that theoretical,
numerical and observational research has to date concentrated on the inner
spiral bands observed on radar near the inner core. The very much larger
scale feeder bands observed on satellite imagery have been relatively
neglected, and little is known about their structure as few observational
studies have been made.
It was agreed that the work to date on the inner
radar-observed bands provides few strong conclusions and might be considered a
starting point for further investigation. Current research questions include
the following: Do linear waves constitute a reasonable model for spiral
bands? How do rapidly moving bands arise in connection with oscillations of
the cyclone track? What are the dynamics of propagating bands and ate they
dynamically similar to squall lines? To what extent do the stationary bands
reflect the dynamics of the vortex as a whole and its motion? Can the
apparent physical relationships between stationary bands and vortex motion be
used to develop forecast rules?
6.7

VARIABILITY IN STRUCTURE

During the workshop, long discussions took place between forecasters
and researchers on the relevance of the above research survey to operational
problems.
There was general dissatisfaction that reviews available to
forecasters tended to emphasize the mean structure of a well developed,
intense system with little treatment of the variability about that structure
from basin to basin and as a function of a stage in the cyclone's life-cycle.
From workshop discussion, it appeared that the following aspects of structure
were of particular operational (forecasting and nowcasting) concern:
(a)

The structure of weak and developing cyclones
how do
forecasters determine (or define) the feature that should be
tracked for movement forecasts?

(b)

The structure
vertical.

(c)

The relationship between the location of the visible eye and the
outer vortex core that determines the cyclone motion.

(d)

The relationship between the outer circulation that can be seen
in real-time by satellite and synoptic analysis and the inner
circulation that cannot be seen but which defines the forecast
problem e.g. , current procedures include a tendency to deduce
inner core asymmetries and intensity changes from outer region
observations.

(e)

Changes in structure as the cyclone makes landfall or crosses an
island.

of

cyclones

that

are

strongly

sheared

in

the

It is clear that these aspects of cyclone structure are worthy of
priority in research investigations.
6.8

SYNTHESIS

During the workshop, the overall treatment of cyclone structure
revealed a clear divergence in thought processes and in priorities between the
forecast and research communities.
The research discussions focused on
details of cloud bands, the outflow jets, etc.; whereas forecasters remembered
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individual cyclones in terms of unusual behaviour rather than in terms of
structure.
It would seem this researcher-forecaster gap could be partly
bridged by an intensified research effort on those aspects of structure of
most concern to forecasters that are listed in the above subsection.
From the above summary of this topicF it appears that substantial
research progress is at present being made in the following aspects of cyclone
structure:
(a)

The dynamics of the inner core;

(b)

The cloud band structure of the inner core;

(c)

The composite/mean structure of the outer region circulation.

These areas carry the current research momentum and show the most
promise for fundamental advances. Accordingly, it is highly important that
this research should be continued, and also that conceptual models aimed at
helping forecasters should be developed from the results to date.
Controversy still exists on the importance of high sea-surface
temperature (SST) as a rigid threshold criterion for cyclogenesis and its
influence on intensity change. These controv~rsies have been in existence for
many years, yet there is little evidence either way in the referred
literature.
It is recommended that using modern data sources (including
satellite sensors) a documentation of the probability distribution of tropical
cyclogenesis and intensity change as a function of SST be carried out. It is
also recommended that satellite-derived SST gradients be used to better define
the relation between the intensification of weak cyclones and the SST
gradients along their paths.
Aspects of cyclone structure that
documented and understood are the following:

appear

to

be

(d)

The outflow layer;

(e)

The outer (feeder) cloud bands;

(f)

The wind structure in the cyclone boundary layer.

the

least

well

Item (d) is believed to be important to the understanding of cyclone
intensification. Synoptic experience indicates item (e) to be important in
the understanding of c;:yclone formation and rainfall.
Item (f) is of key
importance in nowcasting/forecasting wind damage. All three i terns should be
the subject of further research.
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CHAPTER 7: TOPIC 3
TROPICAL CYCLONE FORMATION
by
G. Love
7.1

DEFINITION

In the discussions concerning tropical cyclone formation there has
been repeated reference to, and call for, clarification of the concept of
tropical cyclone genesis. For the purposes of this report tropical cyclone
genesis will be deemed to have occurred when the mean sustained winds at the
top of the friction layer (-1000 m), azimuthally averaged around a warm
cored tropical cyclonic circulation, exceed 17 m s- 1 •
Tropical cyclone formation commences when low level winds begin to
cyclonically converge towards a vorticity centre. This formation process is
complete at the point when genesis is said to have occurred and the cyclone is
named.
7.2

PARAMETERS NECESSARY FOR TROPICAL CYCLONE FORMATION

From discussions at the workshop, it is possible to conclude that it
is not yet known what conditions are necessary and sufficient for tropical
cyclone formation. However it has been possible to qualitatively define a
number of necessary conditions:
(a)

Warm sea surface temperature;

(b)

High relative humidities through the lower half of the
troposphere to around 400 hPa;

(c)

A pre-existing cyclonic vorticity centre;

(d)

Upper tropospheric outflow;

(e)

Non-zero Coriolis force;

(f)

Zero vertical wind shear near the centre of the precursor cloud
cluster; and

(g)

Large positive (westerly) shear of the zonal component of wind to
the poleward side and negative zonal shear to the equatorward
side of the developing system.

It is highly desirable to define precisely the n-dimensional parameter
space for which tropical cyclone formation will occur.
Unfortunately poor
observational data and a poor understanding of the physics of the process have
prevented this work from being satisfactorily completed. The study by Gray
(Mon. Wea. Rev., 1968, pp. 669~700) most closely defines those climatological
conditions necessary for seasonal frequency of tropical cyclone formation with
physical arguments in support of his conclusions.
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7.3

CYCLONE FORMATION AS A FORECASTING PROBLEM

The forecaster has two approaches available when tackling the forecast
problem; the first is to use a largely conventional data base to evaluate the
Gray genesis parameters, the second is to use the Dvorak (1984, NOM, Tech.
Report, NESDIS 11) satellite imagery analysis/prognosis techniques.
The
responses from forecasters at the workshop indicated that both approaches have
been used, greater reliance being placed upon forecasts yielded by the
technique supported by the best data base.
7.3.1

The synoptic approach

For a given location over a tropical ocean during the cyclone season,
the Coriolis parameter will be unvarying, the thermodynamic parameters will
vary only slowly while the dynamic parameters will generally vary on a
timescale of days.
Accordingly the dynamic (wind) fields are the focus of
forecasters' attention when attempting to forecast cyclone formation.
Any
change in the weather systems around a tropical depression that leads to an
increase in the cyclonic vorticity of the system will bring the system closer
to the point of cyclone genesis. Two synoptic events have been identified as
giving rise to these conditions:
o

A surge in the low level easterlies poleward of the disturbance;

o

In the case of a vortex embedded in the monsoon trough, a surge in
the low level monsoonal westerlies equatorward of the vortex.

Another class of synoptic weather event has been associated with
tropical cyclone formation: enhanced upper-level outflow.
In ocean basins
where the mid-latitude westerlies impinge upon the depression, an upper trough
(maximum
amplitude
-200
hPa)
unaccompanied
by
strong
low-level
baroclinicity, may provide this outflow.
Alternatively, Tropical Upper
Tropospheric Troughs (TUTTs) may be diagnosed as the weather system providing
enhanced outflow for intensifying cloud clusters.
Given the requirement for continuity of mass in the atmosphere, there
can be no
enhanced upper-level
outflow without
enhanced
low-level
convergence. The problem remains to specify whether one or all the synoptic
events described,are a necessary and sufficient condition for tropical cyclone
genesis and also, to specify the subset of events which are symptomatic of
formation rather than causal.
Without attempting to resolve the question of causality in the
tropical cyclone formation process it is possible to diagnose, in real-time,
that the process is occurring. It may be noted that cyclonic vortex is a sink
of cyclonic angular momentum, losing it to the ocean surface through the
action of friction. I f the depression is to intensify to the point of genesis
there must be considerable importation of cyclonic angular momentum into a
cylinder surrounding the vortex. By calculating a full tropospheric budget of
angular momentum transport into the vortex it has been possible to use
operational analyses to monitor tropical cyclone formation.
The need to
interpolate from a random, often sparse, set of observations to a cylindrical
grid for computation purposes introduces 11 noise 11 into this diagnosis. The
resultant noise often obscures trends in the development of marginal systems.
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7.3.2

The "Dvorak" technique

Careful, systematic analysis of satellite imagery has for the past two
decades provided forecasters with new insights into virtually all atmospheric
processes, including tropical cyclone formation.
The Dvorak technique of
forecasting cyclone formation requires that three features be observed on
satellite imagery:
(a)

A persistent cloud cluster (lifetime exceeding 12 hours);

(b)

Deep layer convective clouds in curved lines;

(c)

A cloud system centre of a diameter of less than about 300 km.

These features usually appear approximately 36 hours before the point
of tropical cyclone genesis. Dvorak (pre-workshop report, Topic 3.2) provides
a physical description of the cyclone formation process, including cloud
element developments occurring during tropical cyclone formation.
It appears
that at the initial stage of cluster development, the deep layer convective
cells become organized parallel to the cloud boundary during an elongation
process ahead of an upper trough. Once the convection is organized in this
fashion, the forces causing elongation weaken and curvature of the cloud lines
commences.
Anticyclonic turning is observed over the convection with a
cyclonic low level circulation usually observed near it.
Thus, the Dvorak technique for forecasting tropical cyclone formation
is built around the concept that this formation results from an interaction
between a cluster of deep layer convective clouds and a sequence of events
occurring in the mid- to upper-level circulations adjacent to it. In any
operational implementation of this technique unreliability and poor quality in
the data base accompanied by the ambiguous nature of cloud patterns introduces
a "noise level" into the forecasts similar to, but probably not so severe, as
that experienced when using the angular momentum computation technique.
7.4.

NUMERICAL MODELLING OF TROPICAL CYCLONE FORMATION

The existence of a relatively unchanging climate suggests that an
atmospheric perturbation which grows by extracting energy from the background
environment will have its growth limited by a secondary circulation. That is,
any perturbation will . be accompanied by negative feedback which initially
limits its growth and ultimately destroys it. To understand tropical cyclone
formation is to understand the physics of the initial vortex growth before
secondary c~culations become dominant.
The physics of formation are
essentially the dynamics of the barotropic, low absolute vorticity and
tropical atmosphere. During formation the mass field will largely respond to
the wind field forcing (inertial stability is low). Understanding the physics
of tropical cyclone formation also requires an understanding of the processes
which lead to the convergence towards the vortex centre of cyclonic angular
momentum and moisture.
The numerical modeller hoping to solve the primitive equations with
appropriate boundary conditions and to reproduce the essential characteristics
of tropical cyclone formation faces two important problems:
(a)

The initial conditions are not adequately observed in the real
atmosphere and thus cannot be uniquely specified for the model;
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(b)

Sub-grid processes
observed
in the
atmosphere
must
be
parameterized in some way so that they modulate the model's
resolvable processes in a realistic fashion.

The parameterization technique used must be determined by obtaining a
fundamental understanding of the interaction between events on the scale of a
thunderstorm, a mesoscale squall line and the depression.
Frictional
convergence appears inadequate as a mechanism to release the conditional
instability of the tropical atmosphere associated with a weak (vorticity <
10-ss- 1 )
cloud cluster.
Recent work has suggested that evaporatively
driven down drafts (Yamasaki, pre-workshop report, Topic 3. 3) combined with
inflow (not frictionally driven in the weak depression stage) establish
moisture convergence and provide the mechanism to organize the cloud lines
within the cluster.
There is as yet no indication that this down-draft
process operating on the initial state of a non-developing cluster will lead
to depression dissipation.
The observation that composite developing
depressions export moist static energy (h
CpT + gz + Lq) suggests that the
ocean to air energy flux is important for the genesis process. This may help
explain why the inner core features of the system seldom develop over land.

=

The eddy processes associated with the asymmetric outflow layer may
also play a role in organizing the convection.
The specification of the
correct initial state may be dependent on describing transient eddies
associated with TUTT disturbances. Recent research has also indicated that
tropical cyclone formation occurs preferentially at certain phases in the 40
to 50-day oscillation. The correct specification of the elements influenced
by this oscillation may also be needed in realistic cyclone formation
simulations.
7.5.

SUMMARY AND RECOMMENDATIONS

The forecast survey described by Holland and McBride (which is
summarized in Chapter 4) combined with the participants' discussions at the
IWTC provided an opportunity to place the problem of tropical cyclone
formation into perspective.
In ocean basins where genesis does not usually
occur near coastlines the forecast problem is not perceived to be important.
For researchers and forecasters experienced with working in such ocean basins
there was a strong feeling that resources should not be devoted only to
studying the formation problem.
Six key issues were discussed by participants of the working groups:
(a)

Should there be further research on the problems of specifying
the synoptic situations favourable for genesis?

(b)

Should there be a co-ordinated programme of forecast verification?

(c)

Should there be efforts to improve the real-time data base of
developing disturbances?

(d)

Should there be an intense NWP programme to look at the problem
of numerically modelling tropical cyclone genesis?

(e)

Should special high density data sets be assembled to support NWP
research?
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(f)

Should forecasters be provided with personal computers (PCs) and
software packages to provide guidance when making these forecasts?

The reports of the eight "formation" working groups were examined for
their attitudes to these questions.
At times groups made multiple
recommendations relating to the one issue, accordingly more than eight votes
were recorded for items (b) and (c).
Table 1 provides a summary of the
working group recommendations.

Table 1:

Summary of working group responses to key issues

Key Issue
More synoptic research
Forecast verification
Improve real-time data base
Intensive NWP research
High density research data sets
PCs for forecasters

Yes
8
9
9
4
3
7

No

-

1
2

-

From the working group reports four recommendations stand out;
Recommendation 1
That every effort should be made to document and verify all
forecasts of tropical cyclone formation. Particular attention should be given
to those forecasts based on the Dvorak technique.
Recommendation 2
That every effort should be made to improve the real-time data base
available to the tropical cyclone forecasters.
Areas requiring particular
attention are;
(a)

Improving the GTS in developing nations;

(b)

Improving the availability of visual imagery;

(c)

Improving the coverage of satellite-derived wind vectors.

Related to point (c) above, there were numerous calls for the
establishment of more centres in the tropics capable of generating and
disseminating cloud vector winds using INSAT and GMS observations.
Recommendation 3
problem.

That research should be encouraged into the tropical cyclone formation
Such research should include:
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(a)

The role of outflow channels;

(b)

The role of stratospheric/tropospheric interaction;

(c)

The role of low level wind field surges.

Recommendation 4
That PC type technology should be introduced into forecast offices.
Such PCs must be of a standard configuration well supported by "user friendly"
software proven to be capable of providing assistance to the forecaster.
7.6

CONCLUSIONS

Over the past decade there was significant progress in the
observational
documentation of
the
conditions
under
which
tropical
cyclogenesis occurs and in documentation of the evolution of the developing
system.
Similarly, analytical and numerical research on the problem has
undergone continual development and has added much insight. Despite this,
however, the physics of cyclone formation is still not well understood.
Also, from the responses to the pre-workshop survey of forecasters, it
is clear that there is little quantitativ~ information available on the
current level of cyclongenesis forecast skill. The perceived importance of
the problem varies greatly between ocean basins. However, there is almost
universal agreement that the first step towards solution of the forecast
genesis problem will come from a proper documentation of the current forecast
accuracy.
On enhancing physical understanding the outstanding research issues
presenting themselves relate to cumulus parameterization, the role of
radiation processes, the boundary layer structure and the dynamics of
mesoscale cloud systems. A new high resolution data set would obviously play
a role in the solution of these problems.
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CHAPTER 8: TOPIC 4
TROPICAL CYCLONE INTENSITY AND STRUCTURE CHANGE
by
G. Holland
8.1

INTRODUCTION

Compared to the extensive work and techniques on tropical cyclone
motion, the forecasting of tropical cyclone structure has historically been
given relatively little attention resulting in the present lack of objective
forecasting techniques and the poor forecast accuracy noted in Chapter 4. This
lack of attention has not been because there are no problems in forecasting
structure.
Rather, workshop responses indicated that tropical cyclone
structure changes were· a definite forecast problem, that the intensity
forecast skill was less than persistence, and that there was a tendency to
overwarn because of the severe consequences of underwarning.
It was also
noted that considerable research attention has been given to tropical cyclone
structure and the physical mechanisms which cause structural changes, but that
this work had not been carried through to the development of applied objective
forecasting techniques.
The lack of data, was seen as a major impediment to forecasting
structure changes, as was a lack of conceptually based understanding of the
underlying physical mechanisms. As has been noted in Chapters 4 and 11, these
impediments apply to the tropical cyclone forecasting problem as a whole.
However there have been some improvements in recent years with the advent of
sophisticated aircraft, radar, and satellite observing platforms, large scale
objective analyses, interpretations from data compositing, and increasingly
detailed and physically sound numerical and analytical modelling techniques.
Discussion at the workshop indicated that there was little hope that
sophisticated numerical models would have a significant impact on structure
forecasting over the next decade because of the major problems that exist with
model initialization in the sparse tropical data regions. The major role for
these models in the research mode was to provide valuable insights into the
underlying mechanisms of structure changes.
Simpler models might also be
developed to support specific forecast applications.
As an example, a
boundary layer wind field diagnosis from a preset pressure field and local
topography could provide valuable information during landfall.
The development of statistical techniques was also debated in the
workshop. Opinions varied considerably.
Some thought that such an approach
offered a good short-term method of increasing the number and quality of
available objective techniques, others thought that considerably more physical
knowledge was required before a logical statistical approach could be
attempted.
The major outcome of the workshop was that it had provided an
excellent opportunity to ask some relevant questions and to decide upon those
areas that offer the most promise for future research and technique
development.
The pre-workshop preparation for this topic area consisted of
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comprehensive rapporteur reports on the subtopics of 'Definitions and
Dynamics' (rapporteur, G. Holland), 'Cyclone-Environment Interactions and
Structure Change' (rapporteur J. Hianlin), 'Convective Rings and Intensity
Changes' (rapporteur H. E. Willoughby), 'Weakening Characteristics of Cyclones
as they come inland and take on 'Extra-tropical Characteristics and/or
Encounter Baroclinic Shearing' (rapporteur M. Shimamura), and 'State of the
Science in Operational Forecasting'
(rapporteur G. Holland).
The last
operational forecasting report forms the basis of part of Chapter 4 and is not
discussed here. This section presents a synthesized summary of the remaining
rapporteur reports and the associated workshop discussions and conclusions.
8.2

SYNTHESIS OF STRUCTURE CHANGE KNOWLEDGE AND PROBLEMS
(a)

Basic structure and dynamic

scali~

Tropical cyclone structure, and its changes, encompass a range of
interrelated atmospheric parameters and processes. These include the dynamic
and thermodynamic parameters, the distribution of cloud and rainfall, with the
characteristic banded structure and the oceanic state. Although these are all
important components of the overall cyclone structure, changes in the
lower-level wind structure were given prominence in this examination.
The types of dynamic and thermal interactions that bring about changes
in this lower-level wind structure are determined by the basic structure of
the environment and the vortex.
That is, although many processes are
possible, a region in the atmosphere with a particular basic structure will
preferentially support some processes while being largely unresponsive to
others. That is why the relevant equations are scaled to remove unnecessary
complexity while still maintaining the essential physics.
Such basic
structure differences are usually quantified in terms of dimensionless numbers
or scaling parameters.
A knowledge of such scaling parameters and their implications can
provide an excellent basis for developing conceptual models of the physical
constraints on tropical cyclone structure change.
They also provide a
physical framework for the discussion of structure change processes in this
section.
For a tropical cyclone there are considerable changes from the outer
circulation to the core region and from the lower to the upper atmosphere.
Although there are also some differences between weak and intense tropical
cyclones, the essential features can be described using the intense cyclone
schematic as shown in Figure 8. 1. This shows that tropical cyclones may be
separated into a core regime, an outer regime, an interaction envelope regime,
an anticyclonic outflow regime, and a friction layer. This scaling breakdown
is supported by a separation of the low level structure into the three modes
shown in Figure 8.2. These are core region intensity, which is defined by the
maximum wind or central pressure; outer wind strength, defined by the mean
wind in the 100-300 km belt surrounding the cyclone; and size, defined by the
extent of gale force winds or outer closed isobar. Though based on general
scaling concepts this breakdown of the lower wind structure within a tropical
cyclone also obviously has considerable direct forecast applications.
The
interactions and changes which occur jn each of these regime and modes are
briefly discussed in the following subsections.
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(b)

~

The core regime

Intensity changes
occur
in the core
regime.
Here
relative
accelerations dominate and Coriolis accelerations can generally be neglected,
the preference is for winds to adjust to mass field perturbations (such as
those associated with cumulus convection, though there may be special
circumstances where wind forcing could dominate), there is a high inertial
stability and thus resistance to radial motions and a tendency towards axial
symmetry, and only a very small part of the total storm angular momentum is
needed for quite large wind accelerations.
Distinct fluctuations in this core intensity have been seen to occur
in conjunction with the contraction and dissipation of convective rings and
associated azimuthal wind maxima in the core of intense tropical cyclones.
The intermediate stage of this core intensity cycle is associated with the
characteristic concentric convective rings shown in Figure 8. 3. The outer
ring forms at some distance from the cyclone centre and contracts inward. As
this occurs the pre-existing eye wall dissipates and the maximum winds are
reduced. The cyclone then reintensifies as the new convective ring continues
to contract inwards and forms a new eye wall.
The evidence so far in the
North Atlantic basin indicates that this process occurs in most intense
tropical cyclones and has great importance for intensity forecasting.
It is
confined to the cyclone core (as defined above) and seems to occur as a
consequence of the cyclone's internal dynamics. The initiation mechanism has
not yet been determined, however.
A recognition of concentric convective rings on land-based radar,
together with a knowledge of their general evolution, could provide a
significant increase in short period forecast accuracy for land-falling
cyclones, particularly for those liable to intensify rapidly.
Workshop
discussions also indicated that such convective ring fluctuations might be
observeable from high resolution satellite observations of either the eye
region or the core-region cloud-top temperatures.
Considerable care would
need to be taken to account for the normally large diurnal fluctuations in
convective activity and and cirrus coverage.
If core intensity fluctuations are largely driven by internal
instabilities and interactions, then forecasting this parameter will be quite
difficult. Fortunately, however, there is strong evidence that larger scale
environmental factors (that can be observed from the available data) place
strong constraints on, if not dictate, these fluctuations.
Such factors
include surface and surrounding flow interactions.
(c)

