Dr. William M. Gray
Department of Atmospheric Science
Colorado State University
Fort Collins, CO 80523 - USA
September 30, 1985
Dear Workshop Participant:
Enclosed is a 3-volume copy (about one thousand pages) of the topic and
rapporteur reports for the WMO Workshop on Tropical Cyclones to be held in
Bangkok, Thailand from 25 November to 5 December 1985. This report is being
sent to you for reading and study. This will enable you to arrive in Bangkok
with background information as to the broad-ranging knowledge and ideas about
tropical cyclones as advanced by the various topic and rapporteur specialists.
This report will serve as a basis for our workshop deliberations. Never
before has there been a document for which as many tropical cyclone experts
from all the storm basins have contributed. 37 individuals have written
reports. Others have contributed background material for these reports.
Hopefully, all workshop attendees will try to read this report before
they leave for Bangkok. This should greatly stimulate more rapid indepth
communication between us after we arrive in Bangkok and lead to a much better
workshop than would otherwise be possible. We should all learn a good deal
from this material.
We are a month behind the 31 August submission deadline for all topic and
rapporteur reports. This is due to the late arrival of some material and the
need to find substitutes for the write-up of some of the rapporteur reports.
Of the 56 raporteur and topic chairman reports which were to be written 51 or
-91% have been received and are contained in this report. Missing rapporteur
reports are: 2.2, 5.4, 7.3, 7.4, and 8.1. Missing reports, when received,
will be duplicated and sent at a later date or distributed at the workshop.
The organizing committee would like to thank the many authors of these
topic and rapporteur reports for the large amount of time and effort they have
given to this write-up document. If the efforts expended by these authors is
typical of the general interest in tropical cyclones and this workshop, then
it would appear that we will indeed have a very successful gathering in
Bangkok.
Please make notes as to important facts and ideas which you believe are
missing from this pre-workshop document or of any factual or opinion
inaccuracies. This should be communicated to the workshop in Bangkok. It
would also be beneficial if all of us would make a list of topics and ideas
which you feel have not been discussed or inadequately treated in this
document. Space and other limitations have made it inevitable that some
important material may likely be missing.
I look forward to seeing you in Bangkok.

With best regards.

Sincerely yours,

I/Jd!l1u 7!/J&:r

William M. Gray, Chairman
IWTC Organizing Committee
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WHO/CAS INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES

TOPIC 6

Numerical Modeling of Tropical Cyclones

Overview report
Chairman:

Takeo Kitade

Abstract

Various aspects of numerical modeling of tropical cyclones
are briefly surveyed from physical and technical points of view.
As compared with numerical models for synoptic waves in middle
latitudes,

the numerical models of tropical cyclones have some

special features.

We discuss some physical and technical

problems in the tropical cyclone modeling which are caused by
smallness of the Coriolis parameter,

scale of tropical cyclone, a

large amount of latent heat release and others.

Possibility to

overcome data sparseness and initialization problems are also
considered.

b.O
1.

Introduction
Numerical modeling of tropical cyclones were greatly

improved during last two decades.
numerical model,

There are several types of

depending on the purposes of the models.

Many

models of tropical cyclone have been formulated for the research
purpose,

that is

tropical cyclone.

,

to understand the physical mechanisms of
Several operational weather forecast

centers

have constructed their specialised tropical cyclone track
forecast models.

They also utilize the general purpose forecast

models to forecast tropical cyclone.
The numerical model for tropical cyclone has some special
characteristics as compared with numerical model for synoptic
scale atmospheric waves in middle latitudes.

Tropical cyclone

normally located in lower latitudes, where the Coriolis parameter
is small, a large amount of latent heat is released and only a
small amount of data is available.

Thus we face several problems

to solve in numerical modeling of tropical cyclone.

Furthermore

the scales of tropical cyclone necessitate rather fine resolution
and broad integration domain in the model.

In this report these

problems are briefly discussed from physical and technical points
of view.

2.

Research aspects in nuaerical modeling of tropical cyclones

a. !~~!! ~Q!!Q!!! £~!~~~!~!
As tropical cyclone usually locates in lower latitudes with
small Coriolis parameter,

the geostropic approximation is too

crude to apply for tropical cyclone.

1

If we use primitive equation
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model for the numerical model, we may think that there is no
problem there.

However we have difficulty in the initialization.

The concept of the balance in lower latitudes does not seem to be
clear.

There are four kinds of major approaches for the

problem:
o

Dynamic initialization,

o

Dynamic assimilation,

o

Generalized balance equation,

o

Nonlinear normal mode initialization.

Although dynamic initialization is rather simple and useful to
obtain a balanced initial field,

it is difficult to include

diabatic effects in the balance.

In dynamic assimilation method

we can include full physics of the model.
data assimilation experiment.

Anthes (1974) performed

Since data are usually lacking in

tropical cyclone forecast, we should consider utilization of
asynoptic data as much as possible in addition to the synoptic
data.

In that sense the assimilation method clearly have an

advantage.

However it is very crucial problem how to overcome

enormous amount of noises excited by the insertion of data.

If

generalized balance equation are solved with inclusion of diabatic
heating and others, it can be used for the initialization.
However the convergence of the iteration is not confirmed yet for
the complete balance equation.

Nonlinear normal mode initialization

is a very efficient way to attain a balanced state.

A balance

state can be attained including diabatic effects and surface
friction.

Kitade (1983) demonstarated using a global spectral

model that the attained balance state of tropical cyclone

2
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contains a large amount of divergent wind component by the effect
of cumulus heating and the predicted evolution of tropical cyclone
is substantially affected by the inclusion of the heatings in the
initialization.

Kudo (1985) applied the normal mode initialization

with physics for a tropical cyclone model.
result,

According to Kudo's

there are many quasi-balanced states with various amount

of cumulus heating for a prescribed rotational wind field.

Thus

we may need irrotational wind observation to obtain a unique
balanced state.

Kudo suggests a possibility of utilization of

satellite cloud amount instead of the irrotational wind observation
for this purpose.
b.~£~!~!

Q!

!~QE!£~! £I£!Q~~

Although the scale of the main part of tropical cyclone is
several hundreds of kilometer, we must consider the area of
several thousands of kilometer to study tropical cyclone interacting
with a synoptic scale flow.

On the other hand the resolution of

several kilometers is necessary to represent the core structure
of tropical cyclone.

In order to investigate the detail of the

core structure, we have to simulate individual cumulonimbus as
well as the circulation of tropical cyclone.

For this type of

model, non-hydrostatic equation should be used in place of primitive
equations.

Since it is impossible under the present capability

of computer that all the aspects of tropical cyclone mentioned
above are implemented in one model,

several kinds of tropical

cyclone model are formulated depending upon the objectives:
(1)

Numerical model to study tropical cyclone interacting
with cumulus convections

3
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This kind of model has resolution of a few hundred kilometers
and uses non-hydrostatic equations.

The amounts of water vapor

and water substances in liquid or solid phases in clouds are
predicted.

The model has been used to study a possible mechanism

of tropical cyclogenesis and detailed behaviors of storm's core
and rain bands.

We can deduce a lot of useful information about

cumulus parameterization scheme as well.

It is desirable that

the model results are compared with the behaviors of the model
with cumulus parameterization.

For the present only axisymmetric

(Yamasaki,l983; Willoughby et al.,l964 ) and slab-symmetric
models (Yamasaki,l964) are developed due to the limitation of
computer resources.

The investigation using a three-dimensional

model has not been carried out yet.
(2)

Numerical model to study tropical cyclone itself

Most of primitive equation models of tropical cyclone
utilize some cumulus parameterization schemes,

The models

usually have the horizontal resolution of a few tens of kilometer
or so.

The size of domain of time integration is about a few

thousands of kilometer.
studi~d

There are many subjects which have been

using these models.

The axisymmetric models and three-

dimensional models were used to investigate development,
structure and budget analysis (e.g. Kurihara,l975).
axisymmetric models,

Using

the basic physical characteristics of

tropical cyclone have been investigated in the following:
o

dependency on surface boundary conditions,

o

sensitivity to cumulus parameterization details,

o

effect of cumulus friction,
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o

effect of momentum supply due to eddies,

o

effect of radiation.

Three-dimensional features of tropical cyclone have been studied
by three-dimensional models as follows:
o

behavior of spiral bands,

o

asymmetries in the outflow layer,

o

maintenance of the eye and eye wall,

o

movement of an asymmetric vortex,

o

response to variation of sea surface temperature,

o

response to artificial heat source,

o

decay mechanism after the landfall,

o

interaction between two tropical cyclones.

(3)

Numerical models to study the interaction with synoptic
scale phenomena

The integration domain in this type of models should have
larger area to avoid the influences of the artificial lateral
boundary condition.

On the other hand we need fine resolution to

represent the detail of tropical cyclone structure.

Thus there

is some compromise between the two necessities in this type of
model.

Many models have used movable nested grid system to cope

with this difficulty.

Some models use uniform grid with spacing

of several tens of kilometer.

The following subjects have been

investigated with these numerical models:
o

interaction with idealized zonal flow,

o

effect of beta,
surface

o

surface friction and non-uniform sea

temperature

on movement,

effect of a mountain range.
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There are several works using real data sets (e.g. Mathur,1975).
FGGE data sets provide a good opportunity of prediction experiments
although the resolution of the analysis is not enough.

Some

operational forecast models have been also used for the investigation
of tropical cyclone, in particular,

for the

movement of tropical

cyclone.
c.!~~E~! !~~!£~!

It is well known that the major energy source of tropical
cyclone is latent heat release by cumulus convection.

Thus it is

essential to appropriately incorporate the effect in the numerical
model.

There are several ways to incorporate the effects:
1)

to assume an analytic function of heating,

2)

cumulus parameterization,

3)

heating calculated by time integration of seperate
numerical cumulus model,

4)
(1)

explicit treatment of cumulus convection.
analytic profile assumption of heating

Some numerical models for tropical cyclone track forecast
use an analytic profile of heating , depending upon height and
latitude ,to maintain the vortex.

When the main purpose of the

models is to predict the movement of tropical cyclone,
assumption may be allowed.

the simple

The vortices at all levels are

organized as a vortex tube due to the heating.
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(2)

Parameterization of cumulus heating

Most of numerical models of tropical cyclone used.cumulus
parameterization scheme in which heating effect by cumulus
convections is represented in terms of large scale variables.
Various scheme of cumulus parameterization have been proposed.
These are crudely classified in the following:
o

Convective adjustment,

o

Ooyama's scheme,

o

Kuo's scheme,

o

Arakawa and Schubert's scheme.

Convective adjustment was originally formulated in the general
circulation model (Manabe et al.,l965).

The statically unstable

stratification is stabilized by modifying the temperature and
moisture fields to simulate the effects of cumulus convection.
More sophisticated scheme was developed by Kurihara(l973).
Ooyama's scheme (Ooyama,l964) is based on the fact that a large
part of moisture exists in the planetary boundary layer in lower
latitudes.

The activity of cumulus ensemble is assumed to be

proportional to frictionally induced vertical motion at the top
of planetary boundary layer.

The linear instability analysis

with this scheme indicates that an unstable disturbance with a
scale similar to tropical cyclone is excited by the heating.

In

this scheme the tropical cyclone is regarded as a quasi-geostrophic
mode modified by the heating (Shyono and Yamasaki, 1966).

In

Kuo's scheme (Kuo,l974) converged moisture in a column by largescale motion is consumed by cumulus convections.

The convections

redistribute the moisture into sensible heat and moisture in the
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column.

The redistribution is formulated using a concept of

diffused clouds.

This scheme is fairly similar to convective

adjustment in a sense that unstable stratification is stabilized
by effect of cumulus convections.

However the amount of cumulus

heating in Kuo's scheme directly depends upon the vertical motion
at the point in contrast with convective adjustment.

The difference

between the two schemes causes some substantial difference in the
model behaviors.

Arakawa and Schubert scheme (Arakawa and

Schubert,l974) assumed a quasi-equilibrium of the cloud work
function,

that is, a kind of balance between large-scale field

and activity of cumulus ansemble.

This scheme uses the most

sophisticated cloud models among the schemes mentioned above.
Although the scheme might,

therefore, have a better accuracy,

it

also consumes much computation time.
(3)

Heating calculated by time integration of seperate
numerical cumulus model.

In this method many time integrations of a simplified cumulus
convection model

are carried out in the environment provided

from each grid point values of the tropical cyclone model
(Anthes,

1977).

Then the heating and moistening rates for the

tropical cylone model are derived from the results of the cumulus
convection model.

The method is more expensive in computer

resources than the cumulus parameterization scheme in which the
cumulus heating rates are derived from the diagnostic relations.
However it is less expensive than explicit treatment of cumulus
convections in tropical cyclone model.
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(4)

Explicit treatment of cumulus convections

Using finer resolution of order of 100 meters and nonhydrostatic equations in place of primitive equations,

several

numerical experiments for tropical cyclone have been carried out
(e.g. Yamasaki,l983).

The model results provide some basic

information on the interaction between tropical cyclone and cumulus
convections.

However only the experiments by axisymmetric and

slab-symmetric models have been performed.

Their validity in

three-dimensional domain is not proven yet.
d.

Others
Besides the heating and moistening effects by cumulus

convections,

the momentum transport by cumulus convections is an

important factor to be understood.

Since momentum is not conservative

quantity, the parameterization does not seem to be easy.

At

present there is no definite parameterization scheme for the
momentum transport by cumulus convections.

Since it affects the

structure of tropical cyclone, possibly the movement as well,

the

study is indispensable to further understanding of behaviors of
tropical cyclone.
It is also well known that tropical cyclone is substantially
controlled by the surface condition.

Thus some good formulation

of planetary boundary layer is essential to the
modeling.

tropica~

cyclone

The interaction between the boundary layer processes

and cumulus convections is also an important subject to be
investigated.
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3.

Operational aspects for numerical modeling of tropical
cyclone

a. Q~!~ ~~~ !~!!!~!!~~!!£~
The conventional observing system can usually provide only
sparse data near or over the tropical cyclone.

Therefore the

exact structure of individual storm can not be obtained from the
conventional observing system.

Two schemes to overcome the shortage

of data have been used for the operational forecast model of
tropical cyclone.

One is to use bogus data which are based on

the subjective analysis and satellite picture in addition to the
conventional observations.

The other is to superimpose an idealized

vortex on the operationally analysed large-scale field.
(1)

Utilization of bogus data

This method has been used mainly in operational forecast
models which are not specialized for the forecast of t.ropical
cyclone.

When a tropical cyclone exists in the integration

domain of the model,

some bogus data are added to the conventional

data to improve the representation of the tropical cyclone.
procedure is usually subjectively carried out.
data are put only in data sparse area,
sacrifice the conventional data.

This

Since the bogus

this method does not

However the subjectivity is not

preferable for the operational prediction model.
(2)

Superimposition of idealized vortex

At first we eliminate the vortex in the analysis by some
smoothing procedure.

Then we put some idealized vortex in the

smoothed analysis field.

The strength and size of the idealized

vortex are determined by the observation.

10

This idealized vortex

b.O
is obtained by time integration of axisymmetric model in National
Meteorological Center (NMC) in United state.

We might need some

initialization procedure after the insertion of the vortex
because the obtained field is not dynamically balanced.

The

disadvantage in this method is to neglect or distort available
valid data near the inserted vortex.

Therefore the method is not

appropriate for the tropical cyclone located in relatively high
latitudes where there are ample data available.

The advantage is

that the method can be objectively performed in contrast with the
bogus method.
In order to overcome the shortage of data, we should use
asynoptic data as well as synoptic data.

Data assimilation

method is a way to incorporate asynoptic data in initial analysis.
However it should be solved that the data insertion excites a lot
of noises in the course of assimilation process.
The past track of tropical cyclone is a kind of integrated
data to be used for the tropical cyclone forecast if possible.

A

bias correction method proposed by Shewchuk and Elsberry (1978)
is a preliminary way to use the past track for the tropical
cyclone forecast.

Forecast-analysis cycle which is carried out

in many operational centers is an intermittent assimilation method.
It is expected to improve the quality of the analysis at least
for the large-scale field in tropical area because the analysis
is produced by many past data in addition to the present data.
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There are several kinds of operational forecast models for
tropical cyclone,
(1) Movable nested model
The finer grid areas are shifted so that the tropical
cyclone center is always located near the middle of the finest
mesh in movable nested model,

Various computational techniques

were developed for such systems so that exchange of momentum,
heat and moisture between adjacent meshes are maintained in the
course of time integration.

There are several numerical problems

such as partial reflection of waves and exitation of noises by
the shift of grid mesh.

It is not certain that the existence of

discontinuity of grid net has no serious effects on the movement
of the tropical cyclone.

The behaviorJ of 'a tropical cyclone <a:r..e_

'
fo\cus\ed in the research model which uses a multiple nested grid
mesh.

Thus the contamination near the discontinuity might be

neglected in the research model.
treats with real data, however,

In operational model which
there may be another disturbances

and a large amount of latent heat release near the discontinuous
interface.

In that case we might have some serious deformation

near the discontinuity and ,

thus,

of the aimed tropical cyclone.
a movable nested grid,

serious error in the forecast

In some operational models using

therefore, a simple empirical heating

function near the center of tropical cyclone and no heat release
at the discontinuity are assumed.

Furthermore we sometimes

experience coexistence of two tropical cyclones.

Since the behavior~

of one tropical cyclone are affected by another, both tropical
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cyclones should be predicted at the same time.

In that case we

have difficulty in the movable nested grid model.
(2)

Uniform grid model

In NMC a uniform grid model is used with the grid spacing of
60 km.

The operational limited area model for middle latitudes

has been transformed to a tropical cyclone forecast model with
the grid spacing of about 50 km in JMA.
some cumulus parameterization schemes.

These models utilize
From limitation of computer

power, the horizontal resolution is not enough to represent the
core structure of tropical cyclone and the domain of time
integration is not so large as those in the nested models.

However

the model has no discontinuity problem of grid mesh.
(3)

Large-scale model

There are many operational numerical forecast models for
large-scale atmospheric phenomena.

The current large-scale

models have horizontal resolution of about 100 km to 300 km.
Although they are not specialized for the purpose of tropical
cyclone forecast,

these models contain area in lower latitudes as

the integration domain.

Thus we can use these models for the

purpose of tropical cyclone forecast although some special attention
should be paid to assignment of initial condition as mentioned in
the subsection 3.a.
It has been reported by several authors that global models
can simulate some features of tropical cyclone in spite of the
coarse resolution.

Bengtsson et al.

(1982) examined the tropical

cyclone like vortices appeared in the operational forecasts
performed at the European Center for Medium Range Weather
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Forecast (ECMWF).

Kanamitsu et al.

(1983) also reported an

example of successful forecast of tropical cyclone track by using
the operational hemisphereic spectral model.

These studies

suggest that tropical cyclone forecast might be possible by
large-scale models with coarse resolution to a cetain extent.
The advantage in using large-scale model for tropical cyclone
forecast is their accurate large-scale forecast as compared with
nested models and specially designed limited area models.

This

is particularly important for tropical cyclone track forecast
since large-scale steering current is one of the most essential
s~
mechanisms that determine~movement of ~ cycloneS
However the coarseness of horizontal resolution in largescale models might cause serious problems not only in the forecast
of evolution of the cyclone but also in the tropical cyclone
track forecast.

In general the simulated cyclones tend to have

too large size and too weak

inten~ity

in terms of surface pressure.

The errors in size and intensity cause error of the cyclone track
forecast due to the error of

~

acceleration effect.

Furthermore

the movement of tropical cyclone might depend upon the vertical
structure of the cyclone when general flow has vertical wind
shear.

We may need fine resolution in tropical cyclone track

forecast model if the simulated structure of tropical cyclone is
important for the track forecast.
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4.

Recommendations

Extensive studies are required for the following subjects:
!)J-v tAN~~ I)_ (> ~bl C---::;:~~ ~
(1)
S~e to overcome the c ~rrent shortage of data;
o

utilization of asynoptic data and integrated data
such as satellite cloud amount and past track of tropical
cyclone;

.

0

method int
/

I

~~ tropical

<A.

~

cyclone

LL..,

-~ large-scale

analysis,
(2)

Initialization including physical effects such as
convective heating and surface friction;

(3)

Develoment of further efficient and accurate time
integration method;

(4)

Improvement of parameterization schemes of physical
processes.

In order to promote research activities and operational
numerical forecast

of tropical cyclone,

the following recommendations

should be made:
(1)

Transfer of the advanced research results to operational
forecast model;

(2)

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

( 3)

Investigation on possibility of transmiting tropical
cyclone data via the global telecommunication system;

(4)

Promotion of regional and international cooperative
activities.
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Numerical Models of Tropical Cyclone Formation and Structure

Rapporteur:

Yoshio Kurihara

Abstract

Various aspects of numerical modeling of tropical cyclones and performance
of models are briefly summarized.

Some of the present-day numerical models

are capable of simulating (1) tropical cyclogenesis in synoptic scale waves,
(2) organiz?tion of convective cloud elements into mesa convective systems and

eventual formation of a vortex in an axisymnetric model, (3) certain detail
structures, (4) regional characteristics due to realistic topography, and (5)
evolution of some real tropical cyclones.

Urgently needed are the improve-

-ments of analysis and initialization schemes as well as of numerical models.

1
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1.

Introduction
A breakthrough in the tropical cyclone modeling occurred when a cumulus

~-I

parameterization scheme was successfully incorporated into an axisymmetric
model (Ooyarna, 1969). Construction of three-dimensional models, first
report~d

by Anthes et al. (1971), added a new dimension to research and opened

a way for numeri ea 1 predi et ion of tropi ea 1 cyclones.

Lately, efforts are

being made to study the effects of moist convection with models in which
cumulus cloud elements are explicitly resolved.
using realistic

bound~ry

Also, numerical experiments

conditions or real data sets are being performed.

In this report, types of modelS and data sets currently used and the scope
of problems treated with mode1s are briefly summarized.
2.

Tropical cyc1one modeling and performance of models

a.

