IMR-f ~~
\!,) 5~~f

W0 R L D M E T E 0 R 0 L 0 G I C A L 0 R G A N I Z A T I 0 N

WMO TROPICAL METEOROLOGY RESEARCH PROGRAMME (TMRP)
COMMISSION FOR ATMOSPHERIC SCIENCES (CAS)

PROCEEDINGS OF THE SECOND WMO INTERNATIONAL WORKSHOP
ON TROPICAL CYCLONES (IWTC-II)
(CO-SPONSORED BY UNDP, OFDA AND AIDAB)
(MANILA, 27 NOVEMBER - 8 DECEMBER 1989)

WMO/TD - No. 361

•

~vF

Secretariat of the World Meteorological Organization
Geneva, Switzerland
1990

fc-

i

(~ { \:;· ,

\}.J ,_.~. -~

'-~'

~

'

j,

-r
~

966~

·6nv

·o~

-~
I

(i)

TABLE OF CONTENTS

Page
Table of contents
Foreword

......................................................

•••••••••••••••••••••••••••••••••••••••••••

8

••••••••••••••••••

Preface

(i)

(iii)
(v)

Chapter 1: Introduction

1

Chapter 2: Summary and Recommendations

••••••••••••••••••••••••••••••••

Chapter 3a Topic 1 - Advances in Numerical Modelling since IWTC-I
(by T. Kitade, Japan) .••••••••••••••••••••••••••••••

o •••

0..

Chapter 4: Topic 2 - Tropical Cyclone Motion
(by R.L. Elsberry, USA) •••••••••••••••••••••••••••••••••••

0

3
17
27

Chapter 5: Topic 3 - Tropical Cyclone Formation
(by W.M. Gray, USA) • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • •

35

Chapter 6: Topic 4 - Tropical Cyclone Structure and Structure Change
(by L. S. Chen, China) ••••••••

o.............................

45

Chapter 7: Topic 5 - Surface Conditions in Tropical Cyclones
( by W. M. Frank , USA ) • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

57

Chapter 8: Topic 6 - Low-Frequency and Seasonal Variability of Tropical
Cyclones within Ocean Basins
(by G.S. Mandal, India) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

67

Chapter 9: Topic 7 - Observing Systems Technological Advances
(by J. Jarrell)

. . . . . . . . . . . . . . . . . . . . . ~~ . . . . . . . . . . . . . . . . . . . . . .

77

Chapter 10: Topic 8 - Forecast Office Technological Advances
~~.....

91

Chapter 11: Topic 9 - Assessing and Improving Tropical Cyclone Warnings
(by C.P. Arafiles, Philippines) ············••o••··········

99

(by G. Holland)

.....................................

Appendices:
Appendix A:

List of participants

111

Appendix B:

List of observers

121

(iii)
FOREWORD
The World Meteorological Organization attaches great importance to
activities relating to tropical cyclones and particularly to the application
of research results by Members to improve such operational activities as the
forecast and warning of the occurrence and movement of tropical cyclones and
the mitigation of damage caused by them.
Following the decisions of the Tenth World Meteorological Congress
(1987), the thirty-ninth (1987) and fortieth (1988) sessions of the WMO
Executive Council as well as the third session of the CAS Working Group on
Tropical Meteorology (1988) and at the kind invitation of the Philippines, the
second WMO International Workshop on Tropical Cyclones (IWTC-II) was organized
with the eo-sponsorship of the United Nations Development Programme, the US
Office of Foreign Disaster Assistance (US/OFDA) and the Australian
International Development Assistance Bureau (AIDAB).
The programme of the workshop was developed by an International
Programme Committee (Chairman, Dr. Greg Holland) as the second gathering which
brought together active tropical cyclone researchers, operational experts
(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 primary objectives of the IWTC-II were: (a) to summarize the
advances that have occurred since IWTC-I; (b) to expand on some areas that
were missed in IWTC-I.
Lively discussions and exchanges on both practical and theoretical
aspects of the various problems of tropical cyclones resulted in a number of
useful recommendations concerning tropical cyclone forecasting, warning and
research. Better communication between tropical cyclone researchers and
forecasters (or warning specialists) was established and a global forecasting
manual based on the material collected at both IWTC-I and IWTC-II was prepared.
I would like to thank the local organizers and all participants who
attended the Workshop and devoted their time and knowledge to help in the
advancement of global efforts to improve the understanding of tropical
cyclones.
WMO is also grateful to the Governments of Australia, China, France,
Portugal, USA, and USSR, for providing national support which enabled broad
participation from Member countries most concerned.
I wish to take this opportunity also to thank sincerely the members of
the International Programme Committee, the topic session chairmen, members of
the working groups, rapporteurs and all those who assisted in the preparation
of this publication.

~a... (G.O.P. Obasi)
Secretary-General
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PREFACE
IWTC-II was the second of what has nOW' becane a quadrennial workshop
series aimed at bringing forecasters and researchers together to discuss
current problems and potential solutions to improve tropical cyclone
forecasts. The concept and original design of the workshop largely can be
credited to Professor Bill Gray and, on behalf of all participants to IWTC-II,
I applaud Professor Gray's pioneering efforts in this regard. A major outcome
of the first workshop was the production of a text book aimed specifically at
the forecasting community, "A Global View of Tropical Cyclones". The editor,
Professor Russ Elsberry, together with the chapter authors devoted
considerable personal time and effort to the production of an excellent,
readable volume. Their efforts are gratefully acknowledged.
The design and implementation of the workshop was carried out by an
International Programme Committee and supported by an active local organizing
committee under the leadership of Ted Arafiles. One of the workshop strengths
is the extensive amount of preparation that occurs. This does, however,
require considerable effort from all participants, and particularly from the
session chairmen and topic rapporteurs. The WMO Secretariat also provided
excellent support with the considerable logistics and printing requirements.
Many thanks to all of these people for their help and support.
In addition to the contributions of WMO and UNDP, generous financial
assistance was provided by a number of member countries and funding
organizations. The Governments and Permanent Representatives of Australia,
China, France, Portugal, the USA and the USSR supported additional
representatives. Further, the Australian International Development Assistance
Bureau, the USA Office of Foreign Disaster Assistance, the USA National
Science Foundation and the USA Office of Naval Research provided support for
both national and international delegates to attend.
This generous support, both personal and financial has laid the
foundation for a continued attack on the problems facing improved tropical
cyclone forecasts. The real success of the workshop will came from following
the recommendations contained in this proceedi~gs through and producing
quantifiable improvements in our forecasting capacity.
Finally I was saddened by the death of Nobuo Suzuki soon after the
workshop. ·Nobuo was instrumental in the organization of Iwrc-I and in the
planning stages of IWTC-II. We shall miss his helpful, cheerful approach to
solving problems.

~1~~
(G. Holland)
Chairman
International Programme Committee

CHAPTER 1
INTRODUCTION

1.1

Organization and Historical Background

Activities relating to tropical cyclone research were included as one
of the major components in the implementation of the WMO Tropical Meteorology
Research Programme (TMRP, formely called the Tropical Meteorology Programme).
The Tenth World Meteorological Congress (1987), 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 relevant TMRP projects aimed at helping members in the tropics improve
their forecasting services, and thereby benefit their national economies.
Following the decision of the Ninth Congress (1983), the International
Workshop on Tropical Cyclones (IWTC, now referred to as IWTC-I) was held in
Bangkok, Thailand from November 25 to December 5, 1985 under the direction of
an International Programme Committee chaired by Professor W.M. Gray. This
workshop was organized on the basis of extensive pre-preparation of material
and a combination of plenary and small working group sessions and was aimed at
providing a medium for forcasting and research personnel to discuss matters of
mutual concern. The proceedings are contained in WMO/TD-No 83, Proceedings of
the WMO International Workshop on Tropical Cyclones.
A major outcome of IWTC-I was the publication of a text book, A Global
View of Tropical Cyclones, based on the material prepared for the workshop.
This book was edited by Professor R.L. Elsberry, with chapters contributed by
R.L. Elsberry, W.M. Frank, G. Holland, J.D. Jarrell, and R.L. Southern. The
workshop also made a number of recommendations for further WMO action, for
forecasting and for research, which are discussed further in Chapter 2 of this
proceedings.
The highest priority recommendation for IWTC-I was for the
establishment of a Standing Advisory Committee on Tropical Cyclones. At EC-XL
(1986), this recommendation was not approved but the IPC for IWTC-II was
requested to carry out its functions. Because of the success of IWTC-I, and
in response to one of its recommendations, IWTC-II was organized under a newly
established !PC as part of a quadrennial series in support of activities
relating to the tropical cyclone component of the TMRP. This workshop also
served as a forum for interaction between TMRP and the Tropical Cyclone
Programme (TCP). Whereas IWTC-I was aimed more at summarizing the current
state of knowledge on tropical cyclones and at surveying the status of
forecasting practices around the globe, IWTC-II has been aimed more at
implementations that can be made to improve forecast office procedures and
reduce forecast errors.
1.2

International Programme Committee (!PC)

The !PC for IWTC-II consisted of: Dr. G. Holland (Australia,
Chairman); Mr. C.P. Arafiles (Philippines, Chairman of the Local Arrangements
Committee); Mr. L.S. Chen (China); Professor W.M. Gray (USA); Dr. T. Kitade
(Japan); and representatives from WMO/TCP regional bodies; Mr. D.F. Best
(RA-IV Hurricane Committee); Mr. G.S. Mandal (WMO/ESCAP Panel on Tropical
Cyclones); and Mr. Y. Valadon (RA I Tropical Cyclone Committee).
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The !PC was reponsible for the overall organization of IWTC-II,
including the choice of topics, selection of topic chairmen, rapporteurs and
working group members, pre-workshop preparations and publication of the
working group reports, conducting the workshop, preparing the proceedings and
arranging for additional funding for workshop delegates.
1.3

Major Objectives of IWTC-II

The major objectives of IWTC-II were to bring together active people
from the forecasting and research communities, and:
- to summarize the advances that have occurred since IWTC-I;
- to expand on some areas that were missed in IWTC-I;
- to start moving towards concrete objectives that can be achieved to
turn research findings into forecast methods and improvements;
- to produce a foreasting manual based on the materials collected at
both IWTC-I and II.
1.4

Workshop Sessions

The workshop sessions commenced with discussions on the published
working group report. These reports were next considered in detailed, half
day sessions consisting of summary presentations by topic chairmen followed by
plenary, then small group discussions. A small committee collated the
recommendations coming out of these discussions. A plenary discussion also
was scheduled on the typhoon motion experiments being held in the East Asian
during August-September 1990. The aim of these extensive plenary and group
discussions was to provide every opportunity for individuals to have an input
into the workshop. The conclusions and recommendations from these discussions
were then summarized in plenary sessions. A general presentation on, and
discussion of the proposed tropical cyclone forecasters manual concluded the
formal part of the workshop.
The detailed session timetable is contained in Appendix **· Because
of the unstable political situation during the workshop, the original schedule
was rearranged to allow the workshop sessions to continue through the weekend.
1.5

Preparation of the Final Report

The summary reports of each topic were prepared during the workshop by
the following topic chairmen: T. Kitade; R.L. Elsberry; W.M. Gray; L. Chen;
W.M. Frank;· G.S. Mandal; J. Jarrell; G. Holland; C. Arafiles. The workshop
recommendations were collated by a small committee chaired by Y. Valadon. A
small editorial committee consisting of G. Holland, C. Arafiles,
R.L. Southern, F.J. Woodcock, H. Kondo and D. Vickers brought these draft
reports together into the final workshop report. The main chapters of the
report are:
Chapter 1 - Introduction
Chapter 2 - Summary and Recommendations
Chapters 3-12 - Summary Reports of Topic Chairmen
Annexes I-** - Workshop Structure, Daily Schedule, etc.
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CHAPTER 2
SUMMARY AND RECOMMENDATIONS
2.1

Swnmary

The extensive preparation of working group reports, together with the
emphasis on discussion groups at the workshop generated many ideas and
debates. A number of promising areas for further research were identified, as
were a number of priority areas for operations. These resulted in many
recommendations for future action, which were synthesised into priority
workshop recommendations by the following process. A recommendations
committee was established before the workshop under the chairmanship of
Y. Valadon, and all participants were encouraged to submit suggestions for
recommendations either directly or through their topic chairmen. The
committee firstly considered the recommendations from IWTC-I (see the IWTC-I
Proceedings, WMO/TD-No 83, chapter 3) and commented on their effectiveness and
whether they should lapse, be changed, or continue. They then combined
similar recommendations from IWTC-II to produce a draft list for IWTC-II.
This list was considered and debated in plenary session and a small group were
selected to further synthesise the operational recommendations.
The final result was two general workshop recommendations, a workshop
statement on climate change, and a series of recommendations under the topics
of WMO Action, Research, and Operational Forecasting. Some suggestions for
the organization of IWTC-II also were made . These are described in the
following sections.
Because of the wide variety and depth of expertise at IWTC-II, these
final synthesised recommendations provide a comprehensive of the requirements
from all aspects of the tropical cyclones problems. The workshop requested
that the IPC ensure that they are brought to the notice of the relevant people
and organizations.
The workshop placed particular emphasis on the recommendations for
continued workshops, on changing the IPC to an International Committee on
Tropical Cyclones, to the development of micro-computer based workstations for
forecast use, and to the need for urgent action on the poor communications to
many tropical cyclone forecasting centres.
The participants at IWTC-II also strongly endorsed the UN designated
International Decade for Natural Disaster Reduction (IDNDR), which starts in
1990. This was seen as a tremendous opportunity to reduce the loss of life
and property by improving predictions, warnings and advisers, and community
preparedness and response.
2.2

General Workshop Recommendations
(a)

Status of IWTC-I Recommendations

There were two general recommendations and one major
recommendation from IWTC-I. The two general recommendations, on the
production of a text book, and on the holding of further workshops,
have been implemented and can now lapse. The major recommendation on

- 4 the establishment of a standing advisory committee is covered in general
recommendation Al below:
(b)

General Recommendations

Two general recommendations and two statements on the effects of
climate change on tropical cyclones and on the UN International Decade
for Natural Disaster Reduction were made by the workshop.
General Recommendation Al:

-----------

The workshop noted the decision on Recommendation A2 by the Tenth
Congress that the holding of further workshops at four yearly
intervals would be important. IWTC-II strongly recommends that this
be implemented. Recommendation 3.2.2 should not be kept in force. An
IPC was established for IWTC-II. EC-XL considered the role of the
proposed Standing Advisory Committee on Tropical Cyclones and decided
that the responsibilities should be carried out by the IPC (reference
Proceedings of IWTC-I, Chapter 2, page 7). Some of the achievements
of this group are listed below:

* The publication of the text book a Global View of Tropical
Cyclones edited by Professor R. L. Elsberry;

* Support for the research and planning for the International
Typhoon Motion Experiments being held in the East-Asian region
during 1990;
* Preparation for and running of IWTC-II, including program
development, the collection and publication of the pre-print
rapporteur reports, and the successful approaches to external
funding agencies for sustained additional funds to support
workshop delegates.
The workshop recognized that this group does much more than
simply prepare the program for successive workshops, for example,
editing the global text-book and forecasting manual. The workshop
therefore recommended that the committe~'s name be changed to
International Committee on Tropical Cyclones, whilst keeping the terms
of reference approved by EC-XL. These terms of reference are restated
below:

* To organize the next IWTC, including preparation of a
comprehensive plan and programme, preparation of pre-workshop
material, advising on workshop participants, seeking financial
support, managing the works~op, and preparation of a draft report;

* To initiate and overview preparation of a forecasting manual
and to periodically update this manual and the next text book
from IWTC-I;
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* To follow-up and monitor actions on the recommendatims of the
previous IWTC, in consultation with the WMD secretariatp
* To globally publicize and seek support for tropical cyclone
activities, particularly in research and forecasting,
* To advise the Secretary General, as necessary, on the
coordination of tropical cyclone research and forecasting
activities.
The workshop further recommend that the International Committee
on Tropical Cyclones be comprised of six experts, as follows•
* Chairman, and Director of next IWTC,
* Lmmediate past Chairman,
*Chairman of the CAS Working Group on Tropical Meteorology
*Rapporteur on Tropical Cyclones (#),
* Representative of 2 or 3 TCP regional bodies.

(~J,

The new chairman should be appointed two years before each IWTC
to serve for a period of four years. Should either or both of the
above positions (indicated by#) cease to exist, the positions are to
be filled by representatives of the President of CAS.
Organizational arrangements for the ICTC
Secretary General. The committee is expected
correspondence, but one or two ~eetings to be
concurrently with other WMD meetings might be
financial period.

are to be advised by the
to operate mainly by
held consecutively or
considered during each

General Recommendation A2•
The workshop noted the rapid progress with inexpensive personal
computer technology since IWTC-I. This rapid progress is expected to
continue for the foreseeable future and has considerable potential for
use in tropical cyclone forecasting centres, as was demonstrated by
the personal comuter-based workstations at the workshop.
The workshop therefore recommends that WMO take all possible
action to help the installation of such workstations in tropical
cyclone forecasting offices. This would be an important step towards
implementing the WMO goals for the UN International Decade for Natural
Disaster Reduction. Because of its flexibility and smooth upgrade
path, a development of the Australian Tropical Cyclone Workstation is
considered to be the most appropriate for general use. This
development should include a number of the excellent forecast package
available in the US NAVY, and other systems.
Statement on the Potential Impact of Climate Change on Tropical
Cyclonesa The workshop conclooed that there presently is little or no
scientific basis for statements that, should glob:ll warming occur,
tropical cyclones will increase in frequency and/or intensity. This
conclusion was based on the following•
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* There is insufficient knowledge of the relationships between
oceanic and atmospheric conditions and tropical cyclone frequency
and behaviour;

* Current climate simulations differ significantly in predictions
of regional conditions that are known to influence tropical
cyclones.
Statement on the UN International Decade for Natural Disaster
Reduction (INDNR): The workshop strongly endorsed the IDNDR as a
tremendous opportunity to reduce the loss of life and property from
·tropical cyclones by improving predictions, warnings and advisories,
preparedness and response. To this end, the following suggestions
were made:

* Study of the economic impacts of tropical cyclones and warnings;

*

Systematic mapping of vulnerability to tropical cyclones,
including but not limited to storm surge;

* Development and distribution of probability forecast algorithms
for winds and surge (exceeding locally specified thresholds) as
an aid to warning preparation and decisio.n making;
* Conduct of workshops to improve interface between
meteorologists and DPP personnel such as provided by UNDRO/RAI
Tropical Cyclone Committee, RA IV Hurricane Committee and the
ADPC (Bangkok).
2~3

Recommendations for WMO Action
(a)

Status of IWTC-I recommendations

Ten specific recommendations for WMO action were made at IWTC-I.
Referring Proceedings of IWTC-I, Chapter 3, sub-paragraphs (section B)
3 • 2 . 2. , 3 . 2 . 3 , 3 . 3 . 1 , and 3 . 3 . 2 .
3.2.2
Recommendations submitted to EC. Not approved but EC decided that the
functions should be carried out by IPC.
Action: Not to be maintained.
3.2.3
B.l Under TCP, RSMCs with specialization in tropical cyclones have
been designated for 3 of the 5 regions and such centres have been
proposed for the other 2 regions. Seasonal tropical cyclone
summaries are being prepared and published annually in most or
all of the 5 regions. There is no designated co-ordinating group.
Re: archiving data. Action has been taken. Three countries are
sending data fo WDC, Asheville.
Action: Not to be maintained in force.

- 7 B.2

In general terms, action has been taken under TCP (see
sub-paragraph 3.3.1).
Action: To be maintained.

B.3

Action has been taken under TCP
Action: To be maintained.

B.4

Some actions have been taken under TMRP
Action: To be maintained.

B.S

Some actions have been taken under TCP-RCN and SHARE projects.
Action: To be updated and maintained.

B.6

First sentence: Action has been taken under TCP-RCN projects.
Second sentence: No action known by WMO.
Action: To be updated and maintained.

B.7

Sentences 1 and 3 are done. Sentence 2 is partially implemented.
Action: To be updated and maintained.

B.8

Being done under TCP.
Action: To be maintained.

B.9

Being done under TCP.
Action: To be maintained.

B.10 Done (except in regard to research) under TCP.
Action: To be maintained.
3.3.2 (a) and (b)
Action being taken under TCP-RCN and SHARE projects but not for
IBM-PC-XT, not for satellite, not radar data.
Action: To be updated and maintained.
(b)

Highest Priority Recommendations

The highest priority recommendations for WMO action were those
listed above under general recommendations in relation to the ICTC and
the forecasting workstation. Other high priority recommendations were:
B.1

WMO in collaboration with appropriate international agencies like
UNDRO, LRCs, UNDP should provide necessary support to DPP
activities including tropical cyclone damage assessment,
particularly in the developing countries;

B.2

The cost of instrumentation and consumab1es has escalated beyond
th purchasing capability of countries in the developing world.
WMO could investigate alternative and less costly methods of data
acquisition (e.g. drifting buoys, mini-sondes, etc and to see if
anything can be done to reduce costs of consumables;
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2.4

B.3

New communication/observing qystems using satellites are being
fitted to modern aircraft which allow for the frequent
transmission of accurate wind observations to ground stations.
WMO could investigate the possibility of having these data
available to the Meteorological centers through the GTS or
otherwise.

(c)

Priority Recommendations for WMO

B.4

Forecast agencies should establish a dialogue with one another
with the intent of sharing information (such as rules-of-thumb,
unique analysis and forecasting procedures, etc.) that may be
adopted for upgrading analysis, forcasting and warning
capabilities.

B.5

IWTC-II endorses the recommendation of Regional Association V
that consideration be given by CAS and the ESCAP/WMO Typhoon
Committee to the establishment of an aircraft reconnaissance
facility for the Western Pacific. It further recommends that CAS
arrange for the preparation of specific proposal and a
feasibility study for the establishment of a multi-national
aircraft reconnaissance programme for South Asia and the Western
Pacific.

B.6

TCP regional bodies should take action to have the WMO SAREP
observational code modified to include all items in the Dvorak
code, and to include the satellite analysts' Position Code Number
(PCN) which reflects the type of cloud class (eye, well defined
and poorly defined) and method of griding (geographical or
ephemeris). The statistical variance of 90 percent confidence
limits for the PCN are generally accepted as 25 n mi for eye
cases, 40 n mi for well defined and 55 n mi for poorly defined.