Surface interaction through the friction layer

The underlying surface may. interact with the tropical cyclone to
produce a structure change in a number of ways.
Few of these interactions
have been well observed and none are well understood.
Sea-surface temperature (SST) seems to place an upper bound on the
maximum core intensity that can be achieved. There is thus a physically based
statistical relationship between lowering SST and core weakening, especially
as cyclones move poleward.
However,
individual cyclones may deviate
considerably from this mean intensity decrease, however, indicating that other
processes often dominate. We also have virtually no knowledge of the effects
that SST fluctuations could have on outer wind strength and size.
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Further work could profitably be devoted towards delineating the
conditions under which core intensity might respond to SST fluctuations and to
obtaining a better physical understanding of the control that these
temperatures have on the ultimate intensity a cyclone can attain. Are outer
wind strength and size also effected by the
underlying
sea-surface
conditions? If so, how? Some further discussion on this topic may be found
in Chapter 6.
Land and Orographic Effects:
There is evidence from the north-west
Pacific that the core intensity of typhoons tends to decrease as their outer
circulation moves over land or interacts with large orographic features (so
that intensity decrease can occur even when the centre does not cross the
coast). The maximum decrease rate occurs with very intense cyclones and it is
not uncommon for weak cyclones to intensify while interacting with the land.
This coastal weakening is not observed in the North Atlantic.
Such effects are obviously of critical importance in forecasting for
vulnerable coastal communities. However, because of our lack of knowledge of
the underlying mechanisms,
it is difficult to foresee
any forecast
improvements in the short term and due to the small time and space scales
involved, any long-term research will require detailed surface, aircraft
reconnaissance,
land-based
radar,
and
satellite data,
together with
sophisticated theoretical and numerical modelling work.
After landfall the immediate weakening is confined to the core region
and at times outer wind strength increases have been reported. The main
mechanism for this reduction in core intensity seems to be a combination of
boundary layer stabilization from adiabatic cooling (as the air flows at a
greater cross isobaric angle due to the increased surface friction), and a
removal of the surface fluxes of latent heat.
Under some circumstances the
depletion of atmospheric moisture by enhanced rainfall over the land also
could have a significant effect.
Once the cyclone has crossed the coast and moved inland, the possible
transition to a long-lasting heavy-rain depression, the generation of
tornadoes and occurrences of microbursts remain as major forecast problems.
Further work should be directed to a more detailed understanding of
the boundary layer changes that occur at landfall, together with the effects
that such changes have on the generation of tornadoes and microbursts, and the
redevelopment, or evolution of the cyclone to a rain depression.
Such work
should use analyses from very high density surface observation networks and
sophisticated compositing procedures together with analytic and numerical
boundary layer modelling.
The reverse of this landfall process often occurs in the Australian
region.
Depressions can form over northern Australia and develop an outer
circulation comparable to that of a mature hurricane. All that is missing is
the core regime. On moving over the water such depressions have been observed
to rapidly develop an intense core circulation.
An investigation of these
'reverse landfall' cases could provide valuable additional information on the
role of the boundary layer in more general tropical cyclone dynamics.
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(d)

The outer and interaction envelope regimes

Size changes occur in the outer regime. Here Coriolis accelerations
are important, the mass field adjusts preferentially to wind field
perturbations, radial motion is not unduly restricted, asymmetries tend to
predominate and large amounts of angular momentum are required to affect small
wind accelerations. This regime is therefore considerably influenced by
passing weather systems.
The interaction envelope regime is determined by outer wind strength
changes and probably determines, at least to some extent, the strength changes
that can occur. It also provides the buffer zone between the environmentally
dominated outer regime and the more inertially stable and deterministic core
regime.
Lower-tropospheric interactions, such as a trade wind or summer
monsoon surge, can provide the angular momentum needed for a size or outer
strength change. Such interactions are probably quite important in the early
development and tropical storm stages, especially as they define the scale
which the cyclone will maintain for much of its lifetime. But observations,
modelling, and inertial stability arguments all indicate that it is highly
unlikely that these lower-tropospheric effects will directly influence the
core of an intense cyclone. This may be seen in Figures 8. 4 and 8. 5. Note
that there is a high correlation between size and strength (Figure 8.4 ) but
that outer wind strength and core intensity changes have almost no correlation
at zero time lag (Figure 8.5). A better understanding of the processes which
occur in the interaction envelope
(including features
such as the
quasi-stationary convective band discussed in Chapter 6 and the role of
vertical recycling) will be needed before we can definitively describe any
indirect response.
This poor relation between core intensity and outer circulation
strength should be carefully noted by those who rely on extrapolation inwards
from surface observation to estimate the core intensity of cyclones during the
forecast process.
Since the outer wind strength and size changes require substantial
imports of angular momentum, routine lower tropospheric angular momentum
budgets should provide valuable forecast information of such changes. They
may also provide information on the types of underlying interactions.
(e)

The anticyclonic outflow regime

Direct horizontal interactions from the environment to the cyclone
core probably occur in the upper-tropospheric outflow regime where the
inertial stability is lowest and there is least resistance to radial motion.
This contention is supported by simple diagnostic model results, and by the
many empirical forecast rules which have been developed over the years. The
connection is observed to be in the form of outflow channels into one or both
of the subtropical westerlies or the equatorial easterlies.
Possible
underlying mechanisms include barotropic and baroclinic instability, and
wave-mean flow interactions.
However there is as yet little quantitative
knowledge.
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A proper understanding of the manner in which upper-tropospheric
interactions can affect the tropical cyclone core region is crucial to our
overall understanding of the intensity change process. Because of the wide
range of scales involved, and the lack of data within a couple of hundred
kilometers of the cyclone centre, this is a problem that would be well suited
to a concerted WMO sponsored effort.
There was some discussion at the workshop on the use of uppertropospheric angular momentum budgets to monitor those outflow layer changes
which precede intensity changes. Such an approach seems to have some forecast
potential, at present sparse data interpolations introduce a high noise level
that makes real-time interpretation difficult.
(f)

Extra-tropical transition

As the tropical cyclone moves poleward and encounters the strongly
sheared baroclinic westerlies the basic structure described in Figure 8.1 is
destroyed.
While this occurs the cyclone
may decay, transform into an
extra-tropical system, or cause some form of baroclinic development (such as
waving on a frontal zone).
Since such structure changes may happen quite
rapidly and may be associated with sudden accelerations of the system,
extra-tropical transition can be a nightmare for forecasters in mid-latitude
countries.
Once again, many of the possible interactions are qualitatively well
known. Some cyclones become 'sheared off' as they encounter the strong upper
level westerlies, lose their internal structure and quickly decay. Dry and
cold air intrusion into the core region has also been observed to be
associated with decay. But cold air intrusion may also be associated with a
temporary outer wind strengthening or core intensification before the ultimate
decay.
In other cases the low level cyclonic vortici ty moves under the
divergent region of a westerly jet streak and rapid redevelopment as a hybrid
type of system follows. On yet other occasions the cyclone appears to have
initiated a release of baroclinic instability in an approaching frontal zone
and growth of a mid-latitude cyclone.
For further work the major problem would be to determine the
circumstances under which each of these processes dominate and the ways in
which they could be forecast.
The workshop considered that a combined
numerical modelling and international special observing programme should be
mounted in support of this research.
8.3

CONCLUDING REMARKS

Tropical cyclone structure change has been discussed within the
context of a dynamic scaling of the cyclone into five regimes: the core, the
interaction envelope, the outer circulation, the frictional boundary layer,
and the upper-level anticyclonic outflow .layer. The low-level wind structure
has also been separated into three modes: core intensity, outer wind strength,
and size.
Cycles of contracting and redeveloping convective rings in the core
regime have been shown to be associated with significant intensity changes in
intense Atlantic hurricanes. If such cycles are common in all cyclone basins,
a recognition of their evolution could provide a significant increase in short
term forecasting accuracy.
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There is little knowledge of the manner in which these convective ring
cycles are initiated, though there is evidence that they and core intensity
changes in general are controlled or modulated by environmental interactions.
The
upper-tropospheric
outflow
layer
seems
to
provide
the
primary
core-to-environment connection, but the actual mechanisms need further
elaboration. Of some interest at the workshop was the role of the lower
stratosphere in such interactions.
Outer circulation strength and size are
almost certainly controlled by lower tropospheric environmental interactions
which can supply the substantial angular momentum that is needed for changes
in these parameters. There is little direct relationship, however, between
changes in these outer circulation modes and changes in core intensity. This
indicates that any lower tropospheric connections are at best indirect ones.
Very little is known about the processes in the interaction envelope which can
bring about such connections.
Sea-surface temperature seems to provide an upper bound on the
intensity that can be reached but other processes may dominate in any specific
example to bring about considerable deviations from this maximum. The role of
orography and effects on intensity of an approach to land are areas for
further study, as is the landfall process and, particularly, the conditions
under which transformation to a heavy rain depression occurs.
The rapid
transformations that take place as a tropical cyclone goes extra-tropical pose
a major forecast problem for higher latitude countries.
Though there is
considerable subjective knowledge, such as influences of jet streaks, there
has been little objective quantification of the underlying processes.
Such
work seems to be well within the present capabilities of numerical models and
observing systems.
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CHAPTER 9: TOPIC 5
TROPICAL CYCLONE MOTION
by
L. Chen

9.1

INTRODUCTION

Tropical cyclone motion is a fundamental topic in both operational and
research fields.
When a tropical cyclone occurs, the first problem the
forecaster has is to predict its track.
The public is concerned where the
cyclone will hit, what cities or towns will be affected and the likely damage
to crops, floods that may occur, etc.
Numerical models and objective forecast techniques of tropical cyclone
track prediction have undergone much development at a number of forecasting
centres over the past ten years. Operational prediction models in use can be
classified into four categories, i.e., statistical-climatology, statisticaldynamic, barotropic and baroclinic models.
The surveys and evaluations that
were made by many of the world centres indicate that it is hard to tell which
class of model is generally superior or inferior.
In general, statistical
models with persistence and climatology perform well in the shorter range
forecasts ( 6-12 hours) on low latitude storms.
These models are economical
and easy to use, whereas some baroclinic PE models perform better at the
longer range forecast periods of 48-72 hours; but are expensive and
complicated to use.
It is important that
individual model performance
different models in different
developed that would guide the
situation.

forecasters understand the characteristics of
so that they can get valuable guidance frorr1
forecast situations.
A procedure needs to be
forecaster as to which model to choose in each

Diagnostic rules and indications from satellite images and radar
echoes are used to identify the cyclone centre location and to estimate the
direction and speed of tropical cyclone motion for the shorter range
forecast.
It is most desirable that satellite-meteorological techniques be
developed for providing more accurate wind and height analysis at the
mid-layer of the troposphere.
It is the middle levels that mostly dictate
cyclone motion.
Empirical (or subjective)
forecasts are still needed and are
indispensable.
Large errors can still occur with objective forecast models.
This is often the result of a situation of unusual motion that could not be
anticipated arising from deficiency of data and lack of understanding of the
potential changes that can occur in surrounding cyclone fields.
Priority
should be given to the study of forecasts of the unusual motion cyclones.
The physics of tropical cyclone motion is very complex.
A recent
review of tropical cyclone motion theories was presented by G. Holland in the
pre-workshop rapporteur report.
Further work is needed to understand the
effects of basic current and tropical cyclone structural asymmetries and the
interaction of the environment on the cyclone motion.
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As to future development, improving the data base is of fundamental
importance.
An international co-operative experiment on tropical cyclone
research and forecasting should be planned and organized.
Use of new
satellite data and radar techniques to improve the locating of the cyclone
centre and the better estimating of its current movement should be
encouraged.
To understand physically the cause of unusual tropical cyclone
motion is an important future research topic.
9.2

STATE-OF-THE-SCIENCE

9.2.1

Models of Tropical Cyclone Motion Prediction

Since the 1960s a number of prognostic and diagnostic forecast aids
have been developed to improve the accuracy of operational forecasting in
nearly all ocean basins.
The final official forecast is disseminated by
authorized agencies after consideration is given to the available guidance,
both subjective and objective. Besides the subjective synoptic diagnoses, the
objective techniques that are used in the TC forecasting centres throughout
the world can be generally classified into five categories according to the
type of method used and the models employed.
A summary of the operational
techiques are described below.
(a)

Statistical-climatology model

This model is based on the historical data of all tropical cyclones
over a designated basin. The two categories of this model are CLIPER
(CLimatology-PERsistence) and Analog. CLIPER is used at the National
Hurricane Center (NHC), US; CLIM, XTRP, HPAC, and BPAC are run in
Monterey for use on Guam by the Joint Typhoon Warning Center (JTWC).
A variety of forecast techniques are used in Australia, Japan, China,
and other countries.
It has been established that,

in general,
tend to be repetitive and associated with
Examples of the Analog method are: HURRAN
TOTL at the JTWC; CYCLOGUE in Australia ;
and China; and so on.
(b)

families of cyclone tracks
similar synoptic patterns.
at the NHC; RECR, STRA and
ANALOG in both Madagascar

Statistical-synoptic models

The tropical cyclone track is related to a combination of the real
time observational data (such as wind and height) and the past
motion. This category of models include NHC-67 and NHC-72, TOPEND and
AUSTCYC 7075 in Australia, and Stepwise Screening methods in use at
Shanghai.
A two layer (500 and 850 hPa) steering method is used in
CMO, Beijing, China.
(c)

Statistical-dynamic models

A more complex version of the statistical-synoptic model is the
statistical-dynamic model, say, NHC-73.
It incorporates more recent
numerical prognoses in addition to climatology and
persistent
features.
Another conceptual statistical-dynamic model has been
developed in Shanghai since 1975.
This model
integrated the
horizontal motion equations responsible for the movement of a
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homogeneous Rankine vortex under external forces.
Estimates
statistical motion are made every 6 hours with this model.
(d)

of

Barotropic models (dynamic)

Barotropic steering models such as the SANBAR in the US are structured
on the belief that momentum advection is the primary physical
mechanism for the motion of intense tropical storms ..
In order to consider the storm as a barotropic vortex in a homogeneous
shallow water layer, the STNP-1 (77) model has been in use in Shanghai
for the last eight years.
(e)

Baroclinic PE models (dynamic)

The physics of this model is generally the same as that of the other
PE models now in operation.
PE models can be divided into three
subcategories according to the different grid mesh scheme:
The
movable fine mesh model used at the National Meteorological Center, ·
US; the nested TC model used at Monterey for the JTWC in Guam, and the
movable multi-nested model used at the Japan Meteorological Agency.
It is shown that the "steering" concept as incorporated into the
dynamic models is, indeed, valid.
The mid-tropospheric levels are
very important in the steering prediction.
C. Neumann has implied
that a somewhat better steering flow performance can be obtained from
a pressure-weighted deep layer average.
9.2.2

Operational Evaluation

According to the operational evaluation of the various forecasting
techniques of storm motion over the North Atlantic, it was found that none of
the forecast models could be singled out as superior or inferior. Each model
usually had at least one uniquely favourable performance characteristic, e.g ..
spatial, limited major error, or other features.
In practice, it was
difficult to combine these advantages into one all-purpose model. Thus, no
one objective aid has so far emerged with the best objective forecast. Each
model usually had one or more special disadvantages.
It is impossible to rank various forecast techniques, based on their
operational utility.
It is likely that in the near future the best
operational guidance will be produced from a number of different forecast
aids.
Tropical cyclone forecasters will need to be aware of each model's
strong and weak points so that potential conflicts in guidance can be
rationally resolved.
Figure 9.1 shows the NHC 24-h forecast errors are defined as the
vector distance between a forecast and its observed position. Errors have
been adjusted for the effective sample sizes and the initial storm
latitude/longitude. This figure shows that the error has reduced very little
during the past 30 years (1954-1984) and demonstrates how difficult it is to
reduce forecast errors. Also that a renewed effort must be made to develop
methods for improved track prediction.
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Figure 9.1 - NHC 24-hour forecast errors during 1954-1984

9.2.3

Use of satellite images

Tropical meteorologists have been using satellite pictures for
monitoring tropical storms for more than 20 years.
The six types of cloud
system centres often observed by the analyst are illustrated in Figure 9.2
This figure gives enhanced infra-red pictures.
Patterns shown in Figures
9.2a,
b, and c, are simply the centre of curvature of the tightly curved
cloud lines or bands. When thick cirrus clouds obscure the tight curvature as
shown in Figures. 9.2d and 9.2e, or when only weak indications of a centre are
apparent as in Figure 9. 2f, i t is usually necessary to identify the cyclone
centre at the middle position of the central dense overcast.
As has been
determined from aircraft reconnaissance information centre position errors can
result.
Finally, when vertical shear affects the vertical alignment of the
cyclone centre, it may not be detectable on the satellite picture.
In this
case, the analyst must extrapolate past track position forward to the picture
time and re-examine the cloud area for adjustment in centre position.
This
can be very difficult and large errors can be made.
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Figure 9. 2 - Examples of different cloud pattern types used to position the
surface centre of the tropical cyclone
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Tropical cyclones might also be tracked by using the centre of the
warm core as defined in the microwave soundings from the NOAA polar orbiting
satellites, even though the positions are not so good as those determined from
visible and infra-red imagery.
Animated satellite picture sequences shown on movie loops or on video
screens are excellent tools for tropical cyclone analysis.
Motion picture
loops have long provided tropical meteorologists with qualitative information
about tropical cyclone intensity and motion.
In the past the use of satellite data for tropical cyclone motion
forecasting has been a tantalizing yet frustrating pursuit.
Recently, a
technique has been developed that used changes in the broadscale environment
as well as changes in the storm's moisture/cloud patterns to forecast a change
in TC track.
Another recently developed forecasting technique that showed
promise uses cloud displacement winds along with water vapour tracers and
satellite derived gradient winds to forecast TC motion.
However these
techniques are still in the experimental stage of development.
9.2.4.

Use of radar echoes

The main system of tracking the TC by radar echoes is simply the
determination of the geometric centre of clear eye or the centre of spiral
overlay when only banding features are observed. The use of radar is helpful
only when the tropical cyclone is within 200 km of the radar site.
Small
scale oscillations of radar track are often observed. These are partly real
and partly due to errors inherent in the radar technique and operator errors.
In general, the oscillations are fewer in the case of well developed tropical
cyclones than in the weak ones.
Spaceborne radars will become available for use in tracking tropical
cyclones.
An initiative is now underway to launch a satellite in the 1990s
dedicated to measuring tropical rainfall. The Soviet Union already has a high
resolution satellite radar in orbit that can be used to determine tropical
cyclone centre locations.
It remains to be seen how accurate spaceborne
radars will become for better tracking of the TC.
9.2.5

Theories of TC motion

Some new theories of tropical cyclone motion were discussed at the
workshop. One of these related to TC movement involved the interaction of the
cyclone's steering current with a westward beta-effect propagation (see Figure
9. 3) . Movement is dictated by interaction in an envelope some 100-300 km
around the cyclone.
Interaction is concentrated in an envelope surrounding
the high inertial stability core region. Outside this envelope, considerable
distortion of the cyclone may occur.
Thus, the tropical cyclone motion is
quite sensitive to the size of the outer wind strength changes, but is almost
independent of the core region intensity.
The observed tendency for tropical cyclones to drift poleward is due
to a second order, non-linear adjustment of the basic current to the outer
region distortion.
Thus, the poleward Rossby drift may be explained by
non-linear development of an induced poleward steering current and since a
northern hemisphere cyclone embedded in an environmental flow over the open
ocean has stronger winds on the right, it will experience a greater frictional
dissipation in the right semicircle.
This will produce a small motion
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Figure 9. 3 .,.. A northern hemisphere schematic of tropical cyclone .motion on .a
· ·beta plane under a superimposed uniform basic southerly current ..
(After G. Holland, 1983)

deviation (around 5°) to the right. It also indicates that the deviation may
be due to changed advection of earth and relative vorticity.
The centres of tropical cyclones are often observed to undergo small
. scale trochoidal-like oscillations.
An explanation is that any asymmetries,
non-linear interaction or mechanisms such as .convective and frictional
asymmetries, may distort and deflect the central region and result in an
oscillatory trajectory within the constraints of a slow varying outer envelope.
More research on the non-linear aspects of the motion question is
needed. Further examination of the above effects and of the mechanisms that
cause trochoidal motion, orographic and friction induced motion influences,
etc. should be undertaken.
9 •3

MAJOR PROBLEMS

The main task of both aspects of operation and research on tropical
cyclone motion is to reduce error. As track forecast errors are so directly
related to loss of property and human life it should be given first priority.
The statistics shown in Figure 9 .1 show that the error of official forecasts
in the Atlantic is decreasing slowly.
This is also representative of other
storm basins.
What forecast error will be typical over the next ten years?
It will be difficult to increase forecast accuracy rapidly in the near future
if we cannot overcome the problems discussed below.
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9.3.1

Lack of data

The main impediment to the improving of forecasting accuracy is lack
of data. To date the conventional rawinsonde data over ocean areas are still
sparse and becoming sparser as rawinsonde stations are being discontinued.
There is also a lack of satellite-derived winds in many areas. Lack of data
results in uncertain location of tropical cyclones and also lack of adequate
middle-level steering flow information. The accuracy of forecasts from most
of the operational models relies on accurate initial positions of tropical
cyclones and adequate surrounding steering flow information.
More effort is necessary to derive satellite winds and SST data. The
launching of meteorological buoys (drifting and stationary) should be explored
in oceanic areas where tropical cyclones are most active especially in regions
near a coastline. In addition, certain programmes should be developed to make
conventional ship reports and AIREPS available to forecasters.
Lack of data at lower latitudes often results in forecast failure
because the activities of .different motion scale systems cannot be reflected
by certain operational models. A typical case is shown in Figure 9. 4 where
two tropical storms, one located in the South China Sea and one to the east of
the Philippines were moving north-westward.
Both cyclones simultaneously
recurved to the north-east the next day to the formation and strengthening of
an anticyclone between the equator and those two storms in just one day. The
forecast from dynamical/statistical models failed because there was not
sufficient real-time data available in this oceanic area to predict such
anticyclone formation and strengthening.
9.3.2

Improvement in forecasting techniques for unusual motion cyclones
Tropical cyclones with unusual motion undergo rapid direction and
speed changes.
Most serious track errors are due to unusual motion cases.
The yearly verifications depend on how many unusual track cases have occurred
in that particular year.
Unusual tracks have a low probability of
occurrence.
Statistical (statistical/climatology or statistical/synoptic)
models which are based on large data samples cannot deal with small
probability events.
Some of the dynamical models (barotropic/baroclinic)
which do not include interactions between different motion scales also cannot
deal with . sudden motion changes in direction and speed; for example, the
typhoon in the ·north-west Pacific basin in July 1972. The very important
looping (24-25 July) and sudden turning towards the north-west and the rapid
speed-up (26 July) of this storm system was not predicted by any models or any
other forecast techniques. As no preventive warning measurements were taken
serious damage and loss of life occurred along the Chinese coast, see Figures
9.5 and 9.6.
An idealized (up-to-date) model that can provide a valuable forecast
of such unusual motion cases does not exist. Special research needs to be
conducted on these special cases of unusual cyclone tracks. Much property and
many lives are lost because of such unusual motion cases, especially when they
occur near populated coastlines.