Vaf'i ous as_p__e-ctsof numeri ea 1 model i ng of hopi ea 1 cyc1ones
A tr·op_ical cyclone, the atmosphere surrounding it and the co-existing

convection and turbulence govern as well as are governed by the equat·ions of
momentum, temperature and moisture.

Local tendencies of these quantities

are also subject to the surface conditions, the Coriolis parameter (for
momentum) and radiation (for temperature).
relationships.

Figure 1 shows the above

Both the environmental conditions and small scale

processes~

i.e., convection and turbulence, influence the evolution of tropical cyclones.
Interaction

among syhoptic, cyclone and cloud scales is a key issue in the

tropical cyclone dynamics.
1}

Grid reso1ution.

If we can deal with the effect of cumulus

convection without resolving cloud elements, then models with horizontal
resolution of several tens of kiloMeters can be used to simulate a relatively
large vortex interacting with a synoptic scale f1o.,.,.

~

HO\vever, to simulate a

compact tropical cyclone and to incorporate

detail..J~urface

boundary

conditions, resolution of twenty kilometers or less is required.

~-'

On the other

hand, it is not practical to cover an entire model domain with such a fine
grid mesh.

Thus, movable, multiply-nested grid or variable grid systems have

been designed and used in both research and prediction models (see Table 1,
item a) •. Various computational techniques were developed for such systems so
that exchanges of quantities between adjacent meshes are smoothly maintained
in the course of time integration.

Construction of spectral models is a

recent approach taken in tropical cyclone modeling {see Table 1, item b).
To explicitly resolve individual cumulus cloud elements, grid resolution
in the order of 100 m is required.

Because of the limitation of computer

capacity at. present, models of this kind constructed so far are either
axisymmetric or-slabsymmetric.
Modeling problems also include specification of the vertical resolution,
formulation of the open lateral boundary condition in regional models and
development of economical time integration methods.
2)

Data sets.

To determine the initial condition of a model, two kinds

of data sets are used:
o

idealized data sets;

o

real data sets.

Idealized data sets are used in the research models.
the problems of data density, accuracy and analysis.

They are free from

Values of variables in a

data set should be dynamically consistent with each other.

An idealized

initial condition can emphasize certain aspects of real flows.

If it is used

in a simplified model, then easily interpretative numerical results may be
obtained and, hence, fundamental mechanisms of a simulated phenomenon can be

3

understood.

In such a study, caution has to be used as the obtained results

can be unrealistic if they are strongly dependent on the initial conditions.
On the other hand, certain conditions in a data set can deliberately be varied
over a \'l'ide parameter range.

By doing so, we can investigate the sensitivity

of tropical cyclone evolution to a particular parameter.
may be derived from real data.

Idealized data·sets

For example, a hypothetical tropical cyclone

can be deri ned by a carefully sorted composite data set.
Prediction models are initialized with real data sets. Also, research
models have to be ultimately tested with real data sets. Ideally, verification
of model results should serve to evaluate Md improve the model physics and
computational procedures. There are two classes of real data set: (1) model
processed d'ta, and (2) raw data.
sets, are model-dependent.
~o

The former data sets, e.g. FGGE IIIB data

Usually, their data resolution is not sufficient

represent mesoscale features of tropical disturbances.

If a prediction

model is different from the model used to generate the data set, the problem
of data adjustment may have to be solved. Use of a raw data set requires data
analysis and model initialization (Topic 6.4). An initialized field should
represent all essential physical processes going on at an
3)

in~tial

time.

Surface boundary conditions. The surface exchange and turbulent

diffusion of momentum, heat and moisture have to be treated in a proper manner
in order to assure meaningful numerical experiments and reliable predictions.
This requires careful specification of surface conditions such as the
temperature over ocean and land, the roughness length, and topography.
surface cond1tions

tak~

either of the following forms:

• idealized surface conditions;
~

real surface conditions.

4

The

~-I

Realistic surface conditions including detailed topography should be used
in the models for particular regions.
4} · Types of model.

Latent energy can be utilized for the genesis and

development of tropical cyclones.

To treat the effect of latent heat release,

three types of numerical models exist:
• models with explicit treatment of cumulus convection;
~

models using schemes of cumulus parameterization;

• models with r·elease of latent heat by the resolvable scales.
Experiments done by each type of model are described in the follOI•Iing.
b.

Numerical models with explicit treatment of cumulus

convec~ion

The simplest treatment, in a sense, of latent heat effects in tropical
cyclone modeling is to use a nonhydrostatic model similar to that for· deep
convection andmake direct prediction of the amounts of water vapor, cloud
~ater,

rain, snow, etc.

This type of model has been used to study a possible

mechanism of tropical cyclogenesis and behavior of the storm's eye wall.
In the experiments \'lith axisynm1etric models, which started with buoyancy
perturbations and no motion at the beginning and proceeded without ice-phase
substances, it was observed that (Yamasaki, 1977a, 1977b, 1983):
cloud elements were organized into meso-scale convective systems;
the evaporation of raindrops and the downdraft below the cloud base were
instrumental for the released latent heat to induce the meridional
circulation and associated weak vortex;
After a vortex attained a certain intensity, the surface friction
sustained the feedback mechanism between the heating and meridional flow,
and a small, intense vortex formed.
In a similar experiment but with a slabsynunetric model and with height

5
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dependent

ba~ic

flows included (Yamasaki, 1984), it was shown that:

the formation pattern and time scale of mesa-scale convective systems are
dependent on the vertical profile of the basic flow.
In an axisymmetric model which resolved convective elements a strong
vortex also developed from an initial., vteak, circular vortex.

It was

indicated that (Willoughby et al., 1984; Lord et al., 1984):
concentric

multi~eye

e~pecially

in the presence of ice-phase water substances.

walls which successively contracted developed,

Although the obtained results are suggestive, their validity in a three
dimensional domain is yet to be proven. Also, their implication on the
prediction of genesis and structural

cha~ge

of tropical cyclones have to be

studied in the future.
c.

Numerical models with cumulus parameterization
At

pr~sent,

most of the three dimensional primitive eq1.1ation models

include effects of cumulus convection

by

means of parameteri zat ion.

In soma

operational models, a functional form of heating is specified with respect to
a vortex; its form can ·significantly affect the behavior of a vortex. When a
parameterization scheme is used, it is presumed that the activity of moist
convection responds instantly to changes of the resolvable scale; effects of
convection are

~xpressed

in terms of resolvable scale variables.

Various

farms of cumulus parameterization have been proposed (see Topic 6.2).

Far

example, (1) concept of cloud mass flux is used to calculate the vertical
transport of quantities, while amounts of cloud water and rain, etc. are
either parameterized

o~

predicted; (2) profiles of the temperature and

moisture are adjusted by taking into account the behaviar of a hypothetical
cloud element; and (3) heat and moisture gain due to grid

6

sc~le

horizontal

'~I

convergence are distributed in vertical.

The numerical simulation experiments

performed with these kinds of models are itemized below.
1) · Experiments without the effect of environmental flow.

To understanfd

basic mechanisms of tropical cyclones, a number of experiments have been
performed with simple models for a simple system which did not include the
environmental flow.

The structure diagram of a simple model can be obtained

from Fig.·l by ignoring boxes with asterisks.

In all these experiments, a

weak balanced circular vortex at the initial time evolved into a strong
vortex.

Subject areas studied for a simple system include:

evolution of a vortex in axisymmetric models
development, structure and budget analysis (see Table 1, item c)
dependency on surface boundary conditions (item d)
.
sensitivity to cumulus parameterization details (item e)

-

effect of cumulus friction (item f)
effect of momentum supply due to eddies (item g)
effect of radiation (item h)
evolution of a vortex in three-dimensional models
development, structure and budget analysis (item i)
behavior of spiral bands (item j)
asymmetries in the outflow layer (item k)
maintenance of the eye and eye wa 11 (item l}
movement of an asymmetric vortex (item m)
structural change of simulated tropical cyclones
response to variation of sea surface temperature (item n)
response to artificial heat source (item o)
decay mechanism after the landfall (item p)
interaction between two tropical cyclones (item q}
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2)

Experiments with the effect of environmental flow.

A merit of three

dimensional models can be recognized when the effect of environmental flow is
included. Genesis mechanism of a disturbance of tropical cyclone scale was
studied with a three dimensional model which initially contained only a
synoptic scale, idealized easterly wave superposed onto zonal (environmental)
flow (Kurihara and Tuleya, 1981,1982; Tuleya and Kurihara, 1981, 1982, 1984).
It is noteworthy that, depending on the condition of an environmental flow,
the troijgh area of the same easterly wave was transformed into either a
developing or

non~dev~loping

system,

Som~

findings from a ser1es of

experiments are;
latent heat release (in a parameterized form} was a necessary condition
for a

mod~1
'

vertic~T

storm gene$is;
.

coi.Jpling between the upper level

disturbance was an

import~nt

~1arm

air ancl the low level

factor for the genesi$;

low level cyclonic shear was conducive to a storm genesis;
the effect of radiation significantly enhanced the growth rate;
comma~shapad

vortices formed only in an environment of westerlies.

In other numerical experiments in which a vortex was embedded on a zonal
steering flow, investigations were done on subjects such as:
movement and intensity of tropical cyclones
b~ta~effect

(§ee Table 1, item r}

effect of surface friction (item s)
effect of non"uniform sea surface temperature (item t)
-- 1andfalling tropic~l cyclones
stru,tural change and sensitivity to land

effe"t of .~ mountain range (item v)

B

surfa~e

conditions (item u)

'~I

3)

Experiments with realistic surface conditions.

With the introduction

of realistic topography in a model, a vortex which developed from simple,
idealized initial conditions exhibited behaviors similar to the observed
regional characteristics of tropical cyclones (Bender et al., to be
published).

As an example, computed tracks are compared with some observed

ones in Fig. 2.

Also investigated are

the upstream influence of mountains

and structural change of a storm crossing mountains (for example, see Fig.
3}.

It was suggested that, for accurate track prediction, detailed treatment

of both topography
4)

an~

boundary layer processes are important.

Prediction experiments using real data sets. To forecast the genesis

phase of tropical cyclones, the prediction of moisture should be· accurate.
Genesis of Hurricane David (1979) is examined using FGGE IIIb data sets and
the GFDL
~ere

tropic~]

cyclone model (Tuleya, to be published).

reinitialized in some experiments.

Original data sets

The degree of correspondence between

the precipitation rate after 18 hour integration and a satellite imagery of
cloud is seen in Fig. 4.
A prediction experiment of the development of Hurricane Isbell (1964) was
made using a raw data set over the Gulf of Mexico (Mathur, 1974, 1975).
Banded structures evolved during the integration of a nested mesh model.

On

the other hand, the processed data, i.e., FGGE IIIb data sets, were used to
study the development of Supertyphoon Tip (1979) over the Western Pacific
(Dell •osso and Bengtsson, 1985; Tuleya, private communication).

Improvement

of the simulation due to the resolution increase was indicated.

Discussion on

the storm movement in the operational models will be found in Topic 6.• 3.
d.

Models with latent heat release by resolvable scales
Primitive equation models , i.e., hydrostatic models, with the equations

9

~.I

I

for cloud and rain water added were constructed without including effects of '
cumulus convection.

Both in an axisymmetric model {Rosenthal, 1978) and in a

three-dimensional model {Jones, 1980), an intense vortex similar to a tropical
cyclone developed from an initial circular vortex.

Simulation experiments of

a mature storm with a similar model, without the equations for water
substances, indicated that the structure of a vortex were strongly dependent
on the vertical diffusion effects {Tuleya and Kurihara, unptAblished).

Results

of experiments from models of this type may be used to indirectly appra·ise
effects of CtAmulus convection.

Practical value of such models is not yet

examined!<
e.

Mode) improvement and future research
Efforts.have to be made to improve numerical models and data sets, in

particular fn the following areas:
•

to develop an analysis and

initiali~ation

scheme, including that for

moisture, with consideration of the effects of heating, friction and
topography;
•

to utilize data from satellite, dropsonde, doppler radar, etc.;

•

to improve the treatment of cumulus convection, both deep and
shallow, cloudiness, radiative transfer and boundary layer processes;

•

to improve the treatment of air-sea interaction, possibly by using

joint air-sea models.
Numerical studies on the following subjects should be promoted:
•

cyclone movement (its relation to environmental parameters, and
mech~nism

o

of meandering motion);

rapid deepening of existing cyclones, and formation of super tropical
cyclones;

lO

~

,'

o

.

cyclogenesis (physical difference between the developing and
non-developing systems, formation in easterly waves, ITCZ and monsoon

~.

I

trough, the effect of radiation) etc.);
G

detail structure (formation and structure of eye and eye wall,
behavior of spiral bands, distribution of wind and precipitation);

•

structural change (diurnal change of intensity, landfall, transition
... -·--·

to extratropical systems);
e

comparison with other systems (monsoon depressions, explosive
cyclogenesis. in middle latitudes over the ocean).

3.

Recommendations
For improving our understanding of tropical cyclones and prediction of

their

motio~

an_Q_ intensity, accelerated efforts shoul,d be devoted to:

development of systems which consist of (1) analysis and model
initialization using all available data, (2) efficient time integration
of advanced numerical models and (3) wide dissemination of results;
compil~tion

of high resolution data sets and their use in comparison

experiments by different modeling groups;
promotion of cooperative activities, regional and global, to achieve the
above goals.
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Table 1.

Co_ntributions for various research items mentioned in the text.

Item

Contributions

item a

item

b

item c
item
item
item
item
item
item

d

e
f

g·
i

item j
item k
item 1'
item m
item
item
item
item
item
item
item
item
item

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

Harrison, 1973; Ley and Elsberry, 1976; Harrison and ~iorino,
1982; Ookochi, 1974, 1978; Madala and Piacsek, 1975; Hovermale,
1976; Jones, 1977b; Kurihara et al., 1979; Kurihara and Bender,
1980; Kitade, 1979.
Ooyama, 1984; DeMaria and Schubert. 1984; Schubert and DeMaria.
1985.
Ooyama, 1969; Yamasaki, 1968; Rosenthal. 1970; Sundqvist, 1970a;
Kurihar~, 1975; Peng and Kuo, 1975; Wada, 1979.
Ooyama, 1969; Rosenthal, 1971b; Chang and Anthes, 1979.
Rosenthal, 1979.
Challa and Pfeffer, 1984; Li, 1984 (personal communication).
Challa and Pfeffer, 1980; Pfeffer and Cha11a, 1981.
Sundqvist, 1970b.
Anthes et al .. 1971a, 1971b; Kurihara and Tuleya, 1974; Tuleya
and Kurihara, 1975; Jones, 1977b; Yamasaki, 1984 (personal
communication).
Anthes, 1972; Kurihara and Tuleya, 1974.
Anthes, 1972.
Kurihara and Bender, 1982; Bender and Kurihara, 19R3.
Anthes, 1972; Jones, 1977c; Yamasaki and Oonishi, 1985 (personal
communication).
Sundqvist, 1972; Anthes and Chang, 1978; Chang, 1979.
Sundqvist, 1970b, 1972; Rosenthal, 1971a.
Tuleya and Kur1hara, 1978.
Chang, 1983.
Madala and Piacsek, 1975; Jones, 1977c; Kitade, 1980.
Jones ~ 1977a.
Chang and Madala, 1980.
Moss and Jonas, 1978; Tuleya et al., 1984.
Chang. 1982; Bender et al., 1986.
~

h

n
o
p
q
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s
t
u
v
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WMO/CAS INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES
Topic 6. 2 . Parameterization of Physical Processes in Tropical Cyclone Models
R. A. Anthes
National Center for Atmospheric Research*
Boulder, Colorado 80307
27 August 1985

1. INTRODUCTION
This section reviews the problem of relating physical processes, such as turbulent
fiuxes of heat, moisture, and momentum, clouds and radiation, and changes of phase of
water that are unresolvable by tropical cyclone models to the parameters resolved and
predicted by the model (a process termed parameterization).
Numerical weather prediction models are limited in their accuracy by three sources of
error: (1) truncation errors associated with the replacement of the continuous differential
equations governing nonlinear fluid motion by approximations (e.g., finite differences or
truncated spectral representations), (2) errors in the initial conditions of the atmospheric
variables predicted by the model, and (3) errors in the approximations of complex physical
processes such as radiation, condensation and evaporation, mixing of heat, moisture and
momentum, and frictional dissipation.
It is of great theoretical and practical interest to determine the relative contribution
to the total forecast error by each of the three classes of error. Such estimates are difficult
to establish quantitatively. Wiin-Nielsen (1976) presents results from an analysis made by
A. Robert based on an error budget over the relatively data-rich region of North

A~erica.

Given the total error as 100%, he estimated the contribution due to various sources of
* The National Centcr for Atmospheric Research is sponsored by the National Science
Foundation.
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error (Table 1).

The error estimates of Table 1 were conducted in the early 1970s with a five-level
model with 381-km horizontal resolution which used second-order finite differences. The
contribution of the three types of error to errors in tropical cyclone model forecasts is expected to be quite different for several reasons. First, unlike many middle-latitude weather
systems which derive their energy from large-scale temperature contrasts and wind shear,
tropical cyclones owe their existence to release of latent heat, heat and water vapor fiuxes
from the ocean's surface, and radiation. Second, tropical cyclone models have much higher
horizontal resolution than 381 km-typically 10-20 km,--so that truncation errors are expected to play a smaller role in the total forecast error. Finally, tropical cyclones occur
often in data-poor regions, hence uncertainties in initial conditions probably contribute
more to the forecast errors than the estimate in Table 1. Based on these considerations,
many numerical experiments with idealized data sets performed by various groups over the
past 15 years, and numerical experiments with real tropical storms (e.g., Mathur, 1974;
Hoke and Anthes, 1977; Low-Nam, 1982; Fiorino, 1985; Dell'Oso and Bengtsson, 1985), I
make guesses of the contribution to errors in tropical cyclone models (Table 2).
According to these speculative estimates, errors in initial conditions account for most
of the error in the track forecast, while errors in the physical parameterizations account
for about half of the errors in intensity. This latter estimate is based on many numerical
experiments with idealized data sets in which considerable sensitivity to model physics
has been demonstrated. There have been no systematic efforts to predict the intensity
of individual storms with real data.

An important goal of the next decade is to make

quantdative estimates of the contribution of various sources of error to tropical cyclone
forecasts.

2

2. PHYSICAL PROCESSES IN NUMERICAL MODELS OF TROPICAL CYCLONES ' · 2,_
The physical components of modern numerical weather prediction models include
the modeling of energy sources and sinks associated with fiuxes of heat, moisture, and
momentum at the earth's surface, in the planetary boundary layer, and occasionally the
free atmosphere.

In the free atmosphere, these vertical fiuxes may be associated with

deep moist convection, vertically propagating gravity waves induced by flow over irregular
surfaces (orographic effects), or instabilities which develop from large-scale processes (such
as Kelvin-Helmholtz instabilities).
Other important physical processes include radiation and changes of phase of water in
clouds of all types and scales. All of the above physical processes are highly interactive and
are associated with scales of motion much smaller than those resolvable by models. For
example, clouds involve scales of motion ranging from microphysical processes ( 10- 8 m) to
the global scale 10 7 m, a range of more than 15 orders of magnitude in spatial scale. The·
effect of physical processes such as clouds and radiation on the scales resolved by the model
thus depends strongly on "subgrid-scale" processes. Relating the cumulative effects of these
subgrid-scale processes to the resolvable scales of motion is known as parameterization. A
brief review of approaches to parameterizing various physical processes in tropical cyclone
models is presented in the following sections. A summary of the physical parameterizations
used in recent tropical cyclone models is presented in Table 3.
2.1 Surface-layer and planetary boundary-layer processes
There are essentially two methods of parameterizing the surface layer (0-100 m) and
the planetary boundary layer (PBL) in tropical cyclone models. Most models use the wellknown bulk aerodynamic method which treats the surface layer and PBL as a sing-le layer
and models the surface fiuxes of heat, moisture, and momentum by exchange coefficients.
According to this method, the surface fiuxes of sensible heat ( H s) and moisture (HE) are
given by
3
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Hs = CpCEPaiVaJ(Tsea- Ta),

(2.1)

HE= pCEJVaJ(qseaqa),
,....

(2.2)

where C P is the specific heat at constant pressure,

p

is density,

f

is horizontal velocity,

Tsea is sea-surface temperature, T is temperature, q is specific humidity, qsea is saturation
specific humidity at the sea-surface temperature, and C E is an exchange coefficient of order
2 x 10- 3 . The subscript a in (2.1) and (2.2) refers to a level a few meters above the surface.
The downward flux of momentum at the surface is

Ts

= CnPaiVaJVa,

""-

(2.3)

where Cn is the drag coefficient of order 2 x 10- 3 • The exchange coefficients may be
constant or vary with roughness or static stability. The bulk-aerodynamic method is
simple, computationally efficient, and has been reasonably successful in many tropical
cyclone models (Table 3).
A second class of PBL models is based on Monin-Obukhov (M-0) similarity theory.
In these models, the fluxes of heat, moisture, and momentum are given by expressions of
the form

Hs = -CpPaku.T*,

(2.4)

HE= Paku.q,.,

(2.5)

78

2

= PaU*'

where u* is the ''friction velocity" and is given by
4

(2.6)

kVa
~

U*

= R.n Za _ '1/Jm'

'·'

(2.7)

Zo

and T. and q .. are given by

T

-

Tsea

a
T., = R.nza
_ '1/Jh '

(2.8)

Zo

Qa- Qsea

q ..

£nZa_'lj;h

(2.9)

Zo

In these relations, k is the Karman constant (about 0.4) and '1/Jm and ,1,bh are empirical
functions of static stability such that the fiuxes are enhanced for unstable conditions and
decreased for stable conditions.
While most typical cyclone models use the bulk PBL parameterization, several models
have used the second type of parameterization with several model layers in the lowest.
kilometer of the atmosphere. The GFDL model (Kurihara and Tuleya, 1974) uses MO similarity theory and contains seven layers below 1 km.