B.7

TCP regional bodies should investigate possibilities for
forecasters from developing countries to spend some time at a
research centre

Research Recommendations
(a)

Status of IWTC-I Recommendations

3.2.6
D.l Being done under TMRP and TCP.
Action: To be maintained
3.2.7
D.2 So far IWTCs are the only chances.
Action: To be further developed.
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0.3

Being done under TMRP.
Action: To be maintained.

0.4

Being done under TMRP.
Action: To be maintained.

0.5

Partially implemented under TMRP
Action: To be further developed.

0.6

Being done under TMRP and TCP
Action: To be maintained.

D. 7

Halted
Action: To be recommended on experimental basis.

0.8

Being done under TCP.
Action: To be maintained.

0.9

Being mostly done under TMRP and TCP.
Action: To be further implemented.

(b)

Highest Priority Research Recommendation

The workshop considered tha the major research recommedaion from
IWTC-I in improving track prediction errors was still the highest
priority goal, and recommended that it be continued with the following
minor changes:
C.l

To produce an improvement in position forecasts at 72 hours, in
some basins by as much as 20%, and to achieve commensurate
improvements at 24 hours and 48 hours.

(c)

Priority Research Recommendations

The priority research recommendations are directed both towards
the highest priority research goal above and to other areas of
perceived need. They are listed below under three separate headings:
Basic Research, Applied Research and Numerical Modelling, although it
is recognised that there is necessarily overlap.
Basic Research Priorities
The following topics, which are also to some extent highlighted
in paragraph 3.3.5 of the recommendations of IWTC-I, are drawn to the
attention of the research community as being in most need of basic
study:
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The linear and non-linear processes which bring about tropical
cyclone motion. Although good progress has been made in our
understanding of the roles of the beta-effect, the votes of, for
example, vertical shear, surface transfer processes and
convection asymmetries are not yet understood. Studies of their
effects will require experimentations with simplified
three-dimensional baroclinic models.

C.3

The physical mechanisms of tropical cyclone formation and
structure change in differing large-scale environments. These
studies should include those systems which exhibit some tropical
cyclone features but which do not intensify and include the role
of downdrafts. They should also include hybrid or sub-tropical
cyclones. A particular question which needs to be answered is
why some cyclones maintain their intensity after landfall or even
reintensify.

C.4

Climatological studies of inter-annual and inter-basin
variability of tropical cyclogenesis. They should concentrate
particularly on the effects of ENSO and 30-60 day oscillation.

C.5

The role of the stratosphere in tropical cyclones. Recent
studies suggest that the frequency of intense tropical cyclones
in the Atlantic and Pacific basins is closely linked to the phase
of the QBO, their being suppressed in the easterly phase. No
physical explanation exists at present.

C.6

The potential influence of climatic change of tropical cyclone
activity. As a consequence of the workshop statement on the
effects of climate change, research should be undertaken on:

* Geological records of tropical cyclone activity by analysis
of sediments and a possible 500-1000 year record of climate,
including droughts and floods, in China; which may be
informative as a record of tropical cyclone activity;
* producing an improvement in our undersanding of tropical
cyclones response to differing environmental interaction.
Applied Research Priorities
C.7

Given its singular importance as a damaging and/or beneficial
effect of tropical cyclones in much of the world, we strongly
encourage observational and numerical studies of the interactions
between tropical cyclones, other weather systems, and/or
orographic features which result in heavy rains, sudden
intensification, and abrupt ~otion change.

C.8

Tropical cyclone motion applications are strongly encouraged in
the following areas:
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* Statistical-dynamical algorithms for track prediction of
all RSMCs, based upon the superiority of the Atlantic NHC-83
method at all forecast intervals.
* Observing system simulation studies to determine the impact
of observing system resolution and accuracy on our ability to
analyze the tropical cyclone and its environment and predict
its motion.
* Methods to estimate the performance of various track
prediction algorithms during different synoptic situations
and cyclone characteristics as an aid to forecasters who must
interpret and choose between different forms of objective
guidance.
C.9

Tropical cyclone structure and structure change applications are
strongly encouraged in the following areas:

*

Research should be continued on techniques for estimating
intensity and the extent of 15 m/s winds (size).
Specifically:
- Upgrades to the Dvorak technique, based on careful
assessment and verification in each ocean basin [such that
regional differences in pattern types (including midget
storms) and relationships between T-numbers, maximum winds
and pressures are accounted for.]
- Development of estimates of size, and their tendencies from
digital satellite imagery.
- Objective validation of surface wind speeds (obtained from
microwave imager retrievals) in the rain-free periphery of
tropical cyclones.
- Development of pattern recognition techniques for
estimating size and intensity from precipitation patterns
evident in microwave imagery and/or land based radar.

*

Statistical and statistical-dynamical algorithms for
intensity and size prediction need to be developed by:

- Establishment of archives of these quantities as part of
the best track,
- Development of climatology-persistence algorithms as an
initial step and.
- Development of statistical-dynamical models using analyzed
and predicted values of various quantities. These should be
selected based on their probable environmental influences on
intensity and size change.
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* More thorough verification of tropical cyclone structures
depicted in operational limited-area models, including:
size, distribution of precipitation, especially the principal
band, and intensity tendency.
C.lO Tropical cyclone communities in countries which operate
meteorological satellites should take an active role in the
planning of future systems by:

*

Assessing the usefulness of "next generation" instruments
to tropical cyclone meteorology,

* Developing realistic goals for future spacecraft
instrumentation in terms of resolution, frequency, and other
derived products,

* Forwarding these assessments and goals to bodies charged
with planning and specifications for future satellite systems.
C.ll The development of relationships between wind measurements over
averaging periods ranging from 1 second to 10 minutes arid
elevations from the surface to 3 kilometers over both land and
water is strongly encouraged. These relationships could be used
to convert winds measured under various exposure conditions by
different instruments to a common reference.
C.l2 Development of improved empirical rules for forecasting tropical
cyclone formation is encouraged. This might begin with
systematic documentation of cases of formation and of
disturbances which do not form and aim at producing relevant
forecasting check sheets by IWTC-III.
Numerical Modelling Priorities
C.l3 Model intercomparison studies (for the attention of WGNE). Good
quality data sets gathered by field experiments such as AMEX and
the 1990 field experiments in the East Asian region can provide
useful information on the sources of model deficiencies. IWTC
strongly recommends such intercomparison studies for selected
cases using global and limited area models. Similar
intercomparison studies should be conducted to compare the
performance of global and limited area models.
C.l4 Bogussing of data. This provides one method of handling problems
caused by sparcity of data in the vicinity of tropical cyclones.
Research on improving bogussing techniques and devising improved
methods of incorporating these data in analysis schemes is needed.
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C.l5 Research to improve analysis techniques, numerical procedures and
parameterization of physical processes. Progress in these areas
has the potential to improve model performance in simulating wind
distributions, structure change and precipitation as well as to
improve tropical cyclone tracks during periods of unusual or
rapidly changing motion.
C.l6 Operational and research models should use a standard definition
of tropical cyclone position and tracking algorithms (see
attachment 2 for example). Furthermore standard verification
measures such as verification of track and intensity forecasts
relative to CLIPER type should be encouraged.
C.l7 Operational centers should catalogue systems which form but do
not develop further.·
2.5

Operational Forecasting Recommendations

Many of the above recommendations for WMO action and for research are
of obvious importance to the forecasting community. In addition to these, the
following specific recommendations for operational forecasting were made.
(a)

Status of IWTC-I Recommendations

3.2.4
C.l Being done under TMRP and TCP.
Action: To be maintained in force
C.2* Being done under TMRP
Action: To be maintained
3.2.5
C.3 Being done under TCP
Action: To be maintained in force
C.4

Partially done under TCP
Action: To be developed

c.s

Partially done under TCP
Action: To be maintained in force

C.6

Being done under TCP
Action: To be maintained in force

C.7*•Being done under TCP and TMRP
Action: To be maintained
C.B*•Being done under TCP and TMRP
Action: To be maintained

*:
**:

Research recommendation aimed at improving operational forecasting
Joint research/operational forecasting recommendations
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The Highest Priority Recommendations of IWTC-II

The installation of personal computer-based workstations for
tropical cyclone forecasting, as described under general workshop
recommendations (see IWTC-II recommendation A2 above), was the highest
priority recommendation for operational forecasting. In addition, the
workshop gave a high priority to the following recommendation:
D.l

The workshop noted, with concern, the poor communications base at
many tropical cyclone warning centres. Such poor communications
are a major restriction to forecast improvements and will limit
the positive impact of the recommended tropical cyclone
workstation. The workshop strongly recommends urgent action to
investigate cost effective ways of upgrading the communications
at these stations.

D.2

All NWP centers should adopt storm following algorithms that will
identify and track tropical cyclones and should transmit these
analysed and predicted positions via GTS or other means for the
use of all national centres.

(c)

Other Priority Recommendations of IWTC-II.

The recommendation addressed to WMO for establishment of an
aircraft reconnaissance programme was strongly supported by the
operational community. Other priority recommendations were:
D.3

Forecast agencies should establish a standard for forecast track
verification that utilises a CLIPER or CLIPER-type model, and
include results in annual verification documentation. Numerical
model forecasts from global centres.should adopt the same
standard.

D.4

Forecast offices and/or warning centers should provide support to
the research community by documenting important forecast
situations. Examples of the types of documentation include:

D.5

*

Cases of unusual storm motion, intensity and rainfall;

*

Landfalling storms, particularly those with complex terrain
and those that maintain intensity over land;

*

Examples of economic,benefits of observational systems.

As feedback to research centers, arrangements should be made
through the TCP regional bodies for .yearly. documentation of.
Tropical Cyclone Warning Centres system·performam::e to emphasize
the significant scientific aspects.

- 15 -

2.6

D.G

To facilitate bogussing of tropical cyclones in advanced forecast
models, it is essential that a set of standard tropical cyclone
parameters be exchanged between various centers via GTS using a
standard format such as suggested in Annex 1. The proposed
format should be brought to the attention of the TCP regional
bodies.

D.7

Assistance should be provided to developing countries for
obtaining and implementing surge models running on stand alone
PCs.

Suggestions for IWTC-III

Some suggestions were made on items and organization for IWTC-III.
These included one detailed suggestion for updating the forecast manual, which
will be passed directly to the chairman for IWTC-III, and the following:
E.l

Oceanic mixed layer response together with storm surge and sea
state should be introduced as a new topic for IWTC-III;

E.2

Tropical cyclone rainfall should be included as a separate topic
at IWTC-III;

E.3

Researchers in the field of psychological and social response to
warnings should be invited as delegates to IWTC-III;

E.4 The structure in IWTC-III should be arranged to include a 2-hour
session where forecasters can discuss forecast problems as a body.
This should be after the first series of discussions.
2.7

The Charles J. Neumann Award

The workshop noted the major impact that Charles J. Neumann had made
on the forecasting of tropical cyclones. In recognition of his distinguished
career, the workshop unanimously recommended the establishment of the
Charles J. Neumann Award to recognize sustained excellence in applied research
on tropical cyclones.
Its recommendations on the award are:
(1)

It be administered by the Secretary-General of WMO.

(2) I t be funded by external funds (ie., external to the WMO regular
budget) to be identified by the IPC for IWTC.
(3)

One award to be made at IWTC-III and one at each succeeding IWTC.

(4) The award will consist of a suitable certificate, a portrait
medallion and a monetary stipend.

- 16 -

(5)

Proposed selection procedures are:
(i)

Nominations are to be made at the invitation of the WMO
Secretariat by Permanent Representatives of Members of WMO,
and by participants of the IWTC immediately preceeding the
selection.

(ii)

Processing of the nominations, collecting the votes by the
IPC and submission of recommendations to the Executive
Council will be handled by the Secretary-General.
(iii) The selection shall be made at least 6 months before the
IWTC with a view to ensuring that the awardee can be
present for the presentation.
(iv)

Upon formal selection of recipient by the Executive
Council, the Secretary-General will arrange for the
presentation of the award during the next IWTC.
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CHAPTER 3: TOPIC 1
ADVANCES IN NUMERICAL MODELING SINCE IWTC-I
by
TAKEO KITADE

1.1

Introduction

Numerical modeling has greatly advanced since IWTC-I, supported by
rapid advancement of computer technology. The increase of computer power has
enabled utilization of higher resolution numerical models with sophisticated
physical package. Basic understanding on the interaction among cumulus
convection, mesoscale disturbances and tropical cyclones has been promoted by
various numerical studies. Structure, evolution and motion of tropical
cyclones have been realistically simulated by numerical models. Simplified
numerical models also provides some insights on the important mechanisms in
tropical cyclones. Operational tropical cyclone forecasts using numerical
models have also greatly improved since IWTC-I.
The current status of numerical modeling was presented in the workshop
by the topic chairman. The discussions were carried out in other related
topic sessions since studies using numerical model are related to various
aspects of tropical cyclones.
The pre-workshop preparation for this topic area consisted of
comprehensive rapporteur reports on the subtopics of 'Numerical Simulation of
Tropical Cyclones' (rapporteur, Yoshio Kurihara), 'Global Model Forecasts of
Tropical Cyclones' (rapporteur, Takeo Kitade), and Operational Tropical
Cyclone Forecasting Models' (rapporteur, Kamal Puri).
1.2

Numerical Simulation Studies
(a)

Tropical Cyclone Formation

A tropical disturbance can develop through its interaction with
convection (cumulus and mesoscale). Recent studies on cumulus
convection indicate that the evaporation of rainwater and downdrafts
below convective cells are essential to mesoscale organization of
cumulus convection. The downdraft effect is taken into account in a
new cumulus parameterization scheme (Yamasaki, 1986). A model with
the new scheme was used to simulate the coincidental development of
tropical cyclones and the ITCZ (Yamasaki, 1989).
A high resolution regional model has been used to simulate the
evolution of real tropical disturbances in different ocean basins
(Tuleya, 1988). It was demonstrated that both developing and
nondeveloping systems in the tropics can be simulated from synoptic
scale analysis of FGGE level IIIb.
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(b)

Tropical Cyclone Structure

Although resolution of global model is not sufficient to
represent the fine structure of tropical cyclones, gross feature can
be simulated. Fig. 1.1 shows the vertical cross section of tropical
cyclone simulated in operational global model at ECMWF. The wind
distribution and warm core structure are reasonably simulated in the
global forecast model.
High resolution regional tropical cyclone models have had some
in simulating tropical cyclones of different sizes and
structures from synoptic scale real data analyses.
su~cess

Wind and precipitation distribution affected by orography and the
change of surface roughness across the coast can also be reasonably
simulated by high resolution limited area models. Fig. 1.2 shows the
surface wind intensity distribution simulated by GFDL nested mesh
model. It was found that large structural changes of the model storm
night significantly be related to the storm's movement.
Tropical cyclones contain various kinds of- bands. Results of
numerical simulation experiments suggest that some of them can result
from the organization of- convection and some others from the
superposition of a vortex on certain types of environmental flow.
(c)

Tropical Cyclone Motion

Krishnamurti et al. (1989) used a high resolution global model
for tropical cyclone study. The model has a resolution of triangular
truncation at wavenumber 170. The correponding Gaussian grid interval
is about 0.74 degree. It was found that the higher resolution global
model has better skill in tropical cyclone track forecast than lower
resolution global model.
Tuleya (1988) used a high resolution limited area model with 11
levels and horizontal grid interval of ~bout 25 km. The model was
found to provide a reasonable skill in the simulation of the tropical
cyclone motion.
- A number of problems need to be addressed to improve the tropical
cyclone track forecast by numerical models. Initial position error
may result in a large error of forecast track. The effect of storm
size on the track was studied by Fiorino and Elsberry (1989).
Physical processes also affect the movement of tropical cyclone as
well as the development. The assignment of asymmetry of initial
tropical cyclone vortex may be important for tlJ.e improvement of track
forecast.
In order to promote advancement of numerical modeling studies,
intercomparison studies should be encouraged using well observed data
sets such a AMEX and TCM90 data.
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1.3

Operational Numerical Forecast Models
(a)

Operational models

Tropical cyclone motion is investigated using global, and limited
area models. Global models have an advantage of, no lateral
boundary. Thus there is no spurious noise or artificial distortion of
the forecast field. The current high speed computers enable
utilization of much higher resolution global models as compared with
the models which were presented in IWTC-I.
Table 1.1 shows the resolution of main operational global models
for tropical cyclone forecast in the world. UKMO has performed a
detailed verification of its operational tropical cyclone forecasts.
Table 1.2 shows verification of tropical cyclone forecasts by the UKMO
global model. The position error in forecasts is represented in
nautical miles. The average error from 1986 to 1988 is shown in this
table. The position error is about 150, 220 and 300 n.m. for 24, 48
and 72 hour forecasts, respectively.
Limited area models have smaller integration domain but higher
resolution than global model in general. Table 1.3 shows the
resolution of main operational tropical cyclone models in the world.
Table 1.4 shows the track forecast error by limited area models.
Comparison of Tables 1.2 and 1.4 indicates that limited area models
show greater skill than global models at 48 hours while the latter
have greater skill at 72 hours.
Fig. 1.3 demonstrates examples of forecast by the JMA operational
limited area model. An encouraging feature is the ability of the
model to handle unusual motion.
(b)

Problems

A difficulty in tropical cyclone forecasting is the data
sparseness in lower latitudes. In order to overcome the data
sparseness, the following techniques are applied.
Bogus data are subjectively produced using conventional and
satellite date. The inclusion of bogus data is indispensable to
reasonable analysis of tropical cyclone vortex in many cases. Without
bogus data the tropical cyclone vortex circulation is not sufficiently
analyzed because of lack of observational data. The improvement of
bogussing methodology and acquisition of necessary tropical cyclone
parameters are very important problems.
Four dimensional data assimilation is performed in many
operational forecast centers using global model and global analysis.
In these schemes observational data including bogus data are inserted
into the forecast field continuously or intermittently. This
technique should improve the quality of analysis in data sparse area.
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TABLE 1.1
Resolution of Operational Global Models
Vertical Levels

Cent er
UKMO

Horizontal Resolution
(1.5 deg x 1.875 deg)
Tl:06 ( 1.12 deg)
T80 (1.48 deg)
Tl06 ( 1. 12 deg)

15
21
18
19

JMA
U.S. NMC
ECMWF

Tl06 means triangular truncation at wavenumber 106 in spectral
models. The numerals in parentheses denote the grid interval in
degrees.

TABLE 1.2
Tropical Cyclone Forecast Verification at UKMO
(Position errors in nautical miles)
24

72

96

120

210(30)

264(50)

*******

*******

145(8)

237(8)

300(21)

344(27)

389(46)

157(12)

215(20)

305(301

386(42)

420(55)

Year

N

1986

166

148(30)

1987

148

1988

103

48

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

N is the number of cases. The numerals in parentheses show number of
cases where no center was identified in forecasts.
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TABLE 1.3
Resolution of Operational Typhoon Models.
Model (Center)
TYM
ASM

(JMA)
(JMA)

NORAPS ( NEPRF)

QLM

(U. S.

NMC)

Vertical Levels

Horizontal Resolution

8

50 km
75 km
variable (80-130
40 km

-16
variable (12)
16

km)

TABLE 1.4
Track Forecast Error by Limited Area Model (in nautical miles).
Forecast Hour 9H) Model

24

48

104
(171)

206
(188)

***

103

208
(74)

***

(74)

101
(34)

180
(28)

***

ATCM (NEPRF)
1988

139
(98)

261
(66)

421
(44)

QLM (NMC)
1987

135
(23)

285
(18)

375
(15)

QLM (NHC)
1988

115
{59)

229
(50)

352
(40)

TYM

(JMA)

1988
TYM

(JMA)

1989
ASM

(JMA)

1989

72

-----------------------------------------------------------The number in parentheses denote the number of cases.
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The objective analysis scheme used in most of metorological
centers in the world does not take into account the sharp drop of
surface pressure in tropical cyclones. Lord and Franklin (1987) tried
a nested analysis in order to represent the fine structure of tropical
cyclones over a large area. Puri and Lonnberg (1989) pointed out the
necessity of special consideration in ECMWF objective analysis in
order to avoid rejection of useful data around tropical cyclones.
Many tropical cyclone models have a systematic error of northward
drift. Possible causes might be lack of resolution and deficiencies
of bogussing techniques and/or cumulus parameterization schemes.
1.4

Concluding Remarks

Numerical simulation studies will continue to provide useful
information on the complex mechanisms functioning in tropical cyclones. Also,
they will serve to advance techniques of tropical cyclone prediction. A major
question to be answered is about the tropical cyclone scale i.e., the
horizontal and vertical extents of organized heat sources and the sizes of
incipient and mature vortices.
It is not always possible to accurately represent the tropical cyclone
vortex in the objective analysis even if we apply the analysis-forecast cycle
technique to improve the analysis in the data sparse area. Study of bogussing
is needed for the better treatment of the tropical cyclone vortex in the
analysis.
With the appropriate vortex in the initial field, current high
resolution numerical models are capable of forecasting tropical cyclone motion
with a reasonable skill. Specification of accurate initial conditions,
increase of the model resolution and improvement of the model physics, e.g.,
cumulus convection, boundary layer processes and radiation are very important
factors for the improvement of forecast skill for tropical cyclones. Thus,
increasing amount of research will be carried out on these topics in the
coming years.
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- 27 CHAPTER 4: TOPIC 2
TROPICAL CYCLONE MOTION
by
R. L. ELSBERRY