9.3.3

Lack of understanding

All mechanisms responsible for tropical cyclone motion have yet to be
well understood physically.
Researchers and forecasters of different
countries should try to develop co-operative programmes to improve our
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Figure 9.4- 850 hPa flow field and tracks of typhoon RUBY and SALLY in 1976.
On 28
June the tracks of both typhoons suddenly turned
north-eastward causing an intensification of an anticyclone near
equator (heavy solid line- ITCZ; heavy dash line- tracks).
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Figure 9. 5 - Ten categories of unusual track in the north-west Pacific Ocean
(a) sudden turning north-westward ( 2) sudden turning northward
(3) reversed parabola (4) binary storm rotation (5) snake-shaped
(oscillation) (6) looping clockwise (7) looping anti-clockwise
(8) straight landing at high latitude (9) sudden acceleration or
jumping (10) sudden slowing down or stationary
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Figure 9. 6 - Unusual track of typhoon Rita - three times looping and a final
sudden left turning and acceleration.
All the operational
forecasts were failures in this case.
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understanding of tropical cyclone motion.
taken are as follows:

9.4

Some possible steps which might be

(a)

Develop an international co-operative TC experiment where both
operation and research aspects of TC motion are considered;

(b)

Study individual
motion;

(c)

Develop better numerical modelling techniques on TC motion for
improved physical understanding.

cyclone

cases to find the causes of unusual

RECOMMENDATIONS

The eight B-structure working groups (WG) of the workshop which
discussed this topic covered a wide range of TC motion related topics.
A
large portion of these discussions was based on the topic and rapporteur
reports of the pre-workshop document.
In attempting to synthesize all this
material, I would like to make the following recommendations:
(a)

To improve the data base and means of dissemination of relevant
meteorological
information
over
the
GTS
circuits.
More
information is needed from the VAS 6-7 km, resolution instrument,
drifting buoys,
and satellite and
aircraft
observations.
Analysis model outputs (products) from the more advanced centres
should be made available to all warning centres. To provide more
data (e.g., satellite derived winds) in data sparse regions.

(b)

To try to develop methods for anticipating the unusual TC track.
It is important to go through motion verification statistics to
identify poorly forecast cases for later special study to
discover the cause of the unusual TC motion.

(c)

To encourage rapid use of new satellite methods of data retrieval
as they become available and as they may have impact on the
tropical cyclone problem.
To develop better methods for joint
display of radar and satellite data;

(d)

That conceptual models should be developed to better understand
TC motion.

(e)

That research must
positioning errors.

(f)

That WMO should take the lead in organizing the transfer of
appropriate technology for TC motion forecasting to developing
countries.

be

conducted on ways

of

reducing

initial
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CHAPTER 10: Topic 6
NUMERICAL MODELLING OF TROPICAL CYCLONES
by
T. Kitade
10.1

INTRODUCTION

Numerical modelling of tropical cyclones has greatly improved .during
the last two.. decades. Some of the present-day numerical models are capable of
simulating:
(a)

Tropical cyclogenesis from synoptic-scale waves;

(b)

cloud elements · into
mesoscale
Organization of
convective
convective systems with the eventual formation of a vortex in
axi-symmetric models;

(c)

Certain structural details;

(d) ·

Regional topographic effects due to realistic topography; and

(e).

The evolution of some real tropical cyclones;

·(f)

Superior long-range track forecasts in operations.

Model:- experiments have provided much physical insight into mechanisms
of tropical cyclone formation, structure and motion.
There are several types of numerical tropical cyclone models,
depending on the model's purpose.
Many have been formulated for research,
e.g. to understand dynamical/physical processes of the tropical cyclone.
Several operational numerical weather prediction centres have constructed
specialized tropical cyclone track forecast models and some have even utilized
general, hemispheric-scale forecast models to predict individual tropical
cyclones.
Numerical tropical cyclone models have some special features compared
with models for synoptic-scale waves in mid-latitudes.
Tropical cyclone
normally occurs in lower latitudes where the Coriolis parameter is small, a
large amount of latent heat is released and only a small amount of data is
available.
Thus, we face several special problems in numerical tropical
cyclone modelling.
Furthermore, the scales of motion in the tropical
cyclone-environment system necessitate not only fine resolution around the
storm, but a broad integration domain. This report briefly reviews physical,
technical and operational problems and is partly bas.ed on the discussions at
the workshop.
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RESEARCH ASPECTS OF NUMERICAL MODELLING OF TROPICAL CYCLONES

10.2.1

Basic physical mechanism of tropical cyclones

The tropical cyclone is an atmospheric vortex with co-existing cumulus
convection and boundary layer turbulences. Figure 10.1 gives a schematic view
of the tropical cyclone system and shows the physical factors essential to
maintenance and development.
Latent heat release due to cumulus convection is the fundamental
physical process in the tropical cyclone because it provides the necessary
energy to develop and maintain the storm vortex.
Turbulence causes the mixing. of heat, moisture and momentum and thus
exerts dissipative and diffusive effects. It also affects ensemble cumulus
activity through the transports of heat, moisture and momentum from the
planetary boundary layer (PBL).
It
has been confirmed by numerical
experiments that surface conditions, such as sea-surface temperature, can have
drastic effects on the evolution of tropical cyclones.
Early theories of tropical storm formation credited surface friction
with inducing large-scale upward vertical motion in synoptic scale regions of
positive low-level vorticity. This large-scale upward motion would favour the
development of cumulus clouds, and the latent heat released in these clouds
would accelerate the larger scale circulation. The instability of the larger
scale circulation to this positive feedback was termed Conditional Instability
of the Second Kind (CISK), and surface friction was a key part of the theory.
Recent model results, however, indicate that tropical cyclone may form in
models without surface friction.
Radiational cooling rates (about l°C/day) are much smaller than
diabatic heating rates due to convection.
However, satellite observations
indicate a strong diurnal variation in tropical cyclone cloudiness and this
oscillation is almost certainly due to modulation of the convection by
differential radiative heating.
In numerical experiments with and without
radiation, it was found that radiation has an important effect in intensifying
disturbances.
By cooling the outer clear regions more than the cloudy,
interior regions, the large-scale baroclinicity was enhanced, which increased
the large-scale radial-vertical circulation and the convective heating.
Because all cyclone systems have much cloudiness it is difficult to use
radiational heating as a primary mechanism for distinguishing cyclone
behavioural differences.
10.2.2

Initialization-

Excitation of serious noises can contaminate the prediction results
unless appropriate initialization procedures are applied for initial
analysis. There are four major approaches to the initialization:
(a)

Dynamic initialization;

(b)

Dynamic assimilation;

(c)

Generalized balance/divergence equation;

(d)

Non-linear normal mode initialization.
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Non-linear normal mode initialization (NNMI) and vertical normal mode
initialization (VMI) methods have been developed in recent years and provide a
reasonably balanced field in global and/or hemispheric models.
Like the
divergence equation approach, NNMI and VMI can be applied even as the Coriolis
parameter approaches zero and diabatic effects and surface friction can also
be incorporated into the balanced state.
These features are obviously
desirable for tropical cyclone modelling.
However, normal mode techniques
have yet to be tested to tropical cyclone models, although its efficiency will
be evaluated in the near future.
10.2.3

Types of model and applications

Several kinds of tropical cyclone model have been formulated depending
upon the following objectives:
(a) Nwnerical
interaction.

models

to

study

the

tropical

cyclone-cwnulus

In this kind of model the effect of convection is not
parameterized but is resolved explicitly with resolution of a few
hundred metres and utilization of the non-hydrostatic equations
of motion.
These studies suggest that downdrafts and the
associated evaporation cooling might play an essential role in
the formation and development of tropical cyclones.
The
importance of the ice phase has also been examined. These types
of models have been used to study a possible mechanism of
tropical cyclogenesis and the detailed behaviour of the storm's
core and the accompanying rain bands. Perhaps more importantly,
we can deduce a lot of useful information about the behaviour of
cumulus
convection
that
can
guide
the
development
of
parameterization schemes.
It is desirable that model results
with explicitly resolved heating be compared with those results
obtained
using
cumulus
parameterizations
as
well
as
observations.
For
the
present,
only
axi-symmetric
and
slab-symmetric models have been developed because of limitations
in
computer
resources.
However,
investigations
using
a
three-dimensional model will be carried out in the future.
(b)

Numerical model to study the tropical cyclone itself.
Most tropical cyclone models utilize some type of cumulus
parameterization scheme. These models usually have a horizontal
resolution in the order of a few tens of kilometres. Domain size
is typically about several thousand km. There are many subjects
which have been studied using these models. The axi-symmetric
models and three-dimensional models have been used to investigate
development,
structure and energy/momentum/moisture/vorticity
budgets. Using axi-symmetric models, the following basic physical
characteristics of the tropical cyclone have been studied:
(i)

Dependence on surface boundary conditions;

( ii)

Sensitivity to cumulus parameterization details;

(iii)

Effect of cumulus friction;
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(iv)

Effect of momentum supply due to eddies;

(v)

Effect of radiation.

Three-dimensional
investigated as follows:

(c)

tropical

cyclone

features

have

(vi)

Behaviour of spiral bands;

(vii)

Asymmetries in the outflow layer;

(viii)

Maintenance of the eye and eye wall;

(ix)

Movement of an asymmetric vortex;

(x)

Response to variation of sea-surface temperature;

(xi)

Response to artificial heat source;

(xii)

Decay mechanisms after landfall;

(xiii)

Interaction between two tropical cyclones.

Numerical models to study the interaction with
phenomena.

been

synoptic scale

The integration domain in this type of model is larger (about
5000 x 5000 km) to avoid errors due to artificial lateral
boundary conditions.
On the other hand, fine resolution is
required to represent the details of tropical cyclone structure.
Thus,
some
compromise
is
necessary
between
these
two
requirements. Many models have used movable nested grid systems
to cope with this difficulty while others use uniform grids with
spacing of several tens of kilometre.
The following subjects
have been investigated with these numerical models:
(i)

Interaction with idealized zonal flow;

( ii).

Effect of earth's vortici ty field, surface friction and
non-uniform sea-surface temperature on movement;

(iii)

Effect of a mountain range.

There have been a limited number of experiments using real-data sets.
However, the FGGE data sets provide a good opportunity for prediction studies,
although the resolution of the analysis is not sufficient for all scales of
motion.
Some operational forecast models have been also used for the
investigation of tropical cyclones using real data, in particular, for
movement.
10.2.4

Parameterization of physical effects

Modern numerical tropical cyclone models include the energy sources
and sinks associated with fluxes of heat, moisture and momentum by convection
and turbulence and with radiation. All these physical processes are highly
interactive and are associated with scales of motion much smaller than those
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resolvable by models. Thus, the physical effects occur on the subgrid scale.
Relating the cumulative effects of these subgrid-scale processes to the
resolvable scales of motion is known as parameterization. A summary of the
physical parameterizations used in recent tropical cyclone models is provided
in Table 10.1 and summarized below:
(a)

Surface-layer and planetary boundary-layer processes
Most models use the well known bulk aerodynamic formulation.
This method is simple, computationally efficient, and has been
reasonably successful in many tropical cyclone models.
Some
methods based on Monin-Obukhov similarity theory are used in
other models.
The method is more general than the bulk PBL
models, but requires more computer time.

(b)

Turbulent mixing above the PBL
Most tropical cyclone models parameterize the vertical mixing of
heat, moisture and momentum above the PBL using K theory.
Horizontal mixing is also formulated with K theory in all models.

(c)

Condensation
The release of latent heat of condensation provides the most
important energy source for the tropical cyclone. The intensity
of model cyclones is sensitive not only to the amount of latent
heating, but also to its vertical distribution. Three types of
cumulus parameterization schemes have been used:
(i)

Moist convective adjustment (MCA)
The primary assumption in the MCA is that there exists
some critical temperature and moisture profile associated
with the large-scale thermodynamic field.
When the
large-scale sounding becomes more unstable than this
critical state, it is adjusted toward the critical more
stable state. This stabilization is assumed to be caused
by cumulus convection.

(ii)

Kuo schemes
There is a strong correlation between observed convective
rainfall and total large-scale convergence of water
vapour into a column.
These observations suggest that
large-scale water vapour convergence, and more recently
vertical
motion
itself,
are
useful
variables
to
parameterize the effects of convection in larger-scale
models. In Kuo schemes, the total convective heating is
proportional to the vertically integrated moisture
convergence.
The vertical distribution of heating and
moisture is determined by the vertical distribution of
the difference between environmental sounding and a cloud
sounding which is usually assumed to be a saturated moist
adiabat.
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( iii)

Arakawa-Schubert scheme

The Arakawa-Schubert . method is more general than Kuo schemes
because a spectrum .of cloud types is considered and ·convective·
effects are coupled with a model of the mixed layer and with a
large-scale forcing function involving horizontal and vertical
advection, radiation and surface fluxes of heat and moisture.
In
order to quantitatively estimate the effects of the cloud
ensemble on the large~scale flow, the vertical distribution of
the total mass (moisture and momentum) flux by the clouds must be
determined given the cloud base mass flux. This cloud base mass
flux is found by assuming that the net effects of cumulus
cqnvection is to restore large-scale atmosphere to convectively
neutral
state.
That is,
the cumulus exactly. counteracts
convective
instabilities
induced by the
large-scale
flow
(represented by the so-called cloud work function).
10.3.

OPERATIONAL ASPECTS FOR NUMERICAL MODELLING OF TROPICAL CYCLONE

10.3.1

Data and initialization

The conventional observing system can usually provide only sparse data
coverage in the vicinity of tropical cyclone circulation.
Therefore, the
exact structure of individual storms cannot be obtained on a real-time basis
given current observing systems.
Two schemes to overcome the shortage of
storm-scale data have been used for operational forecast models.
One is to
use bogus storm data based on the subjective analyses and satellite pictures
in addition to the conventional observations.
The other is to superimpose
some idealized vortex on the analysed large-scale field.
In order to overcome the general shortage of data, the importance of
utilizing satellite and rainfall data should be stressed.
Some numerical
experiments have suggested that the evolution of tropical cyclone in the model
is very sensitive to the initial humidity analysis. Thus, we should pay more
attention to the moisture analysis using satellite and rainfall data.
Rainfall data has also been shown to be useful in the specification of the
vortex primary circulation. We should also make use of asynoptic as well as
synoptic data.
Four-dimensional data assimilation is a way to incorporate
synoptic data into the initial analysis. However, it should be noted that the
data insertion can excite inertial-gravity wave noise during the course of the
ass imi la tion.
The forecast/analysis cycle of many operational numerical weather
prediction centres follows the intermittent assimilation method (e.g. the 6 h
update cycle).
This strategy is expected to improve the quality of the
analysis, at least for the large-scale field in tropical areas because the
analysis is produced from past data in addition to present data.
10.3 .2

Operational models

There are several kinds of operational forecast models for tropical
cyclone motion prediction:
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(a)

Movable nested model
The highest resolution grid is shifted .in order that the tropical
cyclone centre is always located near the middle of the finest
mesh in movable nested grid models. The model has a quite good
efficiency in the computation although there are several
numerical problems such as partial reflection of waves at
discontinuity and excitation of noise by the shift of the grid
mesh.

(b)

Uniform grid models
Some operational cent.res are now developing advanced tropical
cyclone models as computer power increases. These new models are
based on current operational limited area models and use a
uniform grid spacing of the order of 60 km over a relatively
large integration domain with rather sophisticated cumulus
parameterizations.
The advantage of the uniform grid model is
that simultaneous predictions of two or more tropical cyclones
are possible and the discontinuity problem encountered in nested
models is avoided.

(c)

Large-scale models
There are many operational numerical forecast models
for
synoptic-scale atmospheric phenomena.
The current large-scale
models have horizontal resolution of about 100 km to 300 km.
Although
they
are
not. specialized for
tropical
cyclone
forecasting,
these
models
contain
tropical
areas
in the
integration domain.
Thus, these models can be used for the
prediction of tropical cyclones.
It has been reported by several researchers that global models
can simulate some features of the tropical cyclone in spite of
coarse resolution. Figure 10.2 shows an example of a successful
forecast of a tropical cyclone track by using an operational
hemispheric spectral model.
These studies suggest to a certain
extent that tropical cyclone forecasts might be possible with
large-scale models despite the current coarse resolution.
With
advanced super computers it may possible that global models could
have the same resolution as the operational tropical cyclone
models of today.

10.3.3

The operational models of 1985

There are four baroclinic models making routine tropical cyclone track
forecasts.
The Japan Meteorological Agency (JMA) runs their Moving Nested
Grid (MNG) model for tropical cyclone threatening the islands of Japan. The
US Navy Fleet Numerical Oceanography Center (FNOC) runs two models:
the
One-way Influence Tropical Cyclone Model (OTCM) and the Nested Tropical
Cyclone Model (NTCM).
The National Meteorological Center (NMC) Movable
Fine-Mesh Model (MFM) is run only on tropical cyclones that threaten US
coastal interests (including the Hawaiian Islands).
Figure 10.3 shows the
grid and integration domain in these models.
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Each of the operational models has strengths and weaknesses. The OTCM
is the simplest and has a very good overall track record in operations in the
north-western
Pacific.
The NTCM has
the most
sophisticated vortex
specification procedure and explicitly incorporates current motion into the
initial conditions through a . modification of the steering flow around the
storm.
The lateral boundary conditions of the NTCM coarse grid have been
shown to be the most effective in terms of assimilating the superior
synoptic-scale
forecast of a global model . into the NTCM environmental
forcing, However, crude numerics and a lack of physics prevents the NTCM (and
the OTCM) from simulating the tropical cyclone with much realism. The MFM is
superior to the other models in this regard, but the horizontal domain is not
large enough to completely predict the vortex-environment interaction.
Furthermore, the MFM does not use pre- or post~processing procedures to
improve the early forecasts. The MNG is the only model that attempts to match
the model storm to the real tropical cyclone, but then the NTCM is the only
model that initializes
(balances)
the
vortex and large-scale fields
simultaneously.
Details of the models and their performance are summarized in the
pre-workshop document of IWTC by Fiorino.
(For more details see Report on
Topic 6.3).
Updated information about operational models in many countries was ·
brought to the workshop. Advanced models are under development in the JMA and
the Naval Environmental Prediction Research Facility (NEPRF).
These two
models are surprisingly similar. Both have:
(a)

Uniform grids with horizontal space increments of 50 to 80 km;

(b)

Large integration domain;

(c)

Kuo-type cumulus parameterizations; and

(d)

Vertical resolution of 8-10 layers.

The advanced development at NMC stresses the tropical cyclone
simulation with the goal of building a system that simulates observed
three-dimensional features and structure evolutions. Initial experiments will
concentrate on the effects of different sized vortices in simple large-scale
flow environments. The problem of specification of the initial vortex has not
been pursued.
·In the USSR over the past few years a barotropic model has been
evaluated on many storms in the Atlantic and north-western Pacific. China is
developing a six-layer baroclinic model. The Philippines is also developing a
baroclinic model.
10.4

CONCLUSIONS AND RECOMMENDATIONS
Extensive studies are required on the following subjects:
(a)

Schemes to overcome the current shortage of data:
o

Utilization of satellite
microwave technique,

data

and

application

of

/'
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o

Utilization of synoptic data,

o

Development of analysis procedures to assimilate
tropical cyclone into the larger-scale field,

o

Improvement in bogus cyclone data,

o

Utilization of rainfall data or satellite cloud picture
for humidity analysis and vortex specification;

(b)

Initialization including physical
heating and surface friction;

(c)

Development
methods;

(d)

Improvement of parameterization schemes of physical processes.

of

more

efficient

and

effects

such

accurate

as

time

the

convective
integration

In order to promote research activity and operational numerical
forecasts of tropical cyclones and to resolve the gap between researchers,
modeller's and forecaster's groups the following recommendations are made:
(a)

Recommendations for research:
(i)

Compilation of high resolution data sets and their use in
comparison experiments by different modelling groups;

( ii)

To use numerical models to create better conceptional
descriptions of how tropical cyclones move and interact
with terrain, other synoptic systems, etc.;

( iii)

To circulate updated research information and compile a
data catalogue showing the location of available data
sets;

(iv)

At every opportunity to promote co-operative activities
on the study of tropical cyclone;

(v)
(b)

· To establish a forum of researchers to
information and to promote research activities.

exchange

Recommendations for operations:
( i)

To study the relative contribution of the three types of
error,
i.e.
truncation error,
errors
in initial
conditions
and
errors
in
the
model
physical
parameterizations, to the total error in forecasts of
tropical cyclone track and structure.

( ii)

To investigate the availability and timing of tropical
cyclone data on GTS.

( iii)

To · develop simple · barotropic or regional limited area
forecast models that can be executed on small computers
in developing countries.
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Figure 10.1 - Box
diagram showing
the
atmospheric systems and model
structure. A simplified model can be obtained by ignoring the
boxes with an asterisk (Kurihara, pre-workshop report 1985)

TABLE 10.1
arameterization used in tro
workshop report, 1985
.

'Model/
References

PBL and
Surface
Layer

Vertical
Diffusion
above PBL

Horizontal
Diffusion

Latent
Heating
and Precipitation

Radiation

Anthes and Chang
(1978)

Similarity theory,
multilevel

Kz(l,Ri)

V2

Kuo type {Anthes,
1977)

None

GFDL (Kurihara.
and Bender, 1980;
Kurihara and Tuleya,
1981)

Simil&!it.y theory,
multilevel

Kz(l, Ri)

V2

Soft MCA

Yes

Jones (1980)

Bulk

Kz(l,Ri)

V2

No

Ookochi (1978) .