Anthes and Chang (1978)

used another version of M-0 similarity theory and defined five model layers in the lowest
kilometer.
These models, though requiring more computer time (an additional five layers or so),
provide for more generality than the bulk PBL models, for example, during conditions
in which strong vertical gradients of temperature, wind, and moisture exist. Also, the
high-resolution models may give results qualitatively different from the bulk schemes. For
example, the simulation of Anthes and Chang (1978) showed downward fiuxes of heat
throughout the PBL in the inner portion of the storm rather than upward fiuxes as predieted by models using the bulk PBL schemes. The PBL of nearly constant potential
temperature (Fig. 1) was maintained by mechanically driven, downward heat flux associated with entrainment of air of higher potential temperature from above the PBL. A
similar result was reported by Kurihara (1975). Downward heat fiuxes have been ob5

served in the PBL of real storms (Black, 1983). However, in portions of real storms where'·'
mesoscale downdrafts of cool air penetrate the PBL, the fluxes of heat are undoubtedly
upward. Such downdrafts were not possible in the models of Anthes and Chang (1978)
and Kurihara (1975).
Early theories of tropical storm formation (Ooyama, 1964; Charney and Eliassen,
1964) credited surface friction with inducing large-scale upward vertical motion in synopticscale regions of positive low-level vorticity. This large-scale upward motion would favor
the development of cumulus clouds, and the latent heat released in these clouds would
accelerate the larger scale circulation. The instability of the larger scale circulation to
this positive feedback was termed Conditional Instability of the Second Kind (CISK), and
surface friction was a key part of the theory. Recent model results, however, indicate that
tropical cyclones may form in models without friction playing an essential role in the early
stages (Yamasaki, 1977, 1983; Wada, 1979). In these as well as in other models, friction
does contribute substantially to the model storm evolution in the more intense stage (when
surface winds exceed about 15 m s- 1 ).
In numerical simulations of a case of explosive marine cyclogenesis, Anthes (1985b)
compared simulations of the QE-II storm (an intense Atlantic storm of 9-10 September
1978, so named. because it damaged the luxury liner Queen Elizabeth II-see Gyakum,
1983a,b, and Anthes et al., 1983) with two types of PBL parameterizations. One experiment (Exp. 6) used a bulk parameterization of the PBL following Deardorff (1972). The
other experiment (Exp. 7) used the medium-vertical-resolution model of Zhang and Anthes (1982). Fig. 2 shows the 24-h forecast for Exp. 7 of sea-level pressure and streamlines
at the lowest level of the model. Fig. 3 shows the difference in 24-h simulations of surface
pressure between Exp. 7 (medium-resolution, explicit PBL model) and Exp. 6 {bulk PBL
model). Although both experiments include surface energy fluxes, the simulation with the
explicit PBL model shows a considerably more intense cyclone. This difference is caused
by enhanced vertical transfer of energy away from the layer adjacent to the sea surface
6

in Exp. 7 and a resulting increase of transfer of energy from the sea. The net effect is a' • 2,_
greater energy input into the cyclone system .
. Fig. 4 shows vertical cross section of differences in potential temperature and specific
humidity between Exps.

7 and 6.

The differences initiated by variations in the PBL

formulation extend throughout the troposphere. The complex pattern reflects dynamical
feedbacks associated with changes in intensity and location of the storm center.

The

significant differences are a warmer, drier central region of the storm and, in general, a
thin layer of the drier air next to the surface. The drier layer allows for enhanced rates
of evaporation in Exp. 7 and an increase in precipitation. The increased latent heating
affects the structure above the PBL, resulting in a more intense storm.

2.2 Turbulent mixing above the PBL
Most tropical cyclone models parameterize the vertical mixing of heat, moisture, and
momentum above the PBL using K theory, e.g., the vertical flux of momentum due to
tur 0ulent eddies is given by

ulwl =

where

u is

au

-K z-a,

z

(2.10)

the resolvable-scale, model-predicted, west-east velocity component and ut and

wr are turbulent (subgrid-sc'ale) horizontal and vertical velocity fluctuations. The eddy

viscosity coefficient Kz has been specified as a constant in some models or allowed to
vary as a function of a local Richardson number (Ri) or turbulent kinetic energy (TKE) in
more complex models. The effect of vertical mixing can be substantial, especially in models
which explicitly predict cloud and precipitation water (Rosenthal, 1978; Willoughby et al.,
1984; Lord et al., 1984).

2.3 Horizontal mixing
Most numerical models of tropical cyclones parameterize the effects of horizontal mixing due to subgrid-scale eddies by K theory, e.g.,

7

~.z

(aa)
at

=V'·KH\i'a,

(2.11)

= -\72KIH\7 2a,

(2.12)

HMIX

or

(aa)
at·

HMIX

where a is any variable, KH is a horizontal eddy viscosity, and

KfH = .6.s 2 KH,

(2.13)

where As is the horizontal grid length. Both formulations are included mainly to suppress numerical instability in the shortest wavelengths ratlier than to represent physical
processes. The formulation given by (2.12) is more scale-selective than (2.11), providing
greater damping of short waves (wavelengths less than 4.6.s) and less damping of longer
waves. Most numerical modeling results are relatively insensitive to horizontal mixing,
except possibly in the eyewall region. An exception, however, was reported by Fiorino
(1985) who indicated that horizontal diffusion in the U.S. Navy's Nested Tropical Cyclone
Model (NTCM), by affecting the size of the tropical cyclone, was important in the longrange (72-h) performance of the model. Better forecasts were obtained with lower values
of diffusion.
2.4 Condensation and precipitation processes
The release of latent heat of condensation provides the most important source of
energy for tropical cyclones. The intensity of model cyclones is sensitive not only to the
amount of latent heating but also to its vertical distribution.

Four types of cumulus

parameterization schemes have been used in tropical cyclone models: (1) moist conyective
adjustment (MCA) schemes, (2) Kuo schemes, (3) Arakawa-Schubert (1974) scheme, and
(4) explicit prediction of condensation and precipitation.
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2.4.1 Moist convective adjustment

Moist convective adjustment (MCA) schemes are among the simplest methods of parameterizing the effects of cumulus convection on the environment. In MCA parameterizations, it is assumed that there exists a critical temperature and moisture profile associated
with the large-scale thermodynamic field. When the large-scale sounding becomes more
unstable than this critical state, it is adjusted toward the critical, more stable state. This
stabilization is assumed to be caused by cumulus convection.
A variety of MCA schemes has been proposed and tested in models (Manabe et al.,
1965; Miyakoda et al., 1969; Krishnamurti and Moxim, 1971; Kurihara, 1973). In its most
severe form, the so-called hard convective adjustment, an initial large-scale sounding in
which ~~ > 0 is adjusted so that Be or, equivalently, moist static energy h, is constant
with height (Krishnamurti et al., 1980).
The h.1rd MCA is simple to implement and conserves total moist static energy, since
the average value of h in the adjusted sounding is equal to that of the initial sounding.
However, it produces unrealistic modifications to the large-scale sounding by excessively
cooling and drying the lower troposphere. Because of the removal of too much water vapor
during the adjustment, the rainfall rates are much too large (Krishnamurti et al., 1980).
Because of the unrealistic modification to the large-scale thermodynamic fields and the
erroneous rainfall rates, the hard MCA may be considered unsuitable for use in numerical
models.
Because of the problems associated with the hard MCA schemes, several versions of
MCA have been developed which produce much slower and more realistic adjustments
to the large-scale sounding (Manabe et al., 1965; Miyakoda et al., 1969; Kurihara, 1973;
Krishnamurti et al., 1980). These methods are known as soft adjustment schemes. In the
Kurihara (1973) scheme, moist convection occurs if a hypothetical entraining cloud can
develop given the model's temperature and moisture sounding. The vertical profiles of
9
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temperature and moisture are adjusted according to the condensation and vertical trans-

ports of heat and moisture in the cloud. This adjustment occurs gradually, so that a
neutral sounding is not necessarily present where clouds occur. This scheme has proven
successful in the GFDL hurricane model (e.g., Kurihara and Tuleya, 1974; Kurihara and
Bender, l980; Kurihara and Tuleya, 1981).
2.4.2 Kuo schemes

As reviewed by Anthes {1985a), there is a strong correlation between observed convective rainfall and total large-scale convergence of water vapor in a column. These observations suggest that large-scale water vapor convergence is a useful variable to parameterize
the effects of convection in large-scale models, and many cumulus parameterizations have
been based on a relationship between convective rainfall and large-scale moisture convergence. These schemes are called Kuo schemes here because of the early work by Kuo
(1965). Versions of the Kuo (1965) scheme include those by l\.uo (1974), Anthes (1977),
Lian (1979), ¥rishnamurti et al. (1980, 1983), and Molinari (1982).
In Kuo schemes, the total convective heating is proportional to the vertically integrated moisture convergence Mt

[P•
fo

C*dp = (1- b)gMt,

lip.

Mt = - -

g

0

V' · q V dp,

(2.14)

(2.15)

""'

where p 8 is surface pressure, C* is the condensation rate, and b is a fraction of the moisture
convergence that is stored and acts to increase the humidity of the column. The fraction
b has been related to the mean relative humidity of the column (Anthes, 1977),- to the

horizontal advection of water vapor (Krishnamurti et al., 1980), and to the differences
between the temperature and specific humidity of a wet adiabat and the environment
(Kuo, 1965; Molinari, 1982). After b is determined, (2.14) relates the total rainfall rate
10
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to the total moisture convergence. The vertical distribution must then be determined. In
Kuo's original scheme, this distribution was given by the distribution of (Tc- T), where Tc

is the temperature of a wet adiabat. In Anthes's (1977) scheme, the vertical distribution
was given by the vertical distribution of condensation in a 1-0 entraining cloud model.
2.5 Arakawa-Schubert scheme
Arakawa and Schubert (1974) developed a sophisticated cumulus parameterization
scheme, primarily for general circulation models,. that is considerably more general than
the Kuo schemes. In particular, a spectrum of cloud types is considered, the scheme
is coupled with a model of the mixed layer, and the large-scale forcing function involves
horizontal and vertical advection, radiation, and surface fluxes of heat and moisture (rather
than only large-scale moisture convergence as in K uo schemes).
The Arakawa-Schubert (AS) scheme assumes that an ensemble of cumulus clouds
affects the environment in two major ways, by inducing subsidence between the cloud
which warms and dries the environment and through detrainment of saturated air which
contains liquid water from the cloud top. Evaporation of the detrained cloud water causes
a cooling and moistening of the environment. To determine these effects quantitatively,
one must determine the vertical distributi<?n of the total mass flux by the clouds, the
detrainment of mass from the clouds, and the temperature, water vapor, and liquid water
contents of the detrained air.
The cloud mass flux is determined by assuming that a property of the large-scale
atmosphere, called the cloud-work function, is in a quasi-equilibrium state, determined by
an approximate balance between large-scale processes and the effects of cumulus convection. The cloud-work function is a measure of the integrated buoyancy force in the clouds.
A close balance between the large-scale and small-scale effects produces a series of quasibalanced states from which the cloud mass flux can be determined from the large-scale
variables.
To my knowledge, \Vada (1979) is the only published paper that discusses the use of the
11
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AS cumulus parameterization. This was a five-layer model that contained three cumulus
cloud types-low, middle, and tall cumulus clouds. In general, this model produced a
realistic simulation; however, there was an unrealistic drying of the lower levels in the
regions with convection.

2.6 Sensitivity of an intense oceanic cyclone to parameterization of latent heating
While forecasts of real tropical cyclone intensities have not been emphasized in the
literature, there have been attempts to model cases of explosive marine cyclogenesis (called
"bombs" by Sanders and Gyakum, 1980). These ocean cyclones bear some resemblance in
size, intensity, and structure to tropical cyclones, and so their modeling is relevant to this
discussion.
Anthes et al. (1983) found differences in sea-level pressure of 17mb in a 24-h forecast
of the QE-II storm between experiments with and without latent heating. The simulation
of the QE-II storm was also sensitive to the method of parameterizing the latent heating.
In an experiment in which only grid-scale (resolvable) condensation and precipitation were
allowed, a more intense storm (12 mb lower central pressure) was produced.
In recent research at NCAR of an intense cyclone over the eastern Pacific in November
1981, a simulation with a simplified version of the Anthes (1977) cumulus parameterization
scheme produced a stronger storm than was forecast by the NMC Limited Fine-Mesh
Model (LFM), but considerably weaker than observed (Figure 5). However, when gridscale condensation only was permitted, either through a prognostic equation for water
vapor alone or with an explicit water cycle (prediction equations for cloud water and rain
water in addition to water vapor), a much more intense storm was simulated (Fig. 5).
These results are consistent with those found in the QE-II simulations and indicate that
the vertical profiles of heating associated with the explicit schemes have maxima l?wer in
the troposphere than the cumulus parameterization scheme.

12
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3. RADIATION

Very few tropical cyclone models have considered the effects of radiation, mainly because typical diabatic cooling rates due to radiation are about P Cjday-much smaller
than diabatic heating rates due to latent heating. However, as discussed by Anthes (1982),
observations indicate a strong diurnal variation in tropical cyclone cloudiness and intensity,
and this oscillation is almost certainly due to modulation of the convection by differential radiative heating. In experiments with and without radiation, Kurihara and Tuleya

(1981) found that radiation had an important effect in an intensifying disturbance (Fig. 6).
By cooling the outer clear regions more than the cloudy, interior regions, the large-scale
baroclinity was enhanced, which increased the large-scale radial-vertical circulation and
the convective heating. A similar though smaller effect (b~cause the latent heating was
specified rather than allowed to feed back with the tropical cyclone vertical circulation)
was found by Anthes (1971). Kurihara and Tuleya's results strongly suggest that radiation
should be considered in f~ture operational tropical cyclone models.
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4. SUMMARY AND RECOMMENDATIONS

'·'

This introduction to parameterization of physical processes in tropical cyclone models
presented evidence that physical processes associated with energy transfers at the sea surface, turbulent fiuxes in the planetary boundary layer, cumulus convection and stratiform
precipitation, and clouds and radiation play a major role in determining the intensity, and
to a lesser extent the track, of model tropical cyclones. It can be argued that deficiencies
in the present physical parameterizations are a major source of model error on time scales
of 0 to 3 days.
Pending discussions at the workshop, I suggest the following recommendations:
(1) There should be a systematic effort to quantify errors in tropical cyclone track
and intensity due to uncertainties in the initial conditions and the physics.
(2) There should be a systematic intercomparison of models with different physical·
parameterizations on the same idealized data sets.
(3) Production of community data sets of real storm cases should be encouraged for
tests of 3-D models and intercomparison of results.
(4) Increased attention should be focussed on the role of radiation and its interaction
with clouds in tropical cyclone models.
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Table 1. Contribution to total error in numerical weather prediction
model for short-range forecasts (approximately two days)
(Wiin-Nielsen, 1976).
Total truncation error
(Horizontal 38%, vertical 9%, temporal!%)

48%

Initial conditions

18%

Physics

34%

Total

100%

Table 2. Subjective estimates of error in numerical forecasts
of tropical cyclones for short-range (3-day) forecasts.
Track of Storm

Intensity of Storm

Total truncation error

10%

10%

Initial conditions

70%

40%

Physics

20%

50%

100%

lOO%

Total

Table 3. Physical parameterizations used in tropical cyclone models.
Model/
References

PBL and
Surface
Layer

Vertical
Diffusion
above PBL

Horizontal
Diffusion

Latent
Heating
and Precipitation

Radiation

Anthes and Chang
(1978)

Similarity theory,
multilevel

Kz(l,Ri)

yr2

K uo type (Anthes,
1977)

None

GFDL (Kurihara
and Bender, 1980;
K urihara and Tuleya,
1981)

Similarity theory,
multilevel

Kz(l, Ri)

yr2

Soft MCA

Yes

Jones (1980)

Bulk

Kz(l,Ri)

yr2

Explicit, prediction
of qv only

No

Kitade (1980)

Bulk

Constant Kz

yr2

Modified Kuo (1965)

No

Navy-NCTM
(Fiorino, 1985)

?

?

'\7 2 or V 4

Specified

No

Navy-NRL (Chang
and Madala, 1980;
Chang, 1982)

Similarity theory,
(Chang, 1979)

?

yr2

Kuo (1974)

No

NMC-MFM
(Hovermale and
Livezey, 1977)

Bulk

Kz

V2

Kuo type

No

Willoughby et al.
(1984)

Bulk

Kz(l,T.K.E.)

yr2

Prediction of
qv, qc, qr, qi,, qg

No

Yamasaki (1977,
1983)

Bulk

Constant Kz

yr2

Prediction of
qv,qc,qr

No

Wada (1979)

Bulk

Constant Kz

yr2

Arakawa-Schubert

No
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mb) and streamlines at lowest level (u = 0.999, z ""' 8 m). The minimum pressure is 960 mb
and the maximum wind speed is 50.2 m s- 1 on the western side of the storm center.,Fronts
are located subjectively.
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Operational numerical modeling of tropical cyclone motion
Michael Fiorino, Rapporteur
Naval Environmental Prediction Research Facility
Monterey, CA 93943.5006
USA

ABSTRACT

There are four numerical prediction models that routinely forecast tropical cyclone motion. This report reviews: 1) the
origins of the current models; 2) their numerical and physical
features; and 3} their track performance characteristics.
Dynamic models are now providing superior long-term guidance,
despite a slow speed bias, because of their ability to predict
the overall track type (e.g., recurver, straight runner, etc.).
Although the next-generation systems will need to emphasis the
data assimilation process, there remain important modeling
issues. In particular, the ability of the model to initialize
and simulate the observed storm structure. We expect that a
combination of well-designed empirical procedures and improvements in the model/analysis system will result in steady gains
over the small, but significant, skill of the present models.
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1.0

Introduction
Numerical tropical cyclone models have recently proven to

be successful in the operational prediction of tropical cyclone
motion.

In spite of this recent success, the three major

forecast centers that run such models have independently
concluded that the current generation of models have reached
their development limit and that completely new systems will
be required for further improvements.

This paper first reviews

the current suite of numerical models to summarize where we
now stand.

Operational results will then be used to identify

critical problems areas and to anticipate prospects for the
future.

2.0

State of the Science (and the Art) Review

Numerical weather prediction (NWP) models can be applied to
et
the forecast~tropical cyclone motion in essentially two ways. In
the INDIRECT method, the model output provides predictors for
statistical schemes (e.g. Matsumoto, 1984) or supplies the largescale forcing for point-steering techniques (e.g. Renard et al.,
1973; Kasahara, 1957}.

In the DIRECT method, both the storm and

the environment are predicted with the forecast track coming
directly from the solution (e.g. point of minimum sea-level
pressure).

The DIRECT method has been tested using both

barotropic and baroclinic models and good overall reviews can
be found in Elsberry (1979) and Anthes (1982).

However, we will

concentrate on baroclinic models and Q!l the long-term (48-72 h.l
forecast period for a number of reasons.

1

First, barotropic

,.3
models have not really been successful in long-term forecasting
outside of the deep tropics where the need is greatest for
improved forecast guidance (Neumann and Pelissier, 1981).

More

importantly, simple baroclinic models have been shown to be very
useful without a great deal of computing (further support will be
provided in the next section).
Short-term motion is known to be persistent and improvements
in the 24 h forecast will depend more on the ability to locate
the storm center and to correctly interpret and extrapolate
smoothed motion, rather than on a less-than-perfect analysis and
prediction of the large-scale forcing.

In contrast, the skill

of the long-term forecast (48-72 h) is strongly dependent on the
prediction of synoptic features.

We would therefore expect the

greatest advantage of the dynamical models to be to 48-72 h
forecasts.

2.1 Development of the current operational models
The current baroclinic forecast models can trace much of
their origins to the work of Harrison (1969) and Elsberry and
Harrison (1972) and Miller (1969) or Miller et al. (1972).

Both

research groups developed multi-layer, primitive equation models
with a full set of physical parameterizations and initialized the
models real data.

It was demonstrated that tropical NWP models

were not only computationally and numerically feasible, but that
some tropical cyclone features could even be eredicted.

After

these initial attempts at real-data forecasting, future efforts

2
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split into two schools -- one emphasizing the synoptic-scale
or steering aspects of the motion problem and the other
concentrating on the tropical cyclone scale.

Representative

papers from the synoptic school include Harrison (1973), Hinsman
(1977), Ookochi (1978), Hodur and Burk (1978),

and Harrison and

Fiorino (1982), while the work of Mathur(1974) and Hovermale and
Livezey (1977) are good examples from the approach emphasizing
the tropical cyclone simulation.
The principal advantage of the synoptic approach is that the
computational savings achieved through a simple treatment of the
tropical cyclone allowed a great number of cases to be run
(important to operations).

Because the tropical cyclone school

advocates that most of the computational energy should be devoted
to the storm simulation, few cases have been run with these
models.

The next section will review the current suite of

operational models from the two modeling viewpoints.

Only the

most recent versions of the model will be described.
2.2 The operational models of 1985
There are four baroclinic models making routine tropical
cyclone track forecasts.

The Japan

Meteorological Agency

(JMA) runs their Moving Nested Grid (MNG) model for tropical
cyclones threatening the islands of Japan.

The U.S. Navy Fleet

Numerical Oceanography Center (FNOC} runs two

models~

the One-way

influence Tropical Cyclone Model (OTCM) and the Nested Tropical
Cyclone Model (NTCM).

The National Meteorological Center (NMC)

3
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Movable Fine-mesh Model (MFM) is run only on tropical cyclones
that threaten U.S. coastal interests (including the Hawaiian
Islands).
Details of the models have not been well documented in the
open literature.

Appendix A, based on unpublished manuscripts

and conversations with the developers, has been included to give
a complete description of the models.

The following overview

summarizes essential model features and should be sufficient
for discussion purposes.