2.1

Introduction

A new generation of limited-area dynamical models for tropical cyclone
(TC) track prediction has been introduced at several numerical forecast
centers since IWTC-I. These models have higher horizontal and vertical
resolution over larger domains, and have improved physical process
parameterizations. For example, the Regional Specialized Meteorological
Center (RSMC) in Tokyo, Japan has recently begun distribution of the tracks
and some of the basic forecast fields from their Typhoon Model to all Members
of the ESCAP/WMO Typhoon Committee.
Another exciting development has been the predictions of some
landfalling TC situations by various global models. A possibility for useful
TC track prediction guidance to five days for certain situations seems to
exist. Interest in the proper representation of a TC in the global models has
been heightened by cases such as the October 1987 severe windstorm that struck
the United Kingdom after originating from a tropical circulation.
As global models have improved, the predictions of the large-scale
circulations that control long-term motion of the TC have improved. The
statistical-dynamical models for TC track prediction have exploited these
improved predictions. These models combine the information from the dynamical
model fields with an accurate representation of the initial motion to provide
excellent guidance from 12h to 72h. One contribution to the skill of the
National Hurricane Center (NHC 83) technique is in avoiding the "forecast
busts" in which an incorrect choice of options leads to very large forecast
errors. Thus, the reliability of the statistical-dynamical models has been
improved.
A good forecast begins from an accurate initial position of the TC.
Loss of the aircraft reconnaissance in the western North Pacific region during
August 1987 has resulted in several studies of the accuracy of satellite-based
position and intensity estimates. These studies document the increased
uncertainties in the center positions for weak TC, especially when no
circulation center or eye is present. By contrast, the greatest uncertainty
in the intensity estimates is in the severe tropical cyclone or tropical
cyclone stage. The basic conclusion is that the best guidance as to the
initial position and intensity comes from a highly interactive system of
satellite analyst and forecaster that blends all possible TC position
information. Nevertheless, the forecaster must be aware that a developing
tropical cyclone may actually be more intense than expected, and thus may
threaten a major population center with little warning.
The challenge is to translate improvements in dynamical models and
statistical-dynamical models into improved TC track forecasts. Progress is
being made in some regions in transmitting this guidance to the forecasters.
Interactive computers have been introduced in some offices to receive, process
and display data. Guidance is still needed on how to best utilize the new
techniques. The overall goal is to produce a more accurate forecast product
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and disseminate it more rapidly to the users, and thus avoid damage and save
lives.
The rapporteurs for the TC motion section were Lester Carr (Theory),
Frank Wells (Positioning), Johnny Chan (Forecasting) and Richard Hodur (Bogus
Vortex). However, this topic draws heavily from Section 1 on Numerical Models
led by Takeo Kitade and with rapporteurs Yoshio Kurihara and Kaimal Puri.
2. 2

Dynamical Model Track Forecasts

Seen interest was evident in the TC track predictions by global mode.ls
presented at IWTC-II. In some cases, sufficient data are available such that
the global model data assimilation cycle produces a well-defined circulation
in approximately the correct position. Some extremely good track forecasts in
the range of 2-5 days have resulted in these circumstances. In other cases,
the data assimilation cycle results in an initial circulation feature that is
hundreds of kilometers from the observed TC position. These initial position
errors appear to be randomly distributed. Not surprisingly, the 24-h forecast
errors are also large in these cases. For example, a sample of 103 forecast
verifications by the United Kingdom Meteorological Office (UKMO) during 1988
had 157 n mi (290 km) errors at 24 h. Fortunately, the effect of the large
initial position errors diminishes in time. The errors by the UKMO model at
48 and 72 hare only 215 n mi (398 km) and 305 n mi (564 km).
Frequently, no corresponding standard for forecast errors has been
provided to allow interpretation of the global model error statistics. That
is, a possible explanation for the goodness of the 2-5 day forecasts is that
the global model is only successful in producing a good forecast when a
well-developed TC is in a data-rich area. Other track guidance techniques may
also do well in such situations. Thus, interpretation of the goodness of the
global model track forecasts requires that a comparison be made with a
homogeneous sample of forecasts made by some standard forecast technique
(either the official forecasts or the CLimatology and PERsistence forecasts).
The success of the global model in individual cases and the
possibility for extending the TC track forecasts to 120 h strongly indicates a
need to systematically evaluate the forecast accuracy. Many factors need to
be considered in this evaluation. The TC circulation frequently weakens in
time so that no center can be tracked after some time (30 percent of the cases
for the UKMO 72-h forecasts during 1988). It is not known how many times the
global model had no indication of an observed TC so that no track forecasts
could be generated.
No standard exists for selecting the circulation feature to follow in
the global model as a representation of the TC. Some centers use the
low-level vorticity maximum and others use surface pressure minimum, etc. A
standard definition of the TC position and tracking algorithm has been
discussed at IWTC-II. The standard will consist of: ( i) A definition of what
systems wi 11 be tracked, e.g. , only a TC in warning status; ( ii) A prototype
signature of the TC, e.g., the 850 mb relative vorticity; (iii) A' location
algorithm for interpolating the position of the TC signature; and (iv) A
criterion fot when to cease the track positions. If such a standard would be
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adopted by all global model centers, a systematic file could be generated for
evaluation of the usefulness of these TC analyses and forecasts. Furthermore,
a short message format could be transmitted via GTS so that all national
forecast centers could have access to the global model forecasts to use at
their discretion.
In almost all cases, the appearance of a TC-like circulation feature
in the global model is coincidental in that no specific TC information is
being inserted. The possible utility of the TC forecasts, and the potential
impact of TC circulations on the medium-range forecasts, make it desirable to
consistently enter TC information into the global models. As in the limited
area dynamical models, the two issues are to improve the initial position and
the initial motion vector of the TC.
An initiative was begun at IWTC-II to define a set of standard
tropical cyclone parameters for transmission to the global model centers via
the GTS. The standard includes such information as: center identifier;
storm number; basin identifier; storm name; date-time group; current
position; current motion; central pressure; pressure of outermost closed
isobar; maximum surface wind; radius of maximum wind; radius of 15 m/s winds
in all four quadrants; and 'vertical extent of the cyclonic circulation.
Provisions will be made at the numerical forecast centers to use default
values to indicate when such information is not available.
The above discussion of global models should not be construed to
indicate that there is no long~r a role for limited area models. Whereas the
global models are integrated just once a day for 5-10 days in advance, the
limited area models may be integrated more frequently for shorter intervals
(about 3 days). Site-specific aspects such as orographic effects on wind and
precipitation distributions as the TC makes landfall can be better resolved in
the limited area model. Better representation of the TC structure/intensity
in the initital conditions and the role of mesoscale features during the
forecast period is permitted with limited area models.
The boundary condition problem should be minimized through the use of
a sufficiently large domain, and the physical process representation should be
at least as sophisticated as in the global model. A specially designed and
consistent data assimilation for the TC situation should improve the initial
conditions relative to an interpolation of the global model fields.
Additional attention should be given to initializing the moisture field
associated with the TC. Finally, a bogus vortex that represents an empirical
fit to the basic structure of the TC or a model-generated TC would be better
represented on the finer grid of a limited area model. In these conditions,
the limited area model should provide better forecasts than the coarse
resolution global model. This has been confirmed by the Japan Meteorological
Agency in recent tests. Improvements in the initial position and in the
initial motion vector described above for the global model are also essential
for the limited models.
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It seems likely that dynamical models could then provide more accurate
TC predictions throughout the 12-72 h range.
Barotropic and simple baroclinic models can be integrated on the
advanced interactive computers recently introduced into some forecast
centers. Thus, the forecaster would have the option of exploring the track
forecast impact of slightly different initial conditions. Some estimates of
the likely reliability of the dynamical TC track predictions might then be
made available to the forecaster as are now provided by the statistical
forecast techniques.
2.3

Advances in·Theory

A number of advances in TC motion theory have occurred since IWTC-I:
(i) Development of a coherent barotropic theory of TC propagation (defined as
the motion relative to the mean advective effect) that combines the influences
of planetary and environmental vorticity gradients into a single
"self-advection" process; {ii) Confirmation of the significance of TC outer
wind strength to the barotropic propagation process; and (iii) Progress in
developing prognostic models for the propagation velocity and associated low
asymmetries, and applying such predictions as dynamically consistent
initialization schemes for barotropic numerical models.
A northwestward (in Northern Hemisphere) propagation of 2-3 m/s due to
the gradient of planetary rotation had previously been observed in barotropic
and baroclinic models. Recently, a clear demonstration has been given that
this propagation can be explained by a nonlinear "self-advection" (i.e., the
TC advecting its associated vorticity) process associated with the asymmetric
circulation component. Although the advection of planetary vorticity by the
TC generates this asymmetric flow, the self-advective interaction of the
symmetric and asymmetric TC components actually causes the propagation.
The primary feature of the asymmetric circulation is an azimuthal
wavenumber one asymmetry that consists of two counterrotating gyres that
produce a nearly uniform flow across the central region of the TC. The
average velocity of the uniform flow is very nearly equal to the TC
propagation vector. In the barotropic model, this TC propagation is strongly
dependent on outer (300-800 km) wind strength, and is almost independent of
intensity changes. A vortex with a larger outer wind strength has a faster
and more westward propagation (Fig. ). At least in a baro-tropic model,
accurate observations of the outer wind profile will be required for correct
predictions. of the TC motion.
Much of the earlier theory has been with no uniform flow so that the
only forcing was due to the planetary vorticity gradient (beta). Imposing
steady zonal winds that vary only with latitude introduces
poleward/eguatorward environmental vorticity gradients that increase/decrease
the poleward propagation relative to beta alone. Thus, the environmental
absolute vorticity gradients must he specified, which is difficult because
observations are generally inadequate to separate the vortex circulation from
the background environment.
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Although the proposed relationships between the propagation vector and
the local environmental vorticity gradients have been qualitat·ively found in
observations, a direct and quantitative application has not been possible.
Influences from vertical shear or asymmetric convection and friction also
might contribute to the observed propagation. Nevertheless, it was generally
agreed that a conceptual model based only on the above barotropic effects
could be useful to operational forecasters. For example, the fore-caster
should anticipate initial track orientation errors if the atual TC size is
significantly larger than normal, or the steering flow is weak. Furthermore,
the results of the barotropic theory indicate potential predictors for
statistical dynamical forecast aids. That is, the radius of 30 kt winds might
be used as an indicator of outer wind strength, and an estimate of the
large-scale vorticity gradient should explain some of the variance in the
storm
motion.
Another application of the barotropic theory can be in specifying the
initial conditions for a numerical model. As indicated above, poor initial
positions and initial motion vectors contribute to large 24-h track errors in
dynamical models. At least for barotropic models, the addition,of the
asymmetric circulation does lead to a significant improvement in the initial
motion vector. That is, the gyre circulations and the associated propagation
are gradually developed if the model is begun with only a symmetric vortex,
but the propagation is present from the beginning of the integration with the
asymmetric circulation included. Recent application of a similar gyre
circulation at all levels in the baroclinic, limited-area model at the
National Meteorological Center-Washington has improved the track predictions.
Consequently, reductions in the large short-term forecast errors may be
possible in the limited area and global models.
It has been generally stated that the data sparsity in the tropics is
the primary contribution to erroneous TC tracks. However, a specification of
an adequate observational system in the tropics has not been made. In
midlatitudes, observing system tests have been made by extracting from a model
solution some pseudo-observations at the points corresponding to actual
observation sites. A comparison of the reconstructed solution based only on
the pseudo-observations with the original solution illustrates the adequacy of
the network. A similar application to TC track prediction might be made with
the gyres predicted from barotropic theory. The present observational network
is expected to be inadequate to define the gyre circulations.
Consequently,
the test would be of proposed combinations of rawinsondes, satellite
cloud-drift winds, ground-based wind profiles, etc.
Finally, the success of the barotropic theory provides motivation to
extend the theory to baroclinic flows. Influences such as the environmental
vertical shear, the reversal of the TC circulation from cyclonic to
anti-cyclonic with elevation, and the convective heat release and momentum
transfers are highly interrelated. Vertically tilted circulations due to
vertical shear can generate gyres that will propagate the storm toward the
left (in Northern Hemisphere) of the shear vector. Carefully designed
experiments are needed to separate the various baroclinic influences. It
seems clear that this baroclinic aspect will be the next important advance in
TC motion theory.
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2.4

Analyzing the tropical cyclone position

The forecaster has several sources of information regarding the
present TC position. Aircraft reconnaissance is generally regarded as the
most accurate method and the flight data provide additional information on the
TC structure as well. Satellite positioning is the most widely used method.
Radar is effective as the TC approaches land. Finally, analysis of the
synoptic fields is used in some centers to estimate the TC position.
As indicated in the introduction, withdrawal of aircraft
reconnaissance in the western North Pacific has led to a number of studies of
the accuracy of satellite positioning techniques.· The forecaster/analyst can
use these studies to evaluate the relative accuracies of the satellite fixes,
and thus the confidence that should be given in determining the warning
position. It was agreed that all satellite analysis centers should assign a
Position Code Number (PCN) to each fix and transmit this indicator of the
relative accuracy. This will require a change in the SAREP (Report of
synoptic interpretation of cloud data obtained by a meteorological satellite).
At the same time that this code change is implemented, it is .
recommended that the indicator for the intensity of the tropical cyclone be
changed from a numeral to an alphabetic letter. This increase in subdivisions
would allow a more precise representation of the Dvorak T-number in half units
(e.g. T3.5).
Widespread application of the Dvorak approach has led to suggestions
for improvements. A satellite classification technique proposed by Hebert and
Poteat for subtropical cyclones has been found useful in some centers.
Several centers now adjust the intensity estimates for higher than normal
translation speeds of the TC. Adjustments in the intensity estimates are also
necessary for tropical cyclones moving over land. Further development,
testing and dissemination of these improvements in the Dvorak technique are
encouraged.
Concern was also expressed with the difficulty of interpreting
multiple radar fixes as the storm approaches landfall. If the storm is weak
and is approaching land at a small angle, the radar positions may be
ambiguious. A conservative method is needed to use the envelope of radar
fixes to estimate a landfall point.
Finally, some objective techniques have been proposed for combining
the center _fixes into an initial position and motion. These techniques might
be useful with the interactive computers being introduced into forecast
offices. Applications would include assisting the forecaster in specifying
the warning position and in developing a post-storm (best track) analysis of
the TC positions.
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2.5

Advances in Focecasting Tcopical Cyclone Motion

The TC focecastec may have sevecal objective techniques plus the
subjective synoptic method to focecast TC motion. In teems of incceasing
level of cequiced cesoucces, the objective techniques may be chacactecized
as: (i) Climatology and pecsistence; (ii) Statistical-synoptic methods that
use only the pcesent synoptic fields; (iii) Statistical-dynamical methods that
also include the focecast fields; and (iv) Dynamical models. The lattec have
been discussed extensively in Section 2.2 above.
C. Neumann has made an estimate of TC tcack pcedictability with
statistical methods by using best-tcack positions and analyzed (cathec than
focecast) fields in the NHC83. He estimates that the pcesent TC tcack eccocs
could be reduced by a factor of two with better stocm data and analyses. This
would moce than meet the goal from IWTC-I to reduce the 72-h errors to the
then existing 48-h ecrors. It would be interesting to know if this
pcedictability estimate applies in other cyclone basins.
Furthermoce, the predictability may be a function of the synoptic
situation. The most important track forecasting cases are for unusual motion
such as capid recurvature or turning motion oc sudden accelerations. Perhaps
these situations are inhecently less predictable.
In the Atlantic, the NHC83 has consistently been the most accurate
track prediction scheme. In addition to being low in cost, this technique
always produces a forecast. It can be made timely (synoptic time plus 2h) if
the dynamical model input is fcom a previous global model integration (rather
than waiting 7-Bh past synoptic time until the most recent integration is
completed). Consequently, interest was expressed in developing similar
statistical-dynamical models in other basins. Such an adaption is in progress
for the western North Pacific region.
Many developing nations do not have the resources to develop and
maintain statistical-dynamical or advanced dynamical models. Since IWTC-I,
three regional cooperative agreements have been implemented to provide TC
information (position, intensity, etc.), gridpoint analyses and forecasts via
the GTS. Thus, the national forecast centers have access to the more advanced
techniques to use at their discretion. These efforts are to be commended and
similar agreements should be encouraged in other regions.
As more TC information and analyses become available in the forecast
office, the diversity of the information may lead to confusion/uncertainty in
critical situations. Forecasters need to be provided with information on the
advantages/disadvantages of the objective aids. Some techniques will be
better in certain synoptic situations or storm conditions. Some new
technology (e.g., decision-tree algorithms, expert systems, and optimized
statistical techniques) might be applied to assist the focecaster in
synthesizing the information fcom the objective track prediction techniques.
The advanced interactive computers in the forecast offices would be
particularly useful for such applications. However, this technology should
not be allowed to replace the meteocological analysis, synthesis and forecast
skills of the forecaster.
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TROPICAL CYCLONE FORMATION
by
WILLIAM M. GRAY

1.

BACKGROUND

Despite many worthy observational and numerical modeling studies of
tropical cyclone (TC) formation over the last decade or two, our understanding
of the physical processes associated with early stage TC formation versus
prominent disturbance non-formation is still inadequate. Operational TC
genesis forecast skill is not very high and there is much to be accomplished
in understanding how early stage TC formation takes place in the first place.
Although theoretical ideas cover a wide range of possibilities, new
observational studies are narrowing our search in specific directions.
The most consistent and distinct differences between developing and
non-developing disturbances that we have found in two decades of research on
tropical cyclone formation indicate that:
(a)

developing systems must have very weak tropospheric vertical wind
shear and upper-tropospheric anticyclonic flow in the places
where they form (Gray, 1968, 1979) and

(b)

the large-scale low-level tropospheric winds at radii of 3-6
degrees around developing systems have, on average, significantly
higher relative vorticity than do the non-developing systems see Gray, 1968; McBride and Zehr, 1981; Lee, 1986).

Though almost always necessary for formation these two solid
observational factors are however often not sufficient to consistently
identify those individual disturbances which form named TCs. Additional
physical processes appear to be involved.
It is well known that TCs develop from pre-existing disturbances.
However, pre-existing disturbances typically do not have sufficient vorticity
and vertical motion to cause vorticity concentration and inner-core spinup to
occur as rapidly as it is observed. The pre-existing disturbance typically
must receive concentrated external momentum activation of what might be termed
a "kicker" in order to begin its exponential inner-core growth. This external
activation or "kicker" typically comes from a one sided, environmentally
induced wind surge which penetrates to near the center of the disturbance and
causes a burst in central region deep convection and enhanced inner-core
tangential wind spinup.
Recent research is indicating that once favorable conditions including
high low-level vorticity, weak tropospheric wind shear, and upper-level
anticyclonic flow are satisfied, that it is environmentally induced asymmetric
low-level wind surges that frequently plays the crucial role in the initiation
of unstable interior disturbance intensification. Concentration of deep
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convection is a basic requirement of TC formation. When low-level wind surges
are able to penetrate to near the center of the disturbance, then TC formation
(other factors being favored) is highly likely. Then environmental wind
surges do not occur or when they occur but fail to penetrate to near to the
center of the disturbance, TC development is much less frequent - even though
other conditions are favorable.
Analysis of successive geostationary satellite images appear to be a
very beneficial new tool to assist (with conventional weather analysis) in the
detection and in the monitoring of the inward penetration of wind surges.
2.

OBSERVED LOW-LEVEL WIND DIFFERENCES BETWEEN DEVELOPING AND
NON-DEVELOPING DISTURBANCES JUDGED TO HAVE A VERY HIGH POTENTIAL ATC
FORMATION

For many years (until August, 1987) the US Air Force made low level
'investigative' aircraft flights into tropical disturbances in the NW Pacific
that were judged by JTWC forecasters to have a very high potential for TC
formation. Ordinary looking tropical disturbances and cloud clusters judged
to have a lower potential of formation were not investigated by aircraft.
A primary purpose of these flights was to determine if a small scale
Low-Level Circulation Center (LLCC) had formed within the disturbance's
broader scale cyclonic circulation or if a broad region of light and variable
winds existed around which a TC center might be forming. Such regions tend to
be associated with local concentrations of high vorticity and are frequently
found in both developing and non-developing systems. Even though an obvious
closed LLCC might not always be found, a meso-scale area of inferred cyclonic
circulation or high localized vorticity could usually be found for the
developing systems. The regions around these centers (closed or open) are
places where vorticity values are many times higher than in broader-scale
tropical disturbance systems as a whole and frequently many times higher than
the earth's vorticity.
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3.

DEFINITION OF TROPICAL CYCLONE FORMATION

It is important that a definition for tropical cyclone formation be
adopted which is based on the prominent physical characteristics of
development. It is observed that there is typically a point in the early
stage of TC formation when the maximum wind speeds begin increasing at a rapid
rate. This might be termed the take-off point as illustrated in Fig. 3.1.
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Fig. 3.1. Time series of maximum measured or estimated tangential
wind (in kts) for developing tropical cyclones during the FGGE years.
Abscissa is time in days and zero indicates that point of beginning
intensification or take-off point (from Lee, 1986).
Recent research suggests that the TC formation process can be
conceptually viewed as a two phase process as shown in Fig. 3.2. Phase I is
the organization period during which the incipient disturbance:
(1) develops a concentrated area (0-1 degree diameter) of high
relative vorticity (higher than f) within a mesa-scale cloud cluster
system. This vorticity focusing is typically the result of
concentrated deep convection resulting from a-symmetrical and
transient low-level wind surge action.
(2) does not deepen very much. Although vorticity becomes
concentrated in Phase I, there is little pressure decrease << 2-3 mb)
or maximum wind increase beyond about 10 m/s in this first phase.
There is also little enhanced surface energy flux during Phase I.
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(3) has very weak tropospheric wind shear near its center. As long
as tropospheric wind shear is small, the upper tropospheric flow
characteristics are not directly contributing influence to the stage
Phase I process.
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Fig. 3.2. Idealized portrayal of the two phases of the TC formation
process. The dashed line indicates the time during the formation
process when the disturbance maximum winds begin to more rapidly ·
increase. The dotted line shows the end of formation when named storm
designation has been reached. Phase I may last for 1-5 days, Phase II
typically 1-2 days.
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Phase II is defined as the period during which a self sustaining more
rapid maximum wind increase occurs to named storm status. Phase II starts at
the take-off point. Inner-region surface pressure begins to decrease at a
sustained and rapid rate. Upper tropospheric anticyclonic flow becomes
important. Upper level unidirectional flow inhibits Phase II transformation anticyclonic fow enhances it. Wind surge action becomes less important and
enhanced surface energy flux becomes a significant component in Phase II.
This formation definition does not imply that all systems that go
through Phase I necessarily go through Phase II. Many potentially forming
systems may develop through Phase I but not, for special reasons such as an
increase of upper tropospheric shearing winds necessarily go through Phase II
to named storm status.
4.