Bulk

v'

Explicit, prediction
of qv only
Specified

Simple

Kitade (1980)

Bulk

Constant Kz

V2

Modified Kuo (1965)

No

Navy-NCTM
(Fiorino, 1985)

None

None

V2 or \7 4

Specified

No

Navy-NRL (Chang
and Madala, 1980;
Chang, 1982)
Navy - NOR APS
(Hodur, 1983)

Similarity theory,
(Chang, 1979)

?

V2

Kuo (1974)

·No

Kuo type

Yes

y2

Kuo type_

No

V2

.. 'Prediction of

No

Kz

'

Bulk

NMC-MFM
(Hovermale and
Livezey, 1977)

Bulk

Willoughby et al ...
(1984)

Bulk

Yamasaki (1977,
1983)

Bulk

Wada (1979)
Khain (1979)

Bulk
Bulk

v4-

No

Kz

CO

"'"

i
I

I
I

Kz(l, T.K.E.)

I

qv, qc, q,., qi, qg

Constant K.,

I

\72

:

'
I

Constant K.,
Constant K'!.
---

V2
V:..

I

Prediction of
qv, qc, qr

No

Arakawa-Schubert
Kuo type

No
No

\,
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Figure 10.2 - Predicted (right) and observed (left) typhoon ELLIS by the JMA
T42 spectral model (after Kanami tsu et al., J. Meteor. Soc.
Japan, 1983)

- &6 -

Figure 10.3 - Horizontal grid of the MEM, OTCM and NTCM2.0 (not described in
the text) CG stands for the grid of the OTCM and the coarse grid
of NTCM2.0 (After Fiorino, pre-workshop report, 1985)
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CHAPTER 11: TOPIC 7
TROPICAL CYCLONE MEASUREMENT AND ANALYSIS TECHNIQUES
by

R. C. Sheets
11.1

INTRODUCTION

Conventional data sources such as ship reports, surface observations,
and upper-air soundings have been supplemented in the past few decades by
satellite imagery and soundings, land based radar, buoys, commercial aircraft
observations, reconnaissance aircraft data, etc.
However, recently
the
amount
of
available conventional data has decreased in many areas,
particularly upper-air soundings. -Some of this change is the result of a need
to reduce costs and perhaps also because of a belief that advanced satellite
capabilities make it unnecessary to maintain conventional systems. The result
has been that the tropical and sub-tropical regions of the world remain
relatively data-sparse and analyses have deteriorated on the synoptic and
sub-synoptic scale in many parts of the world. Furthermore, it is likely that
there will be little improvement until remote sensing capabilities from
satellites and associated four dimensional data assimilation and analysis
techniques produce required accuracies and are made available to most
operational centres.
On the positive side, recent advances in observational systems and
analysis techniques have resulted in improved knowledge of tropical cyclones,
but unfortunately, they have not resulted in comparable forecast track and
intensity improvements.

Probably the most important contribution that can be made to tropical
cyclone forecasting today would be the improvement of the synoptic and
sub-synoptic scale analyses and predictions over the vast, data-sparse
tropical and sub-tropical regions of the world. Manual analyses dominate in
operational forecast centres today.
The way of the future seems to be
man/computer
interactive
systems.
One
promising
approach
to
this
four-dimensional
data
assimilation
and
analysis
problem
involves
a
man/computer interactive system which permits use of conventional and
non-conventional data sources and some bogus data.
Remote sensing techniques
primarily from satellites offer hope for quantitative information in the form
of atmospheric soundings that will help in .the analysis problem.
However,
testing remains to be done in the tropics to see if the accuracy and
resolution of these data are sufficient to provide the desired improvement.
Also, these types of data sets are only available in the western hemisphere
and require considerable computer power and labour. To apply this technology
in other areas will need advanced satellite instrumentation on other
geosynchronous satellites and the data made available to major forecast
centres.
The other problem area deals with the tropical cyclone scale
world.,-wide.
Of particular importance are cyclone
intensity,
strength,
location, and movement.
Satellite data is the primary data source that will
ultimately lead to a world-wide improvement of tropical cyclone forecasting.
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These data have their limitations in a quantitative sense, but their coverage
both in time and space provides the most used information throughout the world
with the possible exception of conventional data.
In limited areas,
reconnaissance aircraft provide detailed information also used as a primary
source in the operational forecast and warning process.
These aircraft and
research aircraft provide considerable quantitative information used in
forecasts and warnings and in research to improve the understanding of
tropical cyclones.
All these data sources continue to be used operationally as well as in
research. Several analysis techniques and types of studies ,have been applied
including:
case studies, composite studies, quantitative and empirical
relationship studies, objective and subjective analysis techniques and their
combinations, etc.
This paper attempts to depict where such developments
stand today and the proposed directions for the future.
11.2

STATE-OF-THE-SCIENCE REVIEW

The primary synoptic scale analysis carried out in the tropical and
sub-tropical regions of the world remain manual analyses of surface pressure
fields.
Some objective analyses are performed but often suffer considerably
from the sparsity of data and the types of analysis schemes applied.
The
reason for the reliance on surface analyses is that this level has the largest
coverage of quantitative data.
Upper-air soundings are not available over a
large part of the tropical region of the world, but they are sufficient in the
Pacific, so Australia, Tahiti, India, Thailand and other countries analyze
several levels. The Atlantic and Eastern Pacific regions contain very limited
sounding data. Here, cloud drift "winds" determined from time lapse satellite
imagery are used, along with aircraft observations and isolated soundings for
streamline analyses at low levels (850 hPa) and at high levels (200 hPa).
Very little data is available at the middle levels except at a few island
stations.
This leaves most of the area with no quantitative temperature,
moisture and pressure data.
Satellite imagery plays an important role in all these analyses.
Because of the sparsity of data, weather features are often not resolved in
the conventional data sets. The satellite imagery data are used qualitatively
to
maintain
continuity
in the
analyses
of
these
weather
systems.
Unfortunately only limited satellite imagery is available in many areas. For
instance some locations have no direct real-time satellite imagery, others
have only limited "Fax" type imagery recreations and some pictures at
infrequent intervals, etc.
GMS products are only provided to most users at
three hourly intervals and INSAT data is apparently not made available to most
users in that area of coverage.
The GOES satellites in the weastern
hemisphere are provided routinely at 30 minute intervals to most major
centres, but less frequent data are available on some circuits to users
outside the United States.
Satellite imagery displayed in time lapse form
provides considerable insight into environmental flow.
However, due to the
typical life cycle of cloud elements in the tropics,
"wind" vector
determinations from imagery displayed at intervals of longer than 30 minutes
to one hour result in significantly reduced coverage and accuracies.
In
addition, digitized infra-red spectra data can be quite useful for determining
cloud top heights, growth patterns, etc. Again, these data are available at
frequent intervals in a form for quantitative assessment at only a very
limited number of centres.
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The more conventional data remain the primary source of information
for many areas of the world.
This includes the before-mentioned ship data,
aircraft ASDAR data, some buoy data including drifting buoys, pilot balloons,
rawinsondes, automatic surface reporting stations, etc.
Unfortunately; the
coverage of these observations is limited and in some areas continues to be
reduced.
Satellite imagery data are also used as the primary data source for
estimates of location and storm intensity around the world.
The Dvorak
technique is used routinely at most warning centres.
This operational
technique has become more objective over the past few years, but still
contains significant subjective elements.
The Dvorak technique has been
modified at some centres and has been adapted to infra~red digital data in a
totally objective process for storms of near hurricane strength. or greater.
Similar techniques have been developed using cloud top temperatures (Watanabe,
1985; Lawrence and Mayfield, 1985).
These techniques have given reasonable
estimates (within 1 to 1.5 C.I. numbers) most of the time, but are
occasionally in larger error.
Dvorak disagrees with this assessment, but
Figures ll. 1 and 11.2 show a typical distribution of Dvorak estimated values
as compared to aircraft determined values. In addition, operational estimates
received at the National Hurricane Center from satellite analysts at the NHC
compared with operational estimates received for nearly the same time from
satellite analysts at the US Air Force Global Weather Center often differ by
.5 to 1 C.I. number. These results are similar to those found in an extensive
study conducted by Sheets and Grieman in 1975. This is not to take away from
the value of this product - in many areas it is the only available means for
estimating storm intensity and provides valuable guidance to the operational
forecaster in a semi-objective manner. However, users should be aware of the
potential range of errors that might exist and also that the technique was
primarily developed using data from the Atlantic and north-western Pacific
basins where aircraft reconnaissance data were available.
Differences in
storm structural characteristics in other basins might introduce further
errors,
e.g. the Bay of Bengal tropical cyclones, furthermore, statistical
evaluations can be misleading since "best track" comparisons are generally
based upon the Dvorak technique values.
In addition to these techniques, other ways of estimating tropical
cyclone intensity have been developed by the use of micro-wave data (Smith and
Vel don, 1983).
Mixed results have been obtained to date, possibly due to
resolution limitations.
Again, in most centres conventional data plays an important role in
tropical cyclone intensity estimates.
Ship observations are extremely
important and when available buoy and coastal reports.
Over most of the world satellite imagery is also used as the primary
tool for the tracking of tropical cyclones.
If the centre of the tropical
cyclone is well developed and an eye visible, location accuracy is comparable
to good aircraft reconnaissance position estimates.
However, in shearing
environments, or during the weaker stages, large errors can occur.
These
errors are much more prevalent with night-time infra-red imagery due to the
low resolution.
In the Atlantic errors of more than 150 km have been noted.
The representative of the Joint Typhoon Warning Centre stated that for many
cases it was operational procedure to go strongly with an "expected" track
based upon visible imagery positions projected through the night-time hours.
Night-time positions based upon infra-red imagery are known to have
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Figure 11.1 -Best track central pressure variation for Hurricane Irene (1981,
from Sheets, personal communication, 1985), together with all
satellite estimates and aircraft reconnaissance observations.
The plotting convention is shown on the figure.
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considerable scatter and are treated with caution at other centres. Where
available, aircraft reconnaissance "fixes" at 12- to 24-hour intervals can be
used to "calibrate" the centre locations from satellite by relating specific
cloud features to follow. These initial position errors have a major impact
on forecast tracks.
Satellite
imagery
is
also
used
qualitatively
in
assessing
environmental conditions and interactions with tropical cyclone systems.
The new upper-level pictures available from some geosynchronous
satellites have received considerable attention in recent years. A technique
(Dvorak, 1984b) in the experimental stage, used changes in the tropical
cyclones' broad-scale environment and in the moisture/cloud patterns visible
in these pictures to forecast a change in cyclone track.
Much work remains to be done in this area.
available at only a limited number of locations.

Again,

these data are

Rainfall forecasts are one of the major forecast problems for
operational tropical cyclone forecasters. Probably the best method available
today for estimating existing rainfall is from digitized radar. Such radar
systems are available in many highly populated areas of the world, but are
generally scarce over the tropical regions that have large data gaps.
Estimates based upon satellite imagery are routinely made in some major
centres and can provide guidance for the forecaster. Good work in this area
is being conducted in Japan and Hong Kong. However, the direct inference of
rain estimates from conventional satellite imagery has been pointed out to be
quite questionable and certainly where terrain effects are expected, can
result in large errors from pure extrapolation.
The best use of these
estimates seems to be in a qualitative sense and for "nowcasting".
Operational reconnaissance aircraft have been providing data on
tropical cyclones in the north-western Pacific and Atlantic basins for the
past three or four decades. This means of observation has proven to be the
most reliable for obtaining tropical storm locations, intensities and the
extent of specified wind fields.
The primary limitation is the expense and
the limited area of coverage but much of what is known today about tropical
cyclone structure has resulted from these flights. Unfortunately, the expense
of such operations has limited their operational availability.
Technological developments including inertial navigation systems,
computers, etc., have permitted detailed sampling of the storm and its
environment. In addition, satellite communications have permitted the flow of
large quantities of data in real-time from computers on board aircraft
airborne during the storm to computers at the National Hurricane Centre. The
result is that detailed wind, temperature, and pressure fields are now
becoming available for use by the forecaster a matter of minutes after they
were observed. The implementation of this system for operational use has been
pioneered by NOM's Office of Aircraft Operations (OAO) in co-operation with
the National Hurricane Center (NHC) and with assistance from the National
Environmental Satellite and Data Information Service and the Hurricane
Research Division
(HRD)
of the Atlantic Oceanographic Meteorological
Laboratory. The Airborne Satellite Data Link (ASDL) system on board NOM's
research aircraft has been in use for the past few years and has resulted in
special operational tasks for these aircraft, especially at landfall.
A
technique developed by the author (AMS Meeting, Houston, Tx., May 1985) using
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these data has shown considerable prom1se of forecast tracking improvements in
critical situations such as meandering on looping track motion.
Figure ll. 3
shows the track of Alicia as depicted by radar and as determined using the
Sheets technique.
Figure 11.4 shows the differences in forecast landfall
points based upon operational inputs when compared to the inputs from the
Sheets technique.
Simil~r
improvements in other forecast parameters are
probable as these type of data become routinely available. A programme is at
present under way to upgrade the US Air Force Weather Reconnaissance fleet of
aircraft to include similar capabilities.
A prototype system has been
developed and utilized on an Air Force plane during the 1985 hurricane season.
It is planned to obtain these Improved Weather Reconnaissance systems
.for the fleet of approximately 20 WC 130 aircraft supporting hurricane
forecast and warning operations in the Atlantic, Eastern, North and Central
Pacific basins and the Western Pacific typhoon forecast centres. It is hoped
that this fully operational capability will be in place by 1990.
As mentioned previously, rawindsonde data is not usually available on
a sufficient scale to enable detailed operational analyses of the tropical
cyclone and its environmental structures and interactions to be made on a case
by case basis.
One technique that has been used to try to overcome some of
these limitations has been to composite rawindsonde data for use in such
studies. Studies by Sheets and Bell concentrated on the inner core structure
while studies by Gray and associates included larger coverage to study
interactions with the environment.
Gray and associates have now accumulated a very large rawindsonde data
set for three of the major tropical cyclone basins. These data sets have been
stratified for selected storm situations in order to study statistical
characteristics of such factors as movement and intensity as related to the
larger scale environmental flow.
Results from these studies might provide
insight into certain characteristics to look for operationally in trying to
forecast intensity changes, recurvature, etc.
The weakness of the composite
technique lies with
the averaging
process
that
can mask
important
differences.
However, where data sets are sufficient, scatter has been
considerably reduced through stratification of particular cyclone classes or
synoptic situations.
11.3.

RECENT DEVELOPMENTS AND FUTURE EXPECTATIONS

Recent advancements in remote sensing offer considerable promise for
aiding in tropical analyses.
Vertical atmospheric sounding data are being
derived from sensors on board geosynchronous satellites. These data coupled
with conventional and cloud-drift and water-vapour drift satellite imagery
derived data are being tested and evaluated in the United States. The actual
accuracy of these data sets in the operational mode remains to be seen but
W. L. Smith of the University of Wisconsin is quite optimistic. A plan exists
to use this data in a four-dimensional data assimilation and analysis program
for the Atlantic basin over the next two to three years.
The process will
involve a man/computer interactive scheme.
Other promising advances include
microwave
imagery
on
polar
orbiters
and
proposed
improvements
on
geosynchronous satellites.
Table 1 shows a list of existing and expected
satellite capabilities as provided by W. L. Smith.
Improvement around the
world will need co-operative efforts and progress primarily from those
countries operating the weather satellites.
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Recent advances in aircraft instrumentation have permitted more
refined studies of the mesoscale and convective scale characteristics of
tropical cyclones (Jorgensen, 1983, and 1984; Willoughby,· et. al, 1984; Houze,
et. al, 1985; Willis, 1984, etc.).
These studies supplement the many fine
studies of tropical cyclone structure of the 1960s and 1970s.
Airborne
doppler radar is now used routinely in research of flow characteristics in the
convective elements of the tropical cyclone.
A report by USSR participants
indicated that research· ships and aircraft have been employed in. studies of
tropical cyclones near Viet Nam with promising results.
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Figure 11.3 '"" ASDL data collected by NOM's research aircraft (NOM2 )· as
transmitted through the satellite data link and plotted out at
the National Hurricane cent er.
Depicted are data collected in
Hurricane Danny on 15 August 1985 from 0808 to 1130 GMT as the
hurricane neared the Louisiana coast.
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Progress in radar technology and communication systems permit more
direct use of radar data at operational centres. Digitized radar data are now
routinely available to the National Hurricane Center from coastal radar sites
and for the first time during the 1985 season digitized airborne radar was
transmitted in real-time to the NHC.
These data should provide improved
rainfall and intensity estimates.
Results from Japan and Hong Kong studies
are quite encouraging in this area.
Also transmission of high resolution data from research aircraft to
the National Hurricane Center in real-time has permitted more precise storm
tracking, intensity and extent of specified wind field estimates.
Initial
position errors are known to cause relatively large errors in forecast tracks
by gJ.vJ.ng false indications of past and present motion.
The previously
discussed study by the author (AMS Conference, Houston, Tx., May, 1985)
utilizing the high resolution data and a mass flow envelope approach has shown
considerable promise for improving 12 and 24-hour forecasts for critical
situations by 10 to 15 per cent.
11.4

CONCLUSIONS

Several advances in technology offer opportunities to improve our
understanding of tropical cyclones and their environments. However, the most
critical factor remains forecast track improvements.
With the already
existing sparsity of data and the continuing deterioration of the conventional
data network, remote sensing seems to be the only means of providing such data
on an operational basis. Fortunately, recent advances offer encouragement in
this area.
Improved microwave resolution and availability offer hope for
better rainfall and intensity estimates.
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TABLE 11.1
Diagnosis and prediction of tropical storms: satellite capabilities
Spacecraft instrument

Technique.

Resolution
Accuracy
(kts)
Temp'l Spat'l
(km)
(hr)

Year AVA

Intensity
GEO (VAS, METEOSAT,
GMS, INSAT)

Image interpretation

1/2

10

< 15 kts in orbit

Cloud motion vectors
(winds)

1-3

200

< 10 kts in orbit

NOM (TOVS)

Warm core gradient

6

100

< 15 kts in orbit

DMSP (SSM-T)

Warm core gradient

12

100

< 15 kts in orbit

DMSP (SSM-I)

Sea state

12

20

-2kts

1986

N-ROSS (SSM-I)

Sea state

12

20

~2kts

1989

N-ROSS (SCATT)

Sea state

12

50

~4

kts

1989

MOS-1 (MSR)

Sea state

12

20

~2

kts

1986-87

MOS-2 (SCATT)

Sea state

12

50

~4

kts

1989

ERS-1 (SCATT)

Sea state

12

50

-4 kts

NOM (AMSU)

Warm core gradient

6

50

< 10 kts 1990

1988-89

Steering Current
(DLM)
GEO (VAS, METEOSAT,
GMS, INSAT)

Cloud motion winds

200
2-3
(2 layers)

< 10 kts

in orbit

GEO (VAS)

HzO, cloud, &
g,radient winds

200
1-3
(3 or more
layers)

< 10 kts

in orbit

GEO (VAS, METEOSAT)

HzO image
interpretation

1/2

20

GOES-NEXT (HIRS)

HzO, cloud, &
gradient winds

1-3

100

in orbit

< 10 kts 1989
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TABLE 11.1 (cont 'd)
Spacecraft instrument

Technique

Resolution
Accuracy
Temp'l Spat'l (24 H,
(hr)
(km)
1° x 1°

Year AVA

Satellite rain estimation cyclones
GEO/GOES (VISSR &
look-alikes)

IR Thresholding

12

30

< 200

METEOSAT
GMS
INSAT

Vis/IR decision tree

12

30

< 150

1

30

< 200

1990's

GOES-NEXT (highIce scattering
frequency microwave*)

in orbit

Nimbus 7 (SMMR)

Cloud liquid water
emission at low
frequencies

48

30

< 100

in orbit
(1978)

DMSP (SSM/I)

See SMMR (above);
also ice scattering
at high frequencies

12-24

30

< 100

1986

NOM (AMSU)

See SSM/I (above)

12-24

30

< 200

days

5

< 100

24

10

< 120

24

5

< 150

10

< 100

TRMM* (Tropical Rain Attenuation
Measurement Mission)
(2 channel radar*)
(Passive microwave) See SMMR (19'GHZ)
radiometer*
possibly scattering
frequencies as well
Vis/IR thresholding,
radar calibrated
(backup to microwave
instrument)

(AVHRR)

EOS (HMMR*)
See SMMR, SSM/I
(High Resolution
Microwave Radiometer)

l
* Proposed instruments or missions

12-24

~1992

1990's
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Advances in airborne instrumentation also offer great potential for
improvement in the understanding of the processes within the tropical cyclone
that influence such factors as intensity chages. Airborne doppler and other
remote sensing instrument packages, coupled with the more standard kinematic
and thermodynamic measurements at the aircraft level and through dropsondes,
would seem to have considerable potential.
It should be emphasized that in all these areas of "potential
improvement" for operational use, researchers and operational people need to
work together in make sure that developments in the research area are
logistically practical for application to the operational environment.
Researchers should play an active role in the process of technology transfer
to assure operational use.
Finally, it needs to be stressed that much that is cited above applies
to only a small percentage of the tropical cyclone forecast, research and user
community. Furthermore, the gap between major centres in various parts of the
world continues to widen as does the gap between major centres and smaller
units.
Many centres continue to have very limited capabilities. Advances
such as derived fields from remote sensing from satellites, cloud drift
"winds 11 , etc., require considerable computer and communications capabilities
and are labour intensive. For economic reasons these products and derived
analysis fields for user forecast offices can only be accomplished at the most
advanced centres.
11.5

RECOMENDATIONS

(a)
That top priority in research and operations should be to improve the
synoptic and sub-synoptic scale four-dimensional data analyses over tropical
and sub-tropical regions.
(b)
That WMO should urge countries operating weather satellites to make
data from these systems available on a real-time operational basis to the user
community at large. Specifically, Japan, India and the United States should
be urged to provide hourly imagery to users in their areas. The USSR and the
United States should be urged to supply polar orbiting data in real-time.
(c)
That WMO, UNDP, and other aid programmes should place a high priority
on obtaining sa·telli te down links and microcomputers at smaller forecast
centres so as to receive display and analyse the satellite imagery cited above
and perform other tasks for the user centres. This system should be a common
system for all users so that costs would be low and software readly available
and exchangable from centre to centre. Industral standard systems such as IBM
PCs should be used.
(d)
That a few major centres should obtain capabilities of improved
synoptic and sub-synoptic scale analyses and make such analyses available to·
the smaller forecast offices through the microcomputer system cited above. To
accomplish this to state-of-the-art levels, VAS type systems, microwave
sounders and water vapour sensors should be extended to future GMS and INSAT
systems.
Satellite derived "wind" fields should be composited from various
centres.
(e)
To provide a portable instrument package for non-weather dedicated
aircraft for use in special reconnaissance missions of opportunity in selected
locations such as Australia, India, etc.
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(f)
To conduct research missions on the structure of tropical cyclones
using research aircraft in areas other than the Atlantic, Eastern Pacific, and
Western North Pacific for use in calibrating satellite measurement systems for
area peculiarities.
(g)

To improve radar networks, data transmission, utilization, etc.