Please refer to the appendix for more

details.
THE

Type of model
Developer (Users)
Year of implementation
Number of grids
Number of layers
Grid resolution
Domain size
Physics
Storm specification
Synoptic flow specification
Mass-momentum balancing
Lateral boundary conditions
Pre-processing
Post-processing
Number of new versions
since implementation
Development since
implementation
Overall performance
Characteristics

OTCM
Synoptic school.
NEPRF (JTWC)
1979
1 (See Fig. 1)
3

205 km.
Approx. 6200x4600 km.
Analytic heating function to
maintain the vortex.
Vorticity bogus.
Forecast of the FNOC global
model.
Remove initial divergence and
diagnose mass using the reverse
balance equation.
One-way influence with FNOC
global model.
Bias-corrector (Shewchuk and
Elsberry, 1978).
None.
None.
None.
Good consistency from case to
case, slight speed bias (slow),
good on recurvature.

4
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THE NTCM (1.o)

Type cif model
Developer (Users)
Year of implementation
Number of grids
Number of layers
Grid resolution
Domain size
Physics
Storm specification
Synoptic flow specification
Mass-momentum balancing
Lateral boundary conditions

Pre-processing
Post-processing
Number of new versions
since implementation
Development since
implementation

Overall performance
Characteristics

Synoptic school.
NEPRF (JTWC, NHC)
1981
2 (See Figs. 1 and 2)
3

205 km and 41 km.
Approx. 8000x5600 km.
Analytic heating function to
maintain the vortex.
Spinup vortex from previous
integration.
FNOC tropical analysis.
Diagnose mass using the model
divergence equation.
One-way influence with FNOC
global model on the coarse grid
and two-way interactive on the
fine grid.
Adjust steering flow around storm
to match observed motion (minus
model beta drift)
Blend persistence with 72 h
forecast position to produce ~4
and 48 h forecast (Allen, 198~).
3 (1982, 1983, 1985)
Expansion of fine and coarse grid
domains, addition of pre- and
post-processing, one-way
influence boundary conditions,
storm spinup, more general
initialization {balancing)
procedure.
Significant slow speed bias,
greater variability in skill
than OTCM, but highly accurate
when model predicts the basic
track, has some skill for erratic
storms.

5
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THE MFM

Type of model
Developer (Users)
Year of implementation
Number of grids
Number of layers
Grid resolution
Domain size
Physics

Storm specification
Synoptic flow specification
Mass-momentum balancing
Lateral boundary conditions
Pre-processing
Post-processing
Number of new versions
since implementation
Development since
implementation
Overall performance
Characteristics

Tropical cyclone school.
NMC (NHC, EPHC, CPHC)
1975
1 (see Fig. 1)
10
Approx. 60 km.
Approx. 3000x3000 km.
Explicit parameterization of
cumulus convection (Anthes,
1977}, well-mixed PBL, largescale precipitation.
Spinup vortex from previous
integration.
NMC global initialized fields.
None.
One-way influence with NMC
global model.
None.
None.
2 (1976, 1982)
Smaller 2-D vortex by reducing
the sea surface temperature
(1976) 3-D spinup vice 2-D {1982).
Slow speed bias, excellent track.
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THE MNG

Type of model
Developer (Users)
Year of implementation
Number of grids
Number of layers
Grid resolution
Domain size
Physics
Storm specification

Synoptic flow specification
Mass-momentum balancing
Lateral boundary conditions
Pre-processing
Post-processing
Number of new versions
since implementation
Development since
implementation
Overall performance
Characteristics

2.2.1

Synoptic school.
ECC/JMA (JMA)
1982
3 (see Fig. 3)
3

Approx. 360 , 180 and 90 km
Entire northern Hemisphere,
5400x5400 km and 2700x2700 km.
Analytic heating function and
surface drag in the boundary
layer.
Sea-level pressure and
temperature profiles set by
observed storm parameters. Winds
geostrophically derived from the
mass field.
JMA global model initialized
fields.
None.
Fixed on the largest grid and
two-way interactive on the inner
grids.
Bias corrector (Shewchuk and
Elsberry, 1978).
None.
1 (1983)
Expanded coarse grid.
Slow speed bias, excellent track
in midlatitudes, strong northward
bias in tropics.

Comments on the models
Each of the above models has strengths and weakness.

The

OTCM is the simplest and has the best overall track record (no
pun intended) in operations in

t~e

Western North Pacific, but

cannot really be developed much beyond where it is today.
NTCM has the most sophisticated vortex specification of the
synoptic school models (NTCM, OTCM and MNG) and explicitly

7

The
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incorporates current motion into the initial conditions through a
modification of the steering flow around the storm.

The lateral

boundary conditions of the NTCM coarse grid have been shown to be
the most effective in terms of assimilating the superior synoptic
forecast of a global model into the NTCM environmental forcing
(Fiorino , 1985).

However, crude numerics and a lack of physics

prevents the NTCM (and the OTCM) from simulating the tropical
cyclone with much realism.

The MFM is superior to the other

models in this regard, but the horizontal domain is not large
enough to completely predict the vortex-environment interaction .
Further, the MFM does not use pre- or post-processing procedures
to improve the early forecasts.

The MNG is the only model that

attempts to match the model storm to the real tropical cyclone,
but then the NTCM is the only model that initializes (balance s)
the vortex and large-scale fields simultaneously.
2.2.2 An Advanced Tropical Cyclone Model

The next-generation dynamical tropical cyclone forecast
systems should combine the best features of the current models
and the U.S. Navy is now testing a prototype of a next-generation
system we call the Advanced Tropical Cyclone Model (ATCM).

The

·-···~··-

preliminary version (ATCMO .O ) is based on the Navy limited-area
model NORAPS (Hodur, 1982) and features:
10 layers in the vertical.
8lx61 points in the horizontal with a grid spacing of
80 km within a domain of approximately 6400x4800 km.

8
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Advanced numerics (Scheme C staggering of the variables
and split-explicit time integration).
A separate wind analysis/model assimilation cycle over
the entire Western North Pacific.
A full suite of physical parameterizations including:

*

Kuo (1974) cumulus parameterization and largescale precipitation.

*

A stability dependent boundary layer formulation
with a prediction equation for the PBL depth.

*
*

Short-wave and long-wave radiation.
Topography and a prediction of ground temperature.

The vortex is initialized with an intensity-dependent
vorticity bogus.
ATCMO.O will be run on all storms in the Western North
Pacific and the Atlantic during the 1985 season and the results
will be available by the IWTC.

The purpose of this.test is to

establish a baseline for future development, i.e. we need to know
how well existing limited-area modeling technology can be applied
to the tropical cyclone track (and intensity?) prediction
problem.

2.3 Performance Characteristics
This section will summarize the track prediction
capabilities of the four operational models.

We will emphasize

the 72 h forecast period, mainly because the strength of the
dynamical models is in the long-term forecast.

We have also

found that a combination of persistence and the straight-line
track between the initial and the 72 h position (from a dynamical
model) yields 24 h and 48 h forecast that are equally as good as

9
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any other prediction technique (Allen,
1985).

198~;

Fiorino and Tsui,

The implication is that the 72 h forecast will determine

the overall skill of an aid.
2.3.1 The northwest Pacific
The 72 h statistics of the best dynamical model used by JTWC
(OTCM or the various versions of the NTCM) are summarized in Table
1.

The numbers were taken out of the annual tropical cyclone

reports prepared by JTWC, Guam.
TABLE 1.

Year

1979 ( 1)
1980 ( 1)
1981
1982 ~ j ~
1983
1984

72 h statistics of the best dynamical aid used by JTWC
The number in brackets next to the number of cases-is
the total number of forecasts verified by JTWC. The
comparison is homogeneous.
Best
Model
OTCM
OTCM
OTCM
OTCM
NTCM
OTCM

Mean forecast Error (n mi)
for
Model
JTWC
Di ff.
329
437
322
326
412
366

347
361
293
332
335
364

+18
-66
-29
+ 6
-77
- 2

Number of
Cases
73 (368)
66 ~268~
68 249
299 ~428~
149 187
235 (286)

Key:
(1) The NTCM was not run in these years
(2) NTCM1.0 or the first version of the model
{3) First year of operations for the second version of
NTCM {NTCM2.0)
Notes:

1979 was the only year in which a dynamical model was
not superior to the other aids run for JTWC (72 h).
The version of the NTCM described in the text {NTCM3.0)
will begin running in the middle of the l2.~i
season ••.••
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The table clearly shows that the dynamical models are
competitive with the official forecast in terms of overall
forecast (vector) error.

The OTCM either was not run or failed

to make a 72 h forecast for many cases in the first two years of
its operational history and was thus difficult to use, but by
1982 reliability had improved dramatically.

Forecast skill has

remained remarkable consistent even with the implementation of a
global forecast model at FNOC in 1982.

The NTCM became competi-

tive with the OTCM in 1982, but hc1s not lived up to initial
expectations.

The sudden deterioration in the skill of the NTCM

in 1984 is difficult to understand, but the MNG performance also
suffered so we might reason that 1984 was a difficult year.

The

main point here is that the dynamical models are now driving the
long-term official JTWC forecast simply because of their superior
and mostly reliable skill.
The biggest problem with the dynamical models is their speed
bias (slow).

When the path of a storm is in doubt (almost always

the case), it is possible to reduce forecast error by reducing
the length (speed) of the forecast track.

Thus, one reason why

the dynamical models tend to have good forecast error is because
they are slow.

However, track error statistics confirm that it

is more than the speed bias and that the skill of the dynamical
models is in their ability to predict the overall track or track
type (e.g. recurver, straight runner, etc.).

Refer to Tsui

(1984) for a more details on performance .characteristics of the
NTCM and the OTCM.
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Mr. Y. Ookochi has provided MNG summary statistics for the
1982 through 1984 seasons (see Appendix B).

Although the sample

is limited to cases affecting Japan, the MNG is comparable to the
Navy models.
NE PR F,

In comparisons with the NTCM conducted by JMA and

we have noted a se r i o us northward b i as i n the MNG

"tropical" forecasts which we have attributed more to analysis
deficiencies rather than model problems.

Kanamitsu has provided

more information and a figure that illustrates the MNG tropical
bias (Fig. 4).
As

noted earlier) the models tend to be slow, but the MNG

and the NTCM seem to

be

the slowest.

We cannotdismiss the

possibility that the grid nesting may be part of the problem.
It appears that the synoptic school models have reached
their development

limit~

improvements will come from a

comb1na~

tion of better vortex simulation and an improved large-scale
analysis and the skill of the MFM (vis-a-vis baseline
persistence/climatology aids) points to the importance of
the tropical cyclone in the motion forecast.

2.3.2 The Atlantic
Mr. Char1ie Neumann of the Nationa1 Hurricane Center (NHC)
has performed a homogeneous comparison (at each forecast time) of
the MFM with some of the other NHC

the official forecasts (Table 2).

12
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Table 2.

MFM mean forecast error for the period 1975-1984.
Mean Forecast Error (nm)

Aid

Time period (h)

MFM
NHC
CL I PER
SAN BAR
NHC73
Number of cases:
Key:

CLIPER SANBAR NHC73
(1)

(2)

24

48

112
98
106
104
102

182
211
253
255
208

76

60

72
229 (1)
282
250 (2)
338
359
19

The "normaliiing" persistence/climatology
model.
The NHC barotropic model.
A statistical model that uses NWP forecasts
for predictors.
Only one year of 72 h statistics are
available because 1984 was the first year the
model was run to 72 h.
The decrease in 72 h error compared to
48 his-dueto sampling. The 48 h forecasts
from the 19 72 h case were better.

There are two important points to be made about the
comparison:

1) different versions of the MFM have been run

through the nine year period, but the main difference between the
versions was in the specification of the vortex; 2)

the number

of cases was very limited due to below-average hurricane activity
and the number of storms expected to affect U.S. coastal
interests.

Despite these limitations, it is still apparent that

the MFM is a very good forecast model in the sense it is the best
aid at 48 h and shows great promise at 72 h.

The skill of the

model is operationally significant because it was consistently
superior to the baseline aid CLIPER.

We also notice that the

dynamical-statistical technique NHC73 (INDIRECT method) and the
barotropic model SANBAR were not very competitive with the MFM.
13
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As in the Western North Pacific, we find the dynamical
models can provide more accurate long-term forecasts.

2.3.3 Other basins
The NTCM was the first dynamical model be routinely run on
Southern Hemisphere tropical cyclones.

Initial results (Harrison

and Fiorino, 1984) were encouraging, but the lack of data observations will be serious problem and we would not expect dynamical
models to have the same advantage that they

~urrently

enjoy in

Northern Hemisphere regions that are relatively data rich.

The

OTCM and NTCM are also running in the Indian Ocean and Arabian
Sea to support JTWC.

3.0 Conclusions and future progress
The current suite of dynamical tropical cyclone

forec~st

models were effectively developed from two different viewpoints
the synoptic school sacrifices physical realism of the vortex
simulation in favor of the environmental forcing, while the
tropical cyclone school emphasizes the storm simulation at the
expense of the large domains needed for the synoptic flow
prediction.

Both approaches have produced models with signifi-

cant skill in the long-range forecast periods.

It now appears

that the dynamical models can drive the operational forecast
process in the same way global models drive midlatitude synoptic
forecasts, providing there are sufficient observations.

The

challenge for the next-generation systems is to combine the
be$t feature$ of both

approa~hes.
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3.1 Critical problem areas
NEPRF held a project planning meeting on dynamical tropical
cyclone forecast models in January of 1985 (Elsberry and Fiorino,
1985).

The participants included operational forecasters from the

major U.S. forecast centers and specialists in tropical cyclone
modeling and data analysis.

Critical operational needs were

identified and the scientific problems that will have to be
overcome were discussed.

Two areas that dynamical models could

be most helpful, and for which there is very little in the way of
objective guidance, are multiple storm interaction (not just the
Fujiwhara effect) and the effect of topography on track.

It is

now feasible to study these problems with present computer
resources.
The conferees agreed that data analysis and initialization
are major sources of error in the current models.

An analysis

routine must be devised specifically for tropical cyclone
forecasting applications.

Lateral boundary conditions (because

they control the large-scale forecast) and vortex specification
and simulation are also limiting factors.

The next-generation

models will have to emphasis the tropical cyclone prediction.
As we improve our tropical cyclone simulations, we will be
ready examine intensity prediction.

Mathur has supplied a

concise summary of his work on intensity forecasting (see
Appendix C).

Mathur points out that even the models of today

have the capability to predict structure, but that initialization
is a major stumbling block.

Thus, we can anticipate that the

15
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next-generation systems will be making tentative steps toward
true vortex prediction, at least as part of the vortex
improvement for better track forecasts.
The operational participants at the NEPRF meeting reminded
the researchers that the true operationally significant forecast
parameter is the surface winds distribution and not the track per
se.

The principle reason why forecasters are demanding better

track guidance is that an improved track forecast necessarily
implies an improved wind distribution forecasts.
As computer resources increase so does the resolution of the
global models.

Kanamitsu argues in his rapporteur report (6.5)

that the global models coming on line will have sufficient
resolution to predict the gross aspects of the tropical cyclone,
including track if these models can be properly

initialized~

It

has been generally accepted that high horizontal resolution is
necessary for a good forecast, but the difficulties with the
two nested models makes this idea somewhat debatable.

Although

resolution may be required from a theoretical viewpoirit, it is
really the supply of observations that determines how much
resolution is effective.

It is very possible that the global

models may be adequate until more observations can be acquired.
Regardless, Kanamitsu•s ideas are thought provoking and must be
seriously con$idered,
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Figure 1.

Horizontal grid of the MFM, OTCM and NTCr-12 .0 (not described in text)
CG stands for the grid of the OTCM and the coarse grid of NTCM2 .0.
MFM is the .MFM grid and FG is the fine grid of NTCM2 .0.
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Horizontal grid of the .MNG and the staggering of the rrodel variables.
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Figure 4.

Distribution of 24 h displacerrents from the best track:. for a
selection of .MNG cases. South denotes those forecasts equato:rward of
25deg N, North those cases poleward of 25 deg N.
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APPENDIX A:

OPERATIONAL TROPICAL CYCLONE MODELS

This appendix describes the four operational models in
detail. Model information was derived from unpublished
manuscripts and conversations with the principle developers.
Only the most recent versions (as of 1985) are discussed.
Performance characteristics are found in the main body of the
report.

THE OTCM
SYNOPSIS: The OTCM is a single-grid, three-layer model in
pressure coordinates. The lateral boundaries are oneway influence with the FNOC global model. The tropical
cyclone is initialized as a vorticity maximum that is
weakly dependent on intensity. An analytic heating
functions is used to maintain the storm during the
integration. Current motion (persistence) is forced
into the forecast through a pre-processing adjustment
of the winds in the near-environment (Shewchuk and
Elsberry, 1978).
The OTCM is clearly a synoptic school model. Tropical
cyclone motion is assumed to be driven by the ~~ics
of the large-scale flow with minimal attention to the
vortex simulation as implied by the coarse horizontal
and vertical resolution and the analytic heating
formulation. The model originated as a non-nested
version of the two-grid nested model of Harrison
(1973).
The OTCM has been running routinely on all tropical
cyclones in the Western North Pacific since 1979. The
model is now being run on all storms in the Joint
Typhoon Warning Center (JTWC) area of responsibility
(Western North Pacific, the Australian region , the
Indian Ocean and the Arabian Sea). OTCM is the primary
long-range forecast aid used by JTWC.
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GRID:

- One grid (see Fig. 1)
- Grid spacing

= 205 km

- 32x24 points covering
4200 km {N~S)~
~Three

PROJECTION:

approximat~ly

6000 km

(E~W)x

.

.

equally deep layers from 1000mb to lOO mb.

Mercator

BOUNDARY CONDITIONS: One-way influence {Perkey and Kreitzberg,
1~76) with thE! FNOC global model.
PHYSICS:

An analytic heating function centered on the storm
1oc at ion. No boyndary 1 ay er.

INITIALIZATION: The vorticity from an FNOC global model forecast
(described by Elsberry and fiorino. 1985} provides the
initial wind~. An intensity-dependent, exponential
vorticity profile is used fgr the storm circulation and
replaces the large.soale vorticity field in the storm
vicinity. The winds (nondivergent) are derived from
the vorticity through the streamfu~ction. The mass
field is then diagnosed from the streamfunction via the
reverse balance equation with boundarY conditions and
the 1000 mb heights from the global model forecast

mass.
TRACKING: The model storm position corresponds to the minimum
~treamfunction

at the lowest model wind level (850 mb).
vortex in the OTCM can no longer be tracked at 72 h
approximately t5% of the time.

The
NUMERICS~

Pressure force averaging is used for the time
integration (Brown and Campana, 1978} and the variables
ar~ unstaggered (Scheme A}. The fields are ~moothed
every time step in the vicinity of the boundaries and
the entire model solution is 1fuoothed every six hours.
Time separation is controlled with a periodic Matsuno
(19.66) restart.

EMPIRICISM: Th' persistence addition or "bias-corrector"
procedure of Shewchuk and Elsberry {1978) forces
evrrent 5torm motion into the forecast,
REFERENCES: Hodur and Burk (1978) and Hodur (1181),

~o~,.
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THE NTCM l s.b)

SYNOPSIS: The NTCM is a two-grid, three-layer model in pressure
coordinates. The fine mesh grid (FMG) follows the
storm and is two-way interactive with the coarse mesh
grid (CMG). The latest version of the model has oneway influence lateral boundary conditions on the CMG
with forcing from the FNOC global model forecast. The
tropical cyclone is initialized with a previous model
solution in a no-flow environment (a "spinup"). The
analytic heating function that maintains the storm
during the integrati~n, and that was used to generate
the spinup, depends on the storm intensity. Current
motion (persistence) is incorporated into the forecast
by replacing the analyzed "steering" flow with the
observed storm motion minus the beta drift (Pike, 1972).
The NTCM is also a synoptic school model, but with the
potential for an improved storm simulation because of
the high resolution of the FMG. However, motion is
still primarily driven by the dynamics of the largescale flow. The NTCM is essentially the two-way
interactive nested model of Harrison (1973).
Several versions of the NTCM have been run
routinely on all tropical cyclones in the northwest
Pacific since 1981. The model is now being run on all
storms worldwide (since 1983) and was the first
dynamic model to predict Southern Hemisphere tropical
cyclones.
GRID:

Two grids (see Figs. 1 and 2)
CMG spacing= 205 km, FMG spacing= 41 km
The CMG has 40x30 points covering approximately 8000 km
(E-W) x 6000 km (N-S), while the FMG has 51x51 points
for a 2000 x 2000 km coverage of the storm circulation.
Three equally deep layers from 1000 mb to lOO mb

PROJECTION:

Mercator

BOUNDARY CONDITIONS: One-way influence (Davies, 1976) with the
FNOC global model for the CMG. Two-way interactive
(Harrison and Elsberry, 1972) at the FMG-CMG interface.
PHYSICS:

An analytic heating function centered on the storm
location. No boundary layer.
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INITIALIZATION: The large.scale winds on the CMG are interpolated
from the FNOC tropical analysis. The initial flow on
the FMG consists of three components: 1) a tropical
clclone circulation from a previous model integration
{ spinup 11 ) ; 2) a 11 Steerin·g 11 flow (Fiorino, 19.85); and
3) the large-scale flow interpolated from the CMG.
The tropical cyclone and steering flows are added to
form the 11 storm 11 winds. The final FMG flow is a
weighted combination of the storm winds and the largescale winds (see Fiorino and Warne.r, 1981).. The
we1ghting function has a radius squared dependence such
that the final winds within 400 km of the center are
approximately 901 storm flow while beyond 800 km the
initial FMG flow comes mostly from the large-scale
analysis. This procedure insures a smooth transition
from the trop1cal cyclone to the environment. Once the
winds are specified on both grids, the mass field is
diagnosed using the model divergence equation by
assuming the time-rate-change of divergence is zero.
The mass is analyzed on a larger grid to minimize
boundary effects (see Fig. 2). Although both the
rotational and divergent wind components are included
in the mass diagnosis, and a balance exists between
wiqds and mass, the gravity wave modes are not
explicitly treated.
TRACKING: The storm position corresponds to the maximum
.
vorticity in the lowest model layer (850 mb). The
storm can be tracked throughout a 72 h integration in
nearly every case.
NUMERICS: The flux form of the equations of motion are integrated
with a straight forward leap frog scheme. The
variables are unstaggered (Scheme A) in the horizontal.
Fourth-order diffusion on winds and mass is used to
control noise originating primarily due to the one-way
influence boundary conditions on the CMG. Time
separation is minimized with time filtering (Robert,
1966).-

EMPIRICISM: The steering flow on the FMG is replaced with the
current storm motion minus the model beta drift
similar to Pike (1972} and Jones (1964).
REFERENCES: Harrison (1973), Harrison (1981), Harrison and
Fiorino (1982) and Fiorino (19.86) •
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THE MFM
SYNOPSIS: The Movable Fine-mesh Model (MFM) was developed at NMC
in the early to mid 197o•s for hurricane forecasting
within the National Weather Service area of
responsibility (the Atlantic and Eastern North
Pacific), but has also been applied to heavy
precipitation situations in the midlatitude. The term
movable refers to the translation of the model grid
durina the integration while assimilating the global
model forecast in a one-way influence sense (as opposed
to the two-way interactive approach of the NTCM). The
model began operational track forecasting in 1975.
The MFM has a complete suite of physical
parameterizations (e.g. convective and large-scale
precipitation, bulk PBL parameterization) and 10 layers
in the vertical. With a fine grid spacing of
approximately 60 km, this model has the greatest
capability of simulating the structure and life cycle
of the tropical cyclone compared to the other forecast
models. The MFM is initialized with a model-generated
vortex (the spinup) and there have been attempts to
match this spinup with the observed storm (Livezey
1979a,b) Thus, the MFM is more strongly associated
with the tropical cyclone school than any other
operational model of today.
The large computational requirements of the model on
the pre-CYBER 205 computer system at NMC severely limited
development and operational testing. The model was
only run for storms that posed a significant threat to
U.S. coastal interests and then only to 48 h. The
computational speed up of the MFM on CYBER 205 has
permitted an extension of forecast period to 72 h.
Despite these limitations, the MFM
has proven to be the best aid for the longer term
forecasts (Neumann and Pelissier, 1981) in agreement
with the experience of the northwest Pacific models.
GRID:

One grid (see Fig. 1)
Grid spacing approximately 60 km.
The grid has 51x51 points in a 3000
km (E-W) x 3000 km (N-S) domain and moves to maintain the
storm in the center of the grid.
Ten layers (sigma coordinates)

PROJECTION: A latitude/longitude grid.
BOUNDARY CONDITIONS: One-way influence (see Newell and Deaven,
1981) with the NMC spectral global model.
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PHYSICS:

The cumulus parameterization is patterned after Anthes
(1977), but without an predictive cloud mo.del. The
boundary layer is parameterized with a bulk aerodynamic
formulation and includes fluxes of heat, moisture and
momentum. Large~scale precipitation is modeled in a
similar manner as the Limited-area Fine-mesh Model
{LFM) (see Gerrity ,1977). Radiation is not included.