CONCENTRATION OF CONVECTION

A consistent feature of recent TC genesis research by Zher (1989) has
been the observation that forming TCs typically have a very early burst of
deep Cb convection of 18-30 hours duration at the beginning of the Phase I
process. These convective bursts usually occur 2-3 days before the beginning
of Phase II intensification (Fig. 3.3 is typical). It is likely that these
early-stage convective bursts are set off by inward propagating wind surge
action.
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Fig. 3.3. Percent area out to 2 degrees radius of the center of
pre-TC Doyle where IR temperatures are less than -75 degrees C. Note
the early stage blowup of deep convection (cross hatched) that
occurred in the quite early disturbance stage of Doyle on 2 December,
two days before Doyle became a named storm. This is a typical
example. Many other pre-named storm disturbances have blowups of deep
convection 2-3 days before their intensification of Phase II formation
stage (from Zehr, 1989).
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Tropical cyclone formation often appears to be contingent on whether
or not one or two of these externally driven surges penetrate to near the
synoptic center of the tropical disturbance. One wind surge may act initially
to establish an area of concentrated vorticity (shaded area in Fig. 3.3) while
a subsequent surge, following 1-3 days later may act to initiate the more
rapid Phase II intensification.
These observations tend to agree with K. Emanuel's idea and the
author's long held belief that tropical cyclone formation requires a "kicker"
or a trigger of some sort to initiate an early Phase I stage concentration of
vorticity. Sometimes, despite very favorable larger-scale conditions, the
wind surge "triggering" action is missing and TC development does not
proceed. The presence or absence of such eddy processes appears to frequently
be a differentiating factor for those systems which develop into named storms
from those prominent systems which do not. An example of the build up of an
asymmetrical trade-wind surge on the poleward side of a pre-typhoon tropical
disturbance is seen in Fig. 3.4.
5.

THEORETICAL CONSIDERATIONS CONCERNING CONVECTIVE INSTABILITY (Cl)

There is still some confusion over the role of moist conditional
instability (CI) in tropical cyclone formation. Most of the earlier numerical
model runs of TC formation assumed that CI is relatively large and is an
important physical component in causing the early stage unstable growth of the
tropical disturbance. Most of the early numerical models assumed relatively
large amounts of Cl. K. Emanuel (1986) and Rotunno and Emanuel (1987), on the
other hand, dispute the fundamental role of high values of CI in the TC
development process. They maintain that CI is only weakly positive or near
neutral. They believe that it is the enhancement of surface energy fluxes
that is the primary physical process by which the incipient disturbance's
secondary in-up-and-out circulation is driven. This question of the
importance of conditional instability in TC formation needs better
resolution. Although it is likely that Cl processes may have been exaggerated
in the earlier numerical models it would appear that they still play an
important role in the TC formation process. The TC's frequent observed deep
penetrative Cb convection to the lower troposphere indicates that CI is,
despite Emanuel and Rotunno's ideas, likely a significant component to TC
formation- even if perhaps exaggerated in many,of the numerical.model
simulations.
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6.

MULTI-DECADAL AND LONGER PERIOD CHANGES IN TROPICAL CYCLONE FREQUENCY
AND INTENSITY

Multi-decadal differences in TC frequency and in TC intensity has been
documented in the Atlantic and in the NW Pacific.
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Fig. 3.4. The 850 mb flow pattern and isotachs on 30 October-2
November, OOZ for the early stages of genesis of pre-typhoon Vera 1979
as given by European Centre for Medium Range Forecasts (ECMWF)
analysis. The shaded areas are the regions with a wind speed > 10
m/s. The centers of the pre-typhoon vortex are shown by the large
dots. The maximum intensity at this time is 25 knots or less (from
Lee, 1986).
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It is likely that such multi-decadal changes occur inother basins but
have yet to be documented. These multi-decadal changes are .correlated with
multi-decadal global circulation features. For instance, intense hurricane
activity was much more prevalent in the Atlantic inthe 1950s and 1960s
compared to the period of 1970-87. Typhoon frequency has been documented by
Dong (1989) to be more frequent in the 1950s and 1960s than since 1970. More
research is needed to better specify these multi-decadal changes and to
associate them with similar long-period variations in global general
circulation SST anomalies, regional drought conditions, etc.
Greenhouse Gas Influences. The workshop felt that the current
generation of global climate models are presently far too crude to warrant
sensible predictions of climate and TC change due to increased greenhouse
gases. There is little or no scientific basis for statements to the effect
that global warming will lead to increased frequency or of increased tropical
cyclone intensity. It was recommended that research be undertaken to
establish (if possible) geological records of tropical cyclone activity by
careful analysis of sediment records or other evolving and innovative
geological techniques. Some research along these lines is already underway
and appears very promising.
7.

OTHER TROPICAL CYCLONE-LIKE OCEANIC CYCLONES

Hodur (1989) has discussed the occurrence of middle-latitude and polar
oceanic cyclones with many similar characteristics to tropical cyclones.
These include the subtropical marine cyclone, the polar lows, and the very
rapidly intensifying middle latitude oceanic cyclones frequently referred to
as bombs. The crucial aspect of these higher latitude cyclone formations
which are similar to that of the tropical cyclone is the enhanced ocean
surface sensible heat and water vapor energy fluxes. These enhanced surface
energy fluxes allow for the establishment of very high values of boundary
layer Oe and high-values of CI. These high instabilities allow for a rapid
increase in the incipient oceanic in-up-and-out radial circulation and wind
spinup. These high latitude vortex spinups help demonstrate the important
role of ocean energy flux for tropical cyclone formation.
8.

RECOMMENDATIONS
More and new studies are needed of
(1)

Low level wind surges and their deep convection association.

(2)

The sub-tropical or hybrid type of TC formation.

(3) Those factors which best differentiate those tropical systems
which become named storms from those prominent tropical systems which
appear to have a good potential for TC formation but then do not
always develop.

"--
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(4) The global and regional circulation patterns associated with
15-25 day active TC frequency versus similar 15-25 day.periods of
inactive TC frequency.
(5) More systematic studies of NWP products of TC formation versus
non-formation.
9•

DISCUSSION

There appears to be much promise for new insights into the TC
formation question through new satellite developments. There is a good
probability that 30 minute and hourly· movie loop capability will become more
widely available and if interpreted correctly offer improvement in TC genesis
forecasting. Used in combination, geostationary visual and IR satellite
images ought to be able to track wind surges and their forcing influences on
deep convective outbreaks. Zehr (1988, 1989) is showing new possibilities for
satellite surge monitoring. As we better understand TC formation we should be
better able to interpret synoptic maps and satellite information in
combination.
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CHAPTER 6: TOPIC 4
TROPICAL CYCLONE STRUCTURE AND STRUCTURE CHANGE
by
L.S. CHEN
4.1

Introduction

Tropical cyclone structure and structure change involves complex
processes of the interaction between a tropical cyclone and its environment,
the interaction between flow field of low level and upper level, the
interaction among vortex and its internal different motion scale, the impact
from the underlying surface (including sea surface temperature, island, land
and topography). Those processes will, as a result, lead to changes of
tropical cyclone structure which will lead to changes of the tropical cyclone
intensity.
The progress of understanding of structure and structure change has
been so far affected by two major impediments: namely, few observation data
within tropical cyclone and lack of knowlegde of physical mechanism. In
particular, the sudden intensification or the sudden weaking of offshore storm
would usually cause the real time forecast to be helpless.
Workshop discussion indicated that tropical cyclone motion is closely
related to the structure and structure change. Two tropical cyclones are
always different in motion even if their steering current and surrounding
conditions are the same. Such different motion would probably be closely
linked with the different structures of the two tropical cyclones. This,
however, shows that the research on tropical cyclone structure and structure
change is of potentially profound significance.
The major problems which have less progress since IWTC-I were the
objective forecasting techniques and the poor forecast accuracy on structure
prediction. it was also noted by this workshop that extensive study has been
given to physical mechanisms of structure and structure change, but most of
those work had not yet been carried through to the significant development of
operational objective foecasting techniques. Numerical models may not have a
significant improvements on structure and intensity change forecasting over
the near future because of the lack of data in model initialization.
Discussions at the workshop also revealed that the most needs of the
warning centers is some effective forecasting techniques on off-shore sudden
intensified tropical cyclones which is subjective to bring about a severe
disaster and loss of lives and properties. The general feeling is that such
techniques is more difficult to develop beyond the well established data set
within cyclones and well understanding of physical mechanism of structure
change.
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The workshop provided an excellent forum to exchange the ideas between
research and operation communities and to recommend the ways and means for
future development on structure and structure change. The recommendations to
several problems covered by topic 4 that seems likely to bring potential rapid
progress on some aspects of this topic over the next decade. The pre-workshop
preparation for .structure and structure change consisted of comprehensive
rapporteur reports on the sub-topics which were: Brief summary of IWTC-I
(L. S. Chen), Advances in basic understanding (R. T. Merrill), Advances with
techniques for analyzing tropical cyclone structure (K. M. Murphy),
Forecasting techniques on structure change (X. Niu), and Extratropical
transition of tropical cyclones (G. R. Foley). This chapter provides a
synthesized summary of those reports and the discussions over the workshop.
4.2

Synthesis of state-of-the-arts concerning structure and structure
change
(a)

Basic Structure Understanding

Definitions and structure scaling: The mature tropical .cyclone
can be divided into five regions, these are the core regime,
interaction evelope regime, outer regime, friction layer and an
asymmetric outflow regime. This breakdown is supported by a
separation of the low level wind structure into three modes: Core
region intensity (MSW or MSLP). Outer core wind strength (OCS,
Average tangential wind from 100-300 km radius) and size (Average
radius of the outer closed isobar).
The core regime: Weatherford and Gray (1988) indicate the
interdependence of typhoon intensity, strength and eye size. Some
other researches and observations indicate that the eyewall size is
quite closely related to the tropical cyclone intensity. Willonghby
(1989) st~died the relationship between eyewall and intensity with the
ten year Atlantic data. The intensified tropical cyclone generally
has active convection with the eyewall contracted. The intensified
tangential wind speed is usually within the inner side of the radius
of maximum wind speed (RMW). Besides, a secondary maximum wind speed
ring usually forms outside of RMW, which is corresponding to
eyewall-like ring with strong convection. This can be called
concentric eyewalls structure. As a result, the contraction of outer
ring causes inner one to disappear and the eyewall broadening
discountinuously. Therefore, the MSW will actually reduce and the
MSLP rise. Such process will also usually enhance the outer wind
strength.
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Concentric eyewalls structure was also found in the Pacific
basin. S. Chen (1986) analysed TOPEX data and other data of years,
indicated that the concentric eyewalls structure usually occurs within
the strong typhoon. After the formation of the outer eyewall ring,
typhoon will intensify temporarily and then the intensity will
reduce. When the outer eyewall ring contracts and the inner eyewall
disappears, the intensity will be enhanced again. Meanwhile, the
concentric eyewalls structure is, to some extent, connected with the
typhoon motion. The statistics shows that typhoons with concentric
eyewalls are in high percentage of recurving motion (Fig. 1) and that
such structure often occurs before the turning point.
--~------·-··---------

Northwest Pacific

1949-1986 .

Concentric eyes Typhoons

.Total Typhoons

Recurvature

Others

Total .

61(72)

24(28)

~5(100)

617(45) . 753(55)

1370(100)

Fig. 1
Statistics of the relationship between concentric eyes
and recurvature <% in bracket) (S. Chen)
The another kind of double eyewalls is in different structure
with the concentric one. Two ring-like symmetric eyewalls exist in
the core regime of the tropical cyclone circulation. The observation
shows that these two ring-like eyewalls rotate each other
counter-clockwise.
The formation of such double eyewalls is usually resulted from
the mergence of two tropical cylones with eyewall separately. The
mergence of the two Northwest Pacific typhoons, Fran and Ellen, in
September 1970 is a typical example (Chen and Ding, 1980). The two
symmetric eyewalls within the typhoon circulation have an intensifying
effect on the typhoon strength. However, it is not clearly known at
present as to the impact of the two eyewalls structure on the typhoon
motion.
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Spiral rainbands: In addition to typhoon eyewa11, another
important structural characteristic is spiral rainband. Tc rainband
can be divided into small moving secondary bands possibly associated
with inertial gravity waves and the stationary band complex (SBC)
(Willonghby et al, 1984). The results of some numerical simulations
indicate that primary bands generally come into being due to the
interaction of typhoon circulation and environmental airflow. Such
interaction, as a result, will form convergence zone in the lower
layer. The primary bands will then have an impact on the boundary
layer and it is related to energetics of the whole TC. SBC will have
an obvious influence on the typhoon inflow and act as a barrier to the
inflow reduaing its Oe by more than l0°K (Earners and Stossmeister,
1986). Meanwhile, it affects the intensity change.
Environmental influences: Such an influences include SST,
vertical shear, outflow jets, environmental flow field and surrounding
systems etc.
It is generally recognized that there are close relationship
between SST and the typhoon intensity. Emanuel (1988) has further
generalized this concept to include an outflow temperature which is
the temperature at zero buoyancy level of air emanating from the TC
into the upper tropospheric environment. The potential intensity is
higher for a colder outflow temperature as well as warmer sea surface
temperature (Fig. 2). Some negative feedback from environmental
conditions will suppress tropical cyclones to reach the thermodynamic
potential. A generalized model of hypothesized mechanisms for this
influence are shown schematically in Fig. 3.
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It is also generally believed that unfavorable to the
intensification of TC when strong vertical shear exists in the
environmental field. The results of numerical simulation (Yamasaki,
1987) indicate that the vertically integrated warming in the center of
TC will be destroyed by the vertical shear. This is indentical to the
"ventilation" mechanism put forward by Riehl. Meanwhile, this will
cause the injection of dry air into the middle of TC and suppress the
growth of convection.
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A great deal of studies have been made on the relationship
between high-level outflow jet as well as other environmental flow
field and typhoon intensity (Sadler J. C, 1978 etc.)~ Chen and Gray
(1986) studied the impact of high-level outflow jet over different
basins of the world on tropical cyclone intensity. Holland and
Merrill (1984) attempted to explain these effects as a re~ult of an
increased upper tropospheric radial circulation stimulated by eddy
absolute angular momentum (AAM) flux convergence. However, C. Chen's
study (1987) showed that the input of thestrong upper cyclonic
momentum or the output of the anti-cyclonic momentum is favorable to
the intensification of tropical cyclone.
Asymmetry Structure: The mechanisms that could contribute to
residual asymmetry are environmental forcing asymmetries, interaction
of the moving cyclone with different boundary layer and an internal
readjustment because of the cyclone motion (Holland and Black, 1986).
However, these three parts are inseparable.
The form~tion and structure change of asymmetric structure of the
Northwest Pacific typhoon is often associated with the cold a,i~r
effect. When cold air approaches towards the periphery of typhoon,
the lower wind strength in the side where encounter with the cold-air
will be strengthened and result in asymmetric distribution of -::the
OCS. Upon the interaction between weak cold air and typhoon
circulation, the potential instability of typhoon will be increased
and thus the strength will be reinforced. When cold air invade the
inner typhoon circulation, the eyewall will be expanded to form a big,
open asymmetric one. The TC intensity will soon be weakened and
sometimes-the outer core strength will be strengthened temporarily.
(b)

Structure and Structure Change Analysis

I t is a significant setback to the acquisition of cyclone data
since that the aircraft reconnaissance flight in the Northwest Pacific
was ceased in October 1988. On the other hand, the GMS observation
upgrade have been made to.provide improved satellite data to the
cyclone structure analysis. Some recommendations from workshop
discussions strongly to cail upon the resurrection of aircraft
reconnaissance under an appropriate way to raise funds; ..

Weatherford and Gray (1988) indicated that there appeared to be
little correlation between MSLP and OCS and there was a closer
relationship between OCS and cyclone size. Zehr (1988) further
suggests that OCS is related to the amount of deep convection in the
outer core region. Many warning centers usually use
empirically-derived wind/pressure formulae to analyze the lower wind
field.
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The Dvorak method of intensity analysis derived from satellite
image has been widely used for more than ten years. A more objective
approach with mature storms is that digital eye temperature and
surrounding cloud top temperature are input to an algorithm to obtain
current intensity.
Some progress
(strong convective
sensing techniques
led to a number of
structure.

have been made on analysis of eyewall and rainband
motion). Recent improvements to airbore remote
such as doppler radar, microwave radiometers have
detailed studies of the eyewall and rainband

The Special Sensor Microwave Imager on FS polar orbiting
satellite can provide extremely valuable information on both center
fixing and cyclone structure (Velden et al 1987, 1989).
VAS and TOVS data are also available for analysis of the upper
troposphere surrounding tropical cyclones. Temperature, moisture
retrievals, cloud drift wind and water vapor motion data can provide a
high density coverage in the cyclone environment. Microwave
observations are able to measure the upper tropospheric warm anomaly
associated with a tropical cyclone. The degree of this anomaly
correlates well with the surface core intensity (Fig. 4).
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The applications of those remote sensing data and advanced
satellite has demonstrated great potential for improving structure
analysis in cases where interpretation of conventional satellite data
is difficult. Unfortunately, it appears that several years may
ellapse before this form of data is available to the smaller warning
centers. In the intervencing period, it would be most beneficiary if
some way could be found to share the data.
Due to the sparsity of conventional radiosonde data over the
ocean, improvements in analysis of the outflow layer will depend
heavily on satellite remote sensing, the GMS-4 observations has
greatly improved the density of cloud drift wind data in the pacific
region.
(c)

Structure Change Forecasting

The present objective forecasting method of structure change is
mainly the statistical method and the statistical-dynamic method.
Steranka et al (1986) made short-range forecast of typhoon intensity
change with regression equation. the predictors mainly uses the
observation value of maximum average wind speed and cloud top
temperature with the accuracy of 67 percent.
Niu and Deng (1987) developed a dynamic-statistical combined
technique to forecast the intensity change of 24, 36 and 48 hours.
This technique is based on dynamid equation. Those terms in the
equation refer to forces which can't be calculated were determined by
regression analysis. The forecasting equation was as follows:
dvomax
dt

=

CtZt + CzZz + C3Z3 + Z

Vomax is the predictand, Zt = f
Zz = (Vomax)
(Vomax)o are initial value, Z3 =
, Z was residual term
which contained dynamical factors except for Zt, Zz and Z3, and
was determined by regression statistics. Ct, Cz and C3 are
statistical parameters. The forecasting error of 24, 36 and 48 hours
were 4.0, 5.6 and 7.4 m/s respectively.
However, the sudden change of typhoon intensity could poorly be
predicted by statistical method and statistical and dynamical method,
and the error was rather great.
At present quite a number of warning centers use empirical method
to forecast intensity change. This approach can estimate the
intensity change for the next 24-48 hours according to the
relationship between the initial maximum wind speed and cloud top
temperature, and the eye shape and size in radar echo and image, the
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spiral rain band in satellite image, eyewall ring contraction, size of
dense cloud cover, sea temperature, high level anti-cyclone divergence
change, outflow jet and vertical shear, Low level convergence and
vorticity, etc. (Li and Chen, 1988).
The empirical method is of great subjective nature, and has some
predictability of sudden intensification and weakening of tropical
cylone.
Nowadays operational community greatly needs a dynamic
forecasting method, which can input various existing data of intensity
cha~ge parameter.
Hopefully it will be one of the major obj~ctives
after HITC-II.
(d)

Extratropical Transition

The entry of cold air into TC circulation usually caused
extratropical transition. In the transition process, TC structure has
great changes. When cold air from the continent invades the TC over
East China Sea, the tropical cyclone will usually be turned into a
half cold and half warm hybrid circulation system. The west
semi-circle of the cyclone is cold while the east is warm. Due to the
cyclone possess horizontal solenoid structure and baroclinic
geopotential energy, it is no longer a tropical cyclone. However,
because it keeps large eyewall and sharp pressure change, it is not a
typical extratropical cyclone either. Finally, it will turn into an
extratropical cyclone if the transition process continue.
In most cases, the cyclone weakens as it moves poleward. The
weakening is caused by a sudden decrease in heat and moisture supply
from surface energy fluxes as it moves into cooler water or by cooler
environment greatly reduces the energy input from latent heating.
Occasionally, reintensification may occur, it is caused by baroclinic
energy supply.
The semi-cold and semi-warm structure can make cyclone to
intensify strongly for a time. Because the sinking is in the west
cold portion and the ascending is in the east warm portion (Fig. 5),
the vertical circulation causes baroclinic geopotential energy to be
released, the potential energy is converted into kinetic energy and
the lower wind speed is strengthened.
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+
Fig. 5
A transformation structure of a tropical cyclone. (700 hPa,
00 GMT 29 August 1974)
·solid lines: isohype; dash lines: isothermohyps; thick sol.i,d
lines: isoEnergy resource which strengthens cyclones in the transition
process comes from the release of geopotential energy from horizontal
solenoid field. As this is a kind of baroclinic energy, it is quite
different from the energy resource which strengthens tropical cyclones
(Chen et al, 1980).
When typhoon moves to an area of higher latitude, the transition
is different from the above process because cold air in this area is
rather strong with front. When typhoon approaches closely to the
front, the- typhoon circulation will decay, which induces a fully
developed extratropical cyclone with front (Sekioka, 1970).
In the typhoon transition process, due to both the invading cold
air convergence and potential instability increase, it would usually
cause some mesa-scale structures in the cyclone circulation and strong
convective weather.
Transition process occurs in several basins in globe. The
Atlantic basin showed the highest frequency of cyclones with 65
percent moving poleward of 35°N. The Northwestern Pacific basin
a.lso showed a significant penetration of cyclones with 20 percent
moving poleward at 35°N. The North Indian Ocean is not likely to
experience extratropical processes as northward moving tropical
cyclones were quickly absorbed by the Asian continent. The South
Pacific basin experienced a high proportion of mid-latitude intrusion
cyclones than the Indian Ocean (Foley, 1988).
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Moreover, some studies (Chen, 1980) indicate that the genesis of
some tropical cyclones over the south china sea is from an
extratropical vortex originally over the land. It may be underwent
transformation process to turn into a tropical cyclone after it moves
into warm South China Sea surface. It shows that the transition
between tropical cyclone and extratropical cyclone is a two-way street.
(e)

Underlying surface interaction

The underlying surface may interact with the tropical cyclone to
produce a structure change in many ways. It is little studies on its
physical mechanism.
Sea surface temperature (SST). SST has very close relationship
with core intensity of tropical cyclone. There is thus a statistical
relationship between lowering SST and core weakening. Observations
prove that quite a few typhoons which move to the South China Sea in
late Autumn will usually cross the isotherm and move to the cold sea
surface when they move poleward and approach to the south coast of
China. This kind of typhoon normally will decay over the coastal
water before landing, which causes the forecast of landing to be a
failure. Likewise, Autumn typhoons which move poleward on the East
China Sea will usually decay quickly over the sea beyond north of
30°N.
Tropical cyclones is quite sensitive to SST. It is seen from the
observations over the South China Sea that the core intensity of
typhoon will decrease when it moves across with the sea cold trail
caused by the preceding typhoon.
Island effects. When typhoon is approaching a big islands,
sometimes a secondary depression can be induced by island effect which
causes great changes of the typhoon structure. Some typhoons will
decay gradually after the occurrence of the induced depression, which
will develop and replace the former typhoons. Taiwan is the island in
which more frequent induced depression occur. The same process has
also been observed in the Philippines and Japan only for few times.
Land and orographic effects. After the landing of typhoon, the
eyewall intensity will decrease rapidly because of the cease of .fluxes
of latent heat from underlying sea surface and the stabilization of
boundary layer due to the adiabatic cooling of the air flow which
cross the isobar induced by surface friction. The results of fluid
exper-iments show that when typhoon lands in Japan and moves along the
mountain ranges, the typhoon eyewall will disappear and the
convergence flow will occur in opposite directions on both sides of
the island (Wang, et al, 1988).
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The weakening cyclone after landing, when interacted with the
mountains and cold air, will usually cause strong mesa-scale
convective systems, thunderstorms and even tornadoes in the cyclone
circulation. These systems generally move along mountains and seldom
cross the mountains. The heavy rainstorm will cause severe disasters
in this complex structure.
4.3