(h)

To improve ASDAR coverage.

(i)
To implement buoy coverage in selected areas including possible use of
drifting buoys and tidal gauges.
( j)
To provide more frequent reconnaissance flights and release the data
in real-time in its entirety.

(k)
flow.

To provide rawindsonde systems for Indonesia to get cross-equatorial

(1)
To conduct research on improving rainfall estimates from satellites
and other available data sources.

(m)

To calibrate Dvorak scheme versus reconnaissance data in each basin.
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CHAPTER 12: TOPIC 8
TROPICAL CYCLONE COASTAL IMPACT

BY

C. P.
12 .1.

Arafiles

INTRODUCTION

The tropical cyclone constitutes
a
most
destructive
natural
disaster-causing phenomena that affects many countries. Tropical cyclone can
cause tremendous annual losses in lives and property.
Although these
disturbances wreak havoc wherever they traverse, their impact is the greatest
over the coastal areas that bear the brunt of strong surface winds, squalls,
induced tornadoes and flooding from storm rainfall and associated storm surges.
This report attempts to bring into focus the current
knowledge on the tropical cyclone's economic impact and the
planning necessary to lessen cyclone impact.
The major problem
identified and appropriate recommendations of possible solutions
pressing problems are offered with the end view of bringing about
change.

state of
long-range
areas are
to these
beneficial

This
summary attempts
to
synthesize
the
topic
rapporteurs'
pre-workshop reports together with significant inputs and reactions from the
workshop participants either as individual comments during th~ plenary
sessions when the topic chairman's summary was presented or in the formal
reports of the B-working groups.
12.2.

REVIEW OF THE CURRENT STATE-OF-THE-SCIENCE ON OBSERVATIONS AND
FORECASTING OF STRONG SURFACE WINDS AND SQUALLS, TORNADOES, RAINFALL,
FLOODING, AND SURGES

12.2 .1

Observation and forecasting of strong surface winds and squalls and
tropical cyclone-induced tornadoes

Mesoscale systems which generally give rise to anomalously strong
squalls associated with a tropical cyclone (TC) are the (a) supercell; (b)
secondary wind maximum associated with a strong principal band; (c)
pre-tropical cyclone squall line.
One or more of these features can be
expected to occur in TCs over open ocean. Upon landfall, the effects can be
accentuated and in certain situations result in the formation of tornadoes and
downbursts in association with one or more of these features. These features
can be further enhanced when landfall of the TC is complicated by interaction
with a mid-latitude system. In addition, the injection of baroclinic effects
can lead to a band of enhanced northerly flow on the western side of the storm
- a severe problem in China.
In some ocean areas the occurrence of the supercell in developing TCs
has been shown to enhance surface winds over a region 20 to 50 km downstream
from the core of the convection by a factor of 2 over what would normally be
expected by pressure-wind relations.
These were documented in Eloise and
Gladys in 1975, Anita in 1977 and Norbert in 1984. Their structure is similar
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to moist downbursts as described by Fujita.
not been possible so far.

Forecasting their formation has

Another type of squall is associated with rainbands in hurricanes.
Most major bands with active convection will have secondary wind maxima
associated with them of the scales previously mentioned.
Thus, the first
major band beyond the eyewall, typically at a radius of 100 km or more, will
be associated with an increase · of the wind at a point.
In some cases, the
wind may equal the maximum wind in the eyewall.
The third major squall feature noted in TCs is the pre-TC squall
line.
This is a sharp line of very intense convective cores which behaves
like the typical Midwestern US squall lines associated with fast-moving short
waves.
These features are located at the outer periphery of the TC, usually
beyond the cirrus shield at ranges greater than 200 km.
Hurricane-spawned tornadoes mostly observed in the United States are
much more common than was once thought.
Recent studies indicate that
virtually all storms of hurricane intensity striking the coast of the United
States south of New England, and half the storms of tropical storm intensity,
spawned tornadoes.
The tornadoes are heavily concentrated in the right front quadrant of
the storm (relative to the track) in regions where the air has had a
relatively short trajectory over land. Based on proximity sounding analysis,
the major large-scale feature associated with the tornadoes is very strong
vertical shear of the horizontal wind between the surface and about 850 hPa.
Novlan and Gray (Mon. Wea. Rev:. 1974) estimated that tornado·-producing
hurricanes had a mean shear of 23 m s- 1 between these levels compared to
about 12 m s- 1 in storms without tornadoes.
This strong shear occurs most
commonly in intense or intensifying storms which are close to the point of
landfall.
It has been suggested that strong vertical shears in the right
front quadrant reflect the relatively slow adjustment of the boundary layer to
flow over a rougher surface. Others have suggested that stabilization of the
boundary layer over land may decouple the upper portions of the layer leading
to inertial oscillations and strong shears, but this is speculative.
The tornadoes form in conjunction with strong convection.
This may
occur either near the outer edge of the eyewall cloud (20 %) or, more
commonly~ in the outer rainbands.
Convective bands are associated with strong
mesoscale and convective scale vertical velocities, and hence tend to be
located in regions of strong velocity convergence.
At the workshop, Black
suggested that the occurrence of a colder dry air above the warm, moist lower
atmosphere at the periphery of the hurricane circulation, enhancing convective
instability, may st·rongly influence tornado formation.
Since tornadoes are spawned in portions of tropical cyclones with
strong vertical shears, convergence and vertical velocities it is logical to
assume that the necessary vorticity values are generated by a combination of
the twisting term and the divergence term of the vorticity equation.
Novlan and Gray showed that hurricane tornadoes are usually generated
in the right front quadrant of the cyclone; they are directly related to the
storm intensity as it strikes land; the majority of tornadoes occur inland
within lOO n. miles of shore; there appears to be very little correlation of
tornado occurrence with storm velocity, direction, or time of day and that on
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average tornadoes are spawned at a storm location with surface pressuring of
They
also concluded that hurricane-spawned tornadoes are closely related to the
presence of very strong low level vertical wind shear. Figure 12 .1 shows the
plan view of 373 US hurricane tornadoes (1948-1972) with respect to the
hurricane centre and its direction of motion.

.1009 hPa at the time when the hurricane's centre is 50 n. miles inland.

Measurements of the extreme values of surface winds often present
difficulties primarily due to the· failure of wind instruments before the
maximum values of the surface winds are attained and recorded at the station.
It has been pointed out that "the climatology of surface-layer winds in the
United States has been handicapped by a lack of well-exposed anemometer
systems in the coastal zone -- operational anemometers at weather stations are
not often found at shoreline locations; and, because of instrument or power
failures, it has been difficult to capitalize on opportunities for data
acquisition when hurricanes have affected such locations".
However, apart
from causes due to the changing structure of the eyewall at landfall, the
effects of terrain, ·valley channelling, and man-made barriers can enhance or
reduce the extent of tropical cyclone maximum gustiness.
Recording of typhoon winds and their impact on structures has been
accomplished in Hong Kong where a 10-story building frame and a cluster of
four instrumental towers were erected explicitly to measure the impact of
typhoons.
Figure 12.2 illus~rates the maximum surface layer winds from an
extreme hurricane.
The subject matter is poorly understood and poorly
documented and requires more research and study.
With the advent of new technology, observing platforms and equipment
including WX surveillance radars and satellites, more detailed observations
of TC-associated strong winds, squalls and tornadoes should be carried out and
documented.
These data will certainly contribute to the growth of better
forecasting of these severe phenomena.
12.2.2

Observations and forecasting of rainfall and flooding

Rainfall associated with tropical cyclones (TC) is both beneficial and
harmful; beneficial because the rains so produced contribute to the water
needs of the areas traversed by the cyclone, and harmful when the amount is so
excessive as to cause flooding.
The conventional way of determining rainfall from tropical cyclones
relies mostly on the rainfall observing network; the overall accuracy of the
observations depends on the density of the network and as the terrain
traversed by the disturbance.
The advent of weather surveillance radar equipped with DVIP displays
has greatly improved the systematic measurement of precipitation amount and
intensity from storms in conjunction with an existing rainfall observation
network that would enable one to calibrate the radar to be used for rainfall
measurements.
Recently, Japan has designed radar raingauges which are now
used to monitor rainfall in some strategic locations in Japan.
Remarkable cases of heavy rainfall caused by tropical cyclones have
been recorded (Bao, Rapporteur's workshop report, 1985):
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(a)

3240 mm/3-days in March, 1952 at Reunion Island,

(b)

2743 mtn/3-days in October, 1967 in Taiwan,

(c)

1631 mm/3-days in August, 1975 at Henan, China, and

(d)

1114

mm/I~day

in September, 1976 in Japan.

Bao classifies heavy rains (HR) associated with tropical cyclones into
four categories:
(a)

Squall Line ahead of a tropical cyclone,

(b)

Heavy Rain caused by the circulation itself,

(c)

Heavy Rain produced by the interaction
cyclone and the westerly system, and

(d)

Heavy Rain caused by the interaction between the tropical cyclone
and other tropical systems.

between

the

tropical

Further, Bao found that heavy rain from tropical cyclones is affected
by the following factors and synoptic systems:
(a)

The tropical cyclone intensity itself,

(b)

Duration of rainfall and the energy supply,

(c)

Upper level divergence and lower level convergence, and

(d)

Topography.

At present, the tropical cyclone forecaster is faced with the
difficult problem of inadequate operational tools for accurately predicting
the amount of rainfall from an approaching tropical storm. This quantitative
forecast is badly needed by the hydrometeorologist to feed into his flood
forecasting model.
Bao mentions in his report some existing operational techniques of
forecasting rainfall from tropical cyclones:
A diagnostic forecasting method as developed in China involves water
vapour in the layer between 850 hPa and 700 hPa, the geopotential instability
in the layer between 850 hPa and 500 hPa and the vertical velocity.
(See Figure 12.3).
Hong Kong estimates heavy rain by a regression correlation method
between rainfall and the minimum sea-level pressure. This is used to forecast
tropical cyclone rainfall by the Royal Observatory.
Japan makes rainfall forecasts for 73 different districts which have
been separated by their topographic gradients and
orographic rainfall
characteristic. The results seem to be satisfactory.
It is hoped that limited area numerical models suitable for
application in the tropics will soon be made operational and available for use
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in tropical cyclone forecasting.
This would greatly assist in more accurate
estimations and forecasts of TC rainfall.

There is much more to be understood with respect to rainfall and
flooding associated with tropical cyclones, hence the need to further consider
the following:

12.2.3

(a)

Research should be carried out to identify the environmental
conditions favourable for excessive rains associated with
tropical cyclones, including those that are due to interaction
with extra-tropical systems.

(b)

More work on estimating rafnfall by satellite on the nowcasting
scale is reconunended and effort should be made to make hourly
satellite data available.

(c)

Adverse effects of heavy rainfall on the coastline configuration,
on structures critical to economic development~ e.g. dams,
indicate the need for climatological studies of the duration,
intensity, and return period estimates of tropical cyclone
rainfall to be derived for long-term planning and preparedness
purposes. Mesoscale analysis and numerical modelling for heavy
rainfall is also very much desired.

(d)

The use of the MCIDAS system for monitoring rainfall rate should
be considered together with its utility for flash flood
forecasting and warning.

Observations and forecasting of tropical storm surges

The storm surge is an oceanographic event responding to meteorological
driving forces resulting in an abnormal rise of water usually over a coastal
basin as a tropical cyclone comes into the proximity of the coastline. The
significant phase of this phenomenon occurs along coastal basins with shallow
bathymetry, with the low-lying coastal terrain experiencing inland inundation,
and rising water levels over inland water bodies such as bays, estuaries,
lakes and rivers. For a landfalling storm, storm surge can affect about lOO
miles of coastline for a period of several hours.
Following are some awesome statistics on losses from storm surges:
September
October
September
November
November
September
May

1900 18971959 1970 1977 1984 1985 -

6 000 perished in Galveston, Texas,
1 300 deaths in Leyte and Samar, Philippines,
5 000 killed, Ise Bay, Japan,
300 000 lost, Bangladesh,
10 000 drowned, Andhra Pradesh, India,
1 000 dead, Southern Philippines,
11 000 killed, Southern Bangladesh.

Jelesnianski has summarized the present day problems relating to the
observation of storm surges:
(a)

Observations are deficient, haphazard and targets of chance even
in industrialized nations,

(b)

Tide-gauges are few and far between,
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(c)

Surge gauges often malfunction.
An inexpensive way to gather
surge data after a storm event is to survey high-water marks
inside structures or buildings acting as stilling wells and the
distribution of debris and other evidence of inundation levels.

On surge forecasting:
Although surge forecasting can be done using statistical techniques or
mathematical models, statistical methods are impractical because of the lack
of surge data from past events.
Instead, we must rely more on mathematical
surge models.
The mathematical modelling of storm surges requires the
solution of hyperbolic, partial differential equations, horizontally in two
dimensions, with initial-boundary conditions, and driving forces must be
specified consisting of a surface stress from wind and a pressure gradient
body force.
Such scientific study has been expended on mathematical
techniques and algorithms to solve such equations. However, adapting a surge
model for operational, real-time forecasting to a given region requires
laborious data acquisition.
The bathymetry of water areas and surface
topography of land must be specified for each model grid square. All of these
data must be carefully adjusted to a common datum.
Subject areas for consideration in surge forecasting and observation
should be:
(a)

Data,

(b)

Initial sea state before a surge event,

(c)

Storm modelling,

(d)

Surface stress and surface winds,

(e)

Surge modelling,

(f)

Observations and data gathering,

{g)

Surge output,

(h)

Use of surge models in evacuation planning,

(i)

Accuracy of surge forecasting,

(j)

Future modelling of storms and surges.

A number of dynamical surge models have been developed and are being
used operationally, e.g. Jelesnianski's SLOSH (an acronym for Sea, Lake and
Overland Surges from Hurricanes) which is now used for basins along the US
coasts. This model is also extensively used elsewhere in south and east Asia
including the Philippines, Bangladesh and India. The SLOSH model seems to be
prom1s1ng (see Figure 12. 4) for application in various parts of the world
where coastal basins are irregular.
Its accuracy, however, as in any other
surge model, depends heavily on the meteorological forecast of storm landfall,
intensity, the radius of maximum winds and the direction and speed of the
cyclone motion.
Statistical surge models are used in a number of countries
for specific coastal basins and bays, e.g. those in Japan using Miyasaki 's
model and that in the Philippines, using the modified splash model which is a
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set of regression equations using the basin bathymetry for a given intensity,
direction and speed of stonm and the radius of maximum winds as predictors.
One big problem for the calibration and verification of storm surge
models is the lack of archived surge data.
This problem needs to be
resolved.
In this respect the WMO/ESCAP Panel on Tropical Cyclones is
currently conducting a series of training workshops in methodologies for
collecting evidence of storm surge heights in the Bay of Bengal region.
12.3.

ECONOMIC IMPACT OF TROPICAL CYCLONE

Approximately 80 tropical cyclones occur world-wide each year causing
US$ 6 billion damage and killing an average of about 10 000 people (Southern
1979, Aust. Met. Mag.).
Most tropical countries are experiencing population growth in coastal
areas and this results in increasing property damage from tropical cyclones
(see Figure 12. 5).
In generaL the loss of human lives ,is decreasing in
countries with advanced warning-response systems (see Figurk 6) . Exceptions
are India and Bangladesh where there are extensive and increasing populations
at risk. In Bangladesh, there is an almost irreversible growing vulnerability
to both loss of life and of property.
Staggering losses from cyclones in recent years should prompt more
governments to review their cyclone relief programmes and develop stronger
mitigation policies designed to minimize such damage.
In order to do this
properly, a realistic economic study of cyclones is required, examining not
only the cost and damages but also the benefits.
(a)

Cost of cyclones - The direct or indirect costs of a cyclone can
be divided into broad categories as follows:
(i)

Cost of damage
Most countries maintain a historical record of this aspect
of the cyclone and use such parameters as insurance
payments,
impact
on national
productivity due
to
agricultural losses and direct relief costs.
In some
countries it is assumed that approximately half the losses
are covered by insurance.

(ii)

Cost of preparedness
Neumann (1975) completed the most recent estimate of
preparedness cost in the US for the area bordering the
Gulf of Mexico. He considered five different aspects of
the cost: municipal and private cost, cost of evacuation,
military cost, cost to off-shore oil rigs and costs to
large industry.
He found the average cyclone warning covered about 300
miles of the coast and the average munber of people under
warning was 1 750 000. According to his study, the total
cost of preparedness (in 1974 dollars) was US$ 25 million
for one cyclone.
Allowing for inflation over the last
decade, the 1985 cost is probably near US$ 50 million.
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Since the United States experiences about two cyclones per
year the annual preparedness cost is about US$ 100 million.
(iii)

Cost of the warning service
This is very difficult to compute because in most
countries the cyclone warning function is not separated
from the day to day
eather forecasting mission.
Satellites,
radars,
communications,
data
processing
centres and a network of observation stations would all
be required regardless of whether tropical cyclones
affected one's country. The cost of cyclone research must
also be included.
It is desirable to develop methodologies to assess the
value of warning services in reducing avoidable losses,
and also to assess the additional preparedness costs due
to inaccurate as compared to accurate warnings.

(iv)

Cost of relief
Relief
costs include direct cost to the community
immediately affected by the cyclone which may be covered
by local resources and aid from the central government,
international aid from other governments and private
sources.

(v)

Lost revenue to business
This is difficult to estimate but is an important part of
the losses sustained during and after a cyclone.
It may
take days or weeks before businesses reopen and factories
return to normal. On the other hand, windfall profits may
accrue
to local
businesses
engaged in relief and
reconstruction.

(vi)

Losses to agriculture
A cyclone can have a staggering impact on small countries
with an agricultural economy. In 1979 a severe hurricane
devastated over 80 % of the banana crop in Dominica and it
took years to recover. In 1985 early estimates placed the
damage to the Cuban sugar crop due to hurricane Kate at
US$ 1 billion.

(b)

Beneficial aspects of tropical cyclones
Among the benefits from cyclones are the enhancement of water
available for agriculture, hydropower generation and mitigation
of drought or near drought conditions in areas dependent on
cyclones for their annual rainfall.
Sugg (1968 Mon. Wea. Rev.)
found that the 1945 hurricane in the US benefited the nation's
economy more than any other cyclone. Southern estimates that 90
per cent of tropical cyclones in the sparsely populated coastal
areas of Western Australia are beneficial to the pastoral
industry.
A below normal number of cyclones in 1982 and 1983
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caused near-drought
conditions
in the
Philippines
where
approximately 60 per cent of the annual rainfall is attributed to
tropical cyclones.
(c)

Numerical models of typhoon damage
Friedman (WMO TCP No. 14 " A Resource Guide for UN Members in
TC-prone regions," 1986) has developed an empirical model to
predict the dollar damage resulting from the tropical cyclone
impact on different building types.
.An empirical model of
decrease of wind as the cyclone moves inland was also developed
in which storm surge is also empirically included.
The model gives good results when compared to actual losses in
recent cyclones and also allows for better understanding of the
cyclone vulnerability of coastal locations and an objective
examination of mitigation alternatives.

In general the ultimate socio-economic cost to a city or region due to
tropical cyclone impact can only be assessed after a period of time by
comparing pre-cyclone and post-cyclone growth rates.
12.4

LONG-RANGE COASTAL PLANNING TO MITIGATE CYCLONE IMPACT?

Long-range planning is a very vital component in disaster preparedness
and prevention, or DPP. It refers to the various measures taken in order to
mitigate or minimize the impact of an anticipated disaster-causing phenomenon.
For a long-range plan to be acceptable, it must take into account the
nature of the community it is intended for, and the degree of development in
terms of its social, economic and political setting.
This is particularly
true in the question of educating the recipients of storm warnings and
bulletins or in getting the peoples• proper response or compliance to
evacuation orders.
For a long-range plan to be effective, it should have the following
components:
(a)

This should reach all segments of the population
through the educational system, the media, and the responsible
government agencies in order to prepare the public to react
appropriately when storms threaten.
Through education, the
public should be aware of the meaning and implications of
warnings and advice issued for a threatened area including the
probable storm damage area, of the uncertainty inherent in
forecasts, and the danger from strong winds, floods and storm
surges.

(b)

Qo!!!ffi~.! ty ~c~iQn_p.!_a~s:

E;d~c~t_!o~:

Every community should have an emergency
plan with a decision tree-structure that details times in
relation to predicted storm landfall when certain actions need to
be taken, such as the issuance of warnings, activation of
emergency procedures and evacuations where necessary. The plan
should also have as an important component an effective community
vulnerability assessment.

f'
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(c)

!o_Eega~t_i!!!{),;:o_ye!!!e~t:

(d)

~a~d=u~e_p!a!!ll_!ng:

This includes appropriate zoning for human
settlements based on natural hazards, risk mapping and the
vulnerability of the area to strong winds, floods and storm
surges.
Vulnerability studies need to be soundly based on
demographic input, inventories of infrastructure facilities and
resources and local geographical evacuation constraints.
There
is an almost universal need for more accurate contour mapping of
coastal areas to assess the storm surge inundation expected due
to tropical cyclones of defined intensity, motion and angle of
approach.

(e)

_Qi~a~t~r_a!_l~v_!a~iQn:

This includes effective use of now-casting
techniques coupled with planned conununi ty response.
Short-term
local track forecasts can be facilitated with the installation of
weather surveillance radar at strategic locations.