I~ITIALIZATION:

~ The large-scale fields for mass, moisture and
momentum are interpolated from the initialized fields
of NMC spectral global model to the MFM grid and are
then heavily smoothed in the vicinity of the tropical
cyclone. A solution from a previous MFM integration
(the spinup) in a no-flow environment is then added to
these interpolated fields to yield the model initial
conditions. No attempt is made to force mass-momentum
consistency.

In early versions of the model, the spinup was
generated with an axisymmetric equivalent of the MFM.
A significant poleward bias in the track forecast was
traced to the inabi 1 ity of the 2-0 model to i ne lude the
beta effect in the spinup circulation. The current
vortex specification uses a ~catalog~ of 3-0 spinups
available every 5 deg of latitude.

TRACKING: The storm position corresponds to the maximum
vorticity in the lowest model layer.
NUMERICS: The semi-momentum form of the equations of motion
(Shuman and Stackpole, 1968) are integrated with the
pressure force averaging method of Brown and Campana
(1978). The variables are unstaggered (Scheme A) in
the horizontal.
·
EMPIRICISM: None
REFERENCES: Rieck (1976), Hovermale (1976, 1980), Hovermale and
Livezey (1977), Livezey and Hovermale (1978) Hovermale
et al. (1977), Livezey (1978), Livezey (1979 a,b)~ and
Fiorino et al. (1982}

~-A~

..

,.3
THE MNG

SYNOPSIS: The Moving Nested Grid (MNG) model is in many ways
comparable to the NTCM. Both models grew from
experiments with two-way interactive boundary conditions
(Harrison and Elsberry, 1972; Ookochi, 1972) and
feature high horizontal and low vertical resolution
with a simple representation of the diabatic effects of
cumulus convection. However, there are several important
differences between the models. The MNG uses advanced
numerics relative to the other operational models and
has a simple boundary layer parameterization.
Furthermore, the MNG system was specifically designed
for typhoon prediction, unlike the NTCM which was
developed to test two-interactive boundary conditions,
and there is an attempt to match the model storm to
observed typhoon.
·
In spite of these model differences the MNG (like the
NTCM) is still a synoptic school model, in the sense
that the initial large-scale flow will necessarily have
a greater role in the track forecast than the tropical
cyclone simulation. In general, MNG performance has
been as advanced as any other dynamic model in the
Western North Pacific, especially in the subtropics and
midlatitude. Model forecasts have been limited to
those storms with a potential threat to Japanese
interests. More details on MNG performance
characteristics will be given in the next section.
GRID:

Three grids in operations (see Fig. 3)
Grid spacing of approximately 360 km, 180 km and 90
km for the Area I, II and III grids, respectively.
The Area
northern
to cover
also has
Japan.

I grid has 65x65 points and covers the entire
Hemisphere, the Area II grid has 31x31 points
the Far East and the finest or Area III grid
31x31 points to encompass an area the size of

Three layers (sigma coordinates) between the surface
and lOO mb.
PROJECTION:

Polar Sterographic.

BOUNDARY CONDITIONS: Constant boundaries on the hemispheric
Area I grid with two-way interactive conditions for the
finer grids.
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PHYSICS:

The diabatic effects of convection are specified
analytically in the same way as the NTCM. Only
momentum fluxes are included in the PBL representation
and follow the standard drag formulation. Vertical
diffusion of momentum and temperature is also
included. A net cooling rate due to radiation
(approximately l-2 deg C/day) is added to the
thermodynamic forecast equation in the region outside
th~ storm.

INITIALIZATION: ~ The large~scale fields for mass, moisture and
momentum are provided by the initialization (not the
analysis) of the JMA's operational apectral
hemispheric model.
·
The mass field of the typhoon is specified with an
exponential function for sea-level pressure and a
temperature anomaly pattern. The vertical structure of
the temperature anomaly follows tha profiles of Riehl
and Malkus (1961) and the horizontal distribution obeys
an inverse radius squared relationship. The height
fialds are then hydrostatically calculated to yield the
initial typhoon mass field. The vortex winds are a
combination of a rotational component calculated from a
modified form of the geostrophic wind law and a
divergent component that varies linearly away from a
maximum near the center. These vortex fields ar~ added
to the spectral model fields that have been
interpolated downward from the coarsest (Area I) to the
finest grid (Area Ill). The combined fields are then
smoothed to give the MNG initial conditions. No attempt
is made to explicitly balance mass and momentum.
TRACKING: The storm position is the point of minimum sea-level
pressure. This minimum is found from a 2nd order, 2-D
polynomial fitted to the pressure field in the vicinity
~f the storm.
NUMERICS: The flux form of the equations of motion are integrated
using a split-explicit method and the variables are
staggered in the horizontal according to Scheme B.
(&ee Fig. 3)
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EMPIRICISM: The bias corrector method of Shewchuk and Elsberry
(1978) is used to force observed storm motion into the
forecast. The observed motion comes from the +0 to +6
(the model is not run until roughly +7 in the 12 h
operational cycle) vice the -6 to +0 h positions used
in Navy applications of the bias corrector. The
central pressure, the shape of the vortex sea-level
pressure function, the magnitude of the temperature
anomaly, and the horizontal shape factor in the
analytic heating function are specified from observed,
operational parameters. The magnitude of the heating
function is reduced during storm recurvature to improve
the forecast speed.
REFERENCES: Ookochi {1972, 1974, 1978, 1981, 1983 and 1984),
Nitta (1979?)
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*** KNG TYPHOON FORECAST VERIFICATION ***
198" MODEL (3L-85S-R) TYPHOON
(T8402)
YYNNE
CASE
T-12

T•24

T-36

r-•8
T=80
T•72

ALEX
Tz12
T•24
T-38
T-48
r-eo
'1'=72

ED

4
4
4
4
4
4

YDSO

YDSF

284.8
470.8
752.5
1029 ...
1324.8

331.5
813.3
886.9
1128.1
1398.4

107.4
403.0
796.1
1236.7
1698.9
2193.4

YDSF

UEVC

114-~

10~.1

UEVC

SDEV

MSPE

SDEV

WSPE

20.1
38.6
161.6
255.1
278.3
289.7

63.0
214.6
361.8
512.7
835.2
746.0

WSEB

SDSE

MSEB

SDSE

-63.0
-214.6
-349.7
-512.7
-635.2
-746.0

16.4
126.9
240.5
336.0
358.1
307.5

WU£

RAEB

SDRE

MRAE

RAEB

SDRE

36.6
68.1
268.5
13.9
530.0 -530.0
746.5 -745.5
947.0 -947.0
1143.2 -1143.2

39.8
67.7
117.6
218.0
302.3
369.6

(T8403)
CASE
2
2
2
2
2
1

YDSO

340.8
711.0
1103.3
15~2.5

2260.8
2802.6

241.8
624.6
756.9

1004.0
1184.0

113.6
215.5
321.6
641.2
1206.6
1682.5

MDSF

MEVC

8~8.9

10.8
56.6
97.9
199.4
335.8

-

104.1 -104.1
198.3 -198.3
353.4 -353.4
753.8 -753.8
1447.2 -1447.2
1932.2 -1932.2

16.5
77.9
99.7
247.0
360.0

-

44.2
84.9
25.1
166.6
458.1
682.2

44.2
84.9
1. 7
-188.6
-458.1
-882.2

13.2
28.0
1.7
105.6
56.8

(T8407)
T-12
T-24
T•36
'1'=48
T•SO
'1'=72

CASE
8
8
8
8
8

T-12

,_u

T•38
Ta48
'1'=80
'f•72

HOLLY
T•12
'1'=24
T=38
r-•a

, .. so

T•72

CLARA
T•12
T•24
T=38
'1'=48
'f•80
T,.72

!UO.~

SDEV

MSPE

254.8
346.6
438.5

31.8
50.8
86.8
107.0
90.8
151.8

MDSF

MEVC

SDKV

ItS PE

NDSF

MEVC

SDEV

NDSF

MEVC

MDSF

MDSF

185.9
408.0
598.8
785.8
932.5
1052.4

MSEB

SDSE

MRAE

RAEB

SDRE

MSEB

SDSE

MRAE

RAEB

SDRE

MSPE

MSEB

SDSE

MRAE

RAEB

SDRE

SDEV

USPE

itSEB

SDSE

MRAE

RAEB

SDRE

MEVC

SDEV

--

MSPE

MSEB

SDSE

--

MRAE

RAEB

SDRE

MEVC

SDEV

MSPE

MSEB

SDSE

MRAE

RAEB

SDRE

59.8
109.4
179~0

52.8
78.4
148.7
237.6
320.6
388.9

-41.3
-67.4
-109.7
-163.8
-216.7
-294.0

28.3
66.3
103.1
114.6
133.1
228.2

25.8
72.8
90.0
109.8
132.1
162.0

-3.2
14.9
36.6
34.0
34.4
53.4

16.0
28.6
67.7
94.6
122.7
140.1

(T8408)
CASE
2
2
2
2
2
2

MDSO

387.6
858.0
986.0
1312.1
1636.7
2013.7

325.2
820.5
914.6
1133.9
1315.9
a25.5

184.9
215.0
277.9
485.1
709.8
961.0

47.7
18.6
66.8
77.9
130.4
271.1

145.9
146.8
148.8
241.1
442.2
819.1

-71.4
-68.3
-88.8
-241. 1
-442.2
-819. 1

71.4
68.3
88.8
168.1
152.8
43.2

95.3
146.0
174.3
289.0
461.9
654.3

-95.3
-79.3
-173.0
-289.0
-461.9
-654.3

25.8
79.3
173.0
249.2
362.3
396.9

(T8410)
CASE
8
8

8
8
?
8

VANES SA
'f=12
T•24
T=36
T•48
T=60
T=72

223.8
4158.2
688.7

1111.2
1291.2

8

FREDA

YDSO

MDSO

188.7
433.8
705.5
972 ••
1148.7
1337.2

217.9
520.8
788.1
1042.1
1221.7
1368.2

60.1
180.0
298.4
352.0
396.5
464.9

23.5
96.9
135.0
188.4
243.3
178:9

32.5
149.9
279.5
335.7
361.3
427.0

22.9
74.8
73.3
62.8
26.2
-77.4

24.9
91.5
120.4
181.2
216.4
168.2

43.2
67.6
60.7
71.6
141.5
226.1

22.5
32.6
16.7
-2.3
-69.2
-137.2

23.3
49.2
58.1
60.9
112.9
91.2

(T8422)
CASE
2
2
2

2

YDSO

305.3
682.6
1192.8
U44.4

311.2
676.4
1011.4
1358.5

11.9
36.4
240.4
700.6

3.9
11.2
150.1
364.0

6.8
10.3
204.1
843.6

6.8
-10.3
-204.1
-843.6

1.4
5.8
108.9
296.5

8.8
33.4
135.1
248.1

8.7
-13.6
85.8
248.1

6.7
13.6
85.8
169.4

(T8426)
CASE
1

1

MDSO

415.7
959.4

351.5
660.2

64.8
406.6

64.4
421.3

-84.4
-421.3

7.5
83.4

7.5
-63.4

TOTAL (TB402-T8422)
T.,12
T=24
'f•38
T=48

or-eo

'f•72

( NOT!i:
KOSO '
W!:'fC :
WSPE :
SDSE :
RAEB :

CASE
27
27
28
28
23
21

MDSO

231.2
491.0
751.7
1068.2
125·L 0
1451.5

213.9
479.0
727.5
958.5
1093.8
1247.5

76.8
196.1
334.0
518.0
703.3
880.8

47.9
127.4
236.3
388.4
559.4
719.8

)
YEAH MOVED DISTANCE (OBS.)
!'"l
MEAN ERROR VECTOR
IOi
MEAN SPEED ERROR
KM
STANDARED DEV. Of SPEED ERR. KM
MIAN R. ANGLE ERROR BIAS
KM

-P.>1-

54.4
141.3
241.6
381.3
496.2
582.3

CASE

MDSF

SDEV
USEB
MRAE
SDRE

-28.3
-66.7
-114.7
-236.0
-342.2
-448.2

44.5
116.6
181.2
268.8
393.1
405.6

41.8
103.3
153.7
228.3
333.7
438.6

8.0
13.3
-72.0
-122.6
-253.8
-331.4

PREDICTED TYPHOON CASES
YEAH KOVED DISTANCE (FCST)
~KKl
STANDARED DEV. OF ERR. VECTOR Kll
MEAN SPEED ERROR BIAS
KN
MEAN RIGHT ANGLE ERROR
Kll
STANDARED DEV. OF R.A. ERROR Kll

32.4
86.3
185.6
268.8
360.9
441.4
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1983 WODIL (3L-85S-R) TYPHOON
(.AUG. 07 12Z .... AUG. 16 12Z)
(T6305)
ABBY
T•12
't=24:
T..aa
T•48
'1'•60
1'•'72

ELLEN
T=12
T•U
't.a36
'1'•48
T•60
'1'=72

CAS I!
19

19

19

19
19
19

UDSO
139.2
2'77.0
421·1
688.6
71 i-2
8158.2

(1'8309)
CASE

9
9

8..,
8
15

IO>SO
215.0
440.9

U~::

Hl70. 2

1293.8

10

B

'l
8

934.6
1153.2

1383.5

GEORGIA (T8311)
T=12
't.a24
T•38
T=-48
T.. eo
T•72

CAS£
4
3
2

1

T•12
T=24
'1'=36
T•-48
'1'=80
'1'-72

liiARGE
T=l2
T•24
T=36
T•48
T=60
T=72

CASE
4

•32
1

1

i515.6
09?.2

CASE
51
d

u
~~

309.6
440.8
5'16.1
696.9

~i~:l

263.4

SDSE
1!15.8
74.6
1415.5
206.8
27'7.2
303.1

:IIRAE
32.4
96.4
170.0
221.3
322.2
436.4

RA.EB
0.15

SDRE

-123.8
-193.6
-314.9
-486.4

120.9

MStB
-59.0
-165.8
-188.9
-2152.8
-~82-~
-449.

SDSE.
29.8

184.6
143.?
216.5
178.5

WUIE
37.2
99.9
188.4
269.1
358.2
371.9

R.AEB
10.7
86.8
1'13.4
269.1
358.2
371.9

SORE
18.0
60.2
88.2
1()8.0
134.7
111L4

llSEB

StlSE
18.1!
86.4
153·2
27 .7
286.2
225.2

MRAE
22.3
58.1
145.5
2'10.3
4152.0
644.9

RAEB
9.6
27 dS
90.4
197.4
382.3
585.1

SDRE
14.2
40.3
73·2
128.0
219.1
259.1

SDSE
284·6
291.0
863•0

liRAE
18.2
100.6
2?7·2
473·8

RAEB
L7
75.2
277.2
-t73.8

SDRi!

SDSE
27.8
72.4
213.8
337.0

YRAE
24.5
69.1
51.9
1154·8
398.8

RAEB
5.7
22.2
-40.3
-154.8
-398.6

SDRE

SDSE
71.2
23!L'7
394.4
3UI.2

liRAE
47.2
157.1
8?.1
156.9
238.5

RAEB
47.2
27.5
40.2
-31.15
-238.5

SDRE
13.4
37.3
12.9
31.5

SDSE
98.9
1159.0
256.2
356.8
366.4
271.2

~AE

RAEB
9.1
10.4
9.1
-3.0
-152.8
-101•4

SDRE
21.7
54.11

MS~B.

MSPE

ae.o

23.5
118.9
192.1
217.3
337.9
382.3

125·6
la02.9
301S.4
385.4
440.6

MDSF
182·1
319.15
!)32.5
'7$3.9
875.7
1008.8

ID.: VC
'I'·LB
202.0
284.5
3'72.9
503.8
538.'7

SDEV
20.3
121'!. 4
129.0
108.'7
20L5
200.';1

MSPE
69.0
!.65·8
188.9
2~2.8

382.4

44~L8

23?.1
602·4
1123.4
945·3
1257.8
1583.9

36.3
98.0
209.6
336.8
1503.9
870.9

19.6
615.0
127.7
164.6
195.2
228.5

i0.4

27.9

-1(;.~

'7&.5

144.7
1'74.5
2U.7

-62.6
-141.()
-294.7
~443.11

•US.o

UDSF
1$2.5
301.8
443.5
605.1

MEVC
287.8
418.9
563.1
556.0

SDSV
391.7
340.0
196.8

-

usi>E
MSEB
215.8 -215·0
a'72.3 -372-a
718•9 -718.9
1421 ,a -1421.6

UDSF

267.8
520.9
622.9
668.2
765.7

YEVC
93.4
323.3
1589.3
1003.9
1407.3

SDEV
27.1
99.6
20,1.6
339.6

-

llSPE

MSEB
-86.5

86.~

325.4 -31!5.4
833.1 --833.1
1103.8 -1103.6
1628.6 -1628.6

(NOV. 04 12Z -NOV. 06 12Z)

5

TOTAL ACCOUN'l'
'1'=12
'1'•24
T=36
'1'=48
T•60
T=72

16~8.7

2176.0
UDSO
419.4
757.8

4
3
2

18~.7

SDEV
27.7
59.5
113.5

HLO

-51.1

26.1
56.8

Bi.l. 7

150.0

169.2

-

9.1

tU:3

(OCT. 09 OOZ - OCT. 10 12Z)

WDSO
a53.8
828.4
1202.6

(1'8311)
cdt

63.7

(SEP. 29 12Z - OCT. 01 OOZ)

YfiSO
386.1
641.6
982.4
i484.3

(T8313)

IDA

YEVC

(SEP. 23 OOZ - SEP. 27 12Z)
loW SF
MEVC.
SDEV
uSPE.

YfiSo
225 ...
5Cil!.6
121.4

CUll

10
!i

17!).0
423.0
663.3
911.:1
1151.7
1383.2

(SEP. 05 OOZ - SEP. 09 OOZ)

FORREST (TB310)
T=12
'1'•24
'1'•36
'1'=48
T-80
'1'=?2

lil>sF

:1091.0

UDSF.
3'17.3
1530.4
682.1
83?.4
1075.8

UEVC
97.3
279.2
4'75.2
721.4
1080.8

SDEV
63.6
220.4
395.1
3159.7

-

WSEB
WSPE
75.2
2156.4 ~2~~:~
472.1 ~4'12.1
'172. 4 -772.4
1228.9 -1228.9

-

-

ao.a
68.0

a~.l:l

102.1

(1'8305 _. T8317)
)lDSO
231 dS
461.li
648.9
823.7
950.8
US4.8

Nl)f!:P'
21Hl·4
429·&
639.0
861L&
1111.2
1361.0

>~.:gr~
/o.,. ····~
. . .NC.
YIVC : ll!AM
!RROR )li
VECTOR

YEVC
79.7
203.0
826.5
453.2
587.8
665.3

~.)")~

(OBS.)