Concluding Remarks

The structure and intensity change is closely related to the variation
of the convective rings in the core regime. The changes of intensity and
motion have also been shown to be associated with the variations of the
concentric eyewall.
There is little knowledge of the complex physical
mechanisms of interaction between core regime and environment, also the
relations between structure and motion. These are the crucial areas to offer
the most promise for future research and to provide a significant improvement
of the forecasting accuracy.
Severe rainfall caused by tropical cyclone is directly associated with
the mesa/micro scale system structure. Very little is known about the
processes in the area of sudden increase of rainfall which may bring about
severe flooding and catastrophe. Both the mechanism of sudden increase of
rainfall and sudden intensification of intensity need further elaboration.
One of the major tropical cyclone forecasting problems for middle/high
latitude warning center is the rapid transformation that takes place as a
tropical cyclone undergoes hybrid or extratropical system. Transition process
will be happened when tropical cyclone penetrate into the mid-latitudes or
encounter the cold wave. Rapid transformation which caused by the
environmental and underlying surface interact often result in heavy rain.
There has been a little objective techniques of transition and its rainfall
forecast which is -one of the important areas for further study.
Remote sensor data has demonstrated great potential for improving
structure analysis in the near future. It will be beneficiary on tropical
cyclone structure and structure change research and operational analysis if
those data can be available to the smaller warning center in real time basis.
At present, there is no any more effective approach to predict the
structure change. The dynamical and statistical objective forecasting method
seems quite necessary. Workshop discussions indicated that CLIPER would be
utilized as a first forecast guess to tropical cyclone intensity and 30 kts
wind radius. Some work showed that MOS may probably improve the intensity
change forecasts. In the meantime, various diagnostic and empirical methods
should be developed to improve the operational capability.
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TOPIC 5

SURFACE CONDITIONS IN TROPICAL CYCLONES
by
W. M. FRANK

5.1

Introduction

The impact of tropical cyclones is felt largely at the surface. The
damaging winds and the storm surge and wave action generated by these winds
are the major causes of death and damage in most regions. Once the forcaster
has made an estimate of the likely storm track and intensity, the problem
remains as to how to convert that forecast into estimates of surface
conditions both over land and the sea. Since .the tropical cyclone is driven
by the energy it extracts through the air-sea interface, knowledge of surface
processes is crucial to improve theoretical understanding and numerical
simulations of the storms as well.
The major unresolved questions involving prediction and understanding
of surface processes in tropical cyclones fall into three major areas. The
first of these is the structure of the planetary boundary layer and how this
structure varies over land and sea. The second concerns the impact of the
surface winds upon the storm surge and sea state, and the third is the complex
problem of estimating surface winds over land where the orography may be
complicated and the storm structure is rapidly changing with time.
Discussions at the workshop revealed that there are significant
problems regarding the standardization of procedures for estimating and
reporting surface winds, and corrective measures were recommended. There was
general feeling that current models are adequate for predicting both storm
surge and sea state, but there is a wide variety in sophistication and expense
between different techniques. All regions were interested in better surge
forecasts, and several areas were concerned with better wave forecasts. There
was considerable discussion as to which techniques might be most appropriate
in different regions.
The problems are more difficult over land. Although there have been
numerous observational and numerical studies of storms and their wind fields
as the storms move over land, the general feeling is that it is still
difficult to generalize beyond the well established principle that storms
weaken after landfall due to reduction of the-surface energy source. Numerous
exceptions were reported even to that rule, and much further research is
clearly needed in this area.
The workshop identified several problem areas within the areas covered
by Topic 5 that seem likely to lead to significant progress by the time of the
next workshop. The recommendations to develop standard wind averaging
correction factors and to implement operational surge forecasting procedures
in the various forcast centers seem especially likely to bring rapid
improvements. Other worthwhile operational and research objectives were
identified, and specific actions were recommended. These should improve the
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understanding, and ultimately the operational forecasting, of surface
conditions in tropical cyclone-s. The preliminary reports of the working group
repporteurs of Topic 5 were instrumental in the overall success of the
workshop discussions. These reports were: "Vertical/Horizontal
Boundary-layer Structure over the Ocean" (rapporteur P. Black), "Storm-surge
and Sea-state" (C. Jelesnianski), "Surface Wind-field Changes near Landfall"
(M. Shimamura), and "Effects of Orography on Surface Winds" (L. Leslie).
5.2

Synthesis of Issues concerning Surface Conditions
(a)

Boundary Layer Structure

Discussion of boundary layer conditions in tropical cyclones
focussed on two areas, the role of convective-scale downdrafts in
storm structure and evolution, and methods of estimating surface
winds. The former is primarily a theoretical question at this time.
Numerical simulations of the formation of tropical cyclones in recent
years have become sufficiently sophisticated to explore the possible
effects of downdrafts on the storm as a whole. Two modes of
interaction between the convection and the storm have been suggested.
One is that the downdrafts help to organize the convection into
persistent mesoscale bands, thereby helping to couple the heating of
the convection to the cyclone circulation and faciliting
intensification of the circulation. The other hypothesis is that
downdrafts inhibit development by preventing the boundary layer air
from achieving high enough levels of equivalent potential temperature
(a measure of energy). According to the latter viewpoint, once the
layers above the boundary layer become sufficiently moist, the
downdraft cooling and drying of the boundary layer is greatly reduced,
and the storm can intensify. Figure 5.1 shows the cooling of the
boundary layer and the suppression of boundary layer depth due to
downdrafts occurring in a principal rainband.
Although the above views on the role of downdrafts hypothesize
effects of different sign, they do not necessarily conflict. In the
complex asymmetrical circulation of a tropical cyclone, both processes
may be important. It is clear that considerable further research is
needed into the roles of downdrafts on boundary layer structure.
There was consensus that the forecasting of surface winds was a
top priority concern. Most techniques for estimating surface winds in
tropical cyclones involve determining the wind fields in the free
atmosphere above the boundary layer and then estimating the surface
wind using gust factors and correction factors. Numerous problems
exist. Gust factors, used to determine maximum wind gusts at the
surface as functions of the sustained winds, are based on factors
derived for environments that differ substantially from tropical
cyclones. Estimates of sustained .surface winds from gradient level
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winds depend significantly upon the stability of the boundary layer
(eg. - Fig. 5.2) and are likely to differ over land and ocean
surfaces. Further, methods of determining the gradient level winds
themselves are not satisfactory to most forcasters. Pressure-wind
relationships are not reliable, and there is support for research to
utilize satellite data sources to improve their accuracy. There is
also considerable interest in developing satellite techniques for
estimating outer winds, in particular the radius of 30 knot winds.
A major problem that pervades all aspects of this topic is that
different data sources, even within the same country, frequently use
different averaging periods when reporting and archiving sustained
winds. Although the WMO has set a 10 minute standard averaging
interval, many different periods ranging from 1-10 minutes are in
use. This greatly complicates comparisons of winds from one region or
data source to another. At the minimum, it is necessary to develop a
uniform set of correction factors for adjusting one type of average
wind to another and to insure that the averaging intervals used are
reported along with the winds. A longer range but more satisfactory
solution is to achieve standardization in averaging procedures. An
example of how use of different averaging procedures can significantly
affect forcasts of surface winds is illustrated by Fig. 5.3. which
shows measurements of the dependency of the ratio of gusts to
sustained winds as a function of sustained wind speed using two
different averaging methods (one second gusts/1 minute averages, and 8
second gusts/8 minute averages). The nature of the dependency is
entirely different and would lead to greatly different wind forcasts
in regions that used different averaging intervals.
(b)

Storm Surge and Sea State

Whenever tropical cyclones make landfall, storm surge is a
serious problem and is usually the major cause of loss of life.
Therefore, all of the forecast regions are extremely interested in
surge forecasting in their areas. The technology of surge forecasting
is well established. Current hydrodynamic ocean models give good
results when coupled with adequate bathymrnetry of the sea floor, high
resolution topography of the land near the coast, and an accurate
estimate of the properties of the storm.
Figures 5.4a,b show surge forecasts performed with the SLOSH
model of a hurricane making landfall on the US coast. When the model
is run for the actual storm track (Fig. 5.4a), the forecast surge is
quite good. However, when the model is run with the forecast storm
track (Fig. 5.4b), the surge forecast is rather poor, even though the
forecast point of landfall was only in error by about 30 kilometers ..
This example illustrates the point that the surge models themselves
are relatively accurate, but the surge forecasts are sensitive to the
storm properties, particularly the intensity, radius of maximum winds,
speed and track.
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Storm surge forecasts using numerical models are now being
performed operationally in the US, P.R.C., and Australia. Other
regions tend to rely on nomograms, which estimate suges based on
archived model data or on estimated surges from other regions. Given
the complex interactions of a storm surge with local orography and the
sensitivity of the. forecast to the forecast of individual storm
properties, it is desirable for each region to have the capability of
performing its own surge forecasts with a numerical model in a
stand-alone microcomputer. The Australian workstation demonstrated at
the workshop appears to be adequate for operational use in most
regions.
Longer range forecasts of storm surge are important for land use
planning. This task requires more accurate topographical mapping of
affected coastlines than is currently available, and it is important
to develop the necessary topographical maps. This will require a
major coordinated training effort followed by a lengthy period of
work. It is also important to develop good data archives of the
properties and frequencies of cyclones in each region. One current
problem is that many regions do not map storm surges and archive these
estimates.
Sea state forecasting is of considerable interest in all
regions. In addition to the forecasting of waves at sea, islands and
coastal areas with steep ocean floor slopes often suffer major coastal
wave damage. Currently, most regions forecast waves using simple
statistical methods. There are wave forecast models in several
developed countries, but these models are too complex and require too
much computational resource to make them practical for local use. The
best solution to the need for improved sea state forecasts is to
improve the dissemmination of model results to the forecast offices.
(c)

Surface Effects of Landfalling Storms

When a tropical cyclone makes landfall, it typically undergoes
rapid and dramatic changes in structure. The storm most often weakens
rapidly due to the cutoff of the surface moisture source.. An area
that needs further research is to determine just how rapidly the
pressures rise in the first 1-2 hours after landfall, since this can
affect surge estimates in I'egions with bays and estuaries.
It is interesting that most regions I'eport occasional cases of
storms that maintain their intense winds for considerable distances
inland from the coast. There is no consensus at present concerning
the physical mechanisms that cause storms to behave in this manner,
and further research is clearly needed.
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The interactions of storms with local orography are very
complicated. Storms passing over Taiwan have been extensively studied
using models, laboratory simulations and observations. Other areas
have not been studied as extensively, and it is difficult to
generalize the results in a useful fashion for forecasting. Most
participants felt that numerous further case studies are needed in all
regions and that unusual cases should be studied along with "textbook
example" storms. It was also generally felt that current tropical
cyclone models are not yet ready to provide useful forecasts of the
surface winds in landfalling cyclones.
Precipitation forecasting in landfalling storms is an area of
concern that was not explicitly addressed in this workshop. The
rainbands are thought to be infuenced by orographic processes, but
this cannot be predicted at present. Some rainfall forecasting skill
is possible in regions where there is adequate coastal radar coverage,
but better techniques for prediciting precipitation need to be
developed in all areas.
5.3

Concluding remarks

The workshop participants identified several areas where steps could
be taken in the near future to improve forecasting and data archiving
procedures. These include the adoption of standard correction factors to
adjust winds averaged over different intervals and the development of gust
factors and surface wind correction factors specifically for tropical
cyclones. Perhaps the most rapid improvement will come in the dissemination
of storm surge models that operate rapidly on stand alone computers.
In other areas significant research remains to be accomplished before
forecasting improvements are likely. Special observational data sets and high
resolution model runs will be required to illuminate the role of convective
downdrafts in cyclone genesis and maintenance. Complex interactions of storms
with surface topography are still difficult to generalize, and quantitative
precipitation forecasts from the numerical models remain in the future.
Overall, however, there has been significant progress in understanding and
predicting the surface processes in tropical cyclones, and there is every
reason to expect continued progress.
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CHAPTER 8: TOPIC 6
LOW FREQUENCY OSCILLATIONS AND SEASONAL VARIABILITY OF TROPICAL
CYCLONES WITHIN OCEAN BASINS
by
G.S. MANDAL
6.1

Introduction

The El Nino, Southern Oscillations (combined effect ENSO) and
Quasi-Biennial Oscillations of Stratospheric Zonal Wind (QBO) are some of the
Low Frequency Oscillations (LFO's) of the atmosphere which affect global
circulation patterns and are known for climate fluctuations. In recent times
40-50 day modes of some meteorological elements have been found to be
associated with the variations of the weather in a season and on a regional
scale. The roles of these LFO's in modulating tropical cyclone activities in
different parts of the globe was emphasized in IWTC-I. The need for more
research on the subject was suggested. Realising the importance of the subject
low frequency oscillations and seasonal variability of tropical cyclone
constituted a special topic in IWTC-II. Based on research results so far
available the basin wise status reports were prepared for the Eastern North
Pacific (Rapporteur: W.M. Gray) Northwest Pacific (Rapporteur: K. Dong) North
Indian Ocean (Raporteur: G.S. Mandal), South Indian Ocean (Rapporteur: Y
Valadon), Southeast Indian Ocean and Northern Australia (Rapporteur: G.A.
Foley) and Southwest Pacific Ocean (Rapporteur: R. Krishna). For the North
Atlantic, sufficient information was available from the studies by W.M. Gray
and from the Rapporteur D. Best at the time of the workshop. All these
rapporteur's report contained excellent material on the subject and are
printed in the pre-workshop volume. In the workshop these reports were
discussed further. Based on the rapporteur's reports and the workshop
discussions the basinwise status of the subject is presented in the following
paragraphs. The results are summarized schematically in Fig. 6.1.
6.2

Basinwise Status

6.2.1

North Atlantic

The subject of seasonal variability of tropical cyclones in the
Atlantic and their relationships with the low frequency oscillations (like
ENSO, QBO, 40-50 day oscillations) have been investigated extensively.
Results suggested that the El Nino events reduce hurricane activities very
significantly in the western North Atlantic during the season following the
onset of El Nino and hurricane activity usually returns to normal in the
second summer following the events. Number of huricane days are less by 60%
in moderate and severe El Nino events in comparison to the non El Nino years.
In terms of absolute number the mean number of tropical storms including
hurricanes for the season in non El Nino and El Nino years during the period
1900-1982 are 9.0 and 5.4 respectively. These figures for hurricanes are 5.4
and 3.0 and hurricane days are 23.2 and 11.3 for non El Nino and El Nino years
respectively. El Nino events affect the intensity and track of the tropical
cyclone in the Atlantic. In El Nino years the storms are less intense and
more recurving over the Caribbean sea.
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These seasonal reductions in hurricane activity in the Atlantic in El
Nino years are suggested to be due to the development of strong anomalous
westerly zonal winds in the upper troposphere over the Lower Caribbean Sea and
eastern Tropical Atlantic which almost always occurred during the El Nino
years in comparison to the other years .
.

.·,;,

During the westerly phase of QBO the hurricane activity in the North
Atlantic increases by 50 to 100% in comparison to their frequencies in the
easterly phase of QBO. There are almost twice as many hurricane days in the
Atlantic in seasons with westerly phase of QBO in comparison to its easterly
phase. The hurricanes are more intense and long lasting in the westerly phase
of QBO. It was stated that 35 out of 42 of the most intense hurricanes (as
determined by maximum wind speed) in the Atlantic during 1950-1982 was
observed during the westerly phase of QBO. Effect is more in the low
latitudes.
It has been suggested that the decrease in tropical cyclone activity
during the easterly phase of QBO is due to increased lower stratospheric wind
ventilation and resulting increased upper tropospheric to low stratospheric
vertical wind shears.
There has been suggestions that the relationships may be examined by
dividing the basin in three different zones viz, northwest Atlantic, northeast
Atlantic and the Caribbean Sea. Suggestions have also been made that the
relationships may be examined for various months.
6.2.2

Eastern North Pacific

The relationships between El Nino events and tropical cyclone
activities in the Northeast Pacific are reverse to that of the Atlantic. It
has been observed that in 5 El Nino events since 1966 there is a strong
indication that tropical cyclone activities have increased, especially, when
the higher category storms are considered. The category 4-5 storms (maximum
sustained winds of at least 115 knots) in El Nino years were double in number
in El Nino years in comparison to the La Nino seasons. This relationship is
also valid for the number of storms and hurricane days. _It has been suggested.
that the La Nina events (when the SST over the equatorial eastern Pacific is
very cold) suppress the northeast Pacific tropical cyclone activity,
particularly, the intense hurricanes. Table below brings out the facts
clearly.
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Comparison of tropical cyclone activity in El Nino (EN), La Nina (LN), and
non-EN, non-LN seasons. Number of years in parentheses (NE Pacific)

No.
No.
No.
No.
No.
No.
No.

TD/TS/H
TS/H
H
H > 100 kt
H > 115 kt
TS + H Days
H Days

(5)
EN

(13)
Non EN
or LN

(5)
LN

Ratio
EN/Non EN
or LN

Ratio
LN/Non EN
or LN

Ratio
EN/LN

16.8
9.6
5.2
2.6
84.6
37.4

15.1
8.3
3.1
1.5
71.8
28.7

15.2
6.0
2.2
1.2
72.8
21.4

1.11
1.16
1.68
1.73
1.18
1.30

1.01

1.11
1.60
2.36
2.17
1.17
1. 75

.72
.71

.80
1.01
.75

The QBO also modulates the tropical cyclone activities in the
Northeast Pacific. Facts suggest that there is some decrease in activity of
tropical cyclone during the easterly phase of QBO and increase in its westerly
phase. However, differences are not very large. During the westerly phase of
QBO the hurricanes are more intense. Observations also suggest that when the
seasonal hurricane activity is high in the Northeast Pacific it tends to be
low in the North Atlantic and vice-versa. Lack of precise tropical cyclone
data and upper wind information from Northeast Pacific is one of the
constraints for determining the effect of QBO or El Nine on tropical cyclone
activity and their physical relationship in the Northeast Pacific.
6.2.3

Northwest Pacific

The relationships between the low frequency oscillations and tropical
cyclone activities over the Northwest Pacific has been examined quite
extensively. Northwest Pacific tropical cyclone basin being very large, it
seems that the El Nine events affect the tropical cyclone activities at
different parts of the basin differently. Data provided in Table 6.2 below
brings out this fact. Studies suggested that the typhoon activity is
suppressed by El Nino events in the basin west of 160°E, specially in the
longitudinal zone of 120°-160°E but enhanced in the extreme eastern part
of the basin (east of 160°E).
Table 6.2
Mean frequencies and standard deviations (in brackets), of typhoons in the
Northwest Pacific in different, longitude intervals, Before (B), During (D),
and Aft.er (A). ENyps (one month lagged) (after K. Dong).

B-ENyp
D-ENyp
A-ENyp

105 E-120 E

120 E-140 E

140 E-160 E

160 E-180 E

4.3 (2.3)
4.1 (1.8)
6.6 (2.1)

13.2 (3.1)

11.7 (3.2)
8.1 (1.7)
9.7 (3.6)

1.4 (1.3)

7.7 (1.9)
12.3 (3.2)

2.7 (2.7)
1.8 (1.1)

- 70 -

Table 6.3 provides an insight about the reduction of typhoon activity
in El Nino years in comparison to a year before and after the El Nino years.
The reduction in tropical cyclone frequency in El Nino years in
Northwest Pacific was thought to be due to the eastward displacement of Walker
circulation from its normal position.
Table 6.3
All El Nino
years (9)
Before
El Nino
year
During
El Nino
year
After
El Nino
year

6.2.4

Strong
%
reduc- El _Nino
y.ear(4)
tion

29 .. 6(4.5)

tion

20.6(2.8)
32

50

41

30.0(4.9)

%
reduction

41

52
20.0(3.8)

20.3(3.8)

Weak El
Nino year
( 5)
29.0(2.3)

30.3(6.8)
46

28.6(5.7)

%
reduc~

22.2(6.7)

North Indian Ocean

The relationships between tropical cyclones and low frequency
oscillations in the North Indian Ocean have been found to be generally weak.
There is practically no change in the frequency, intensity, track or life
period of the tropical cyclones during the ENSO episode in North Indian Ocean
in comparison to the non El Nino years or mean values. However, during the
westerly phase of QBO in non El Nino years there is some increase in the
frequency and life period of tropical cyclones as compared to the easterly
phase of QBO (see Table 6.4 below). Suitable physical explanations for such
difference in tropical cyclone frequency during westerly and easterly phase of
QBO are yet to be advanced.
~he relationship with the Indian summer monsoon rainfall and ENSO
episode anf QBO, however, is well established. It has ,been observed that
during ENSO episode there is substantial decrease in monsoon rainfall over
India. Rainfall generally increases during the westerly phase or QBO. Since
there is no significant decrease in the number of cyclonic disturbances
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(contributors of good monsoon rainfall) it is suggested that ENSO episode, due
to shifting of Walker circulation eastward, creates adverse atmospheric
conditions (such as positive pressure anomalies in the monsoon- area due to
descending motion) due to which rainfall potential of the cyclonic
disturbances decrease.
Table 6.4
Number of Cyclonic Disturbances (CD), number of Tropical Cyclones
(T.C.), number of Hurricanes (H) etc. in westerly and easterly phases of QBO
in non El Nino years during 1951-1987.
QBO PHASE -

Year

CD

TC

1951
1955
1959
1961
1964
1966
1969
1971
1973
1975
1978
1980
1983
1985

15

4
6
6
5
7
8
6
7
6
7
6
3
3
7

13

16
18
16
18
14
15
16
20
17
14

8

15

Total 215

81

WESTERLY
No.
of
CD
H Days

No.
of
TC
Days

1
3
4
4
4
5
1
4
4
3
2

12
6

-

1

40.0
37.5
70.0
83.5

14

Year .CD
1952
1954
1956
1958
1960
1962
1968
1970
1974
1977
1979
1981
1984
1986

17
14

14
12
15

TC

H

4
2
4
5
5
5
7
7
7
6
5
6
3
1

2

1
1
6
1
4
2
2
3
3
3
1

EASTERLY

No.
of
CD
Days

No.
of
TC
Days

45.5
27.0
48.0
53.5
57.5
63.0
62.0
72.5
40.0
72.0
37.0
32.5
27.0
14.0

6.5
2.5
7.5
13.0
13.9
7.5
20.0
17.5
17.5
28.5
12.5
13.5
9.0
0.5

85.0
55.0
52.0
55.0
71.0
54.5
46.5
22.0
30.0

9
21
24.5
10
16
15
22
19
4
5
8.5

36 744

186

182

13.3

11.9 49 5.0 46.5

72 .o

Mean 15.4 5.8 2.6 55.3

6.2.5

QBO PHASE -

13

13

15
12
19
11
12
7
8

-

67 29 651.5 169.9
12.1

Southeast Indian Ocean and Australian Region

Past studies pointed out that a weak but definite statistical
relationship existed between SOI and the point of origin of tropical cyclones
in the South Pacific. Since the Southern Oscillation has close linkage with
the El Nino, the above study implies that some relationship between El Nino
and tropical storm frequency in the Australian region is likely. It has been
suggested that the tropical cyclone formation is supressed to some extent
during El Nino period and decrease in frequency is dependent upon the severity
of the El Nino episode. The results also indicate that there is a constant
reduction in the number of tropical storms in the Southwest Pacific and Corral
Sea Area (145°E to 165°E) during strong El Nino years.
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The QBO and tropical cyclone relationships are yet to be examined in
detail in the Australian region and adjoining Southeast Indian Ocean.
Preliminary indications suggest that there may exist some relationship between
QBO and tropical cyclone frequency at least in the Australian region
particularly for the intense cyclone. Table 6.5 brings out th1s fact.
However more research is required to fully establish this. Early analysis
indicates that there is a tendency forthe QBO to change from its westerly to
easterly phase during the year preceding an active cyclone season.
Table 6.5
Intense typhoons stratified by the phase of the 50 mb QBO (as determined by
Truk, 7.5 N, 152 E, winds) during the month in which each storm sustained its
maximum winds. .Northwest Pacific and Australia region (roughly 90 E to 180 E)
data start in 1952 and 1958, respectively and the Australia region does not
include 1980 data. (After W. Gray).