This refers to the undertaking of
engineering projects designed to reduce· the damage and loss of
life from tropical cyclones - including levees, sea-walls, killas
(earth mounds) and cyclone shelters.
DIRECTION' OF
STORM MovEMENT
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Figure 12.1 -Plan view of 373 US hurricane tornadoes (1948-1972) with respect
to the hurricane centre (after Novlan and Gray, 1974)
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Figure 12.2 - Maximum surface layer winds from an extreme hurricane (after
Simpson and Riehl, The Hurricane and its Impact, Louisiana State
Univ. Press, p. 215, 1981)
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Figure 12.3 - Diagnostic chart of typhoon heavy rain.
(HR in shaded areas
within region of maximum geopotential instability)
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Observed surge heights computed by the SLOCH model
storms in nine basins (after Jelesnianski, 1985)
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Figure 12.5 -Damage cost in selected nine countries in the ESCAP region (from
ESCAP Water Resources Journal, June, 1983)
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Figure 12.6 - Trends of losses from hurricanes in the United States by
five-year periods. Damage statistics have been adjusted to the
1957-1959 Department of Commerce Composite Cost Index for
Construction (after Sen, S. H., 1981, "Twelve years of the
ESCAP/WMO Typhoon Committee", private publication.)
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CHAPTER 13: TOPIC 9
ASSESSING AND IMPROVING TROPICAL CYCLONE FORECAST WARNINGS
by
R. L. Southern

13.1

INTRODUCTION

The workshop documentation and discussions emphasized that the
objective of improving not only the technical accuracy of tropical cyclone
forecasts, but the effectiveness of warnings by invoking a rational response
to the threat and thus mitigating avoidable loss of life and property, is
dependent on a diverse range of technical, organizational, cultural and human
factors.
This report identifies the more significant of these factors, assesses
where we stand today on a global basis in attempts to systematize and quantify
the various partial solutions to improving warning effectiveness, and
indicates where the potential lies for progress in the next one or two decades.
As a summation of the complexity of the task of improving the overall
warning-response system for the benefit of the community and special users we
need to take into account the. following interdisciplinary tasks, and
variables, each of which has its own complexities and challenges:
(a)

Technical
arrangements
for
monitoring
life-cycle of tropical cyclones;

(b)

Research needed to comprehend and model the structure and
behaviour of tropical cyclones, leading to development of
objective techniques. for their predictability as atmospheric
systems;

(c)

Operational and organizational techniques and procedures to
convert such technical information into meaningful real-time
forecasts and warnings for the recipients;

(d)

The organization and liaison necessary to preserve the content
and disseminate. highly time-perishable warning products and
accompanying advisory response actions, to intended recipients
with minimum delay;

(e)

Training and
rehearsal
exercises
for
cyclone
disaster
management officials to interpret and apply warnings in
decisions to implement actions . and deploy resources to
impact,
the
threat
and
in accordance with
counteract
contingency plans;

(f)

Repetitive programmes to establish and maintain community
awareness about the hazards of tropical cyclones, as an
inducement for individuals to respond to warnings in a sensible
way, as for example, in evacuation or in seeking shelter.

the

genesis

and

--

,....
1-'

w

Typical damage due to cyclone Tracy which destroyed 85 percent
of Darwin (Pop. 45,000) on 25 December 1974. Accurate and timely
warnings contributed to a surprisingly low death toll of 55 lives.
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Three main groups of variables add to the complexities of performing
the above-mentioned·tasks:
(a)

The ·variability in the· structure, behaviour and nature and
severity of the threat posed between one ·cyclone and the next;

(b)

Numerous human variables related to the geographical . location,
cultural and educational background, age, sex,- physical and
psychological factors allied to previous experience that apply to
the ~ecipients of war~ings,

(c)

'!'he organizational and interdisciplinary collaboration essential
between government and voluntary: organizations, military, police,
civilians and preparedness officials, who might not normally be
· accustomed to li'aise closely in co,.-.ordinating common action.

The total problem faced may be epitomised by reference to Figure 13.1
which notes the categories of impact of tropical cyclones for which warnings
and preparedness actions are needed.
Is it surprising, therefore, t;hat the task of organ~ung an integrated
warning-response system, which works effectively in a cyclone crisis, must be
considered one of the more intriguing c~allenges to huruan society? Is it any
wonder that there is substantial scope, as revealed in workshop discussions
for
improvement?
especially
in
countries . faced
with
a
range
of
organizational, cultural, multi-lingual, · and financial co.nstraints, allied to
increasing environmental and demographic vulnerabil.i,.ty.
The scope for progress and improvements outlined in this topic may be
gauged by referenc·e to an appended questionnaire on these matters conducted at
the workshop and which attracted 63. responses. The views expressed, although
not evenly representative of a global assessment, do indicate the current
status of the problem of improving warning effectiveness.
13.2

NOTES ON TERMINOLOGY AND .WARNING STRATEGIES

In the interest· ·of clarity the .author 1 s interpretation of warning.
terminology and characteristics, as presented in the workshop, follows:
. Tropical cyclone forecast:
A scientifically derived prediction,
expressed 'in technical terms, of the future location, intensity·, motion and
main. parameters of a tropical cyclone system.
The term is also used
generically as a popular description, for example, "tropical cyclone forecast
error statistics".
Tropical · cyclone warning:
An imperative TC forecast compiled in
meaningful la:Yman 1 s language, which conveys a sense of danger to highlight the
nature, location and severity of a cyclone threat, and· strongly invites an
active response by the recipien,t commensurate with the severity of the
· threat·.
A TC warning implies a response and may have two components: a
description of · the meteorological hazard; and a reference . to recommended
actions to r~duce the hazard.
Tropical
cyclone
warning
strategy:
The
tactical
operational
procedures adopted by a TC warning centre to progressively inform, alert and
·warn the community on the occurrence of a tropical cyclone and the increasing
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threat should i t approach a possible landfall.
Most warning services
categorize such advice in several stages: a preliminary information phase; an
"alert" or "watch" phase which implies possible landfall or coastal gales; a
deliberative warning phase of well-defined threat of landfall (or damage to
off-shore facilities); a 'nowcasting' phase of imminent. landfall; and a
post-landfall (or weakening) phase.
"Warnings should follow an evolution in which the · uncertainties
inherent in eacly advice ace progressively transformed into forecasts of
increasing certainties within prescribed limits as a TC threat develops. The
strategy requires meteorologists to be conservative in respect of information
publicised during the early stages of approach of a tropical cyclone towards
possible landfall. This strategy enables subsequent inevitable adjustments in
monitored positions and predictions without unduly disrupting the quality or
accuracy of information previously announced" CWMO-TCP Project No. 12 Human
Response to Tropical Cyclones and Their Content pp. 3-23).
Characteristics
of good warnings:
Discussion at the
elucidated the following features which characterize good warnings:

13.3

workshop

(a)

Designed to evoke a rational timely response by recipients;

(b)

Content and detail based on behavioural response attitudes to
identify preferences and comprehension of communities under
threat (alternatives may comprise a simplified warning signal
number, a detailed alpha-numeric description, or a graphical TV
presentation);

(c)

Timely dissemination with frequency increasing as the threat and
the perishability of individual messages increases;

(d)

Initial media warnings focused on maximum radio TV audiences;

(e)

Highlight
unusual
features
(very
intense,
fast-moving,
seasonally atypical, coincident with seasonal high tides);

(f)

Always quote the current observed position of a
that observed hours earlier,

(g)

In tune with local climatologies in respect of impact, having
regard to frequency distributions of cyclone effects, typical
return periods and knowledge of extreme event values;

(h)

Quote lead times with realistic margins for spatial and temporal
errors.

cyclone,

not

CURRENT STATE OF EFFECTIVENESS OF TROPICAL CYCLONE WARNINGS

The formalized working groups for this topic covered forecast
dissemination and community preparedness, decision-making to mitigate losses,
probability forecasting, and technical developments likely to contribute to
improvement of warnings.
An integrated approach to the total description of
warning effectiveness, however, focuses on the interaction of four areas,
deficiencies in each of which has a multiplier effect on the final outcome.
As a stimulant to discussion the topic chairman presented the following table
(Table 13.1) of his conjectural estimates of the current globe status and
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potential hopes in the next decade for reduction in the "dilution" of national
warning effectiveness as it applies to the responses of the majority of
people. It may be noted that we start off with a perfect (100%) technically
correct prediction. The percentage figures in brackets in the middle column
denote the subtractions we need to make in each area as an estimate of current
deficiencies in skill or usefulness. The figures in brackets in the third
column represent potential reductions in deficiencies in (say) the next
decade. It will be noted that progressively the effectiveness of the current
status of the warning-response product deteriorates from 70% to 53% to 32% to
16%, whereas i t is to be hoped that the dilution in the future could amount to
about 40%.
Interestingly various participants considered this assessment
realistically represented the current 1 state of play 1 in warning effectiveness
in their countries.

TABLE 13.1

Input skills·

Current status

Meteorological technical
predictions

lOO% - (30%)

= 70%

lOO% - (20%)

= 80%

Meteorological
forecast/warnings

70% - (25%)

= 53%

80% - (15%)

= 68%

Public authority
dissemination

53% - (40%.)

= 32%

68% - (20%) = 54%

Community utilization

32% - (50%)

::::

National effectiveness

Maximum potential status

16%

16%

54% - (25%)

= 40%

40%

Dilution of warning effectiveness: A notional estimate of the current status
and maximum potential status of the progressive deterioration in warning
effectiveness due to deficiencies in initial prediction, conversion to
meaningful warnings, poor dissemination and inadequate utilization by the
community.

13.4

DESIGN OF TC WARNING RESPONSE SYSTEMS

The design and effectiveness of a TC warning system in evoking proper
response is strongly related to community comprehension of tropical cyclone
effects and the specific lead times in which preparedness activity is
performed prior to the onset of near cyclonic conditions.
Behavioural
response and community warning-response surveys, generally conducted shortly
after cyclone events while needs and deficiencies are fresh in the minds of
interviewees, provide key information for improvements in warnings.
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13.4.1

Topic 9 "Workshop questionnaire":

A starting point in the design of a warning system must lie in the
first question posed to workshop participants. Answers to the questions are
referred to in subsequent paragraphs. The full responses to the questionnaire
is appended.
4.2

Question 1. Reasonable preparation time

An equal 40 per cent of workshop participants expressed a requirement
for 12 to 24 hour, or longer, preparation time (including at least 12 hours of
daylight) for their most exposed populations to prepare for a cyclone threat.
This result is similar to the results of other surveys (see also WMO-TCP
Project No. 12 report) and conforms to a trend towards longer preparation
times in various parts of the world related to evacuation needs, for example,
due to highway congestion in the US, and logistic difficulties in the Bay of
Bengal. This implies a real need to focus on improving the accuracy of 24-48
hour warnings of landfall, taking into account that inclement cyclonic weather
generally develops at least 6 hours in advance of landfall expectancy at the
periphery of the advancing storm circulation.
13.4.3

Question 2. Most critical TC factors

Although hurricane-force winds were rated, generally, as the most
critical effect by most workshop participants, over 40 per cent of
participants rated storm surge as the greatest concern.
Flood rains were
rated as the most critical by 20 per cent of respondents while rough seas (and
swell) received first mention by 4 participants, no doubt with the safety of
marine craft and coastal erosion in mind.
13.4.4

Question 3.

Overwarning

The replies to Question 3 by participants revealed an enigma, namely
the gap between the capability of meteorological services to achieve the
expectation of meteorologists themselves (possibly seeing themselves as those
under cyclone threat) of sufficient accuracy for the public to retain
confidence in the warning service.
Eighty per cent of participants have a
higher expectation of desired success rates in landfall forecasts than can be
achieved in practice, even in the Atlantic where the mean vector error in a
24-hour forecast is about 110 n. mi. The evidence (see report Probability of
Hurricane/Tropical Storm Condition: A User's Guide for Local Decision Makers,
T. M. Carter, NOM, 1983) notes that the 'miss' to 'hit' ratio in a 24-hour
forecast of landfall in the US, (taking into account the typical lateral
extent of hurricane winds of about 100 n. mi) is about 5 to 2 (i.e., 6
failures in 10 forecasts) increasing to 5 to 1 in 36-hour forecasts. It was
pointed out at the workshop that errors of about 5 knots in forward motion or
30° in direction represent the minimum mean vector errors in the Atlantic in
24-hour predictions - so that the expectation of most workshop participants is
that reductions in these errors by about 50 per cent (or close to the
theoretical maximum potential for improvement computed by Charles Neumann, see
contribution No.
54, Personal Views of Participants) is necessary for
credibility to be retained in the warning service - a false expectation.
It
seems clear, therefore, that very careful warning strategies will need to be
adopted in respect of shorter-range forecasts and 'nowcasts' if the errors in
24-hour forecasts cannot be reduced and credibility in the warnings is to be
maintained.
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13.4.5

Questions 4, 5, 6.

Dissemination of warnings

Delays in warning dissemination can completely negate the intrinsic
usefulness of a well-compiled and strategically designed warning message. The
replies to the workshop questionnaire illustrated a number of fundamental
points. Let us associate the responses to questions 1, 4, 5 and 6. Eighty
per cent of respondents said that a reasonable preparation time for cyclones
would exceed 12 hours, but 40 per cent said that dissemination time for a
first alert would exceed 5 hours, including 30 per cent more than 8 hours, to
which must be added warning/preparation and issue time within the warning
centre of more than 2 hours (18 per cent) . So that in the experience of about
40 per cent of workshop participants an estimated 10 or more hours in
dissemination delay would either reduce the stated preparation time available,
or would need to be added to the preparation time to account for delay in
receipt of the warning advice.
As a high representation of workshop
participants came from countries in which dissemination is prompt, the problem
in other countries is clearly considerable.
Prompt dissemination becomes critical in many countries as the threat
of landfall increases within 6 to 12 hours or less. Landfall may well have
occurred prior to receipt of the latest warnings which quite probably may have
included changes in forecast landfall location.
In fact 80 per cent of
participants say that an error of up to 4 hours is acceptable in timing the
onset of hurricane-force winds in a 12 hour forecast warning. This lead time
may well have expired before receipt of the warning.
Several factors that can reduce dissemination delays were discussed at
the workshop.
First, the TC warning centre, by strict attention to orderly
"housekeeping', constant checking of prompt communications links . with
recipients, preparing warnings in advance of schedule, making adjustments for
incoming data and avoiding "panic stations" during periods of maximum stress
in staff,
second, routine checks on time of receipt of messages at distant
points may identify the reason for delay;
third, computer-aided automation
will assist simultaneous despatch of messages to numerous destinations; and
fourth, firm agreements for prompt broadcast by radio and TV would help.
13.5.

UTILIZATION OF WARNINGS

As described fully in the rapporteur's report (Topic 9.1) the workshop
noted that response action to warnings is focused in two directions, to the
general community who are alerted mostly by media warnings, and preparedness
officials
who are mostly warned by direct
communication.
Workshop
participants made valuable observations in both these areas.
It was most
interesting to note in response to Question 14 of the questionnaire that
educational programmes in community awareness of tropical cyclones received
the highest priority for future expenditure towards mitigation of losses.
This preference recognizes that a general
ra~s~ng
of the level of
comprehension of the impact of severe natural hazards is an essential first
step in developing a climate of willing response to tropical cyclone
warnings. A need for production of films, videos and slide sets to supplement
media presentations, school instruction and community briefings was especially
referred to.
The workshop also recognized that community response to warnings is
strongly influenced by the perception of risk and potential danger, frequency
of the threat, credibility of the warning system, cultural behavioural
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response, knowing what safety measures to follow, precursor signs ·of cyclonic
weather,
local leadership, .·authority for instructions, access to, and
facilities in,
cyclone shelters, and other factors related to age; sex,
education and possessions.
The workshop recognized the vast potential for development of
operational models for training of disaster officials in objective and
economical decision-making in the management and deployment of human resources
during a cyclone threat. Descriptions of the SIMCLONE model by Dr S. Ramani
(India) revealed an innovative systems approach strongly based on input of
demographic and meteorological data, aided by computer recording and costing
of decisions by groups of trainees. This programme should lead to adoption of.
optimal response strategies maximizing the value of warning information and
lead time forecasts, and reducing the current ad-hoc nature of management
response during cyclone crises.
The workshop also recognized that, despite all the progress in
developing warning response systems, there remains an urgent humanitarian need
to devise methodologies for survival in-situ for communities and families in,
say, exposed off-shore settlements in the Bay of Bengal, or even in the
Florida Keys, who may be caught in a cyclone. In the former region a partial
solution may lie in the building of smaller earthen mounds or killas, local
afforestation, and the use of multi-purpose bamboo or coconut palm bed-rafts
for cyclone victims to cling to in the confusion of a storm surge.
13.5.1

Question 10. Overall state of progress

To return to an assessment of the current global state-of-the-science
related to the potential for improving warnings, the answers given to Question
10 by the 63 workshop participants are revealing, with due allowance for the
numerous representatives from technologically advanced countries.
These show
that there is significant scope for improvement in all sectors with the
possible exception of warning dissemination in countries such as the US, where
the competing demands of commercial radio and TV lead to the possibility of
over-dramatization and conflicting advice on the hurricane threat.
In many
countries the maximum attainable, having regard to national constraints, falls
below the performance already considered normal in other countries but which
may act as a spur to achievement. Also there is generally a higher potential
for improvement. in the comprehension and utilization of warnings in most
countries.
Total warning effectiveness depends upon either the weakest link
in the chain, or the product of the performance in each of the components
described in Question 10.
13.6

TECHNICAL OPPORTUNITIES FOR IMPROVING WARNINGS

The requirements and potential for improvements in the scientific
prediction of tropical cyclones, new forms of monitoring technology and
computer-based systems for processing and display of data and products, have
been discussed in preceding topic reports.
A discussion is necessary in
respect of potential warning improvements.
The major requirement is for continuing transfer of technology and
experience in respect of the organization of warning centres, development of
warning
strategies
and
dissemination
procedures,
training
of
disaster-preparedness officials in objective decision-making, and utilization
of
warnings
through
collaboration
with
users,
from
advanced
to
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resource-limited countries, tuning in always to the constraints of the latter;
for example in respect of limited technical maintenance expertise and
requirements for compatibility in equipment.
The advantages of regional
co-operation in these areas was stressed at the workshop. The overall most
important strategy for improvement rests in designing and implementing each
component activity on an objective system basis.
The workshop questionnaire (see Question 13) indicated that a number
of countries do not have ready access to information on research and
technology development related to tropical cyclones and this aspect needs the
attention of WMO in the first instance.
13.6.1

Probability forecasts

Replies to Question 11 and Question 12 indicated considerable interest
by a large majority of workshop participants in tropical cyclone probability
forecasting techniques. The requirement for action lead times in excess of
12-24 hours means people are acting on forecasts which have only about 25 per
cent chance of being correct. Clearly we may potentially do more harm than
good unless we find ways to also warn the rest of the population that are at
risk. Probability forecasts offer a readily available simple means to express
a forecast which implicitly incorporates the attending degree of uncertainty.
Probability forecasts are currently available for "strike" or
landfall, wind and storm surges. They may be issued in raw (percentage) form
to the public as on the Atlantic coast or only· to decision-makers. They may
also be issued as categorical forecasts (e.g., colour codes depicting
readiness conditions) signifying that some pre-determined threat level has
been reached. Probability forecasts are readily adaptable to "l-torst case"
forecasts or "expected outcome" forecasts.
They are indispensable in risk
analysis problems.
The currently available algorithms are reliable and
well-tested.
Marginal improvement may be expected in the future as the
statistical data bases are updated, or if the co-ordinate system were to
change to one relative to the moving track as opposed to the current E-W and
N-S co-ordinates.
Figure 13.2 provides selected illustrations from the
referenced User's Guide Manual obtainable from the National Weather Service
(NOAA), United States.
13.6.2

Question 14. Priorities for expenditure to mitigate the effects of
tropical cyclones

The most searching question in the workshop questionnaire produced the
most informative replies on the priority areas to which expenditure might be
directed in the opinion of participants. Respondents were requested to rate,
in order, the first six of a possible 17 alternatives that they would select
for priority expenditure in order to reduce losses to life and property from
tropical cyclones. Table 13.2 lists the priorities selected by participants,
the first. based on the number of references for each item (irrespective of
rating) and the second in accord with the number of first preferences given to
an item.
In the opinion of this reviewer the consensus showed a remarkable
maturity and responsibility in balanced judgement, especially in view of the
fact that the sample was not geographically representative in the nomination
of items reflecting the importance of all the main components, meteorological
and organizational, that contribute to the effectiveness and utilization of
warnings for TC mitigation.
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T.ru3LE 13.2

Selected priorities for expenditure to
mitigate losses due to tropical cyclonesA.

By popular selection

B.

By first preference selection

1.

Community awareness
educational programmes,

l(eq).

Securing additional
coastal/offshore surface
observations

3(eq).

Microcomputers to
aid local forecasters

l(eq).

Upgrading of weather
satellite imagery

3(eq).

Upgrading of weather
satellite imagery

3.

Community awareness
educational programmes

4.

Securing additional coastal/
offshore surface observations

4.

Microcomputers to aid
local forecasters

5.

Training of preparedness
officials to utilize warnings

5.

Build and maintain a new
cyclone detection radar

6.

Contribution to regionalcooperation programmes

6.

Establish a tropical
cyclone research progran~e.