SDEV
130.3
156.5
197.7
237.2
273.6
253.8

f'"j

KM
MSPE : WSAN SPEED ERROR
KM
SDSE : ~f4ND,Ajti!n tJE\1. OF SPEED ERR. ~KM
RAEB : YIAN R. ANGLE ERROR BIAS
KY

-~1-

MSPE
60.4
164.9
259.6
362.6
427.8
442.8
CASE

W>SF

SDEV
MSEB
liRAE
SME

MSEB
-27.8
-156.4
-72.3
-77.2
-23.3
78.8

31.0
84.0
159.5
239.7
:ii55.1
46?.3

PREDICTED TYPHOON CASES
•RAN
•OYID DEV•
DISTANCl
(FCST)
STANDARED
OF ERR.
VECTOR
llEAN SPEED ERROR BIAS
WEAN RIGHT Af.WLE ERROR
STANDARED DEV. OF R.A. ERROR

!""l
KM
KU
KN
KU

93.4

125 .. 7

169.3

205.8

,.3
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1982 MODEL (3L-31H-R) TYPHOON
(JULY 25 12Z (T8209)
ANDY
CASE
T-12
T=24
T=36
T•48
T=60
T-72

BESS
T=12
T•24
T=38
T-48
T-60
T=72

CECIL
T=12
T-24
T-36
T=48
T•60
T=72

DOT
T=12
T=24
T•36
T=48
T=60
T•72

ELL IS
T•12
T=24
T=36
T•48
T=60
T•72

GORDON
T=12
T•24
T=36
T•48
T=60
T=72

IRVING
T=12
T•24
T=36
T=48
T•60
T=72

JUDY
T=12
T=24
T•36
T=48
T•80
T•72

KEN
T•12
T=24
T•36
T•48
T=60
T•72

MAC
T-12
T•24
T=36
T-46
T=60
T=72

8

8
8

8
8
7

';

)

....-

T=12
T•24
T=36
T=48
T•60
T=72

296.8
557.2
811.2
1060.9
1286.2
1533.1

(T8210)
CASE
7
7

8

6
4
3

249.6
535.6
752.1
983.4
1204.3
1504.2

CASE

94.0
192.9
299.5
432.7
661.4
735.2

11

11
11
11

7
6

6

4
3
2

YDSO

256.6
615.1
743.1
972.4
1238.4
1546.3

12
12
11

10
9
8

WOSO

202.0
435.1
63'7.3
842.6
1050.4
1259.0

(T8215)
CASE
11
11
l1
10
9
8

10
10
10
10
10
9

158.7
335.2
536.5
691.2
839.7
1004.3

5
5
4
3
2
1

126.4
248.7
370.8
491.5
810.9
722.9

210.0
514.4
728.9
969.2
1288.0
1709.6

CASE

178.15
337.6
482.8
624.4
760.0
899.5

11

10
9
6
7

(T8221)

1

CASE
86
64

78
71

64

56

WSPE

92.1
199.6
240.8
280.1
322.4
441.8

Y:SEB

SDSE

l.IRAE

RAEB

SDRE

:U:SEB

SDSE

l.IRAE

RAEB

SORE

:U:SEB

SDSE

:U:RAE

66.6
111.3
150.3
147.3
103.9
96.5

RAEB

33.3
74.2
36.8
-17.6
-50.3
-46.7

SORE

Y:SEB

SDSE

WRAE

RAEB

SORE

Y:SEB

SDSE

l.IRAE

27.4
86.4
98.15
88.0
71.7
118.0

RAEB

21.15
86.4
82.3
17.1
-60.0
-95.0

SDRE

Y:SEB

SDSE

:WUE

RAEB

SORE

li:SEB

SDSE

l.IRAE

RAEB

SORE

SOSE

liRAE

RAEB

SORE

RAEB

SORE

RAEB

SORE

RAEB

SORE

-92.1
-199.6
-240.8
-272.4
-320.2
-441.8

73.1
115.2
193.5
235.4
283.5
314.6

44.4
108.3
178.8
232.2
282.6
393.0

32.3
83.6
142.7
216.0
282.6
393.0

40.6
63.1
76.5
127.6
155.3
119.1

YDSF

198.8
363.0
539.5
689.0
847.0
1070.3

Lli!VC

71.0
217.0
261.3
337.1
454.1
546.1

SDEV

41.1
152.8
213.5
274.1
312.7
302.3

:U:SPE

6-L7
198.5
235.4
299.3
400.8
503.1

-64.4
-198,5
-235.4
-299.3
-400.6
-603.1

42.2
161.7
231.5
291.8
339.1
306.4

27.8
70.3
73.3
122.3
219.9
317.3

8.0
69.7
34.3
-13.8
-107.6
-168.7

11.9
51.9
59.7
83.8
66.3
75.8

NOSF

172.2
306.4
518.0
673.8
815.6
943.4

UEVC

99.1
142.9
246.2
273.5
279.0
286.3

SOEV

38.8
79.2
100.5
110.5
114.1
118.9

liS PE

47.3
59.9
137.0
185.5
216.8
223.4

46.2
60.3
137.0
173.7
182.4
153.3

34.8
42.3
89.3
83.4
94.9
97.5

52.2
88.9
120.3
101.4
76.9
94.2

YDSF

192.9
385.3
620.7
881.8
1123.9
1290.0

la: VC

171.2
365.0
493.6
590.3
708.4
765.8

SOEV

62.9
31.7
93.0
155.4
240.2
264.1

WSPE

112.7
255.3
308.0
336.5
414.4
537.0

-110.9
-255.3
-306.0
-336.5
-414.4
-637.0

66.7
105.4
116.0
102.6
103.0
73.6

106.4
232.0
373.6
520.5
646.0
640.4

86.6
232.0
373.6
520.5
846.0
840.4

74.9
145.6
1915.1
160.3
239.4
303.8

NOSF

199.3
378.4
606.6
806.5
974.7
1139.7

WEVC

57.7
133.6
141.3
114.2
141.9
199.0

SOEV

25.2
80.6
91LO
98.8
94.1
143.0

WSPE

43.2
91.7
84.4
81.15
111.6
157.9

-6.1
-79.3
-65.4
-59.1
-99.6
-152.9

23.2
86.8
92.3
92.7
107.0
156.9

27.4
37.5
159.4
152.7
62.9
87.3

NDSF

144.1
261.5
471.1
597.5
719.0
861.0

:U:EVC

50.7
129.3
209.4
316.0
415.0
511.7

SDEV

25.8
153.8
91.4
165.4
186.7
162.7

WSPE

31.3
104.7
130.2
2015.9
276.3
368.6

-22.9
-104.7
-125.4
-200.3
-276.3
-368.6

21.3
66.8
125.5
214.6
292.2
327.7

33.8
75.9
151.6
247.7
339.8
447.7

2.4
44.1
63.7
41.4
24.7
18.3

29.1
30.5
70.1
99.9
128.5
143.6

NOSF

119.3
293.0
496.0
687.9
690.7
1068.9

WEVC

131.3
288.9
388.0
469.6
569.4
858.9

SOEV

106.1
169.8
218.7
257.5
241.2
257.0

WSPE

64.2
141.9
209.9
231.0
245.9
244.7

-64.2
-131.0
-129.0
-96.3
-47.0
-21.0

50.8
123.8
153.1
195.3
167.0
176.8

87.3
219.1
320.8
392.0
484.3
574.3

85.5
83.6
218.5
392.0
484.3
574.3

111.4
130.4
168.9
223.0
261.3
295.1

YDSF

192.7
339.8
511.4
686.2
637.1
1080.8

WEVC

53.5
213.4
289.0
396.2
622.1
830.8

SOEV

29.0
215.7
228.5
199.4
296.1

-

liS PE

30.4
206.2
280.4
367.8
548.0
865.8

Y:SEB

-25.4
-206.2
-280.4
-367.8
-548.0
-865.8

34.6
265.7
294.3
304.9
376.2

-

34.6
82.6
119.4
176.1
235.6
536.2

-34.6
-25.3
-106.15
-176.1
-235.6
-536.2

22.5
53.9
76.6
112.5
50.9

(SEP. 19 OOZ - SEP. 24 12Z)
NDSO

12

3
3
2

54.6
96.7
128.5
162.3
183.3
177.1

(SEP. 09 12Z - SEP. 11 12Z)
YDSO

(T8219)

CASE

SDEV

(SEP. 09 OOZ - SEP. 13 12Z)

:U:OSO

(T8218)
CASE

JULY 29 OOZ)

(AUG. 30 OOZ - SEP. 04 OOZ)

YDSO

(T8217)
CASE

119.7
237.5
332.2
406.6
477.5
602.0

(AUG. 21 OOZ - AUG. 26 12Z)

(T8213)
CASE

la: VC

(AUG. 12 OOZ - AUG. 15 12Z)

(T8212)
CASE

213.9
388.0
618.3
653.9
1069.1
1263.5

(AUG. 06 OOZ - AUG. 11 OOZ)
YDSO

11
11

YDSF

(JULY 29 OOZ - AUG. 01 ODZ)
YDSO

(T8211)

TOTAL ACCOUNT

' ,..,

YDSO

NDSF

142.0
272.3
402.9
493.3
663.7
649.0

WEVC

66.0
166.1
262.3
384.2
531.8
698.4

SOEV

50.7
150.5
170.7
137.0
111. 1
142.6

liS PE

45.7
120.6
180.6
289.1
442.8
583.1

li:SEB

SOSE

li:RAE

Y:SEB

SDSE

l.IRAE

-44.3
-120.6
-157.7
-243.7
-346.6
-467.7

152.8
135.6
157.4
184.8
203.8
295.6

20.4
109.3
166.1
200.4
243.6
310.3

-8.6
82.9
29.3
-52.5
-125.6
-240.0

21.7
76.9
120.7
112.4
122.3
159.2

(OCT. 07 12Z - OCT. 08 OOZ)
YDSO

389.7
870.1
1305.2
1748.9

YDSF

287.4
457.8
598.6
761.1

MEVC

102.9
445.1
706.0
965.7

SDEV

25.4
139.7
156.3

-

MSPE

103.5 -103.5
445.7 -445.7
730.9 -730.9
1035.0 -1035.0

25.8
149.1
170.6

-

8.7
44.1
16.1
150.0

-6.4
43.9
-16.1
-150.0

8.8
33.4
2.3

(T8209 - T8221)
YDSO

194.6
401 .3
576.6
738.0
890.5
1064.3

YDSF

175.0
330.3
526.5
695.5
853.4
100<1 .4

w:vc

87.8
206.2
286.3
350.8
419.3
497.7

SOEV

65.4
148.1
189.1
223.1
242.6
266.0

l.!SPE

68.3
1•19. 3
195.3
2•1 0. 1
287.5
3•18.1

li:SEB

-38.9
-131.8
-138.6
-1154.9
-173.8
-·221. a

SOSE

52.0
147.8
191.0
224.2
243.3
282.1

li:RAE

47.0
116.5
171.9
221.5
268.6
329.4

24.8
76.7
92.9
97.2
97.9
95.1

59.3
97.4
142.3
176.1
218.1
248.5

~:

-(\,-

,.3

APPENDIX C
CASE STUDY 1:

SIMULATION OF ISBELL 1964 USING AIRCRAFT RECONNAISSANCE DATA

Mathur (1972, 1974) presented results of 96 hr integration of a four
level primitive equation model.

The balanced (asymmetric) initial state

was derived from the analysis of conventional and aircraft reconnaissance
data at 12 GMT 10 October 1964.

This initial state defined a tropical depression

which developed into Hurricane Isbell on 13 October in the real atmosphere.
Two nested-grids with grid spacing of 37 km in the fine mesh and of 74 km
in the coarse mesh were used.
hurricane are shown in Fig. 1.

The tracks of hurricane Isbell and of simulated
Note that in both cases, the intensification

into a tropical storm took place near 60 hr (0000 GMT 13 October)
force winds appeared after 72 hr (1200 GMT 13 October).

and hurricane

Thus the rate of

intensification of the simulated storm agreed fairly well with that observed
during the formation of Isbell.

A comparison between the structure near

the center of the simulated hurricane at 96 hr and the stucture observed
in Isbell at 12 GMT 14 October is presented in Table 1.

The strength of

the simulated hurricane in terms of maximum wind speed, central surface
pressure and the intensity of warm core, agrees fairly well with those observed
in Isbell.

The error in the prediction of the center of the storm is of

the order of 50 km during 00-48 hr and is of the order of 200 km during
48-96 hr.

The large error in the prediction of location of the center at

96 hr is related to the assumption in the model that the values of dependent
variables on the boundary do not change with time.

In the real atmosphere,

a trough in the westerlies approached the northwestern portion of the grid
on 13 October.

This trough was probably responsible for steering the storm

rapidly towards the northeast.

Other features of the Isbell which were

well simulated included assymmetries in the wind field in the lower and
middle troposhere (see Fig. 2) organized bands in the vertical motion field
close to and surrounding the centre, cyclonic outflow in the upper
and the central warm core (see Mathur 1974, 1975).

troposphere,

-(2.-

~-3

The above results suggest that the accurate predition of track and intensity
of the storm can be achieved with the use of fine-mesh multi level analysis
and prediction models provided that sufficient (aircraft reconaissance)
data are made available to define the initial vortex and the large scale
circulation surrounding the storm.

CASE STUPY 2:

lMrACT OF USlNG HIGH RESOLUTION ON PREDICTIONS

The quasi-Lagrangian Nested Grid Model (QNGM) developed by Mathur (19$3)
is used for the prediction of tropical storm David,
over South Carolina at 1200 GMT 5 September 1979.

The storm was located
The storm moved north-eastward

and was located over eastern Pennsylvania at 1200 GMT 6 September.
damaging tornadoes were reported along the track of the storm.

Many

The initial

state in this case study is derived from the operational LFM analysis.
The quasi-Lagrangian model was integrated using the uniform LFM II grid
(127 km true at 60 N) in two experiments:

The first uses 10 layers (lOL

QUGM), the second used 15 layers (15 L QUGM).

In addition the model is

also integrated using 10 layers and two nested grids that are two way interactive
(lOL QNGM).

The fine-mesh with twice the resolution of LFM II grid covered

most of the United State.s and adjoining Atlantic Ocean.

The outer coarse

grid has the same resolution as the LFM II grid,
A low pressure area, near the observed center is predicted in all three
experiments ( Fi.g, 3).

The observed central pressure in David at 1200 GMT

6 September was 991 mb.
lOL QNGM (Fig. 3c).
in both

e~p!l!riments

The intensity of David is well predicted in the

The predicted central pressure is higher than observed
which use a uniform coarse 9rid; it is somewhat better

predicted in the l5L QUGM than in the lOt QU.GM.
The deep trough of 500 mb predicted by !OL QNGM agreea well with the
observations.

A maximum in absolute vorticity at 500 mb is predicted near

the surface ce.nter of the storms in all experiments.
is 16

*

10 -5 s-1 in lOL QUGM, 20

*

The maximum value

10 ~5 s-1 in 15L QUGM, and 24

*

10-5

- C3-

s-1 in lOL QNGM.

,,3

In summary, the intensity of David at the surface and

the middle troposphere were predicted better when the horizontal or vertical
resolution in the model was increased.
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WMO/CAS INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES
TOPIC 6.4:

SPECIFICATION OF INITIAL CONDITIONS IN TROPICAL CYCLONE MODELS
Rapporteur:

Mukut B. Mathur

ABSTRACT
Analysis and initialization procedures employed for providing input
data to numerical models of hurricanes are presented.
classified into three categories:
conditions.

(a)

The models can be

Models which use idealized initial

An axi-symmetric vortex in gradient balance is used.

of an isolated storm is simulated.

(b)

Life-cycle

The input fields are derived from a

detailed analysis of aircraft reconnaissance data in storms.
the development of a real storm is simulated.

(c)

The motion and

The initial conditions

are derived with the superimposition of an idealized vortex as a perturbation
on the operationally analyzed fields.
is to predict the track of hurricanes.

The primary purpose of these models

2

1.
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INTRODUCTION
It is well known fact that the formation, intensification, movement or

decay of tropical storms is influenced not only by the atmospheric conditions
in the region of the storm but also by the meteorological conditions beyond
the immediate vicinity of the storm.

The conventional observing system is

either non-existent or sparsely located over the tropical oceanic areas where
these storms are formed.

In general the structure of an individual storm can

not be diagnosed from the available observations; it is possible only to
perform the large scale analysis of data in the area of the storm.

Because

of this lack of data, many modelers have used idealized initial conditions.
Axi-symmetric vortexs are utilized in both two (2D) and three (3D) dimensional
models (section 2a.)

The primary purpose of these models is to simulate the

life cycle of tropical storms.
With the availability of aircraft reconnaissance data, it has recently
become feasible to derive initial states for a few individual storms.

Salient

asymmetric structure of the observed storm is retained in the initial state.
Primitive equation models are used to predict the intensification and asymmetric
structure of individual storms from such initial states (section 2b).
Several primitive equation models have been recently developed for the
operational prediction of track of tropical storms.

In.many of these models,

the initial conditions are derived with the superimposition of an idealized
vortex as a perturbation on the operationally analyzed large scale fields
(section 2c).
2.

STATE OF SCIENCE REVIEW
Detailed analysis of the three dimensional structure within 100 km of

the center of a few mature hurricanes has been carried out utilizing aircraft
reconnaissance data, e.g., by Hawkins and Rubsurn (1968) in Hurricane Hilda

4.+
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1964.

A horizontal grid size of a few km would be required to capture the

fine structure near the storm center.

The motion and the intensity of the

storm is influenced by the atmospheric conditions far beyond the immediate
vicinity of the storm.

Computational resources that are currently available

do not permit the use of fine mesh (grid spacing of few km) over the entire
(Domain size of ab~ut 3000 x 3000 km2 is considered

domain of integration.

adequate for a 48-hour prediction.)

Utilization of a multiple nested grid

system with movable finest inner grid always located over the inner core of the
hurricane is necessary to minimize the computing time.

The initial state for

such'a nested-grid model would have to be obtained by combining the fine mesh
analysis near the center of the storm with a larger scale analysis over the
rest of the forecast area.

Procedures to obtain an initial state which is

compatible with the prediction model from such a combination of analyses have
not yet been developed.

Because of the above difficulty, many modelers have

used the initial state that defines a weak tropical depression.

The large

scale asymmetric structure of a depression can be obtained from a large scale
(grid spacing of 50-100 km) analysis.

In many simulation studies the weak

asymmetric structure of the depression is ignored and a weak idealized
symmetric vortex satisfying gradient balance is used for the initial state.
a.

Specification of idealized initial conditions

The most commonly used procedure is to specify a symmetric vortex in
cylindrical coordinates.
initially.

Meridional circulation is assumed to be absent

Generally tangential windsV a or geopotentials ( </l) as a

function of radius and pressure are specified.

The gradient wind relation

is used to diagnose the unknown variable (V e or </l) subject to some
boundary conditions.
of hydrostatic law.

Potential temperature is obtained by the application
The relative humidity field is specified.

,,+

4

These initial conditions can be directly used in the axi-symmetric
models.

The primary purpose of these models is to simulate the life cycle

of tropical cyclones (e.g., Ooyama 1969, Rosenthal 1970).

High horizontal

resolution (a grid spacing of 5 km or less) has been used in the 2D models.
In contrast very few 3D models have used a grid spacing of less than 30 km.
Because of the use of high horizontal resolution, the 2D models have been
able to simulate the steep gradients in pressure, wind, and temperature in
the radial direction which are observed in hurricanes.

. Anthes

(1973) and DeMaria and Schubert (1985) have used 2D models to

study the impact of analysis, initialization, and data assimilation on
prediction of hurricanes.

Anthes considered the data from a 96-hour integration

of his model as a perfect analysis.

He then integrated the model to the

next 24-hours without changing the data (control experiment), by superimposing
random errors on the data and by nudging the values towards the control
forecast.

He concluded that the most important observations in terms of

improving short range forecasts of hurricanes are the low level temperatures
and winds at radial distances close to the center.
The motion and genesis of the storms have been studied with 3D models
using axisymmetric vortex and zonal currents with or without shear (e.g.,
Madala and Piassek 1975, Tuleya and Kurihara 1981).

Note that the drift of

storms due to variable Coriolis parameter is also simulated.
A dynamic initialization procedure to include the surface frictional
effects in the initial state is described by Kurihara and Tuleya (1978).
DeMaria and Schubert (1984) show that the use of nonlinear normal mode
initialization procedure prevents the excitation of spurious gravity waves in
a hurricane model.
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Initial conditions for 3D models using real data

Detailed analyses of three dimensional structure of tropical cyclons have
been recently carried out utilizing the aircraft reconnaissance data.

Few

investigators have used these analyses in primitive equation models.
Mathur (1974) analyzed initial conditions in a depression which later
developed into hurricane Isbell 1964.

All rawinsonde and ship observations

and aircraft reconnaissance data were utilized.

Subjective analysis of wind

and humidity data were carried out at the three aircraft reconnaissance flight
levels.

The mass and vertical motion fields were derived using the balance

assumption.

The asymmetric structure of the simulated hurricane agreed fairly

well with the observations in Isbell (see Fig. 1).
Miller et al. (1972), Ceselski (1974), and Hoke and Anthes (1977) utilized
analyses in hurricane Alma 1962 by Smith (1969).

Hoke and Anthes carried

out 24-hour integrations using a balanced initial state which defined a
tropical depression.

Results from two experiments, one with and the other

without dynamic initialization were compared.

Substantial reduction in

temporal variations are achieved with the use of dynamic initialization
procedure (see Fig. 2).
Fiorino and Warner (1981) used NMC operational analyses.

They studied

the impact on forecasts of inserting a climatological hurricane ciruclation,
various other data improvement procedures and dynamic initialization.
Intensity forecast was improved.

There was no significant impact on the

track forecast.
c.

Initial conditions for operational track prediction models

Primitive equation models are currently used for operational prediction
of track of the tropical storms.

Since very little data is available in the

region of the storm at the operational forecast time, the vortex in the inital

'·~
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data is obtained by superimposing an idealized vortex on large scale analyzed
fields.
Japan Meteorological Agency's Track Prediction Model
The JMA's Movable Nested-grid Model (MNG) uses three layers in the
vertical (Fig. 3a).

Three nested grids with the grid spacing of 381, 190.5

and 92.25 km respectively are used (Fig. 3b).
points.

Each grid has 31 x 31 grid

The inner two grid areas are shifted so that the typhoon center is

always located in the middle of the finest mesh.

Initial data in the outer

two grids is obtained by interpolation from the initialized fields of the
operational 12 layer Hemispheric Spectral Model.
The structure of the model symmetric storm in the innermost fine grid is
specified.