Typhoons with QBO West
Maximum Winds: Phase

QBO East
Phase

QBO Intermediate
Period·

Ratio· of
West to
East Phase

Northwest Pacific, 0 - 20 N

> 160
> 150
> 140
> 130

knots
knots
knots .
knots

15
31
45
63

3
13
20
35

4
6

8
10

5.1\l

2.4
2.3
1.8

Australia Region, 0 - 20 S

> 100 knots
> 80 knots
> 65 knots

6.2.6

17
40
87

9
23
50

0
2
8

1.9

1.7
1.7

Southwest Indian Ocean

Preliminary analysis of climatological data indicates that there is
no significant relationship between tropical cyclone activity and ENSO in the
Southwest Indian Ocean. Results are however very tentative. QBO-tropical
cyclone relationship for the basin is yet to be examined in detail.
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6.2.7

Southwest Pacific

The associations of ENSO with tropical cyclone frequency, to some
extent, in the Southwest Pacific have been discussed in the earlier section.
During ENSO episode, there seems to be greater geographical spread of cyclones
in the basin in comparison to the years with cold SST. For example during
1982-83 El Nino episode, there were 8 tropical cyclones east of 160 w which is
equal to the total for the previous 13 years for the area.
Consistent with the observations of most of the tropical cyclone
areas, facts suggest that more number of tropical cyclones form during the
westerly phase of QBO in comparison to its easterly phase. Data reveals that
the four seasons with the highest number of tropical cyclones in the basin
during the period 1951 to 1988 had westerly QBO wind phase.
6.3

40-50 Day Mode Oscillations.

The roles of 40-50 day mode oscillations in climate fluctuations
within the season and in the regional scale has now been well recognized.
Observations suggest the clustering of tropical cyclone formation with time
globally indicating, active and inactive phases of tropical cyclone formation
around the world. Figure 6.2 brings out this fact. It seems that there is a
possibility of identifying active and inactive phases of tropical cyclone
formation within individual ocean basins with the help of continued research
on 40-50 day mode oscillations of tropical cyclone formations. If positive
relationships are established then ultimately it could be a useful tool for
the medium and long range forecasting of tropical cyclones.
6.4

Long Range Forecast

From the research study made in the Atlantic region and from the
workshop discussions it was felt that there is a good possibility of
developing long range forecast scheme by utilizing information on ENSO, QBO,
and ENSO-QBO related surface parameters as predictors. Such a forecast scheme
developed for the Atlantic shows promising results. It seems, at least for
the basins with large tropical cyclone frequency and large inter-annual
variability of TC there is a feasibility to develop long range forecast scheme
at least to indicate in qualitative terms whether the season ahead would be
an active or passive one. While such information could be very useful but
considering the uncertainty factors of such LRF a balance point of view is
needed in the presentation of such forecasts especially to the media so that
it does not lead to complacency or over prepardness on the part of the
planners and disaster preparedness agencies.
6.5

Multi-decadal Variability

Multi-decadal variability of tropical cyclones in different ocean
basins and their relationships to the large scale fluctuations of rainfall
(like drought, floods) in regional scale has been emphasized. However, to
come into some specific conclusions more studies are needed on the subject.
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6.6

Concluding Remarks and Recommendations

Recent studies suggest that the low frequency oscillations such as El
Nine-Southern Oscillation (ENSO) and QBO modulate the tropical cyclone
activities (like frequency, intensity and track) in most parts of the globe.
Their relationships, however, vary from basin to basin. In view of
differences in prevailing upper tropospheric wind flow patterns and surface
meteorological features over different parts of the globe such results are not
unexpected.
The modifications of Walker circulations (zonal cells) during El Nino
years which introduces anomalies in the global circulation pattern and surface
meteorological factors as also changes in the SST anomaly patterns are felt to
be responsible for such modulation in tFopical cyclone activity during ENSO
episodes. It seems the change in the vertical wind shear between lower
stratosphere and upper troposphere due to a change in the phases of QBO plays
an important role in modulating the tropical cyclone activities in some part
of the globe.
The physical reasoning for the LFO-TC relationships advanced so far
are tentative in nature, particularly for QBO-TC relationship. Lack of
observations from the vast oceanic areas is a well knoWn constraint for such
studies. Continued research more thoroughly, both observationally and also
with sensitivity runs by numerical models will go a long way in improving our
understanding of the physical linkages between LFOs and trpoical cyclone
activities in different parts of the globe. Climate research relating to
tropical planetary scale interactions (like planatory scale heating),
involving troposphere and stratosphere should be undertaken for the better
understanding of the physical processes related to seasonal variability of
tropical cyclone within ocean basins.
The 40-50 day mode oscillations seem to be operating in tropical
cyclone formation. More detailed basin wise research on the subject is
necessary for drawing any firm conclusion.
Long range forecast effort in the Atlantic by considering ENSO-QBO
related parameters has brought out the problem of Long Range Forecast of
tropical cyclone in the realm of possibility. At least for the basins with
large TC frequencies and large interannual variabilities. Such efforts in
other basins should be encouraged.
Multidecadal trends of tropical cyclone and their relationship with
decadal rainfall fluctuations need to be examined in de.tail.
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- 77 CHAPTER 9: TOPIC 7
OBSERVING SYSTEMS TECHNOLOGICAL ADVANCES
by
J. JARRELL

7.1

Introduction

The state of tropical cyclone observations has not changed appreciably
since IWTC-I. It is true that regional changes have occurred, most notably
the loss of airborne reconnaissance in the NW Pacific; however overall this
has been compensated for by better satellite data utilization and slightly
improved instrumentation. The future is encouraging with many systems in the
developmental pipeline. That encouragement is tempered by the apparent lack
of an overall coordinated pDOgram leading to a definitive meshing of these
systems into an optimum measurement suite.
If there is general agreement on anything it is that the following
considerations apply:

*

three dimensional wind and mass measurements in the outer
circulation and environment are more important than within the core
region.

* while single level measurements may have little impact in the
initialization process, they are (particularly near the surface) be
quite valuable in the operational nowcasting process.

*

the value of vertical point measurements (dropsondes, sounders,
rawinsondes) is only fully realized when they are part of a fairly
dense network resolving the relevant scales of motion.

* there is a great need for the type of sensitivity studies which
would identify optimum tradeoffs between competing instrument systems
with high resolution in the vertical, horizontal, time or combination
thereof.

* Tropical

cyclone meteorologists have virtually never had input to
remote sensor design. The TC problem is serious enough to justify
special instrumentation just for the three dimensional wind field in
the tropical cyclone and its environment.

* The discontinuance of aerial reconnaissance in the Western Pacific
was a serious blow to tropical cyclone meteorology and urgent steps
should be undertaken to reinstitute it, preferably under a
multinational organization covering also the southwest Pacific and
Indian Oceans.
* As a principle, available observations should be distributed outward
from the source at least to the RSMC level with derived products to
the outlying forecast offices. The lack of progress on improving
global communications is an international disgrace. Surely this must
be a paramount priority for IDNDR.
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In the following sections the above considerations and a few others
will be discussed as they apply to four rather broad sensor groups. The major
input to this discussion was provided by: Mr. Christopher S. Veldon for
Remote Sensing Observations from Satellites; Dr. William M. Frank for
Ground-based Systems; Dr. Frank D. Marks, Jr. for New-generation Radar,
including Doppler and Dr. Robert C. Sheets for Airborne reconnaissance.
7.2

Advances in Remote Amtospheric Observations from Satellites

Imagery remains the most accessible and widely used satellite
product. In the past few years, looping, enhancement, and (in some cases)
digital data access capabilities have been introduced into major tropical
cyclone forecast centers. Techniques are being developed on microcomputers
and work stations to combine imagery from different sensors to provide a
higher quality representation of tropical cyclone structure. Examples
include: 1) radar and satellite; 2) multi-spectral VAS imagery; 3) AVHRR and
TOVS satellite radiances; 4) SSM/I and GOES; and 5) simultaneous satellite
image pairs to produce stereoscopic mesurements.
Water-vapor imagery, currently available from GOES and Meteosat,
augments conventional visible and IR imagery by providing mid-tropospheric
information in clear areas. It has been demonstrated in recent case studies
that this data can be qualitatively useful in diagnosing storm motion.
Environmental features that may interact with the tropical cyclone and affects
its motion while escaping detection by the conventional observing network, are
often well-depicted in this imagery.
The Dvorak method for estimating intensity is widely used and has the
advantage of relying on readily available data. It has been shown to be a
reasonably accurate method in a large majority of cases. Recent studies have
focussed on refinements to the Dvorak techniques to estimate intensity and
outer wind velocities. One application is the isolation of the diurnal cycle
(Fig. 7.1) in deep convection clouds and cirrus associated with tropical
cyclones. There are types of systems, e.g. midget storms and hybrid or
subtropical systems where the Dvorak results are questionable.
Other recent applications of the digital information include: the
relationship between satellite measured convective bursts and intensification
which suggests that once certain convective burst criteria have been met,
there may be substantial predictive information of future cyclone
intensification.
Since IWTC-I improvements and automated procedures have been developed
to extract cloud and water vapor motion vectors to try and meet operational
needs. Measurements of near-surface winds from a scatterometer instrument on
board the ERS-1 satellitte will be available from late 1990 or early 1991.
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They will be available for all ocean areas of the globe except where
there is a strong attenuation through precipitation. Their main impact is
likley to be on the global scale within a global numerical data assimulation
system and NWP centers should be encouraged to investigate ways to emphasize
the methods of using them.
Research is continuing on extracting temperature and moisture profiles
from satellite radiance measurements. The VISSR Atmospheric Sounder (VAS) on
the GOES has been providing atmospheric temperature and moisture profiles
since 1980. The results of the usefulness of this data in tropical cyclone
applications has been mixed. It appears that the most useful information may
be mid-tropospheric wind-shear or thickness, low-level moisture, and defining
synoptic-scale features that can affect tropical cyclone motion.
The TIROS Operational Vertical Sounder (TOVS) Microwave Sounding Units
(MSU), and the DMSP Special Sensor Microwave Temperature (SSM/T) can penetrate
clouds and detect thermal anomalies that exist in tropical cyclones. The
strength of the satellite measured (MSU) upper-tropospheric wrtrm temperature
anomaly in the tropical cyclone core has been correlated with surface pressure
(measured by independent observations). Although encouraging results have
been obtained, the relatively poor horizontal resolution (110 km at nadir)
remains a limitation.
The SSM/I is a passive multichannel microwave radiometer, launched in
1987 aboard the DMSP polar-orbiting satellite. The SSM/I provides relatively
high (15 to 55 km) resolution microwave imagery (Fig. 3) which has the ability
to penetrate clouds and provide a radar-like presentation of the tropical
cyclone due to absorption and scattering of radiances by precipitation and ice
hydrometeors. A variety of tropical cyclone paramecers can be estimated from
the SSM/I including: 1) center fixes; 2) surface wind speed outward from the
gale area wind speed; 3) precipitable water; 4) structure and evolution;
and 5) precipitation.
Issues

* A water vapor channel sensor should be flown on future geostationary
satellites.

* Japan is encouraged to slow its transition of GMS data from low to
high resolution because increased cost is excluding its use by
developing countries.
*

There is a geostationary satellite gap in the southwest Indian
Ocean. To compensate, INSAT derived products should be put on GTS.

* SSM/I data will not be widely available.
distributed.

Derived products should be
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* Digital data should be more widely

dist~ibuted.

* Dvorak methods should be improved particularly with regard to midget
storms and hybrid developments.
7.3

Ground Based Systems

The following section will briefly describe some of the current
ground-based remote sensing systems that will soon be used to study tropical
cyclones.
(a)

Wind Profilers

Wind profilers are Doppler radar systems that are designed to
obtain vertical profiles of the wind by measuring the Doppler shift of
atmospherically scattered signals. They differ from conventional
Doppler radars in that the profilers use much longer wavelengths
(typically 30 to: 600 cm). Thus, rather than requiring · precipitation
particles as scatterers, they can obtain sufficient return signals
from vertical variations in the "clear air" refractive index. Most of
these systems transmit three separate beams and can therefore
adequately resolve all. three components of the vector wind. The three
most common operating frequencies for these wind profilers are 50 MHz,
404 MHz, and 915 MHz. At the current time, there is no precise
standard for the transmitters or antennae, but based on experience to
date with various systems, the approximate vertical ranges of
profilers are summarized in Table 7.1. Upper ranges are approximate.

TABLE 7.1
Approximate Vertical Operating Ranges of Wind Profilers
Frequency (MHz)
50
404
915

Operating Range (km)
1. 2 - 18

0.5 - 8
0.35- 2.7

For example, it is hoped that the high humidities in the tropics
will allow some of the 404 MHz systems to reach in excess of 12 km.
Frequency also affects the ability of the systems to operate during
precipitation. While the 50 MHz profilers can operate effectively
during all but heavy precipitation events.
Since wind profilers can obtain horizontal winds with accuracies
that appear to be better than that of a rawinsonde system and with a
temporal resolution of only a few minutes, they open up unprecedented
capabilities to observe variations in winds with time.
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(b)

Radiometers

Passive microwave and millimeter wave radiometers are
electronically similar to the thermodynamic sounding instruments
carried on satellites. Most existing surface-based systems have only
two or three channels and provide only moisture data. Since measure
precipitable water or changes in temperature with time than to obtain
absolute temperature and moisture profiles.
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Fig. 7.4a. Conventional wind measurements at 12 GMT 18 Aug (RHS) and
00 and 12 GMT (Center and LHS) 19 August 1985 from Pittsburgh, Penn
NWS upper air sounding station, the closest to Penn State's Shantytown
profiler. Major ordinate divisions are km,ms/1. No time-height
isoplething of speed or direction has been attempted.
In the tropics temperature variations are generally less
important than moisture changes, at least on synoptic and smaller
scales. Therefore, the new generation of radiometers, which has an
increased number of channels and thus the ability to better resolve
vertical profiles of water vapor or temperature, will be better suited
for use in tropical cyclone studies.
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(c)

Acoustic Sounding Systems

There are two primary acoustic sounding systems in current use.
Sodars (Sound Detection and Ranging), like the Doppler wind profilers,
can be used to measure winds in the lower atmosphere to very high
resolution (less than 30 m at elevations below 900 m). These systems
have been in use for about 20 years. RASS (Radio Acoustic Sounding
System) systems are a more recent development. In a RASS system a
wind profiler is used to track a propagating acoustic pulse to obtain
(from the measured sound speed) vertical temperature and moisture
profiles.
(d)

Other Surface Based Sensors

Other land based remote sensing technology includes lightning
detection systems which have been used experimentally for mOnitoring
the convective activity in hurricanes well away from larid. These
systems are being used to track movement of the convective bands and
"eyewall" and perhaps to infer intensity changes.
The U.S. Navy first started using oceanic buoys in the late
1960's. The first system developed by the National Data Buoy Center
in support of the hurricane program occurred in 1972. The buoy system
has expanded over the years with key installations over the central
and north Gulf of Mexico as well as off the east coast of the U.S., in
the Hawaiian Islands and with drifting buoys in the southern
hemisphere. Figure 7.5 shows the current deployment of buoys around
the Eastern United States. Data provided by these systems have become
a dependable and routine part of the daily analyses,, They are also a
vital part of the hurricane warning system. To date, they are the
only means of making nearly continuous direct measurements of surface
conditions over these oceanic areas. Figure 7.6 (Metzger, 1986) shows
observations from Hurricane Kate for the period when the hurricane
passed over buoy 42003 in the eastern Gulf of Mexico. Ships also
continue to provide valuable data over the oceanic areas.
Issues

* WMO should foster strong collaboration between marine and
meteorological communities. Emphasis should be on quality ship
observations.
* Encourage further development of microwave and acoustic ground based
systems.
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Radar Systems

Studies of tropical cyclones began early in the developmental phases
of radar meteorology. The spiral echo pattern that is characteristic of
tropical cyclones was one of the first meteorological features described by
radar. The pioneering studies of Wexler (1947), Rockney (1956), Kessler and
Atlas (1956), Kessler (1957, 1958), Jordan et. al. (1960), and Atlas et. al.
(1963) established radar as an ideal remote sensing tool for studies of the
structure and evolution of tropical cyclones.
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The objective of this review is to summarize new advances in radar
meteorology that contributed to improvements in our understanding of tropical
cyclones over the last 5 years. In particular, knowledge of the character of
tropical cyclone structure and motion has expanded greatly during this time as
an outcome of ongoing hurricane research, and improvements in radar technology.
7.3.2

Radar Advances Related to Tropical Cyclones

Donaldson and Atlas (1964) pointed out that the early advances in the
study of tropical cyclones using radar observations came about through
improvements (scientific and technological) in the ability of the radar to
observe different aspects of the storms. Table 1 lists recent applications of
radar system studies of tropical cyclones.
In the last two years earth-based Doppler radar observations of
tropical cyclones have expanded. Over the next five years the United States
is planning to install a number of NEXRAD Doppler radars all across the United
States and at military installations in the tropical Pacific and Caribbean.
Australia is also planning the installation of a number of Doppler radars.
Technological advances in the development of Airborne radar have
revolutionized the field of tropical cyclone research by providing a mobile
platform for observing the three-dimensional structure of the precipitation
and kinematic fields in tropical cyclones. The air-borne radar systems on the
two NOAA WP-3D aircraft were designed primarily for studies of tropical
cyclones. These airborne radar systems have allowed the first mapping of the
three-dimensional kinematic and reflectivity structure of tropical cyclones
away from the influence of land. In 1988 the airborne radar systems were
upgraded to provide Doppler radar measurements from both WP-3D aircraft.
The airborne Doppler observations are providing the first opportunity
to investigate details of the three-dimensional wind field structure of the
inner core of tropical cyclones~ Many of the recent studies have documented
the principal circulation features of the inner vortex. A second, and more
promising area of research, is using Doppler radars to monitor the interaction
of the vortex with the surrounding flow, and subsequently the storm motion.
Recent airborne Doppler radar observations in Hurricane Norbert of 1984
provided an opportunity to examine the interaction of a hurricane with its
environment and gain insights into hurricane motion.
Doppler observations suggest that new techniques for storm intensity
and motion determination may be possible with Doppler radars. These
observations show much promise for determination of storm motion, but
discrepancies in the location of the radar echo center and the wind center
suggest that a combination of non-coherent and coherent radar observations may
be necessary to determine storm position. Hence, advances must be made in the
area of non-coherent data processing (e.g., echo tracking; pattern
recognition), such as those being developed in India, Australia, and China,
along with the development of techniques that rely on Doppler observations.
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Modest efforts are underway in the United States to develop techniques for use
with the NEXRAD Doppler radar network. The major problem is lack of adequate
Doppler data sets. Wood and Marks (1989) have used the airborne
Doppler-derived wind field for Hurricane Gloria (1985) to generate a simulated
NEXRAD hurricane data set for algorithm development. The data sets from
Cyclone Jason and Typhoon Alex will also be useful in these studies.
Issues

* Research activities need to help exploit the present radar
capability by developing a Dvorak type pattern recognition scheme for
intensity estimates; a Doppler center fixing algorithm; a Doppler
intensity algorithm and improve rainfall estimates.
*

Radars should be networked wherever possible.

*

Radar should be related to satellite data by compiling an archive of
coincident cases.