The highlights, in the opinion of the reviewer were:
(a)

The outstanding
programmes;

emphasis

on

community

(b)

Recognition of the need for microcomputers to process or receive
advanced data and products to assist forecasting;

(c)

A balanced very high need
remote-sensing observations;

(d)

Solid action for research and training;

(e)

Acknowledgement of the shared benefits of regional co-operation.

for

awareness

upgraded

education

surface-

and

It is to be hoped that international funding and major overseas aid agencies
will act upon this objective global assessment by workshop participants
concerning their priorities for expenditure to mitigate the effects of
tropical cyclones.
13. 7

Summary

Each tropical cyclone and each tropical cyclone season reveals a fresh
set of problems and deficiencies, as well as successes, related to warning and
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preparedness needs.
The 1985 season has been outstanding in its global
severity. The author (The global socio-economic impact of tropical cyclones,
Australian Meteorological Magazine, Vol. 27, No. 4, 1979) estimates the
average annual loss of life and property damage as about 10 000 people and US
$6 billion respectively. The year 1985 far exceeded this total.
In an
illustrated presentation to the workshop, Neil Frank, Director of the National
Hurricane Center, Miami, Florida, estimated that the damage from a near record
six hurricanes and two other named storms in the US exceeded US $5 billion, a
record. While widely publicized and effective warnings reduced loss of life
to a minimum, non~meteorological events, such as the coincident of hurricanes
with holidays and the threat to major cities, created serious evacuation
problems and increased preparedness expenditure.
Damage surveys revealed
gross inadequacies in building codes, construction problems and coastal
development planning.
Frank strongly supports the view that meteorologists
everywhere should be involved in the many community and civic aspects of the
application of warnings and preparedness.
Meanwhile colleagues in the Bay of Bengal experienced the impact of
six tropical storms in the sure knowledge that landfall was inevitable in that
land-locked basin.
The Bangladesh cyclone of 24 May provided a timely,
alarming, reminder of the potential for even more catastrophic effects had the
cyclone been more intense, coincident with high tide, as occurred in November
1970. Severe cyclones were also reported from the NW Pacific, impacting the
Philippines, (China and Japan particularly), Australia and the South Pacific
and SW Indian Ocean.
As discussions at this workshop have emphasized, an enhanced
continuation in all areas of cyclone preparedness, the vigilance and skill of
forecasters, the adoption of appropriate warning strategies,
improved
dissemination of warnings, repetitive programmes of community awareness,
adoption of a systems approach in the training of preparedness officials in
decision-making based on meteorological advice, are all essential if the
growth of avoidable losses of life and property due to tropical cyclones is to
be held in check.
GENERAL READING REFERENCES:
(a)

Guidelines for Disaster Prevention and Preparedness in Tropical
Cyclone Areas
(WMO/ESCAP/LRCS, Geneva, Bangkok 1977).

(b)

Human Response to Tropical Cyclone Warnings and their Context
(WMO-TCP Project No. 12 Report, Geneva, 1981).
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IWTC QUESTIONNAIRE - TOPIC 9
ASSESSING AND IMPROVING TROPICAL CYCLONE WARNINGS·

(Please answer questions with respect to your country or region)

Ql.

What is a reasonable time for the most exposed populations to prepare for
the onset of cyclone winds, seas, heavy rain, securing of houses, boats,
evacuation if requested (assume warning issued at dawn)?
Tick one

bo~

More than 24 hours
12-24 hours
6-12 hours

I

9 I

0-6 hours

Do not know
Q2.

Rank the most critical factors for tropical cyclone warnings in your
country.
Rank l to 6

Q3.

First choice

Rough seas

/...__j_l

4

Hurricane-force winds

L_LI

19

Flood rains

I

3 I

12

Storm surge

2 I
I -

27

All of equal importance

_1_1

Do not know

_1_1

(tick)

How many times (in 10) are "overwarning"
failures in a 24-hour
forecast acceptable to retain credibility in your TC warning service?
Tick one box
3-4 failures in 10 cases

LJ.LI

5

failures in 10 cases

Lll_l

6

failures in 10 cases

L_LI

7-8 failures in 10 cases

I 2 I
-

Do not know

I 6 I
-
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ANNEX, p. 2
Q4.

What do you consider an acceptable error tn a 12-hour forecast/
warning of _!;he onset of hurricane-force winds for preparedness actions?
Tick one box

Q5.

0-2 hours

Lll

0-8 hours

L_.LI

0-4 hours

U_L/

Do not know

f__ll

0-6 hours

LJ.LI

How long do you consider it takes for your first warning of a tropical
cyclone to reach 80 per cent of the people in coastal zones threatened
by a cyclone in your country?
2 hours or less

Q6.

8-12 hours

L_LI

3-4 hours

More than 12 hours

L_!Q_/

5-8 hours

Do not know

L__l_/

Lil_l

What do you consider the maximum acceptable time for the compilation
and clearance of the meteorological component of a TC warning by a
warning centre to users?
0-30 minutes

I 12 I

2-3 hours

!_]_/

30-60 minutes

I 18 I

3-4 hours

f_LI

1-2 hours

L!]_l

Do not know

Li_l

(Note: In some countries advice from preparedness agencies are also included
in warnings.)
Q1.

Q8.

What progress has been made in risk assessment/vulnerability studies
on the threat of tropical cyclones to major coastal settlements in
your country?
No progress

I 11 I

Much progress

Ll.LI

Some progress

I 31 I

Do not know

~I

What progress has been made in studies of the community's behavioural
response to the threat of tropical cyclones in your country?
No progress

I 14 I

Much progress

L.!LI

Some progress

I 28 I

Do not know

L!_§_l
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ANNEX, p. 3

Q9.

What progress has been made in assessment of warning lead times of TC
effects needed for decisions by disaster management officials?
Tick one box

QlO.

No progress

L!.Q_I

Much progress

L_!L/

some progress

L..]L_I

Do not know

L_]_l

How would you assess your country's progress,
attainable, in the following areas?
0-25\

25-50\

50-75\

compared to the maximum

75-100\

. Accuracy of warnings

L_LI

. Dissemination of warnings

L_LI

I

. Utilization of warnings
by the community

/__j_l

• community understanding
of tropical cyclones

I 12 I

--

L!]_l

U2_/

L..§_/

6 I

f__JJ_I

Lll_l

~I

L2}LI

L1.9_1

LJ!LI

L_LI

----

--

--

f__JJ_I

(tick one box in each row)
Qll.

Ql2.

What usefulness do you foresee for the application of tropical cyclone
(including storm surge) probability forecasts in your country or
region?
Little use

Considerable use

some use

Do

/__j_l

Do you consider your
meteorological service may wish to receive
further information. and possible training, on the application of
tropical cyclone probability assessments?
Yes

Ql3.

not know

~I

~I

No

Ll.LI

Undecided

{__§_I

To what extent is
information on recent research and technology
development related to aspects of tropical cyclones available in your
country?
Not available

£__£_1

Adequate

~/

Little available

1 15 1

Considerable

L_!I_I
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Ql4.

If your government was offered US$ 10 000 000 to be spent over 5 years
to reduce loss of life and property in your country due to tropical
cyclones rank six (6) items from this list that you would select to
receive your highest priority in your recommendations to government
for the most effective long-term solutions to the problem.
Rank 6 items (1 to 6)
(a)

(b)
{c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

First choice

Public, school, education
programme (films, pamphlets)
on tropical cyclone safety
measures

L2§_1

8

Hire an aircraft for
20 reconnaissance flights

I 16 I

2

Secure additional coastal
and off-shore surface
observations

.LM_I

10

secure additional upper air
(wind and radiosonde)
observations

LJ:]_I

3

Establish a regular
programme to train officials
in the utilization of
tropical cyclone warnings

LJ:]_I

3

Provide secure communications
circuits to 10 coastal
towns to improve warning
dissemination

L.!.LI

1

Invest in computer
equipment to utilize
products from advanced
regional centres

L..l2_1

6

Establish a programme of
tropical cyclone research
and forecasting at your
national university or
institute

Ll&_l

4

Build 10 cyclone shelters
or protective levees for
the safety of 10 000 people
in highly vulnerable areas

L__]_j

2

send 10 tropical cyclone
forecasters for training
at advanced warning centres

I 20 I

0
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Rank 6 items
(k)

(l)

(m)

(n)
(o)

(p)

(q)

(l

to 6)

First choice

Establish a research
programme in disasterrelated behavioural studies
to determine how people
respond to warnings

I 24 I

1

Establish a national
insurance scheme to aid
cyclone victims

LLI

0

Upgrade the quality of
national satellite
imagery reception

{2LI

10

Build and maintain a
cyclone detection radar

[_!&_I

6

Develop schemes for
optimal agricultural
practices in cyclone
affected areas

I

0 I

0

Contribute to a fund for
regional co-operation in
tropical cyclone research,
operations and training

~I

2

Instigate a programme for
contour mapping of
vulnerable areas

LJLI

2

NAME (OPTIONAL) • • • • • • • • • • • • • • • • • • •

COUNTRY/REGION •••••••••••••••••••••••

THANK YOU FOR YOUR CO-OPilRATION.
INFORMATION IN THIS QUESTIONNAIRE WILL NOT
BE ATTRIBUTED TO INDIVIDUAL PARTICIPANTS.
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CHAPTER 14
WORKSHOP STRUCTURE, DAILY SCHEDULE AND SURVEY
A - WORKSHOP STRUCTURE
1.
The International Programme Committee was established for the IWTC
with the responsibility for the overall organization, e.g., the choice of
topics, the selection of invited participants (topic chairmen, working group
rapporteurs and members), the development of a detailed workshop programme,
conducting the workshop and preparing the proceedings with recommendations,
etc. The membership included Professor W. M. Gray (USA, Chairman), Dr C. P.
Arafiles (Philippines), Dr L. Chen (China), Dr G. Holland (Australia), Dr T.
Kitade (Japan), and Mr N. Suzuki (WMO Secretariat).
2.
The organization of the workshop was divided into two parts.
The
pre-workshop structure designated as the A-type (or topic specialized)
structure.
This
structure
was
devised
to
diffuse
pre;_workshop
responsibilities and to better facilitate the pre-workshop preparation of
necessary backgrOlmd material.
The A-type structure was designed to obtain
in-depth specialized information on each topic from individual participants
from the different storm basins: forecasters, researchers and modellers etc.
For the list of A-structure topics, working ·members an working group
rapporteurs see Annex I This A-structure produced a massive 1 000 page
3-volume pre-workshop report which was circulated to all workshop participants
a month before the workshop.
The pre-workshop report consisted of 9 topic
reports and 47 individual sub-topic rapporteur reports. This 3-volume report,
referred to by some as the 'phone book served as a background for much of the
workshop deliberations.
The resources of WMO do not permit distribution of
this 1000 page 3 volume report to non-workshop attendees who may want to
request it. WMO Secretariat is prepared, however, to make available copies of
relevant topic chairman and rapporteur reports to individuals upon request.
It is planned that the material of this 3-volume pre-workshop report plus
workshop deliberations and other material be synthesized into a tropical
cyclone book which will be published within the next 12 to 18 months. Russel
elsberry is acting chief editor of this post-workshop document.
3.
The second workshop structural arrangement and the main basis for
workshop deliberation was the B,..-type structure.
Under this structure those
attending the workshop were divided into eight non-topic specialized or
heterogenous working groups made up of forecasters, researchers, modellers,
and warning specialists from different countries.
These B-structure working
groups were constituted to discuss and make comments on eight of the nine
A-structure topic presentations and reports.
For each B working group, an
organizer and a scribe were nominated to direct and prepare 1-2 page summary
reports of their working group discussions. The structure of these B-working
groups are contained in Annex II.
4.
The workshop also had three recommendation committees relating to: (a)
important future re.search (RR), (b) new forecast techniques (RF), and (c)
future WMO action. The membership of these committees are given in Annex III..
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5.
The workshop structure also included a fourth committee which
attempted a final workshop Synthesis Report in plenary session on the last day
of the workshop(also contained in Annex III).
6.
In addition to the pre-l'Torkshop 3-volume report t.here was also a 250 ·
page questionnaire and a 250 page personal view report which was duplicated
and sent to all participants two months before the beginning of the workshop.
These two additional pre-workshop reports were a great aid in acquainting
workshop participants of the backgrounds and personal views of other
participants so that an in-depth exchange of views could rapidly take place
once the workshop had started.
B.

DAILY SCHEDULE

7.

For the daily schedule of the workshop see Annex IV.

c.

SUMMARY OF WORKSHOP EVALUATION

(by R.
Elseberry
Synthesis Group

and

W.

Frank,

As part of R. Elsberry's synthesis committee report all workshop
participants were surveyed by questionnaire on the next to last day of the
workshop in order to give their individual evaluation of the benefits of
various organizational aspects of the workshop. The following is a result of
this survey as compiled by W. M. Frank.

QUESTIONNAIRE SUMMARY - W. M. FRANK
Workshop Preliminaries
Assignments to working groups rather uneven (20 people were on 6 or
more, 22 on 1 or less).
Almost everyone made some input.
pre-workshop draft .•

Relatively few

Pre-workshop document read:
% prior to meeting
% during meeting
% not read

50

30
20

Workshop Structure
I.

~eyn2t~

addresses

Very useful
Mainly useful
Not very useful
Not needed

15

38
16
4

Generally favourable

(3)

reviewed

the
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I I.

A-Structure
----Very useful
Mainly useful
Not very useful
Not needed

19
39
11

Too short
Correct
Too much

27
33
5

3

Favourable comments suggested that most liked it. Many fe1 t that the
working group on topics should not have overlapped.
Some felt the period
should have been longer.
III. Y- Structure
(1)

Topic Chairman Summaries

Very useful
Mainly useful
Not Very useful
Comments:
rapporteur speak.

34

28
2

Some liked YY better than Y (preferred to have individual

Very useful
Mainly useful
Not very useful
Few comments non-English speakers).

Too Short

13

OK

44

6

some

said they were

Very useful
Mainly useful
Not very useful
Comments:
too short.

37
24

Too Long
too

long.

7

Not

42

Too Short

19

23

OK

45
4

2

Generally very favourable.

Too Long

popular

with

Some commented · that they were

THREE VOLUME RED-COVER TOPIC CHAIRMAN AND RAPPORTEUR:REPORTS (Phone book)
Very favourable comments.
A number hoped it would be preserved.
A few felt that the topic chairman summaries· were incomplete or did
not reflect the rapporteur reports fully.
Pre-Workshop Prepared Personal Views
Generally praised.

A few people felt they were too long.

ANNEX I
WORKSHOP A-STRUCTURE - WITH LIST OF WORKING GROUPS, RAPPORTEURS AND WG PARTICIPA. ;r:;
TOPIC ONE - Tropical cyclones from a global and regional perspective
Topic Chairman- W. M. Gray (US)
1.1

Trooical Cyclone Global Climatology

TOfiC IWO - Tropical cyclone structure
Topic Chaiman - John McBrid.e (Australia)
2.1

Outer Region Structure {r

> 29

radius)

Rapporteur: W. Gray (US)
Working Group: C. Revell (N.Z.), S. Valadon (Mauritius),
R. Southern (Aust.)
1.2 Atlantic Basin

Rapporteur: W. Frank (US),
Working Group: G. Holland (Aust.), c. Bao (China), K• Don& (China),
A. Litinetsky (USSR)

Rapporteur:

2.2

1.3

Rapporteur: P. Black (US)
Working Group: R. Sheets (US), H. Willoughby (US),
S. Raghavan (India)

C. Neumann (US)
N. Frank (US), G. Bernet (France), ·,D. F. Best
(Barbados), John T. Blake (Jamaica), E. Camarillo (Mexico),
J. Amador (Costa Rica), R. P. Suarez (Cuba)
Northeast Pacific

WorY~ng Group:

Rapporteur: R. Elsberry (US)
Working Group: M. Fiorino (US), C. Neumann (US), V. Dvorak (US),
E. Camarillo (Mexico), J. Amador (COsta Rica)
1.4

Northwest Pacific

2.3

2.4

1.5

2.5

Rapporteur: G. S. Mandal (India)
Working Group: A. A. Ramasastry (India); M. H. K. Chowdhury (Bangladesh),
S. Raghavan (India), A. K. Sen Sarma (India), U. Htay
Aung (Burma), M. B. G. de Silva (Sri Lanka); M. Hanif
(Pakistan), T. Ta (Burma)
1.6

South Indian Ocean

Rapporteur: S. Valadon, (Mauritius),
Working Group: G. Lakermance (Reunion), S. Ferreira (Mozambique),
0. A. Rajaonarivelo (Madagascar)
1.7 Australian Region
Rapporteur: G. Foley (Aust.)
•working Group: w. Manchur CAust.J, J. McBride (Aust.), G. Holland (Aust.),
C. Revell (NZ), G. Love (Aust.), T. Davidson (Aust.)
K. Magari (PNG)
1.8 South Pacific
Rapporteur: C. Revell (New Zealand)
Working Group:
G. Bernet (France)G. Cauchard (French Polynesia),
Ram Krishna (Fiji), G. Foley (Aust.), M. Argent (Noumea)

= 0-2£

radius)

w. Frank

(US)J

Boundary Layer Structure, Ocean Energy Flux. and UpWeiling

Rapporteur: R. Elsberry (US)
Working Group: P. Black (US), w. Frank (US), M. ramasaki (Japan),
C. Jelesnianski (US), Y. Kurihara (US), S, liu (China)

Rapporteur: C. Bao (China)
Working Group: L. Amadore (Phil.), R. Lau (Hong Kong), z. Tang (China),
M. Shimamura (Japan), P. Patvivatsivi (Thailand),
T. Van Thu (VietNam), s. Sandgathe (US), H. Lam (Hong Kong),
N. J. Seang (Korea)
North Indian Ocean

Inner-Region Structure (r

Outflow Layer Structure

....
w

Rapporteur: H. Jin (China)
Working Group: G. Holland (Aust.), C. Bao (China),
R. Anthes (US)

1-'

Cloud·Band Structure

Rapporteur: H. Willoughby (US)
Working Group:
V. Dvorak (US), M. Shimamura (Japan), C. !. lam
(Hong Kong), G. Bernet (New Caledonia), G. Foler (Aust,)
2.6

Individual Cyclones of Unusual Structure or Characteristic&.
Participants send their unusual cases for each storm basin to:

Rapporteur:

V. Frank (US) - synthesize for all regions

Atlantic - .C. Reumann (US)
Northeast Pacific - R. Elsberry (US)
Northwest Pacific - C. Bao (China)
North Indian Ocean - G. S. Mandal (India)
South Indian Ocean - S. Valadon (Mauritius)
Australia Region- G. Foley (Aust.)
South Pacific - C. Reyell (New Zealand)

~
~
X
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TOPIC THREE - Tropical cyclone formation
Topic Chairman- G. Love (Aust.)
3.1

TOPIC FOUR - Tropical Cyclone Intensity and Structure Change
Topic Chairman- G. Holland (Aust.)

Role of Synoptic Scale Environment

Rapporteur:
Working Group:

4.1

G. Love (Aust.)

J. McBride (Aust.), Y. Kurihara (US), M. Shimamura (Japan),
G. Bernet (Noumea, N.C.), C. Revell (N.Z.), J. Blake

Rapporteur: G. Holland (Aust.)
Working Group:
H. Willoughby (US), S. Liu (China), W. Gray (US),
Y. Kurihara (US), M. Yamasaki (Japan)

(Jamaica), G. Lakermance (Reunion), M. de Silva (Sri Lanka),
A. Litinetsky (USSR)
4.2
3,2

Satellite Observed Cloud Processes

Rapporteur: V. Dvorak (US)
Working Group: L. Chen (China), G. Bernet (Frar.ce}, ,
(Japan), G. s. Mandal (India),
3.3

M. Shimamura

Theoretical and Modeling Inferences

Rapporteur: M. Yamasaki (Japan)
Working Group: R. Anthes (US), H. Jin (China), J. McBride (Aust.),
S. Liu (China), I. Sitnikov (USSR), Y. Kurihara (US),
3.4

State of the Science in Operational Forecasting

Rapporteur:

Cyclone-Environmental Interactions and Structural Change

Rapporteur: H. Jin (China)
Working Group: M. Shimamura (Japan), G. Cauchard (Polynesia),
L. Chen (China), c. Bao (China),
G. Holland (Aust.), R. Antbes (US), Y. Kurihara (US)
4.3

Eyewall and Inner-Cloud Line Relationships and Cyclone Intensity Change

Rapporteur: H. Willoughby (US)
Working Group: P. Black (US), R. Sheets (US), S. Raghavan (India),
.
W. Gray (US), C. Y. Lam (Hong Kong)
4.4

J. McBride (Aust.)

Panel discussion with background paper on current forecasting aspects,
techniques, etc. prepared by J. McBride (Aust,) following consultation
with forecasting representatives from most major countries. These Reps
to be: R. Sheets (US), K. Dong (China), M. Shimamura (Japan). W. Manchur
(Aust.), G. Love (Aust.), J. Lirios (Phil,), G. Lakermance (La Reunion),
c. Revell (NZ), C. Y. Lam (Hong Kong), A. K. Sen Sarma (India),
M. H. K. Chowdhury (Bangladesh), S. Y. Valadon (Mauritius), S. Ferreria
(Mozambique), 0. A. Rajaonarivelo (Madagascar), and Ram Krishna (Fiji),
V. Karmazin (USSR)

Structural Change Definition and Dynamics

~

w

Weakening Characteristics of Cyclones as They Come Inland and
as they Take on Extra-Tropical Characteristics and/or Encounter
Barocliriic Shearing

N

Rapporteur: M. Shimamura (Japan)
Working Group: K. Dong (China), R. Elsberry
(US), Y. Kurihara (US), Z. Tong (China), G. Foley (Aust.),
C. Revell (NZ), V. Karmazin (USSR)
4.5

State of the Science in Operational Forecasting

Rapporteur:

G. Holland (Aust.)

Panel discussion with background paper on current forecasting aspects,
techniques, etc. prepar~ci by G. Holland (Aust.) following consul ta tiel} .
wi_tb forecasting representatives from most major col.llltries. These Reps·
to be: R. Sheets (US), K. Dong (China). M. Shimamura (Japa,nl. 'W. Manchur
{Aust.), J. Lirios (Phil.), G. Lakermance (La Reunion), C. Revell (NZ),
C. Y. Lam (Hong Kong), A. K. Sen Sarma (India), M. H. K. Chowdhury
(Bangladesh), S. Y. Valadon (Mauritius), S. Ferreira (Mozambique), Ram
Krishna (Fiji), and 0. A. Rajonarivelo (Madagascar).
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TOPIC FIVE - Tropical Cyclone Motion
Topic Chairman - L. Chen (China)
5.1

Tropical Cyclone Motion and Surrounding Environmental Statistical
Relationships

TOPIC SIX - Numerical Hodeling of Tropical Cyclones
Topic Chairman- T. Kitade (Japan)
6.1

Numerical Models of Cyclone Formation and Structvre

Rapporteur: C. Neumann (US)
Working Group: G. Holland (Aust.), R. Elsberry (US), M. Fiorino (US),
J. de laa Alas (Phil,),

Rapporteur: Y. Kurihara (US)
Working Group: M. Yamasaki (Japan), s. Liu (China),
R. Anthes (US), T. Kitade (Japan), USSR participant,
M. Mathur {US), R. Elsberry (US)

5.2

6.2

Operational Forecast Technigues

Rapporteur: L. Chen (China)
Working Group: N. Frank (US), M. Fiorino (US), W. Manchur (Aust.),
J. Lirios (Phil.), A. A. Ramasastry
(India), M. H. K. Chowdhury (Bangladesh), 0. A.
Rajaonarivelo (Madagascar), H. Jin (China),
S. Valadon (Mauritius)
5.3

Statistical Forecast TechniQues

Rapporteur: C. Neumann (US)
Working Group: K. Dong (China), ·H. Jin (China),
·
R. Sheets (US), H. Fiorino (US)
5.4

Satellite and Radar

Relatio~ships

with Tropical Cyclone M9tiOn

Rapporteur: P. Black (US)
Working Group: H. Shimamura (Japan), s. Raghavan (India),
~. Bao (China), G. Bernet (France), C. Y. Lam
(Hong Kong). V. Dvorak (US), M. F. Qayyum (Bangladesh).
G•. Holland (Aust.), L. Chen (China), s. Valadon (Mauritius)
5.5

Rapporteur: R. Anthes (US)
Working Group: Y. Kurihara (US), M. Yamasaki (Japan),
T. Kitade (Japan), S. Liu (China), I. Sitnikov (USSR)
6.3

Operational Numerical Mode ling of Tropical Motio!l

Rapporteur: M. Fiorino (US)
Working Group: I. Sitnikov (USSR), M. Mathur (US), H. Jin (China),
J. de las Alas (Phil.)