The structure depends on the radius (R), the central surface

pressure (Pmin) and the temperature anomaly of the observed storm.

The

surface pressure is given by:

ps

=ps -(1000-pmin )e

-~rR l
/(l+cE.),
R

where r is the distance from the typhoon center, Ps is the mean surface
pressure around r=R, and C is an index related to the surface pressure of the
model Typhoon.

The vertical

dis~ribution

of temperature at the typhoon center

is specified very close to the temperature deviation of a moderate hurricane
(Riehl and Malkus, 1961), see Fig. 3c.

The temperature decreases outward

from the center in proportion to the square of the distance from the center.
The geostrophic wind on sigma surfaces for the specified vortex is added to
the smoothed general current.

The radial component of the wind is also

specified such that there is convergence in the lower layer, no divergence
in the middle layer and divergence in the upper layer.

No dynamic balance is
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imposed on the initial fields; high frequency modes are excited which are
damped out during the integration.
A bias corrector proposed by Shewchuk and Elsberry (1978) is used.
model is integrated to 6 hours.
center is calculated.

The

The vector error in the prediction of the

The two horizontal components of the wind (u, v) at

the initial time are adjusted by a fraction (Cl, C2) of the respective
component of the vector error.

An example of typhoon track prediction with

the use of such a corrector is shown in Fig. 3d.
Naval Environmental Prediction Research Facility's Track Prediction Model
A 3 layer primitive equation model is used.

Two nested grids are used.

The coarse grid consists of 32 x 24 grid points and the grid spacing is 205
km.

The fine mesh has 31 x 31 grid points and uses a grid spacing of 41 km.
Upper air analysis of wind and temperature and surface analysis of wind

and temperature in the tropics are routinely performed.
method is used.

A successive correction

In addition, the surface winds and pressure are constrained

to follow geostrophic law using a variational procedure.

The winds and

temperature are made vertically consistent using a thermal wind relationship
and a variational procedure.
The analyzed values are interpolated to the coarse and fine grid.

The

so called "steering flow" is derived in the fine mesh using the current storm
motion and the so called model beta drift.
then added to this steering flow.

An idealized vortex circulation is

The initialized flow in the fine mesh is

the weighted sum of the above flow (steering and vortex) and the large scale
analyzed flow (see Fig. 4).

A balance equation is solved to obtain the geo-

potential first in the coarse mesh and then in the fine mesh.

,.+
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National Meteorological Center's Movable Fine-mesh Model
MFM uses 10 layers and a uniform horizontal grid (51 x 51 points).
grid spacing is 60 km.

The data at the grid points is first obtained by

interpolating the normal mode initialize..J
model.

The

fields from the global spectral

The data within 400 km of the storm's center are smoothed to remove

storm circulation which may exist in the global analysis.

A simulated vortex

is then superimposed as a perturbation on the smoothed analysis.

No balance

is imposed on the combined fields.
The simulated vortex is specified in the following manner.

An axi-

s~etric model (2D analogue of MFM) is integrated until nearly steady state

is achieved.

A symmetric vortex satisfying gradient balance is used for the

initial condition.

The Coriolis parameter (f) corresponding to the latitude

of the observed storm is used.
interpolated to MFM grid.

The data from the steady-state vortex is

The MFM is integrated to 12 hours.

Note that the

variation of f is taken into account in this simulation; there will be some
drift of the vortex due to B effect.
3.

CONCLUSIONS
Numerical integrations of primitive equation models have been carried

out to predict the development of real hurricanes.

In a few test cases, the

initial states for the depression and its environment were derived from
careful subjective analysis of conventional observations and aircraft
reconnaissance data.

Despite the use of somewhat coarse horizontal resolution

(grid spacing of about 35 km) in the models, the movement, the rate of
intensification and some asymmetric structure of the observed storms were
fairly well predicted (e.g., see Mathur, 1974).

It is conceivable that fairly

accurate predictions of track and intensity of tropical storms can be achieved
with the use of fine mesh multi-level analysis and prediction models provided

,.+
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that sufficient (aircraft reconnaissance) data are made available to define
the initial vortex and its environment.
It is recommended that the following procedures be developed for improving the specification of initial vortex in hurricane models.
(1) Tropical analysis and data assimilation procedures that would
incorporate the fine scale data which are collected by reconnaissance aircrafts
should be developed.
The first guess for an operaitonal analysis system is currently derived
from a large scale global forecast.

The first guess for the new tropical

ana}ysis system should be derived from the fine-mesh tropical model's forecast.
This procedure would be beneficial in two ways:

(1) i f the model is able to

predict the structure of the storm accurately, the use of the model's forecast
as first guess would help in defining the structure of the vortex at the next
analysis hour, (ii) since the mesoscale features outside the storm area are
also likely to be predicted better in the fine mesh model then in the global
model, the use of a fine-mesh model forecast as first guess should improve the
analysis over the large scale area.
(2) Dynamic initialization or non-linear normal mode initialization
I.

procedures should be developed for including the effects of physical processes!
like surface friction in the initial data.
(3) Develop procedures for improving wind and relative humidity analysis.
over the tropics using satellite and other data.
(4) Develop procedures to provide bogus data to the analysis system
when no aircraft reconnaissance data is available to define the storm.

,.+
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Fig. 1.

b

Isotach analysis (ms-1) at 1000 mb: (a) t=O 12 GMT 10 October
1964, (b) t=96 h in the simulated hurricane. The simulated
asymmetric structure at 96 h agreed well with observations in
hurricane !shell.
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Fig. 2.

Temporal variations of mean surfa~e pressure for (1) Experiment 1:
24 h forecast without dynamic initialization (ii) Experiment 3: .
12 h forecast following 12 h of dynamic initialization (Hoke and
Anthes, 1977).
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Fig. 3.

Japan Meteorological Agency's hurricane prediction model: (a)
staggering of variables in the vertical, (b) horizontal domains
of the three nested grids, (c) vertical profile of the temperature
anomalies of hurricane Daisy. The dash-dotted and dashed lines
show the anomalies at the infant stage on 25 August 1958 and in
the mature stage on 27 August 1958, respectively. The solid line
indicates the temperature anomaly used in the JMA model, (d)
example of a track prediction from 0000 GMT 20 May l980t (a)
observed, (1)1 no correction, (2) to (S)z with various bias
correctors.
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Example of (a) steering. (b) vortex (spin up) and (c) initial flow
used in· the NEPRF model.
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Abstract
This document presents tropical cyclone forecast using
large scale models of the type used in general circulation
studies and in medium range forecasts. Two examples, one from
the ECMWF and the other from JMA operational models are given.
It is shown that these models are capable of predicting tropical
cyclones with reasonable accuracies. Possibilities of improving
the forecasts and associated difficulties are discussed and
finally recommendations are made to encourage other NWP centers
to perform such studies.
1.

Introduction

Numerical forecast of large scale motion has improved
considerably during the last 10 years (Lange and Hellsten, 1984).
This is due to a combination of various factors, ranging from the
increase in computer power, developments in numerical techniques,
better understanding of physical processes and the improvements
in the observing systems. The model used for large scale motions
normally have horizontal resolutions of lOO to 300km and cover
hemisphere to globe. Outlines of the operational large scale
models are. summarized in Lange and Hellsten (1984). Considerable
efforts have been made in modeling as well as in specifying
initial states, namely objective analysis and initialization. As
horizontal resolutions of the models increase gradually with
increasing computer power, and as the numerical techniques and
physical parameterizations improve, it is becoming increasingly
possible that smaller scale motions are more accurately treated
in these models. The large scale forecasts in the tropics by
these models have also been improving significantly (Heckley,
1985). This is also due to improved observing systems, analysis
schemes, intialization and improved physical processes in the
model. Based on these observations, it is now time to examine
whether forecast of tropical cyclones are possible in the large
scale models.
It has been first ponted out by Manabe et al. (1970) that
tropical cyclone like vortices do form in coarse resolution
global general circulation model. They investigated tropical
disturbances simulated in their model with a horizontal
resolution of about 400km and indicated that the disturbances
have some similarities to observed cyclones in their structures
as well as in their regions of developments. They also noted
that increase of horizontal resolution from 400 to 200km grid
made the structures of the disturbances more realistic.
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Recently, Bengtsson et al. (1982) examined tropical cyclone
like vortices appeared in the operational forecasts performed at
the European Centre for Medium Range Weather Forecasts (ECMWF).
The simulated tropical cyclones suffer from coarseness of the
horizontal resolution to some extent but many features, such as
their structures, movements and regions of developments are very
realistic. This study seems to suggest that tropical cyclone
forecast is, in fact, possible in coarse resolution large scale
models.
One clear merit of using large scale models for tropical
cyclone forecast is their accurate large scale forecasts compared
to specially designed limited area tropical cyclone models. This
is particularly important for tropical cyclone track forecast
since large scale steering current is one of the most essential
mechanisms that determines movement of the cyclones.
The most serious problem associated with the large scale
models in predicting tropical cyclones is the discrepancies of
the detailed structures of tropical cyclones between the
predicted and the observed, due to the coarse horizontal
resolutions. Tropical cyclone models are characterized by the
use of very fine resolution of the order of 10 to 50km which is
too fine to be attainable in the large scale models due to
computer power limitations. This very fine resolution has been
considered to be essential for simulating and predicting tropical
cyclones mainly due to the consideration that very fine structure
near the eye of tropical cyclones is critical. However, it is
not at all clear whether such detailed simulation is essential
for prediction of tropical cyclones particularly for their
movements. It is very likely that the simulation of the detailed
structure is important for prediction of intensities, but at
least no tropical cyclone models have shown skill in predicting
intensities up to present (Anthes, 1982). In this sence. if we
place less weight in predicting intensities of tropical cyclones,
it is possible that the large scale models may compete with
tropical cyclone models in predicting movements beacuse of the
better forecast of large scale flow fields that may well
compensate poorer forecast of the structures.
Another important problem in connection with tropical
cyclone forecast by large scale models is a specification of
initial tropical cyclone fields. This is also one of the most
important problems for any tropical cyclone models and will be
discussed j_n detail in the workshop under the item 6.4. The
difficulties are larger for large scale models because tropical
cyclones are basically small scale features and therefore it
requires special efforts to incorpolate them into the large scale
analysis. For this reason, very few operational models attempted
to introduce tropical cyclones in their initial analysis
particularly in the tropics. This may be one of the reasons that
large scale models are regarded as not capable of predicting
tropical cyclones.
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It-should be commented here that tropical cyclone
forecasting in the large scale models is also closely related to
the improvements of medium range forecasting in middle latitudes
because tropical cyclones are frequently transformed to intense
middle latitude systems at the end of their life cycle. In this
regards, the problem of tropical cyclone prediction should also
be regarded as one of the important problems in improving medium
range prediction in middle latitudes.
The main objective of this paper is to present potential
abilities of large scale models to predict tropical cyclones from
experiences at ECMWF and at the Japan Meteorological Agency
(JMA). Major associated problems are going to be discussed in
detail with possible way of solving them. It is noted that this
is a relatively new field in tropical cyclone forecasting and
very few reference studies can be found at present.
2.

State of the scientific review

Bengtsson et al. (1983) examined tropical cyclone like
vortices developed in the operational global grid point model
during 1980. The model has a horizontal resolution of 1.875
degrees latitude/longitude grid and 15 levels in the vertical
(Burridge and Hasler, 1977). Although individual disturbance was
not verified very well by the observed tropical cyclones, the 3dimensional structure of a mature stage typhoon generated and
developed in the model have fairly close resemblance to those of
observed climatological tropical cyclones (Figs. 1 and 2). Some
other notable realistic features simulated by the model are the
tracks and intensity changes of the tropical cyclones. In
contrast to these similarlities, there are several discrepancies
between the simulated and observed climatological cyclones. The
descrepancies are due to the coarseness of the model horizontal
resolutions and are larger for the developing stage (McBride,
1984; Bengtsson et al., 1984). In general. simulated cyclones
are too large in their horizontal dimensions and too weak in
their intensities (e.g., central pressure). In order to reduce
these discrepancies, it is certainly desirable to increase
horizontal resolutions. Some researches are in progress at
ECMWF. For example, it has been shown by Dell'Osso and Bengtsson
(1985) that increasing horizontal resolution of the same model
drastically improved the simulated structures of the typhoon.
Recent forecast resolution experiments performed at ECMWF by
Jarraud and Simmons clearly demonstrated the sensitivity of a
tropical cyclone forecast to model resolutions. Fig, 3 indicates
that only T106 model (equivalent grid resolution of 100km) has
succeeded in predicting tropical cyclones 3 days in advance
(Burridge, 1984).
Another important contribution of the paper by Bengtsson et
al. (1983) is their study of the effects of large scale motion,
particularly large scale divergence field, to the activity of
tropical cyclones in the model. They indicated that upper level
large scale divergence is dominant when tropical cyclone
activities are larger. This is closely connected with the
3
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potential predictability problem of tropical cyclones by large
scale models. Although some indications of the skill of the
model in predicting tropical cyclone activities are suggested in
the paper, larger number of statistics are necessary to make
conclusion reliable. The paper also discussed effect of sea
surface temperature to the development of a tropical cyclone and
indicated large sensitivity as expected.
Recently, Kanamitsu (1985a) examined predictability of
tropics based of the ECMWF operational forecasts during 1983. He
has shown that non-developing tropical transient disturbances of
the period between 3 to 10 days are very well predicted in the
middle of the Pacific and the Atlantic, up to or more than 5
days. However, he pointed out that the predictability of the
transient disturbances is not very good over the area where the
disturbances develop into tropical cyclones. Although it is not
yet clear, failure of the model to predict development of
tropical disturbances to tropical cyclones again seems to be
related to insufficient horizontal resoltion of the model. In
this regards, models with increased horizontal resolutions, such
as the T106 model recently became operational at ECMWF, may have
a great potential in predicting generation of the tropical
cyclones.
There is one important subject not treated in the paper by
Bengtsson et al. (1982). In their model, no tropical cyclones
existed in the initial states at least in the latitudinal band
between 30S and 30N, and almost entire tropical cyclones are
generated in the model during the course of the forecasts. Their
statistics indicate that it requires at least about 4 forecast
days for the model to develop intense tropical cyclones.
The reason for absence of tropical cyclones in the initial
states of the ECMWF model is rela.ted to the lack of tropical
cyclone data and the foreast ~rror structure functions and data
checking criteria used in the analysis scheme. Since tropical
cyclones are very intense systems in the tropics where
temperature and spacial variability of physical parameters are
small, the data (if existed) are naturally rejected as erroneous
and it is practically impossible to analyze intense tropical
cyclones without some form of manual interventions or forcing of
the data.
In the JMA's system, it is an essential requirement to
analyze tropical cyclone in the initial large scale analysis for
general monitoring of present weather. For this purpose, they
have been manually introducing bogus typhoon data which are
forced to be accepted by the analysis scheme. This procedure is
accomplished by assigning very small observational errors to the
typhoon bogus data in the optimum interpolation scheme. The
bogus typhoon data is generated from a given position, central
pressure and diameter of a typhoon determined from subjective
analysis based on reconnaissance flight data, satellite cloud
data and ship data empirically modified for large scale analysis.
Climatological profile of typhoon based on Frank (1977) is used
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to construct a number of bogus profile of height, wind and
temperatures. It was also found that intial moisture field was
essential for maintaining typhoon in the model. The digitized
information from the geostationary satellite nationally available
at JMA is used to estimate moisture field together with
·
conventional observations. Some detail of this procedure and the
typhoon bogus data are presented in Kanamitsu "(1985b).
The typhoons introduced by the above procedure are, in
normal cases, fairly well maintained in the JMA hemispheric model
which has horizontal resolution of about 280km (T42 model). An
example of the forecast is presented in Fig. 4 (Kanamitsu et
al., 1983). It is quite encouraging to find that such coarse
resolution model can handle tropical cyclones if they are
properly given in the initial field. Statistics of forecast
accuracies of positions shown in Fig. 5 indicates that the large
scale model is competetive to the tropical cyclone model.
Subjective evaluation suggested that the large scale model
forecasts are even better than the tropical cyclone model in the
cases when the cyclones are moving from subtropics to middle
latitudes.
It is noted that not all of the tropical cyclones are
maintained in the model during the course of the forecast. In
many cases, small sized immature tropical cyclones located in low
latitudes, such as tropical depressions, tend to disappear after
2-3 days of integration and lead to a complete failure of the
forecast. This is related to the intial specification of the
disturbances, initialization, model horizontal resolution and
cumulus parameterizations. Some unpublished work being conducted
at JMA (Sugi, 1984) showed that vertical heating profile of
convection is essential for the maintenance of tropical cyclones
in the model. Further researches are in progress.
3.

Conclusions and Recommendations

The experiments at ECMWF and JMA showed that these models
have considerable potential in predicting tropical cyclone
movemens and to some extent their activities. The forecasts are
sensitive to the horizontal resolutions, physical processes and
external parameters (such as sea surface temperature) used in the
model and to intial fields. There is a tendency that finer
resolution model provides better results. It has been
demonstrated that predictive skill of the tropical cyclones
increases considerablly when tropical cyclones are introduced
into the initial field.
Major subjects that require extensive researches and
operational experiments to further improve the method are listed
below;
(1)

construction of tropical cyclone profile data,

(2)

method of introducing tropical cyclones to large scale
analysis,
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(3)

moisture analysis,

(4)

initialization,

(5)

sensitivity of forecast to initial specification of tropical
cyclones,

(6)

sensitivity of forecast to model resolutions,

(7)

sensitivity of forecast to model physics, and

(8)

possibility of stochastic forecasting.

These problems are too extensive to be studied in one or
two NWP centers and it is desirable that the subjects be
investigated in as may centers as possible. There are several
difficulties in carrying out such studies internationally,
namely;
(1)

unavailability of tropical cyclone data,

(2)

difficulties in computer processing tropical cyclone data,

(3)

very little interest of NWP centers which are not directly
affected by tropical cyclones.

In order to remove these difficulties and encourage
researches on tropical cyclone forecasts, the following
recommendations should be made:
(1)

Make investigation on availability and timing of tropical
cyclone data via the global telecommunication system. It
is necessary that the data be accessible in computer
decodable form;

(2)

Introduce tropical cyclone in the initial fields and study
the predictive skill of the model;

(3)

Exchange experiences of tropical cyclone forecast among the
NWP centers;

(4)

Demonstrate that tropical cyclone forecast is important for
medium range prediction in middle latitudes.

It is strongly hoped that this workshop triggers efforts in
many NWP centors to examine possibilities of using large scale
models for tropical cyclone forecasting.
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Fig. 1 Wind field of the mature stage simulated topical cyclone
over western North Pacific in ECMWF forecast, top: 200mb, bottom:
1000mb. Isolines for every Sm/s, 25m/s bold dashed line. (after
Bengtsson et al., 1982)
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Fig. 2 2-dimensional cross section of tangential wind (m/s),
vertical velocity (Pascal/s), relative humidity (%), temperature
anomaly (K), radial wind (m/s) and vorticity (10**-5/s) for
mature stage tropical cyclone simulated in the ECMWF model.
(after Bengtsson et al., 1982)
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Fig. 4 Predicted (right) and observed (left) typhoon ELLIS by
the JMA T42 spectral model (after Kanamitsu et al., 1983)
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TOPIC SEVEN - Tropical Cyclone Measurement and Analysis Techniques
Topic Chairman -

Robert C. Sheets (US)
ABSTRAC:T

Many new data sources and analyses techniques have come along in the
past few decades including reconnaissance aircraft, satellite imagery,
satellite "soundings .. , land based radar, upper air "soundings" in rerrote
tropical locations, etc.

However, the tropical and subtropical regions

of the world remain relatively data sparse, particularly in the middle
troposphere and in a quantitative sense.

One result is that with all the

irrprovements in data sources and analyses techniques, much has been learned about tropical cyclones and their environment, but no major break
throughs have came in irrproving the operational forecasting of tropical
cyclone tracks and intensities.

Same of the current data sources and

analysis techniques will be examined along with strengths and weaknesses
and hopes for the future.

1.

7.£

Introduction:
The most

~rtant

contribution that can be made to tropical

cyclone forecasting today seems to be to improve the synoptic and subsynpotic scale analyses and predictions over the vast and data sparse
tropical and subtropical regions of the world.
in operational forecast centers today.
be man/oamputer interactive systems.

Manual analyses dominate

The way of the future seems to
One promising approach to this

four-dimensional data ass1milation and analysis problem involves a man/
computer interactive system which pennits use of conventional and nonconventional data sources.

Remote sensing techniques prbnarily from

satellites offer some hope for quantitative information in the form of
atmospheric soundings which may help in this analysis problem.

However,

testing remains to be done to see if the accuracy and resolution of
these data are sufficient for use in the tropics.
The next er i tical area deals with the tropical cyclone scale.
particular

~rtance

is strengths, locations, and rrovements.

Of

Primary

among data sources to accomplish this on a world wide scale is satellite
data.

These data have their limitations in a quantitative sense, but

their coverage both in time and space probably provide the most utilized
source of information around the world with the possible exception of
conventional data.

In limited areas of the world, reconnaissance aircraft

have and continue to provide detailed information used as a primary source
in the operational forecast and warning process.

These aircraft as well

as research aircraft have also provide considerable quantitative information used in research studies to improve the understanding of tropical
cyclones as well as forecast and warnings.
All these data sources continue to be used operationally as well as
in research studies.

Several analysis techniques and types of studies
(1)
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have been applied including case studies, composite studies, quantitative and empirical relationship studies, objective and subjective
analysis techniques and their combinations, etc.

This paper will ex-

amine where such developments stand today and directions for the future.
2.

State of the Science :Review:
The

pr~ry

synoptic scale analysis carried out in the tropical and

subtropical regions of the
pressure field.

~rld

remain manual analyses of tb.e surface

This is primarily a result of the fact that this is the

one level which haS the lar.gest coverage of quantitative data.

Upper

air soundings are not available over much of the tropical regions of the
world.

~

analyses are done at several levels by centers in the

Australia, India, Tahiti, and Thailand where sane upper air soundings
are available.