7.5

Aircraft Reconnaissance

After forty years of continuous service, in 1987, U.S. Air Force
reconnaissance flights were discontinued in the western Pacific and are now
only routinely done in the Atlantic and central Pacific basins.
Instrumentation aboard reconnaissance aircraft evolved from drift meters to
doppler radar systems for navigation and wind computations to Omega assisted
Inertial Navigation Systems (INS).
Currently several aircraft are equipped with portions of an Improved
Weather Reconnaissance System (IWRS) using modern computer technology. The
entire fleet is scheduled for installation of complete systems by the end of
1989. Capabilities include nearly instantaneous satellite data links
providing high density and high accuracy data transmitted from the computers
aboard the aircraft in the storm to the computers at the NHC.
NOAA scientists operating research aircraft have made major
contributions in the area of improved understanding of the structure and
characteristics of the hurricane. In addition, these units have developed
and/or applied new instrumentation for improved measurements and transmission
of data from the reconnaissance aircraft in the hurricane to the operational
center. One of the major accomplishments in this area was the development and
implementation of an Aircraft Satellite Data Link (ASDL) on NOAA's research
aircraft to NHC. Figure 3 is an example of the wind field plotted out at NHC
from data received through this satellite link superimposed on digitized radar
data obtained aboard NOAA's research aircraft during hurricane Gilbert
(1988). Figure 4 shows a vertical radar display for the same flight. These
types of radar data will soon become available to the forecaster in real time.
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Present operational reconnaissance aircraft provide valuable data in
the core of the hurricane. However, these data are generally limited to along
the flight path or below it at infrequent intervals using dropwindsondes.
Doppler radar capabilities are now an integral part of NOAA's research
aircraft operations. These systems provide entire data fields within several
miles of the path of the aircraft.
In the past few years, Soviet
investigate tropical cyclones. These
flights into tropical cyclones in the
flights into Atlantic basin systems.
breaking Hurricane Gilbert during the

scientists have utilized aircraft to
aircraft have operated from Vietnam for
western Pacific basin and from Cuba for
Five flights were made into record
1988 hurricane season.

Issues:

* Regional reconnaissance experiments should be organized for Dvorak
ground truthing.
* Countries should work with national airlines to encourage them to
take and transmit flight level observations.
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CHAPTER 10: TOPIC 8
FORECAST OFFICE TECHNOLOGICAL ADVANCES
by
G.J. HOLLAND AND T. TSUI

8.1

Introduction

The advances in computer technology over the past few years have been
remarkable. Inexpensive personal computers costing a few thousand dollars are
now available with power exceeding that of mainframe computers from less than
a decade ago., and the power of these computers is expected to continue to
increase rapidly for the foreseeable future.
Such technology has great potential for use in forecasting offices and
this presents a challenge to the tropical community. We now have the
opportunity to introduce a network of interactive workstations throughout the
tropics. Potentially such workstations can provide standardised data bases
for tropical cyclones standardised methods for evaluating forecast
performance, access to advanced forecasting techniques (including statistical
methods, regional numerical models, storm-surge models and the like) and
opportunities for local technique development and applied research. Major
difficulties must be overcome, however, on the optimum office design for
workstation use, on software development (which can be time consuming and
expensive), on communications to provide data for the workstations, on
training, and on maintenance of both hardware and software. There also is a
wide diversity of technological capacity at different forecast offices, which
poses special problems of introducing compatible systems.
The reports and discussions within this topic attempted to address
many of these potential uses and problems. The pre-workshop preparation
consisted of comprehensive working group reports on the subtopics of "Work
Stations" (rapporteurs, T. Tsui and P. Krumpe), "Microcomputer Technology in
Regional Forecast Centres (rapporteur R.J. Miller). "The WMO SHARE Programme"
(rapporteurs, W.G. Schramm, J. Lincoln) and "Communications" (rapporteurs
R.C.K. Lau). These reports together with the associated workshop discussions
are summarised briefly in Section 10.2.
A major component of _the topic was a series of working sessions uding
two microcomputer-based workstations that have been developed especially for
tropical cyclone forecasting. These workstations were the Automated Tropical
Cyclone Forecasting System (ATCF) and the Australian Tropical Cyclone
Workstation (ATCW). The ATCF system was developed by the US Naval
Environmental Prediction Research Facility (NEPRF) for use at the Joint
Typhoon Warning Centre, Guam, and has been used operationally for few years.
The ACTW is currently under joint development by the Bureau of Meteorology
Research Centre and Severe Weather Programme Office for use in Australian
Tropical Cyclone Warning Centres.
A draft plan for incorporating such workstations into tropical cyclone
forecasting centres was adopted by the workshop as a major recommendation for
WMO action during the UN International Decade for Natural Disaster Reduction.
A summary of this plan is provided in Section 10.3.

- 92 -

8.2

Synthesis of Working Group Reports
(a)

Work stations

This report addressed the requirements for design and development
of a meteorological workstation. The traditional approach to such
design has been first to determine the user requirements, then to
examine what can be done with available software and hardware, then to
design the system, develop the required software and purchase the
hardware, and finally to implement the system.
A major problem is
that hardware and, to a lesser extend, software developments are
proceeding so rapidly that much of the original concept can become
obsolete during the developmental stages.
A preferred designed approach, therefore, is to emphasis a
flexible system approach with modular software that can be updated
piecewise and that can be used on a variety of hardware. Although
this system will not make optimal use of specific hardware
configuration, its flexibility will minimise the number of expensive
and time-consuming updates that will arise from a hardware-specific
system. Software development also should be aimed at the maximum that
can be supported by current hardware, as hardware development can be
expected to exceed software development to the foreseeable future.
If a global system is to be devised, it must be recognised that
there is a wide disparity between forecasting offices in computer
expertise, in available computer hardware and computer maintenance
facilities in communications and in available data. A workstation
designed to work intimately with satellite and radar data whilst
making use of a mainframe or mini computer is of little use to an
office that has one personal computer and a 50 baud communications
line. For this reason, a core workstation that can operate in a stand
alone mode, but that can incorporate additional moduls for more
advanced work, would provide a flexible system that is readily
upgradable as better technology and communications become available.
With the current power and low cost of personal computers, these would
seem to be the best medium for building. such a global workstation.
On method of providing maximum flexibility is to incorporate
different modes of interaction in the design process. For example the
workstation could contain three access modes; Operational Mode,
Supervisor Mode and Designer Mode. All system structure is
transparent in the Operational Mode during which the user interacts
with the workstation through menus pop-up windows and screen graphics
methods. At this level little, or no knowledge is required of the
computer operating system, of the programming languages used, nor of
the methods of accessing data-bases, communications and graphics
drivers.
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The Supervisor Mode provides a means of incorporating newly
develop modules in the workstation and the capacity to redesign some
of the periferal parts. At this level, a good knowledge of the
computer operating system is needed, together with some programming
experience and an understanding of the basic workstation structure.
Supervisor Mode interaction can be facilitated by providing standard,
menu driven methods for most upgrade processes. This mode normally
would be used by a few of the more experienced people in a forecast
office to fine-tune the workstation for local requirements.
The Designer Mode would be accessible to only people with
considerable expertise in computer system design. This access would
be for maintenance of the workstation, for upgrades to incorporate
advances in software and hardware and for basic changes.
An important design requirements is to make all interactive
operations as easy and intuitive as possible. Users should not the
required to learn specific commands, and should need minimal access to
manuals of other external information for general operations. For
optimum use in a forecast environment, users should be able to access
all functions with a minimum of keyboard activity. This design
feature can be provided readily through the use of mouse-driven window
functions tied to context sensitive help facilities. That is, all
required information about the workstation is contained in help files
that appear on screen at the use of single key-stroke. By adopting
this approach both novice and advanced users can readily use the
system.

Recent advances in expert system techniques also have
considerable promise for helping with the forecasting process. Expert
systems can be designed to handle many of the data ingestion and
sorting requirements, together with some of the more routine forecast
functions, leaving the forecaster with more time and concentrate on
specific forecasts.
(b)

Microcomputer Technology in Regional Forecast Centres

Because of their low-cost, ease of maintenance, and commercial
software support, IBM compatible personal computers offer a ready
means of providing workstation support to all forecast offices.
Recent hardware advances have brought such systems to the level of
major computers costing hundreds of thousands of dollars only a few
years ago, and graphics drivers and screens are now able to handle
almost every conceivable requirement. The main disadvantages at
present are the relatively poor input-output capacities of such
machines.
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The capacity of personal computer-based workstations to handle
even complex forecasting requirements was demonstrated in a series of
working sessions with the US Navy ATCF and the Australian ATCW. The
basic workstations can be used on any IBM AT standard machine, but
advanced modules require more powerful machines. A 33 mhz 386
accelerator, a VGA screen and a mouse was used of the demonstration.
The US Navy workstation has been used operationally at the Joint
Typhoon Warning Center for a few years. It incorporates a mouse
driven menu with a capacity to analyse observations or grid-point data
and to loop these analyses in time. Global coastlines and a capacity
to zoom into any region of interest are included. The workstation
communicates with the Fleet Numerical Center and provides an
interactive display of all forecasts from this center together with
the capacity to run local techniques, such as CLIPER and PTCM-7. A
feature of the ATCF system is its excellent track plotting and
forecast preparation module that handles all operational requirements
quickly and with a minimum of operator actions. Historical data can
be obtained readily from an extensive cyclone data base and
post-analysis best track preparation is expedited in the ATCF system.
ATCF also automatically produces JTCW-standard cyclone warning and
formation alert messages with a detailed error checking routine.
The Australian system has utilised a flexible menu driven
approach to workstation design and use. Because there are three
Australian Tropical Cyclone Warning Centres, each with different
requirements and because of expressed interest in the system design
from other countries in the southwest Pacific, the workstation is
designed as a series of modules around a central core. These modules
can be readily adapted for local requirements, and a menu-driven means
of adding new modules has been provided. No satellite or radar data
are incorporated as these are already analysed in Australia using a
local modification to the University of Wisconsin Mcidas and the
Australian Rapid Systems. Within Australia, the ATCW is designed for
interactive use in conjunction with these systems.
ATCW is in prototype form at present and is undergoing
preliminary operational testing prior to full operational
implementation in 1990. Features of the current system are the
flexible, locally adaptable approach and the use of advanced
forecasting techniques including CLIPER, an extensive diagnostic
package, a barotropic forecast model and a storm surge model. The
barotropic model was demonstrated to provide 48 hour forecasts on a
100 km grid covering the entire Australian region of interest in just
over one minute on the demonstration personal computer. The numerical
storm-surge model requires only storm position, intensity and radius
of maximum wind as input and can be run anywhere in the world. At
typical surge forecast on a 15 km grid can be made in approximately
three minutes.
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(c)

The WMO SHARE Programme

The SHARE programme (Software Help on Applications, Research and
Execution) had been established to provide software support to
developing countries in support of WWW functions and in particular in
relation to the GTS and GDPS. The programme does not provide
hardware, but has standardised on VAX/Microvax mini computers and IBM
class personal computers. SHARE has the following objectives:
Obtain software modules or programmes from developed
countries free of charge;
Modify the software as necessary for use with local computer
systems and software;
Provide documentation and training;
Arrange for participation by staff from developing countries
in the above work so that in the long-term there is a
transfer of expertise as well as technology;
Provide short-term maintenance of the software.
The SHARE programme has focussed on a small groupe of software
programmes that can perform basic GTS and GDPS. These include:
Interactive workstation software for variety of functions
such as plotting reports, contouring producing time cross
sections and alterning when threshold values have been
exceeded;
Tropical cyclone forecasting workstation software as
described in this report;
Software to drive flat-bed plotters for production of large
charts;
Message Switching System (MSS) software for use in larger
offices;
PC-based communications software for quality controlling
reports, for preparing and transmitting bulletins and for
channeling incoming data of PC-based workstations.
(d)

Communications

The communications requirements for a tropical cyclone
forecasting office cover several distinct areas:
Incoming digital data from observations and in gridded form;
Data in digital imagery form from satellite and radar
observing systems, either incoming or outgoing;
Charts, and imagery in hardcopy form, via fax or similar,
either incoming or outgoing;
Messages to and from other warning centres;
Outgoing bulletins, forecasts, warnings and general
information to the media and other users.
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Good, fast communications are thus essential to the operation of
any forecast office. Unfortunately, the available data are increasing
faster than the capacity of the available communications technology.
Further, many tropical cyclone forecast offices operate with less than
adequate communications and have neither the financial nor the
technological resources to produce significant upgrades. Possibles
solutions to this problem include, better communications (expensive
and difficult to install), alternative communications methods (such as
using spare satellite channels, more use of telephon~~line, telemail
and the like) and more efficient methods of communication using
compaction software.
8.3

Draft Plan for a Global Tropical Cyclone Workstation
(a)

Background

The workshop noted the significant advances that had occured in
PC-based workstations since IWTC-I, as was demonstrated by the working
sessions with the ATCF and ATCW systems. It was further noted that
the development of these systems satisfied in part or whole a number
of the specific recommendations from IWTC-I. These recommendations
included (see WMO TD/No. 83, Proceedings of the WMO International
Workshop on Tropical Cyclones):
B-5, on the introduction of compatible microcomputers into
operational forecasting centres;
B-6, on making available advanced synoptic and sub-synoptic
analyses to smaller offices through the microcomputer systems
described in B-5;
B-8, on the transfer of technology in storm-surge modelling and
forecasting to developing country forecast centres;
C-1, a major recommendation aimed at improving tropical analyses
and making them available through a man-machine mix;
C-2, also a major recommendation on operational numerical
modelling, specifically of relevance here was the recommendation
for barotropic models running on microcomputers;
C-3, on improving the real time data base available to tropical
cyclone forecasters;
·
C-5, on the need for forecast archival and verification.
(d)

Draft Action Plan

The workshop adopted a major recommendation that WMO take all
possible action to help the installation of personal computer
workstations in tropical cyclone forecasting offices and to ensure
that provision is made for maintenance and staff training. This was
considered to be an important step towards implementing the WMO goals

- 97 -

for the UN International Decade for Natural Disaster Reduction
(IDNDR). Because of its flexibility and smooth upgrade path, a
development such as the Australian Tropical Cyclone Workstation was
considered to be the most appropriate for general use. I was further
recommended that this development should include a number of the
excellent forecast packages available in the US Navy, and other,
systems.
The concept of the plan was for the workstation to be based on a
core that could operate on any IBM AT class of computer, together with
modules that could be used on more powerful computers as available.
This core software should be developed and maintained by one or more
centres of expertise and provided to all interested cyclone
forecasting offices with funding from developed countries, aid
agencies, and WMO and UN resources. Maximum flexibility should be
maintained by using the Operational Supervisor and Designer modes
described in Section 2a. Because of the potential problems with
connections to local communications, installation should be done in
two phases:
The Phase I installation would consist of a stand-alone system
containing the tropical cyclone data base, together with all map
and bathymetry data. This system would have modules for
performing all operational tracking and forecasting, for
completing the best tracks, for forecast verification, and
contain a capacity for hard copy for publications or
dissemination. Forecast modules could include CLIPER and other
statistical and climatological forecasting techniques, and a
storm surge model.
The PhQse II installation would include a communications package
for receiving and decoding observations and grid-point fields.
This would then provide a capacity for utilizing the diagnostics
packages, for running a barotropic model, for forecast
dissemination and for telemail type connections to other
forecasting office workstations.
The workshop strongly endorsed the need for an organized training
programme to support the workstation implementation. Specific types
of training that were discussed included short workshops, fellowships,
and inbuilt workstation training packages. A suggested method would
be for a delegate from a forecast office to spend a few months at the
centre of expertise, working on workstation development and becoming
quite familiar with its operation. This person could then help with a
short training programme conducted during the installation of the
workstation and would provide a local point for minor software
maintenance and local adaptation.
As a start to this ambitious programme, it was recommended that a
pilot programme be conducted in one or two regions to provide an
indication of the problems and costs involved, and to provide
experience for workstation development under the full implementation
plan. This full plan would extend throughout the UN IDNDR.
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ASSESSING AND IMPROVING TROPICAL CYCLONE WARNINGS
By

C. P. ARAFILES

9.1

Introduction

Every year tropical cyclones wreak havoc and destruction in countries
lying in the tropical belt around the globe and even beyond as these rotating
storms travel poleward in the later stages of their life cycle. There is no
argument therefore that tropical cyclone warnings are issued with the primary
objective of mitigating avoidable losses in life and property, hence tropical
cyclone warnings, understandably should be effective, timely, and properly
formatted to invoke from the intended users and clients a rational response to
the threat.
At the First International Workshop on Tropical Cyclones (IWTC-I) held
in Bangkok in 1985, interdisciplinary tasks and systems were recommended to be
carried out or installed in order to properly address the problem of improving
tropical cyclone warnings. Some of the urgent ones were:
(a) Research needed to comprehend and model the genesis structure and
behaviour of tropical cyclones, leading to development of objective
techniques for their predictability as atmospheric systems;
(b) Operational and organizational techniques and procedures to
convert such technical information into meaningful real-time forecasts
and warnings for the recipients;
(c) Training and rehearsal exercises for cyclone disaster management
officials to interpret and apply warnings in decisions to implement
actions and deploy resources to counteract the threat and impact, in
accordance with contingency plans.
Discussions at the workshop (IWTC-II) indicated considerable interest
in the significant advances made as extensively presented in the pre-workshop
sub-topic reports of J. D. Jarrell on Forecast Decision Making; R. L. Southern
on Forecast Dissemination and Community Preparedness; C. J. Neumann on
Probability Forecasting; and F. Woodcock on Cost Effectiveness of Tropical
Cyclone Warnings.
9.2

Advances in Forecast Decision Making

Advances in forecast decision-making since IWTC-I have been in the
areas of automation of decision aids and better use of the information which
has been available for several years. That information mostly regards measures
of likely forecast errors so that users can allow for error. The following
sections briefly discuss five decision aids available in the United States and
elsewhere.

- 100 -

9.2.1

The

~yclone/~urricane ~cceptable

gisk

~odel

(CHARM)

This model uses a historical hurricane track data base, a forecast
error data base, a forecast simulation program and a real-time National
Hurricane Center current forecast to provide the equivalent experience of
"thousands of forecasters". The model quantifies in time and space the
hurricane threat and provides the following:
(a) Probability of 45-mph (or user-specified) winds, hurricane force
winds and hurricane strike;
(b) The minimum time available (in hours prior to arrival of 45-mph
or user-specified winds) and hurricane-force winds at specified levels
of confidence;
The use of CHARM for Hurricane Gilbert, September 15, 1988 is
demonstrated (Fig. 9.2.1)
9.2.2

Enhanced GDS

The enhanced Qraphic Qecision ~stem or GDS is a personal computer
(PC) software for assessing and communicating hurricane threats and making
response decisions. It depicts the uncertainty in position forecasts by
drawing a "probability ellipse" around each forecast position. For example,
if you specify an 80% Confidence level for a 24-hour forecast, an ellipse will
be drawn around the forecast position such that the 24-hour position of the
storm has an 80% chance of being within the ellipse. An example of the GDS
display is depicted in Figure 9.2.2.
9.2.3

Decision Arc Method

The Decision Arc Method takes into account the clearance time or the
time period prior to the arrival at a given locality of sustained 34-knot
winds that an evacuation must begin in order to complete it safely.
Clearance times are based on three variables: (1) hurricane
intensity; (2) the expected evacuee response rate; and (3) the tourist
occupancy situation. Decision arcs are loci of distances obtained by
multiplying clearance time by the hurricane forecast forward speed. A
Decision Arc Map is shown in Fig. 9.2.3.
9.2.4

Additional Forecast Decision Aids

Two other models and one alternate approach were
workshop:

di~cussed

during the

(a) HUREVAC which is a less complex PC version of the decision arc
method.
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(b) Strike Probabilities - used in the Caribbean as inputs to two of
the previously listed models - to directly trigger response actions;
(c) The occurrence of a threshold event which initiates action. For
example, in Mauritius, the forecast of gale force winds is an alert
for the harbor to be closed.
9.3

Advances in Forecast Dissemination and Community Preparedness tactics

Advances in tropical cyclone warning dissemination and community
preparedness tactics may be considered in several categories, such as:
(a)

innovative state of the science advances of universal benefit;

(b) improved application of known techniques and practices through
heightened community awareness and collaboration, and government
investment in warning infrastructure.
(c) collaborative bilateral or regional arrangements, which transfer
the benefits of systems developed by countries possessing specialized
facilities and information to countries with limited warning
facilities.
9.3.1

Effectiveness of Community Response to Warnings

Given the availability of timely and useful warnings the effectiveness
of response depends mainly on two factors:
(a) the level of community understanding of the physical nature of
the hazard threat and warning arrangements, combined with resources to
undertake preparedness measures at family and village level; and
(b) the resourcefulness and preparedness at official level to
speedily implement the many-faceted aspects of natural disaster
management (Fig. 9.3.1).
9.3.2

Three illustrations of advances in the assessment and improvement of
tropical cyclone Forecast Dissemination and Community Preparedness
Tactics
(a)

A satellite-based Disaster Warning System (DWS) in India

Realizing that communications is often the weak link in national
warning services, India successfully operationally tested its unique
Disaster Warning System (DWS) based on its domestic satellite INSAT-lB
during three Andhra Pradesh Cyclones in 1987 (Raghavan and Sen Sarma,
1989). The objective of the system is to transmit hourly warnings
from three Area Cyclone Warning Centres (ACWC) at Bombay, Calcutta and
Madras to officials and the public free of delays (Fig. 9.3.2)
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(b)

ADPC:

An inaugural course on improving Cyclone Warning response

The Asian Disaster Preparedness Centre (ADPC) was recently
established in the Asian Institute of Technology (AIT) in Bangkok.
Since 1986, about 400 senior government and NGO staff from the
Asia-Pacific regions have trained at the Institute in the principle
and practices of disaster management. In 1988 the ADPC offered a new
course entitled "Improving Cyclone Warning Response" with the
objective of improving the effectiveness of national cyclone warning
systems. Participants comprised warning specialists and DPP officials
from each country to improve the interface between providers and users
of cyclone warnings. Similar workshops, some on a national basis, are
planned by the ADPC in the near future.
(c) Bilateral Rotary International Cyclone Education Project in
Bangladesh
As an example of humanitarian initiative in community planning
for cyclones, the Rotary Clubs of Dhaka and Perth (Australia) are
collaborating in a bilateral project to improve cyclone-awareness
among millions of people regularly threatened by cyclones and storm
surges in southern Bangladesh. Australian Rotary Clubs have raised
generous funding to assist Rotary Clubs in Bangladesh to publish and
distribute cyclone posters and pamphlets and training handbooks in the
Bengali language to promote understanding among the fishermen and
villagers about the meaning of warning signals and desired
preparedness measures essential for survival. A 3-year pilot project
at Cox's Bazar is intended to develop a model cyclone education
program for application to other coastal districts. A retired
Australian meteorologist is supervising the project in collaboration
with a social marketing administrator from Bangladesh.
9.3.3

Concluding strategies

Scientific and technical advances in cyclone monitoring and prediction
announced at forums such as IWTCs should be accompanied by corresponding
advances in warning dissemination systems and community preparedness tactics
if real benefits are to flow through national socio-economic systems.
Advantage should be taken of the unparalled national and global
concern expressed at the posssibly hazardous impacts of the greenhouse effect
in respect of cyclone occurrence and severity. Even if the Greenhouse Effect
turns out to be manifested in ways other than predicted in current scenarios
but by its potential threat' encourages improved response to all cyclone
warnings then it will have resulted in more effective exploitation of advances
in cyclone meteorology.
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9.4

Advances in Probability Forecasting

Since IWTC-I, advances in the methodology involved in computing
tropical cyclone probabilities have been limited. However, continued
operational usage of the concept in the United States has disclosed certain
weaknesses in the statistical treatment of the error statistics. Accordingly,
this report focusses on some of the computational and technical aspects of
tropical cyclone probability forecasting.
9.4.1

Forecast errors

Tropical cyclone location probabilities are intimately associated with
forecast errors and are an objective statement of the uncertainties involved
in forecasting the motion of cyclones. Table 9.4.1 notes the mean forecasting
errors in two cyclone basins.
Table 9.4.1. Long-term (1970-1988) tropical cyclone forecast errors in
nautical miles (kms) for the Atlantic (NHC) and Western Pacific (JWTC)
basins.