6.4

Specification of Initial Conditions in Tropical Cyclone M9dels

"""
w
w

Rapporteur: M. Mathur (US)
Working Group: M. Fiorino (US), M. Yamasaki (Japan), J. de las Alas (Phil.),
H. Jin (China), R. Anthes {US), Y. Kurihara (US)

6.5

Modeling of Tropical Cyclones in Global General Circulation Models

Rapporteur: R. Anthes (US)
Working Group: M. Mathur (US), T. Kitade (Japan), H. Jin (China),
I. Sitnikov (USSR)

Theories of Cvclone Motion

Rapporteur:
Working Group:
5.6

Parameterization of Physical Processes in Tropical Cyclone Models

G. Holland (Aust.)
T. Kitade (Japan), J. de las Alas (Phil.), C. Bao
(China), R. Elsberry (US), H. Jin (China)

Operation Track Forecasting:

Can it be !mproved?

Panel discussion chaired by L. Chen (China) ~ith a panel of the above
rapporteurs and based on the days discussions.

~
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TOPIC SEVEN - Tropical Cyclone Measurement and Analysis Techniques
Topic Chairman - R. c. Sheets (US)
7.1

Conventional Weather Chart Measurement and Analysis

Rapporteur: G. Love (Aust.)
Working Group: L. J. Tick (Malaysia), S. Lekphipol
(Thailand), G. Cauchard (F. Polynesia), C. Revell (N.Z.),
0. A. Rajaonarivelo (Madagascar), A. K. Sen Sarma (India),.
\rl, Manchur (Aust.), S. Valadon (Mauritius),

TOPIC EIGHT - Tropical Cyclone Coastal Impact
Topic Chairman - C. Arafiles (Philippines)
8.1

Rapporteur: P. Black (US)
Working Group: z. Tang (China), H. Willoushby (US), W, Frank (US),
s. Raghavan {India), C. Neumann (US)
8.2

7.2

Obseryations and Forecasting of Strong Surface Winds and Soualls
Including Tropical Cyclone Induced Tornadoes

Observations and Forecasting of Rainfall and Flooding

Satellite Measurements and AnalYsis

Rapporteur: V. Dvorak (US)
Working Group: M. Shimamura (Japan), R. Sheets {US), C. Y. Lam
(Hong Kong), G. Foley (Aust,), S. Valadon (Mauritius)
\rl, Smith (US)
'

Rapporteur: C. Bao (China)
Working Group: c. Arafiles (Phil.), S. Raghavan (India), L. Chen
(China), T. Thu {Viet Nam), M.H.K •. Chowdhury (Bangladesh),
A. K. Sen Sarma (India), S. Sangmit (Thailand), z. Tang
(China), J. Lirios (Phil.)

7.3

8.3

Radar Measurement and Analysis

Observations and Forecasting of Storm Surge

Rapporteur: P. Black (US)
Working Group: R. Lau (Hong Kong), s. Raghavan (India),
J. Blake (Jamaica), M. Shimamura (Japan)
W. Manchur (Aust.), S, Valadon (Mauritius),
H. Lam (Hong Kong)

!!apporteur: c. Jelesnianski (US)
Working Group: M. H. K. Chowdhury and F. M. Qayyum (Bangladesh),
C. Arafiles (Phil.), N. Frank (US), W, Frank (US)

7.4

Rapporteur: N. Frank (US)
Working Group: R. Southern (Aust.), C. Arafiles (Phil.), C. Bao (China),
A. A. Ramasastry (India), M. H. X. Chowdbury (Bangladesh),
D. Best (Barbados). P. Krumpe (OS)

Aircraft Measurement and Analysis

Rapporteur: R. Sheets (US)
Working Group: P. Black (US), H. Willoughby (US), \rl, Grey (US),
\rl, Frank (US)

8.4

8.5
7.5

Analysis by Rawinsonde Compositing

Rapporteur: G. Holland (Aust.)
Working Group: J, McBride (Aust.), W, Frank (US),

\rl,

Gray (US),

Economic Impact of Tropical Cyclones

1-'

w

ol'>

Long Range Coastal Planning to Ameliorate Cyclone Impact

Rapporteur: W, M. Frank ·(US)
Working Group: N. Frank (US), K. Dong (China), R. Southern (Aust,),
c. Arafiles {Phil.), G. s. Mandal (India), M. H. K.
Chowdbury (Bangladesh), P; Krumpe (US)
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TOPIC NINE - Assessing and Improving Forecast Warnings
Topic Chairman- R. Southern {Aust.)
9.1

Forecast Dissemination

.aQd

CollllllunitY Preparedpess

RapporteUr: R. Southern (Aust.)
Working Group: N. Frank (US), A. K. Sen Sarma (India), D. Best (Barbados),
0. A. Rajaonarivelo (Madagascar), L. Amadore (Phil.),
s. Valadon (Mauritius), J. Blake (Jamaica),
M. H. K. Chowdhury (Bangladesh), J. Lirios (Phil.)
9.2

Forecast Decision Making in the Mitegation of Human and Economic Loss

Rapporteur: N. Frank (US)
Working Group: L. Chen (China>. C. Arafiles {Phil.), 0. A•. Rajaonarivelo
(~adagascar), c. Y. Lam (Hong Kong), A. K. Sen Sarma
(India), W. Manchur (Aust.), S. Valadon (Mauritius)
9.3

Probability Forecasting

1-'

w

U1

Rapporteur: J. Jarrell (US)
Working Group: R. Sheets (US). J. Lirios (Phil.). R. El.sberry (US).
N. Frank 0JS), F, Fiorin.o (US)
9.4

Technical Developments that may be Important for Forecasting and
WarniruL Il®roYements__ _
--~ ___ . _____ -~---

Rapporteur: R. Sheets (OS)
Working Group: M. Shimamura (Japan),
V. Dvorak (US), P. Black (US),

w.

s.

Valadon (Mauritius)

Snith

~
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TC Modelling and Measurement Analxsis Techniques
For A - Structure Topics 6 and 7
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TC Coastal Impact and Assessing and Improving
Forecast Warning

For A - Structure Topics 8 and 9
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TOPIC 6

Modelling
See List C
~

1!l1....1
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TOPIC 7
Measurement Techniques
See List C
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TOPIC 8
Coastal Impact
See List D
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TOPIC !I
Improving Forecasts
See List D
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ANNEX III
COMPOSITION OF SPECIAL IWTC RECOMMENDATION COMMITTEE
OPERATING DURING THE WORKSHOP

For future
WMO action

Workshop

Ho Willoughby* G. Love*

c.

R. Elsberry*

Y. Kurihara

G. Bern et

R. Southern

L. Chen

M. Yamasaki

c.

I. Sitnikov

T. Kitade

J. McBride

A.A. Ramasastry
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Workshop Outline
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ANNEX· V

THE INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES
(Bangkok, Thailand, 25 November - 5 December 1985)
There was a broad representation of tropical cyclone specialists from
nearly all countries affected by these cyclones.
Eighty-three individuals
from twenty-eight Members were in attendance plus an additional fourteen Thai
observers. There was a near fifty per cent split between tropical cyclone
forecasters and tropical cyclone researchers-modellers. This was the type of
balance which had been aimed for.
Countries in attendance with the number
from each country were as follows:
Member
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

No. of
Individuals

Australia
Bangladesh
Barbados
Burma
China
Costa Rica
Fiji
France, including
La Reunion and Martinique
New Caledonia
French Polynesia
Hong Kong
India
Jamaica
Japan
Korea (Rep. of)
Madagascar
Malaysia
Mauritius
Mexico

7
2
1

2
9
1
2
3
1
1
3
5

Member
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

Mozambique
New Guinea
New Zealand
Pakistan
Philippines
Portugal/Macao
Sri Lanka
Thailand
USA
USSR
Viet Nam

No. of
Individuals
1
1
1
1

4
1
1

3
18
3
1

1

3

WMO Officials

2

1
1

1
1

1

TOTAL INDIVIDUALS

83

)'
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LIST OF PARTICIPANTS

AUSTRALIA

J. T. Davidson

Bureau of Meteorology
GPO Box 413
BRISBRANE, Queensland 4001

G. R. Foley

Bureau of Meteorology
Forecast Office
P.O. Box 6070
Hay Street
East Perth
WESTERN AUSTRALIA 6000

G. Holland

Bureau of Meteorology
Research Centre
P.O. Box 1289 K
MELBOURNE, Vie. 3001

G. Love

Bureau of Meteorology
P.O. Box 735
DARWIN, N.T. 5790

W. Manchur

Bureau of Meteorology
Forecast Office
Box 413
BRISBANE, Queensland 4001

J. L. McBride

Bureau of Meteorology
Research Centre
P.O. Box 1289 K
MELBOURNE, Vie. 3001

R. L. Southern

Austweather Pty •. , Ltd.
30 Ord Street
WEST PERTH, W.A. 6005

BANGLADESH
M. H. K. Chowdhury

Storm Warning Centre
Sher-e-Bangla Nagar
DHAKA 7

M. F. Qayylllll

Training Institute
Meteorological Complex
Abhawa Bhavan, Agargoan, DHAKA 7
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BARBADOS
D. F. Best

Meteorological Office
Grantley Adams Int'l Airport
Christ Church
BARBADOS

Htay Aung

Department of Meteorology and
Hydrology
Kaba-Aye Post Office
Kaba-Aye Pagoda Road
RANGOON

Thu Ta

Department of Meteorology and
Hydrology
Kaba-Aye Post Office
Kaba-Aye Pagoda Road
RANGOON

CHINA
Bao, Chenglan

Department of Atmospheric Sciences
Nanjing University
NANJING, Jiangsu Province

Chen, Lianshou

Central Meteorological Observatory
National Meteorological Bureau
Baishiqiaolu No. 46
Western Suburb, BEIJING

Dong, Keqin

Academy of Meteorological Science
State Meteorological Administration
Baishiqiaolu No. 46
Western Suburb, BEIJING

Fan, Yong Xiang

National Meteorological Centre
State Meteorological Administration
Baishiqiaolu No. 46
Western Suburb, BEIJING

Jin, Hanliang

Shanghai Typhoon Institute
Shanghai Meteorological Bureau
SHANGHAI

Liu, Shiguo

Department of Geophysics
University of Beijing
BEIJING

Liu, Fengshu

Institute of Oceanography
Academia Sinica
7 Nanhai Road
QINGAO
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CHINA (cont 'd.)
Qin, Zenghao

Shanghai Meteorological Bureau
166 Puxi Road
SHANGHAI

Tang, Zhangmin (Mrs.)

Institute of Meteorological
Science
2 Beijige, Nanjing
NANJING, Jiangsu Province

COSTA RICA
J. A. Amador

School of Physics
Centre for Geophysical Research
University of Costa Rica
SAN JOSE

R. Krishna

Fiji Meteorological Service
Private Mail Bag
NADI AIRPORT, Fiji

R. Prasad

Fiji Meteorological Service
Private Mail Bag
NADI AIRPORT, Fiji

J. S. Auzeneau

Direction de la Meteorologie
Nationale (MN/OM)
77, rue de Sevres
92106-BOULOGNE-BILLANCOURT, Cedex

FIJI

FRANCE

FRANCE/LA REUNION
G. Lakermance

Service Meteorologique de la Reunion
B.P. 4
97490 SAINTE CLOTILDE

FRANCE/MARTINIQUE
G. M. Bernet

Direction de la Meteorologie Nationale
73-77, rue de Sevres
92100 BOULOGNE
(Service Meteorologique des
Antilles Fran9aises)
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FRANCE/NEW CALEDONIA
M. Argent

Service Meteorologique de la
Nouvelle Caledonia
B.P. 151
NOUMEA

FRANCE/POLYNESIA
G. Cauchard

Service Meteorologique de la
Polynesia
· B. P. 6005
FAAA Aeroport
TAHITI, Polynesia Franyaise

HONG KONG
C. Y. Lam

Royal Observatory
134-A Nathan Road
KOWLOON

Lam

Royal Observatory
134-A Nathan Road
KOWLOON

H.

R. C. K. Lau

Royal Observatory
134-A Nathan Road
KOWLOON

G. S. Mandal

Office of Director General of
Meteorology
Northern Hemisphere Analysis Centre
Lodi Road
NEW DELHI 110003

S. Raghavan

Cyclone Detection Radar
Port Trust Building
MADRAS 600001

A. A. Rama Sastry

Meteorological Office
Shivajinagar
PUNE 411005

S. Ramani

National Institute of Training and
Industrial Engineering
Vihar Lake, Nitie
P.O. Box
BOMBAY 400 087

INDIA
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INDIA (cont 'd.)
A. K. Sen Sarma

Regional Meteorological Centre
50 College Road
MADRAS 600006

J. T. Blake

Meteorological Service
6, Hagley - Park Plaza
KINGSTON 10

T. Kitade

Japan Meteorological Agency
Numerical Forecast Division
1-3-4 Ote-machi
Chiyoda-ku
TOKYO

M. Shimamura

Japan Meteorological Agency
Forecast Division
1-3-4 Ote-machi
Chiyoda-ku
TOKYO

M. Yamasaki

Meteorological Research Institute
1-1 Nagamine, Yatabe
TSUKUBA-GUN, Ibaraki 305

JAMAICA

JAPAN

KOREA (Rep. of)
Hak Joong Seang

Central Meteorological Office
1, Songwol-dong
Chongro-gu
SEOUL 110

MADAGASCAR

0. A. Rajaonarivelo

Meteorologie Nationale
B.P. 1254
ANTANANARIVO 101

MALAYSIA
J. T. Lim

Malaysian Meteorological Service
Jalan Sultan, Petaling Jaya
SELANGOR, West Malaysia
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MAURITIUS
Y. S. P. Valadon

Meteorological Department Headquarters
St. Paul Road
VACOAS
----

MEXICO

E. Camarillo Cruz

Direcci6n General de Geografia y
Meteorologia
Ave. del Observatorio 192
. TACUBAYA" D.F.

MOZAMBIQUE
S. Ferreira

Servicio Meteorologico de Mozambique
C.P. 256
MAPUTO

PAPUA NEW GUINEA
K. Magari

PNG Meteorology Service
P.O. Box 1240
BOROKO

NEW ZEALAND

C. G. Revell

New Zealand Meteorological Service
P.O. Box 722
WELLINGTON 1

PAKISTAN
M. Hanif

Weather Central and Main Analysis Centre
University Road
KARACHI

PHILIPPINES
L. A. Amadore

Philippines Atmospheric, Geophysical and
Astronomical Service Administration
(PAGASA) TMRO
Asia Trust Building
1424 Quezon Avenue
QUEZON CITY
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PHILIPPINES (cont'd.)
C. P. Arafiles

Philippines Atmospheric, Geophysical and
Astronomical Service Administration
(PAGASA) NIAS
Asia Trust Building
1424 Quezon Avenue
QUEZON CITY

J. G. de las Alas

Dept. of Meteorology and Oceanography
College Science
University of the Philippines
Diliman, QUEZON CITY 3004

J. F. Lirios

PAGASA National Weather Office
Asia Trust Bldg
1424 Quezon Avenue
QUEZON CITY

PORTUGAL/MACAU
A. Viseu

SRI

Fortaleza Do Monte Caixa
Postal No. 93, MACAO

LANKA

M. B. G. De Silva

Department of Meteorology
Bauddhaloka Mawatha
COLOMBO 7

THAILAND
A. Chantanavivate

Meteorological Department
Hydrometeorology Division
612 Sukumvit Road
BANGKOK 10110

S. Lekplipol

Meteorological Department
612 Sukumvit Road
BANGKOK 10110

P. Patvivatsiri.

Meteorological Department
612 Sukumvit Road
BANGKOK 10110

UNITED STATES OF AMERICA
R. A. Anthes

NCAR

P.O. Box 3000
BOULDER, CO 80307
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P. G. Black

NOAA/ERL Labs, Dept. of Commerce
Hurricane Research Division/AOML
4301 Rickenbacker Causeway,
MIAMI, FL 33149

V. Dvorak

NOAA/NESDIS, Satellite Applications
Lab. WWB, Room 601
5200 Auth Road, CAMP SPRINGS, MA 20023

. R. L. Elsberry

Department of Meteorology
(Code 63ES)
US Naval Postgraduate School
MONTEREY, CA 93943

M. Fiorino

Naval Environmental Prediction
Research Facility (NEPRF)
Naval Postgraduate School
MONTEREY, CA 93943...;5006

N. Frank

National Hurricane Center
Gables No 1 Twoer Room 631
1320 S. Dixie Highway
CORAL GABLES FL 33146

W. M. Frank

Department of Meteorology
503 Walker Bldg.
Pennsylvania State University
UNIVERSITY PARK, PA 16802

W. M. Gray

Department of Atmospheric Sciences
Colorado State University
FORT COLLINS, CO 80523

J. D. Jarrell

Science Applications Inv.
Applied Environmental Sciences Division
205 Montecito
MONTEREY, CA 93940

C. P. Jelesnianski

Techniques Development Laboratory
National Weather Service
Gramax Building 8060 - 13th Street
SILVER SPRINGS, MD 20910

P. F. Krumpe

Science and Technology Office/Office of
US Foreign Disaster Assist.
US Department of State
Agency for International Development
WASHINGTON, D.C. 20523

Y. Kurihara

Geophysical Fluid Dynamics
NOM
Princeton University
P.O. Box 308
PRINCETON, NJ 08542

Laboratory
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M. Mathur

NOAA, National Meteorological Center
W/NMC22, World Weather Building Room 204
WASHINGTON, D.C. 20233

C. Neumann

National Hurricane Center
Gables No. 1 Tower Room 631
1320 S. Dixie Highway
CORAL GABLES, FL 33146

.S. Sandgathe

Joint Typhoon Warning Center
Comnav Marianas Box 17
FPO SAN FRANCISCO, CA 96630

R. Sheets

NOAA/NHC
Room 631
GABLES No. 1
1320 S. Dixie Highway
CORAL GABLES, GL 33146

W; L. Smith

Cooperative Institute for Meteorological
Satellite Studies
University of Wisconsin - Madison
1255 West Dayton Street Madison
WISCONSIN, NJ 53706

H. E. Willoughby

NOAA/ERL Labs, Department of Commerce
Hurricane Research Division/AOML
4301 Rickenbacker Causeway
MIAMI, FL 33143

V. P. Karmazin

Institute of Experimental Meteorology
82 Lenine Street
Obninsk, Kaluga Region 249020

A. V. Litinetski

Central Aeorological Observatory
12 Pervomajskaja Street
Do1goprudny Town
MOSCOW

I. G. Sitnikov

The Hydrometeorological Research Centre
of the USSR
9-11 Bo1shevistskaya Street,
MOSCOW 123376

Van Thu Trinh

Service Hydrometeoro1ogigue
4 rue Dang Thai Than
HANOI

USSR

VIETNAM
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World Meteorological

Organizatio~

(WMO)

N. Suzuki

Research and Development Programme Dept.
WMO Cas postale No. 5
CH-1211, Geneva 20

D. Vickers

World Weather Watch Dept
WMO Cas postale No. 5
CH-1211, Geneva 20
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LIST OF OBSERVERS
METEOROLOGICAL DEPARTMENT
1.

B. Piyawatin

Director, Meteorological Instruments Division

2.

s.

Chief, Aeronautical Weather Forecast Sub-Division

3.

V. Rasmidatta

Chief, Agrometeorological Analysis Sub-Division

4.

D. Chongdarakul

Chief, Analysis and Statistics Sub-Division

5.

P. Wongwitavas

Chief, Local Climate Sub-Division

6.

D. Bisoyabut

Meteorologist

7.

K. Sungvaranond

Chief, Meteorological Watch Sub-Division

8.

R. Prachuab

Acting Chief, Computer Sub-Division

9.

c.

Meteorologist

10.

R. Swangpong

Meteorologist

11.

s.

Meteorologist

12.

A. Pyomjamsri

Kanchana

Akornrnakagul

Bunboochachai

Meteorologist

ROYAL THAI AIR FORCE
13.

W. Laosinchai

Weather Operation Control Officer, Weather Division

14.

P. Sookjarat

Forecaster, Weather Division

ES

laysia)
Mr.Lakermance Guy(France) Mr.Rajaonarivelo A.Olivier(Madagascar)
U.S.A.) Prof.Chen Lian Shou(China)
Mr.Deighton Best(Barbados)
Mr.Charles Neumann(U.S.A.) Dr.Peter Black(U.S.A.) Dr.Geoff Love(Australia)
~thur (U.S.A.)
Dr.Anjan Kumar Sen Sarma(India) Mr.S.Raghavan(India)
.S.A.) Dr.Russell Elsberry(U.S.A.) Mr.Mohammand Hanif(Pakistan)
)

Enrique Camarillo(Mexico) · Dr.Huch Edward Willoughby(U.S.A.)
e(Australia) Mr.William Manchor(Australia) Prof.William L.Smith(U.S.A.)
Srisang Photo
Bangkok, Thailand