Atlantic
Western Pacific

24 hour
109 (202)
114 (211)

48 hour
237 (439)
216 (400)

72 hour
367 (680)
315 (583)

A question arises as to the long-term trend in the ability to forecast
tropical cyclone motion. Do 10 year-old forecast error statistics used to
compute tropical cyclone probabilities remain valid?
To answer this question, a Neumann (1981) study which examined trends
in Atlantic 24h errors was brought up to date through 1988. Fig. 9.4.1 shows
the 24h forecast errors at the National Hurricane Center (NHC) over the period
1954-1988. There is little trend noticeable in this depiction.
Errors shown are highly dependent on the character of a given season.
Using the concept of "forecast difficulty", the errors are adjusted depending
on yearly forecast difficulty_ (Fig. 9.4.2). Here, a statistically significant
downward trend in the 24h forecast error becomes evident. Using the trend
line, it can be shown that error statistics computed from a data set 1970-1979
would be about 7% too high if used in 1989.
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9.4.2

Current NHC Methodology

Sheets (1984) describes the tropical cyclone probability program in
use in the United States. Forecast error statistics used at NHC were derived
using the methodology developed by Crutcher et al (1981). The study shows a
10-year sample of NHC forecast error statistics fitted to a bivariate normal
distribution (Fig. 9.4.3). The authors demonstrate that the data shown here
is really a mixture of several bivariate normal distributions. Probabilities
computed from this fit would be subject to error.
9.4.3

Ellipse rotation

The distributions derived by Crutcher et al. (Fig. 9.4.4) give the
errors relative to a zonal and meridional orthogonal system. It can be shown
that it would have been better to orient the coordinate system along and
across the storm track.
A distribution of 48h Atlantic forecast was fitted to a bivariate
normal distribution (Fig. 9.4.5a). In this depiction~ errors have been
resolved according to a zonal/meridional coordinate system. The NE/SW
orientation of the elliptical axes is caused by large errors often realized on
recurvature situations.
The same data set used in Fig. 9.4.5a was rotated with theY-axis
parallel to observed storm motion at 48h (Fig. 9.4.5b). Here, it can be noted
that the major axis of the ellipse tends to be oriented along the track and a
marked slow bias becomes evident. This bias tends to cancel out in the
zonal/meridional system.
It would seem appropriate that probability ellipses as used to compute
tropical cyclone probabilities should be rotated along and across the track.
Current Atlantic practice is to use the zonal/meridional system. The
manifestation of this is that probabilities to the left and right of the storm
track are too high while those ahead of the track are too low.
9.4.4

An

alternate Model

Deficiencies noted in current methodology for determining tropical
cyclone probabilities have prompted the development, at NHC, of an alternate
model.
Spatial limitations preclude giving details on the NHC experimental
tropical cyclone model. Briefly, maps showing the geographical distribution
of the five parameters (a) through (e) were prepared for each of the forecast
intervals 12, 24, 48 and 72h. These error statistics were established both in
a traditional zonal/meridional system and in the along/across track sense.
These data are then used operationally to define a "local" error
distribution. Spatial integration of the ellipses over areas around various
sites was accomplished using the methodology described by Crutcher (1971)
while time integration was patterned after methods given by Jarrell (1981).
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A program using the above methodology has been run at NHC in an
experimental mode for about 2 years. In contrast to the existing model, the
size and orientation of the ellipses is often considerably different from one
forecast situation to another. Another difference is that ellipse centroids
are typically not centered on the forecast track as in the existing model.
Although this offset is to be expected on purely statistical grounds, it
creates considerable confusion in the minds of users. This trade-off is
currently being evaluated.
9.4.5

Summary

In summary, the methodology being used to compute tropical cyclone
probabilities has some statistical weaknesses.
The National Hurricane Center has developed an experimental model
which addresses these weaknesses. However, use of the model has some
undesirable societal effects. These are currently being evaluated.
9.5

The Cost Effectiveness of Tropical Cyclone Forecasts

The ability to acquire new and/or preserve old resources needed for
tropical cyclone forecasting is becoming more dependent on demonstrable
economic efficiency. While, the cost of new resources is overt, concentrated
and quantifiable; the benefits they bring are predominantly covert, diffuse,
perspective dependent and difficult to measure. Thus, the demonstration of
economic efficiency is both an important and difficult task.
9.5.1

Current status

Surprisingly few studies of the economic-efficiency of TC warning
systems have been undertaken. The most important is that by Neumann (1975)
drawing on the results of Anderson and Burnham (1973) for the Gulf of Mexico.
Neumann's study, which considered only the impact of reduced over-warning
costs CP1Po1C in Equation 1) provided the basis of arguments for several
up-grades of the U.S. Hurricane Warning System and has also been used
elsewhere (Woodcock 1986). Taking inflation and population growth into
account a recent estimate of the cost of preparedness (C) for the region is
about US$120,000 per kilometre per cyclone; in Australia the corresponding
figure based on an analysis by Falls (1985), is closer to AUS$8,000. Values
for other countries have not been sighted. A more recent study (Jasper et al,
1989) indicates that the cost of protection in some industries exceeds AU$5
million per day in Australia.

- 106 -

9.5.2

Theoretical framework

If we define a forecast of a tropical cyclone strike (miss) as
f = 1 (0); an actual strike (miss) as a= 1 (0); the user response to protect
(not-protect) as r = 1 (0); the cost of protection as C and the avoidable loss
if struck when unprotected as L 1 , then eight scenarios are possible. These
are given in Table 9.5.1.
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TC forecast-actual-response outcomes

The economic efficiency analysis of a warning system is concerned with
scenarios l, 3, 6 and 8 where user action corresponds exactly to the forecast
and compares the expense to the user when the warning system exists to the
expense if no warning system existed.
Under these scenarios it can be shown ( following Murphy, 1977) that
over a number of cyclone seasons the average expense
per season unit loss (E) over a long run is:
E = P1P11C + P1Po1C + PoP1oL
(A)

(B)

where P1 is the probability of f = l, and Po =
P1o are the conditional probabilities of Paf·
unavoidable warning expense incurred by a user
(B) the over-warning component of user expense
protection and (C) the under-warning component

•••• ( 1)

(C)
1 - P1; P11, Po1 and
Thus term (A) represents an
when protecting when necessary,
arising from unwarranted
of expense.·
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In typical economic efficiency studies, the strategie~ available to a
user without a warning system are assumed to be either always protect or never
protect and the expense associated with each strategy is:
E1

=C

•••• ( 2)

under an always protect strategy and
Eo

= PcL

•••• ( 3)

under a never protect strategy where Pc is the climatological
relative frequency of TC hit.
In practice users tend to pay for long-term, warning independent
strategies such as "cyclone proof" housing, insurance etc. but still to rely
on the warning system for survival and the ability to operate normally until a
threat is present.
Under the assumption that an always protect' strategy is not viable,
the value (V) of a warning to a user is from (1) minus (3):V = P 1 ( P 1 1 - C/L l

•••• ( 4)

since Pc= P1PI1 + PoP1o•
The value of a perfect warning system
P1 =Pc and P11 = l, i.e.
Vp

= Pc

(1--c/L)

(Vp)

is the special case where

. . . . (5)

It can be seen that the value of warnings increase as the cost or
protection per unit loss (C/L) decreases.
9.5.3

The real world

The main difficulties of applying theory to practice is to provide
realistic estimates of P1, P1I, C and L required in equation (4) .
. Probably fairly robust estimates of P1, P11 (provided we are not concerned
with incremental changes in V resulting from forecast improvement) and C are
achievable. L is extremely d~fficult to estimate (because un-warned cyclone
strikes are very rare) and the only solution appears to require a detailed
study of potential avoidable damages on a user group by user group basis. L
should contain all the secondary legal and social costs which are difficult to
estimate.
Other problems arise because even if a warning with the specified
lead-time is not issued at least some warning and hence some protective action
is likely and it is assumed that the response is binary whereas in the real
world this is not the case (e.g. not everyone evacuates).
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The assumption that a never protect' strategy is the bench mark
against which the value of the warning service should be assessed is probably
unrealistic. Without a warning system it is likely that many users would
adopt some wind strength criterion as a threshold for protection strategy
implementation.
Despite these real world problems, there are good prospects of
developing economically convincing arguments to justify warning service
upgrades.
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APPENDIX A
LIST OF PARTICIPANTS

CHAIRMAN OF IPC
Gregory Holland

BMRC

P.O. Box 1289 K
MELBOURNE, Vie. 3001
Australia
CAS

Robert P. Pearce

Dept. of Meteorology
University of Reading
2, Earley Gate, Whiteknights
READING, Berkshire RG6 2AU
United Kingdom

Kamal Puri

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

AUSTRALIA
Gary R. Foley

Bureau of Meteorology
P.O. Box 6070
EAST PERTH

Lance M. Leslie

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

Kevin Murphy

c/o Regional Director
Bureau of Meteorology
G.P.O. Box 735
DARWIN NT 0801

Say Teong Ng

Bureau of Meteorology Research centre
P.O. Box 1289 K
4/4 Botina St.
CLAYTON 316 8

Robert Southern

R.L. Southern Weather Associates
14 Leverburgh St.
ARDROSS W.A. 6153

Darryl E. Thorn

Bureau of Meteorology
G.P.O. Box 413
BRISBANE 4002
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AUSTRALIA (continued)
Frank Woodcock

Bureau of Meteorology
P. 0. Box 1289 K
MELBOURNE, Vie, 3001

BANGLADESH
Sujit K. Debsarma

Bangladesh Meteorological Dept.
Storm Warning Centre
Argaon Meteorological Complex
DHAKA 1207

Mir F. Qayyum

Bangladesh Meteorological Dept.
B-2, D/4 Agargaon New Colony
Sher-E-Banglanagar
DHAKA 1207

BARBADOS
Deighton F. Best

Barbados Meteorological .Service
210 Ealing Park ·
CHRIST CHURCH

Selvin D. Burton

Carribbean Meteorological Institute
P.O. Box 130
BRIDGETOWN

Chen, Lianshou

National Meteorological Center
46 Baishiqiaolu
Western Suburb
BEIJING

Dong, Keqin

Academy of Meteorological Science
46 Baishiqiaolu
Western Suburb
BEIJING

Lin, Liang-Xun

Guangzhou Central Meteorological
Observatory
6 Fujin Rd
GUANGZHOU

Niu, Xuaxin

Zhejiang Meteorological Bureau
HANGZHOU

Qin, Zenghao

Shanghai Typhoon Institute
166 Puxi Rd
SHANGHAI 2000 30

CHINA
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CHINA (continued)
Wu, Huiding

National Research Centre for Marine
Environment Forecasts
No. 8 Da Hui Xi
Hai Dian Division 100081
BEIJING

Zheng, Jingwen

Beijing Meteorological Center
BEIJING

Ramon Perez S.

Instituto de Meteorologia Academia
de Ciencias de Cuba
Apartado 17032

CUBA

HABANA 17

FIJI
Ram Krishna

Fiji Meteorological Service
Private Bag,
Nadi Airport

FRANCE/LA REUNION
Pierre-Yves Lemee

Service Meteorologique de La Reunion
B.P. 4
97490 SAINTE CLOTILDE DE LA REUNION

Jean-Louis Ravard

Servic.e Meteorologique de La Reunion
B.P. 4
97490 SAINTE CLOTILDE DE LA REUNION

FRANCE/GUADELOUPE
Pierre Martin

Service Meteorologique de la Guadeloupe
B.P. 285
97158 POINTE A PITRE CEDEX

GERMANY (Federal Republic of)
Roger K. Smith

Meteorological Institute
University of Munich
Theresienstr. 37
8000 MUNICH 2

HONG KONG
Jonny C.L. Chan

Dept. of Applied Science
City Polytechnic of Hong Hong
Tat Chee Avenue
KOWLOON
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HONG KONG (continued)
Robert Chi-Kwan Lau

Royal Observatory
134 A. Nathan Road
· KOWLOON

INDIA
Kusum K. Chakrabarty

India Meteorological Department
Regional Meteorological Centre
Colaba
BOMBAY 40000

Akhilesh Gupta

India Meteorological Dept.
c/o Regional Meteorological Centre
No. 50 College Road
MADRAS 600 006

Gouri S. Mandal

India Meteorological Dept.
Mausam Bhavan, Lodi Road
NEW DELHI 110003

Dev R. Sikka

Indian Institute of Tropical Meteorology
411005

PUNE

IRAN

Taghizadeh H. Korayem

Iran Meteorological Service
c/o The Embassy of Iran
MANILA

JAMAICA
John T. Blake

Meteorological Office
G. Hagley Park PLAZA
KINGSTON 10

Takeo Kitade

Numerical Prediction Division
Japan Meteorological Agency
1-3-4 Otemachi, Chiyoda-:ku
TOKYO 100

Masanori Yamasaki .

Meteorological Research Institute
1-1 Nagamine
Tsukuba, Iba.raki-Ken 305

Jl\PAN
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KOREA (Republic of)
Hak-Joong Seang

Korea Meteorological Service
1 Songwol-dong, Chongno-gu
SEOUL

MADAGASCAR

Andrianarivo 0. Rajaonarivelo Direction de la Meteorologie Nationale
B.P. 1254

ANTANANARIVO 101
MALAYSIA
See H. Ooi·

Malaysian Meteorological Service
46667 Petaling Jaya
SELANGOR

MALDIVES
Abdu11ahi Majeed

Dept. of Meteorology
MALE 20-05

MAURITIUS
Yves Valadon

Meteorological Headquarters
St. Paul Road
VACOAS

Vicente Ortiz

Servicio Meteorologico Nacional
Ave. Observatorio 192
Col. Observatorio
D.F. MEXICO 11860

MEXICO

MOZAMBIQUE
Sergio de S. de Ferreira

Servic;:o Meteorologico de
Moc;:ambique
C.P. 256
MAPUTO

MYANMAR (Burma)

Htu Aung Cho

Dept. of Meteorology and Hydrology
Kaba Aye Pagoda Road
Kaba Aye P.O.
YANGON {RANGOON) .
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NE.W ZEALAND

Stephen C. Ready

New Zealand Meteorological Service
Salamanca Rd
P.O. Box 722
WELLINGTON

PHILIPPINES
Ellaquim A. Adug

Weather Branch, PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Leoncio A.. Amadore

Flood Forecasting Branch,
PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Catalino P. Arafiles

PAGASA
Asia Trust Building
1424 Quezon Ave.
QUEZON CITY

Gabriel S. Monroy

Technical Development Section
Weather Branch, PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Victor R. Pagulayan Jr.

Office of Civil Defense
Camp. Gen. Emilio Aguinaldo
QUEZON CITY

PAKISTAN
Hafiz A. R. A. Tunia

Pakistap Meteorological Office
P.O. Box 8454
University Road
KARACHI 32

PORTUGAL/MACAU

Fernando Coluna Goncalves

Servi9os Meteorologicos e
Geofisicos de Macau
Fortaleza do Monte
Caixa Postal No. 93
MACAU
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PORTUGAL/MACAU (continued)
Antonio Viseu

Servicos Meteorologicos E
Geofisicos de Macau
Governo de Macau
Caixa Postal 93
MACAU

SRI I..ANKA
Totage K. Fernando

Department of Meteorology
Bauddhaloka Mawatha
COLOMBO

Patipat Patvivatsiri

Meteorological Dept.
612 Sukumvit Rd
BANGKOK 10110

THAILAND

UNITED KINGDOM
Christopher D. Hall

Meteorological Office
London Rd
BRACKNELL, Berkshire

UNITED STATES OF AMERICA
Robert F. Abbey

Marine Meteorology Programme
Ocean Sciences Division, ONCS
800 N•. quincey St.
ARLINGTON, VA 22217

Peter G. Black

NOAA-Hurricane Research Division
4301 Rockenbacker CSWY
MIAMI, Florida 33173

Lester E. Carr III

Joint Typhoon Warning Center
NOCC, JTWC, COMNAV Marianas
Box 12
FPO SAN FRANCISCO, CA 96630-2926

Russell L. Elsberry

Dept. of Meteorology
Naval Postgraduate School
MONTEREY, CA 93943

Kerry A. Emanuel

Institute of Technology
Rm 54-1620 MIT
CAMBRIDGE, MA 02139

Michael Fiorino

Evans Data Systems
3406 Estonia Dr
BOWIE, Maryland 20716
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UNITED STATES OF AMERICA (continued)
William Frank

William Gray

Charles H.P. Guard

Jerry Jarrell

Dept. of Meteorology
Pennsylvania State University
UNIVERSITY PARK, PA 16301
···Dept. of Atmospheric Science
Colorado State University
FORT COLLINS, CO 80523
Naval Oceanography Command Canter
Joint Typhoon Warning Canter
COMNAVMAR. Box 20
FPO SAN FRANCISCO, CA 966-30-5000
National Hurricane Center
IRE Building, Room 631
1320 South Dixie Highway
. CORAL GABLES, FL 33146

Chester P. Jelesnianski

US Dept. of Commerce
NOM, NWS, 8060 13th St.
SILVERSPRING,; Maryland 20910

Yoshio Kurihara

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

Stephen Lord

National Meteorological Center
W/NMC2 WWB Rm 204
WASHINGTON, DC 20233

Mukut Mathur

Development Division
National Meteorological Center,
W/NMC 22 , WWB
WASHINGTON, DC 20233

Robert T. Merrill

Cooperative Institute for
Meteorological Satellite Studies
CIMMS/University of Wisconsin
1225 West Dayton St.
MADISON, Wisconsin 53706

Ronald Miller

Naval Oceanographic and Atmospheric
Research Laboratory
NOARL
MONTEREY, CA 93943-5006

Charles J. Neumann

Science Applications International
Corporation
6855 SW 104 ST
MIAMI, FL 33156
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UNITED STATES OF AMERICA (continued)
Christopher S. Velden

Frank H. Wells

University of Wisconsin/SSEC
1225 W. Dayton St. Rm 253
MADISON, WIS 53706
• NOCC/JTWC
Joint Typhoon Warning Center
COMNAVMAR Box 17
F.P.O. SAN FRANCISCO, CA 96630-5000

Martin Yerg

National Weather Service
NOAA/NWS
8060 13th St.
SILVER SPRING, MD 20910

Raymond M. Zehr

NOAA/NESDIS/RAMM
Dept. of Atmospheric Science
Colorado State University
FORT COLLINS, CO 80523

Igor G. Sitnikov

Hydrometcentre of the USSR
Bolshevitskaya Street 9-13
123376 MOSCOW D-376

Nikolay K. Vinnichenko

Central Aerological Observatory
Flight Research Center
'
Dolgoprudny
Moscow Region 141700

Michael A. Bergin

Vanuatu Meteorological Service
Private Mail Bag 054
PORT VILA

USSR

VANUATU

VIETNAM
Trinh Van Thu

Hydrometeorological Service of Viet Nam
4 Dang Thai Than
HANOI
Vietnam
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SPECIALLY INVITED EXPERTS
Neville L. Koop

Fiji Meteorological Services
Private Mail Bag
NADI AIRPORT
Fiji

John R. Lincoln

Programme Support Co-ordination
Technical Co-operation Department
World Meteorological Organization
41 Avenue Giuseppe-Motta
Case Postale 2300
1211 GENEVA 2

Switzerland
Ching-yen Tsay

c/o Pacific Science Association
Committee on Meteorology and
Atmospheric Sciences
2424 Maile Way
HONOLULU, HAWAII 96822
USA

WMO SECRETARIAT
Hi roki Kondo

Research and Development Programme
Department
World Meteorological Organization
41 Avenue Giuseppe-Motta
Case Postale 2300
1211 GENEVA 2

Switzerland
Don Vickers

World Weather Watch Department
World Meteorological Organization
41 Avenue Giuseppe-Motta
Case Postale 2300
1211 GENEVA 2

Switzerland
!PC SECRETARY

Barbara Brumit

Department of Atmospheric Science
Colorado State University
FORT COLLINS, CO 80523
USA
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APPENDIX B
LIST OF OBSERVERS
FRANCE
A. Villevielle

Chairman,
Working Group Natural Disasters
23-25 Avenue F. Roosevelt
75008 PARIS

PHILIPPINES
Crispina B. Abat

Office of Civil Defense
Camp Gen. E. Aguinaldo
QUEZON CITY

Jorge de las Alas

Dept. of Meteorology and Oceanography
College of Science
University of the Philippines
DILIMAN QUEZON CITY

Mariano T. Asuncion

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Bobbacar M. Drallo

Dept. of Meteorology and Oceanography
College of Science
University of the Philippines
DILIMAN QUEZON CITY

Khalegi Z. Hassan

Dept. of Meteorology and Oceanography
College of Science
University of the Philippines
DILIMAN QUEZON CITY

Narciso 0. Itoralba

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Prisco D. Nilo

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Romulo G. Paculan

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Eduardo M. Parong

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY
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Amado E. Pineda

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Rodolfo Q. Ponce

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY

Bienvenida Q. Rebong

Office of Civil Defense
Camp. Gen. E. Aguinaldo
QUEZON CITY

Hla Thaw San

Dept. of Meteorology and Oceanography
College of Science
University of the Philippines
DILIMAN QUEZON CITY

Belen L. Tan

Office of Civil Defense
Camp Gen. E. Aguinaldo
QUEZON CITY

C.H. Tang

PAGASA
Asia Trust Bank Building
1424 Quezon Avenue
QUEZON CITY
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6.
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