The Atlantic and Eastern Pacific regions contain very

limited sounding data.

ijere cloud drift "winds" determined from time

lapse satellite imagery is used along with aircraft observations and
isolated soundings for streamline analyses at the 200 mb level.
Satellite imagery plays an important role in all these analyses.
Because of the sparsity of data, -weather features are often not resolved
in the conventional data sets.

The satellite imagery data are used

qualitatively to maintain continuity in the analyses on these weather
systems.

Satellite imagery is also currently used in m::>st warning

centers to make intensity estimates based upon the Ovorak ( 1984b) technique.

This tectmique has beccme m::>re objective with time, but still is

partially subjectiye.

This technique has also qeen adapted to infrared

digital data in a totally objective process for specific types of cases
which are subjectively selected <Dvorak, 1985).

Similar teclmiques have

been developed using cloud top temperatures (Watapabe, 1985; Lawrence
and Mayfield, 1985).

These techniques have proven to give reasonable
(2)

intensity estjmates on the average, but considerable scatter with large
occassional errors remain.

They provide valuable guidance to the opera-

tional forecaster in a sbnilar sense as statistically derived track prediction models do by providing first guess intensities same what based
upon clbnatological values derived from statistical or empirical relationships.

Other methods for estbnating intensity from satellite obser-

vations have been developed using microwave data with mixed results,
possibly due to resolution lbnitations

(Veldon and Smith, 1983).

Satellite imagery also plays an 1mportant role in tracking of
tropical cyclones.

However, extremely large errors in estimated

positions often occur with the low resolution infrared data and
occassionally with visible spectra imagery when no well defined center
is depicted.

Satellite imagagery is also used qualitatively in

assessing environmental conditions and interactions with tropical
cyclone systems.

The rather new water vapor time lapse loops

available from same geosynchronous satellites has receive considerable
attention in recent years (Dvorak, 1984a) to supplement the visible and
infrared bnagery used routinely.

In addition, satellite imagery is now

used routinely in many sections of the world to make rainfall estbnates
(Oliver, V.J. and R.A. Schofield, 1978; Spayd, L.E. and R.A. Schofield,
1984).
Recent advancements in remote sensing have offered same promise for
aiding in tropical analyses in the middle levels of the atmosphere.
Vertical atmospheric sounding data are being derived from sensors onboard geosynchronous satellites.

These data coupled with conventional

and cloud drift and water vapor drift satellite imagery derived data
are being tested and evaluated in the United States.
and M. Mayfield, 1984).
( 3)

(Veldon,

c.s.,

'lO
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Several advancements in radar technology and communication systems
are permitting more direct use of radar linagery at operational oenters
and for research purposes.

Digitized radar data are now routinely

available to the National Hurricane Center in the United States from
most coastal sites which are accessed by land line and displayed at the
center in real tline and in time lapse form.

In addition, for the first

time, digitized PPI radar images we.re transmitted from OOAA research
aircraft in a tropical cyclone via satellite and land line to the National Hurricane Center and displayed electronically during Hurricane
Elena in August 1985.

Further radar technological

develo~nts

are

providing data for detailed research on flow fields in the convective
elements in the tropical cyclone.
used in

u.s.

An

airborne doppler system is now

tropical cyclone research and land based doppler systems

will replace conventional systems along the

u.

S. coasts within the

next decade.
Many advancements in aircraft measurements and analysis techniques
are providing operational products as well as insight into tropical
cyclone behavior where such data are routinely available.

Operational

advancements include satellite data links which allow transmission of
detailed meteorological fields to the National Hurricane Center in real
time.

These fields aid considerably in the forecast and warning process

in terms of existing wind fields and their trends including tropical
cyclone motion.

A

study by Sheets (1985) utilizing these data to de-

termine mQvement of the system on the tropical cyclone scale as compared
to the xrore. routine "center" position movement has shown the p::>tential
for significant improvement in track forecas.ts for 12 and 24 hour
periods.

This technique was uses operationally during critical periods

in the. mvement of hurricane Elel)a (1985 > •
(4}

Another objective technique
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for determining the tracks of tropical cyclones from these detailed
aircraft observations was developed by Willoughby and Chelmow (1982).
This system is now used routinely for compositing of data for research
purJ:X>ses.
Many advancements in the description and some times understanding
of tropical cyclone formation, maintenance and structure have occurred
over the years.

Many of these were in the form of case studies too

numberous to list here.

However, a series of studies dating from 1963

(LaSuer and Hawkins, 1963) through 1976 (Hawkins and nnbembo, 1976)
involving the late Dr. Harry F. Hawkins are notable arrong these.

Others

contributors to case studies utilizing aircraft data include Colon,
Gentry and Sheets.

Composite studies utilizing aircraft data have been

accomplished by a number of students and former students under the
tutelege of Professor Gray at Colorado State University.
of these will be listed.

Only a few

Notable anong these are (Shea and Gray, 1973;

and Frank, 1977a and 1977b).

A complete list is available from CSU.

Recent advancements in aircraft instrumentation have permitted
more refined studies of the m:soscale and convective scale characteristics of hurricanes (Jorgensen, 1983 and 1984; Willoughby, Marks and
Feinberg, 1984; Houze, et. al. 1985;

Willis, 1984, etc.).

Many other snnilar studies are nearing completion or underway by
researchers in or associated with the Hurricane Research Division of
the Atlantic Oceanographic and Meteorological Laboratories in Miami,
Florida, USA.

Details can be obtained from that organization.

Synoptic scale data are generally not available in a temporal or
spatial distribution sufficient to analyze on a case by case basis,
the tropical cyclone characteristics relative to its environment.
( 5)

One

10
technique that has been used to try to over come same of these lbnitations has been to composite rawinsonde data for studies in analyzing
the tropical cyclone characteristics (Sheets, 1969; Bell, 1972 and
Gray, 1983 and numerous associates ) • The studies by Sheets and Bell
.concentrated in the inner core of the tropical cyclone (within about
200

km)

while rrost of the studies by Gray and associates include much

larger coverage to study interactions with the environment.
Gray and associates have now accumulated a very large rawinsonde
data set for roc>st tropical regions of the world where tropical cyclones
occur.

These data sets have been stratified for selected storm

situations to study statistical characteristics of such factors as
movement and intensity as related to the larger scale environmental
flow.

Results from these studies may provide insight for certain

characteristics to look for operationally in trying to forecast such
elements as intensity changes, recurvature, etc.

The weaknesses of

the technique is that scatter can be large for :rrost potential predictive
elements.

However, since its development in the early 1970's rawinsonde

compositing has made many ilnportant contributions to our understanding
of the large scale structure of tropical cyclones.
3.

Conclusions and Recommendations.
Several advancements in technology are offering opportunities to

provide improvements in our understanding of tropical cyclones and their
enviroments.
improvements.

However, the most critical factor remains forecast track
A concerted effort should be made to improve analyses of

the tropical and subtropical environment on a synoptic and subsynoptic
scale.

These analyses will require improvements in the description of

the tropical and subtropical atmosphere in the data sparse regions.
( 6)
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Remote sensing seems the only likely candidate to provide such data
on an operational basis.

The combination of various satellite derived

products such as cloud drift "winds", etc., and VAS soundings analyzed
in a man/computer interactive fashion with conventional data would seem
to offer the :rrost hope in this area for the near future.

However, it

should be stressed that researchers and operational people need to work
closely together to make sure that developments in the research area
are logistically practical for application to the operational environment.

Researchers should play an active role in the process of tech-

nology transfer to the operational environment.
Advances in airborne instrumentation offer great potential for
bnprovement in understanding the processes within the tropical cyclone
which influence factors such as intensity changes.

Airborne doppler

and other remote sensing instrument packages coupled with the more
standard kinematic and thermodynamic measurements at the aircraft
level and through dropsondes would seem to have considerable potential.

( 7)
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TOPIC 7. 1
~ONVENTIONAL

Rapporteur•:

1.

HEATHER CHART MEASUREMENT
AND ANALYSIS

Geoff' Love
Australian Bureau of Meteorology
DarRin

Introduction

The task of analysis in the tropical cyclone forecasting
process is a crucial one.
If the initial Analysis is bad (ie
incorrect centre location/poor depiction of mid and
upper
tropospheric floR features) then all subsequent forecasts Rill be
similarly poor.
A number of research studies have clearly
indicated that a decrease in the initial position error Rill be
reflected by a decrease in 12 and 24 hour forecast position
errors (eg Hurphy,
1q85).
The aim of this topic Rithin the
workshop program Rill be to focus attention on the close
relationship betReen analysis skill and forecast skill in the
tropical cyclone context,
and to look at Rays of improving
analysis techniques in cyclone Rarning centres.
In preparing this report every effort has been made to
consolidate the information contained within the nine replies to
Prof.
Sadler's questionnaire.
At times it Ras difficult to
determine the amount of analysis being undertaken in the tropical
cyclone Rarning centres as opposed to that being undertaken in
remotely located national analysis centres.
At least some
responses appeared to indicate that the national analysis centre
had access to a wide variety of data sources,
particularly
satellite imagery,
but the cyclone forecaster located in some
other office received a far degraded data base.
It Rould seem
that if the meteorologists making vital forecast and Rarning
decisions do not have access to the best possible data base, then
it may be argued that the best possible decisions concerning life
and property in the Rarning areas are not being made.
This report is structured in three parts;
initially the
objectives and principles of conventional and automated analysis
are stated,
then the questionnaire responses are summarized and
finally a discussion is presented outlining future trends in
tropical analysis and hoR best they should be directed.
2.

Objectives and Principles of Analysis

The objective of analysis is to clearly define Reather
systems in such a fashion as to allow for the best possible
forecasts to be made.
In a tropical cyclone situation the
analysis principles should be tailored to maximize the efficiency
of the prognosis/forecast system.
HoNever, it is the variety of
man/machine mix in analysis,
prognosis and forecasting which
makes it difficult to clearly enunciate analysis principles.

1

I
For the purposes of this report a "conventional'' analysis
program is one in which the analyses are prepared manually.
In
such a program careful isobaric analysis at the surface will be
accompanied by streamline/isotach analysis aloft.
In data sparse
ar·eas synoptic models such as those of Frank (1q77> and Holland
(1q8q) should be combined with climatologies leg Sadler,
1975;
Ramage and Raman,
1q72J, satellite interpretation and
all
available wind/height/temperature observations to provide an
analysis.
A sequence or charts produced in this mode should be
climatically,
historically and vertically consistent.
It is
particularly important to note that existing weather systems
should be maintained.
The omission of a circulation because
there are no longer any observations in the area confirming it,
should be avoided.
Thus,
goad analysil in the data sparse
tropics requires an element or prognostic skill,

The other basic principles of conventional analysis relat~
to the introduction or ne~ neather systems into the analysis
sequence.
The introduction or Ion pressure syst•~s over tropical
oceanic areas Is often difficult because of data sparsity 1
but
never-the-leas essential if tropical cyclone genesis is going to
be correctly forecast.
Generally speakin' tRo or more of the
folloRing conditions should be met before a system is introduced:
la)

a large area of non-diurnal
satellite i~agery;

cloud

(bJ

a 2 mb or
conditions;

deficit

(c)

a cyclonically organised Rind field.

greater

pressure

is

evident

from

on

a~bient

If the ~nalysis program is of tbs "modern" design it must
be tailored to suit computer requit·ements.
If
numerical
prognoses
are to be prepared then numerical analysis
is
essential.
Houever it is not easy to design a system "hich
naturally folious the principles outlined above.
Automated
analysis does not do Rell at satellite picture interpretationt
has difficulty with the "prognostic" component of analysis in
data sparse areas and often assumes an inapprop~iate balance
bet»een tropical "ind and mass fields.
Responses to Prof.
Sadler's questionnaire clearly indicated that many meteorologists
fear that the introduction of automated systems for routine
tropical analysis »ill lead to a reduction in analysis skills.
This reduction or analysis skill may then lead to a reduction in
ability
to forecast cyclone behaviour.
Recognising
that
ultimately (at present!} forecasts must be prepared by a man,
every endeavour should be then made to have the analysis pr·ogram
tailored to his requirements.
To this end the foilolfing
principles for automated analysis should be adopted:
(a)
There should be a (reduced) manual analysis program
running parallel to the automated tropical analysis
progr•am.
This Ro•.ill d hd p pt•eserve analysis skills,
all(>fl
for
data
baae inspection
and
srnoptia
:t nterpr•etat:t on..
(b)

The

manual

analyst

should

have

tb~

facility

to

introduce pseudo observations inta the analysis ayola •

.....

(

.-r::.
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(c)

The manual analyst should be able to introduce "model"
depressions and cyclones (of specified intensity)
at
any desired location.

(d)

The analysis should be univariate (Kind,
height,
temperature and moisture to be analysed separately).
Any assumptions of balance between the fields
being
part of the prognostic program, every effort should be
made to present "actual" fields to those responsible
for drafting cyclone Karnings.

Rith these principles of conventional and automated analysis
in mind it is instructive to look at the analysis programs of the
operational tropical cyclone Rarning centres.

3.

Summary of Responses to Prof.Sadler's
Questionnaire

gives a summary of the responses to questions
Table
relating
to the nature of the analysis programs in nine
countries.
Only New Zealand prepares automated analyses though a
number of respondents indicated that their countries had plans to
do so.
In general it appears that the cyclone forecaster
undertakes some part of the analysis cycle;
hoRever because a
large number of analyses at a number of levels are prepared at
the important synoptic hours,
many charts are analysed by junior
forecasters.
It is through this process that on-the-job training
occurs
and
younger cyclone forecasters
acquire
synoptic
judgement.
TABLE 1
Analysis program at cyclone Karning centres.
NUMBER OF
LEVELS

TIHES PER
lfANUALI STREAMLINE/
DAY
AUTOMATED CONSTANT HEIGHT

COUNTRY
AUSTRALIA
CHINA
INDIA
MADAGASCAR
MALAYSIA
MAURITIUS
NER ZEALAND
TAHITI
THAILAND

X
y

u

=
=
=

11

4

M

s

u

u
u
u
u
u
u

u

u
u
u
u
u

10
U*

u

u
2M/8A

q
12

M
M

u
M
M/A
M
M

2
4

S/CH

s
s

No
Yes
Unspecifield

Table 2 gives an indication of the data base available to
the analyst.
As indicated earlier, every possible effort should
be made to maximize this data base .
"Visible" satellite imagery
and cloud drift winds Rould seem to be two of the more important
..,
\.~1
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data sources which Here often missing at the point where cyclone
warning decisions were taken.
A number of respondents indicated
that data wer·e not always available in a timely fashion,
TABLE 2
Data base available at cyclone Rat·ning centres.

FAX CHARTS*

AIREPS

ACARI/

SATRINDS

SATPIX

ASDAR
COUNTRY
At!STRAL1A

y

y

y

y

y

CHINA

y

y

u

u

y

INDIA

y

N

N

N

y

11/iDAGASCAR

u

Y.

u

X

X

MALAYSIA

u

y

tJ

u

u

11AURIT!US

N

y

N

u

y

NEK ZEALAND

y

y

N

V

y

TAHITI

y

y

t1

'(

y

THAILAltD

y

N

N

N

y

£*Fax charts from centr~l Analysis centr~
i. e RMC/RHC separate from cyclone uarnin~ centre]

X
y

u

No

=

Yes

=

Unspecif'ield

From the responses given it would seem that fundamental
analysis training occurs as a part of a meteorologists basic
training but development beyond basic competence must be achieved
while the forecaster assists more senior staff during cyclone
situations.
No respondents indicated that their organisation had
established
a
formal refresher prograM in
analysis
for
experienced forecASters,
howeve~ one respondent indicated
that
the foreaaeters of his organisation were ~ufficiently unhappy
Hith their analysis skill levels that they were organising for
themselves a series of warkshops.
4.

Future Trends in Analysis

As a nu•ber or respondents indicated, computer systems are
becoming more powerful and more available to staff of tropical
cyclone warning aentres.
As it will undoubtnbly be through the
use of thesl devices that cyclone forecasting improves in skill,
it is vital to look at the man/machine mi~ in anaysis progt•ams of
'
the future.

4-
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Already in this paper• some basic principles for developing
an adequate man/machine interactive analysis program have been
outlined.
Hhy should the analyst embrace the computer based
product? The answer is that with a computer based analysis il is
possible to undertake a far more complex diagnosis of
the
~tmosphere
than was formerly possible.
It is the prospect of
better diagnosis which provides the forecaster with the incentive
to persist with automated analysis,
and work to overcome its
shortcomings.
Some diagnostics which suggest themselves are
print-outs of the divergent component of the Rind field (fig. 1),
meridional and zonal cross-sections (figs 2 and 3 respectively),
and budget~ of angular momentum transports,
vorticity advection
and moisture transport through selected layers.
Another obvious
advantage of computer based data sets in that they provide the
forecaster with the opportunity to interact Rith the data base,
overlaying remotely sensed data (satellite imagery,
sat winds,
radar imagery etc) on conventional analyses.
5.

Conclusions

Dynamical and statistical ·methods are providing a variety of
forecasts for a single cyclone at a single instant.
It remains
the responsibility of the cyclone forecaster to assess these
prognoses
and
prepare one forecast
which
represents
a
distillation of the essence of the available data and objective
forecasts.
To make his decision the forecaster should be able to
inspect the broadest possible data base and have available
analysis
techniques
of sufficient power to
extract
the
information it bontains.
The challenge of the future is to get
the most realistic analysis into a computer-compatible form for
rapid display and diagnosis.
The
operational forecaster cannot afford to shun the
computer or the result will be an analysis suited only to an
automated prognostic scheme.
That is,
tl'opical analysis schemes
Rill
be established which have wind and mass fields unnaturally
balanced,
which have artificial divergence introduced through
initialisation procedures and Rhich omit cyclones
(despite
satellite imagery evidence) because of a lack of conventional
observations.
The operational forecaster must see that his
analysis skills become an integral part of the analysis program
and ensure that he is rewarded with the tools necessary to
undertake a sophisticated analysis of the atmosphere surrounding
a tropical cyclone.
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TOPIC 7.2: SATELLITE MEASUREMENTS AND ANALYSIS
Rapporteur: Vernon F. Dvorak

ABSTRACT
This section summarizes techniques that use satellite data to
analyze and forecast tropical cyclones. Methods in current use and
also those which show promise for future use are discussed. Techniques
for intensity analysis and forecasting, rainfall estimation, and
motion forecasting are described.
1.

Introduction
Observations from satellite platforms are currently providing meteorologists

with a wealth of information concerning the relationship between the cloud patterns
of tropical cyclones and their position, intensity and root ion.

Today much of this

knowledge is utilized in methods for analysis and forecasting.

This paper attempts

to summarize the methods that play or will play a major role in tropical cyclone analysis and forecasting in countries around the world.

The techniques involved with

tracking tropical cyclones using satellite data are omitted from this discussion
and are found in Topic 5.4.
2.

State of the Science Review
a.

Tropical Cyclone Intensity Analysis
1)

Dvorak technique
Most tropical cyclone warning centers currently use the Dvorak technique

to determine storm intensity from satellite data.

The technique which is

given in detail in Dvorak (1984b) can be used with one or roore observations
a day of visible or enhanced infrared images.

A modified form of the tech-

nique is also being used at present with one to three hourly observations of
digital infrared data.

This last version of the technique is used only for

patterns with embedded centers of hurricane intensity.

It has recently been

programmed onto a man-co~puter interactive device (MciDAS) and has shown
promising results from the first five hurricanes it was tested on, shown in
figure 1 (Dvorak, 1985}.

Watanabe (1985) using a multiple regression

technique to examine

t~e

1-i

relationship between satellite ·cloud top tem-

peratures and typho.on central pressures

t he

h~s.

developed a similar objec-

technique~

The major strength o.f the Dvorak method is that lt

pr~:wictes.

reas.onable

intensity estimates und'EH' pra.ctically all. condittQns found in the operational setth1g·.

It does. this through the us.e of c,loud: pattern descriptions

and li\l•les that form a. model of tropical cydOJle
.

de~tel'opment.
.

The analyst

comp.ares the storm p.attern being a.na.lyzed and its change in time with quantitative and qu.alitattv·e pattern. ctescriptions in the model to arrhe at the
intensity o·f the storm.,

A.n example of the ll()del h1 shown in figu.re 2.

The

use of' enhanced and dig·ital infrared rooasurements d:uring the last few years.
at several tropical centers has simpHfied and: adde·d considerable objectivity to the comparison proces.s.

The tech:nique is eXJ!·lained in figure 3.

The pri.mary weakness of the technique is i•n the subjective deci. sions
that must be made particularly in the fir$.t tw,o <i<lys of development.

Thes,e

decisions result in differences between analysts when patterns are unclear
or when the analyst has had insufficient trainin9.
con cent rating on the

cur~ted

New training methods

band concept and on the roost common problem

areas, as well as the man-machine approach being extended to pre-hurricane
patterns ma_y redl!ce thh problem in the near future.
2)

_:_s~~t"~<w.:.i ca_l_'~ -~~orm_ i·~J:~~f!_s'-i-~J___~_i1_l_.Y_S..,l1

The interpre:tatton
of the high
latitude "hybid" storms that develop in
'
.
the strQn9 vort.ic1ty environment of a cutoff or cuttin9 off co.ld low has
always been a problem

fo~

the tropical cyehme forecas,t.e·r.

Even though ttle

cloud patt.EH'O$ and patte.rn evolution are· simihr to thiit Qf the tropical
cyclone~

the ques.tion of whether or not th.(\}y were tropical, iincl: their sometimes

l'L3
rap1 d rate of deve 1opment resulted in late warnings.

In 1975 Hebert

and Poteat developed a technique to solve the problem.

Using guidelines

similar to the Dvorak method so that the two systems would intermesh when
the cyclone became "tropical" they defined the subtropical storm patterns
and rules for handling them.

The technique is used at the NHC and has been

found useful (Gaby, et al., 1980).
3) Microwave

_Lnte~sity

estimates

Another method for determining hurricane intensities which is also
programmed on the MciDAS uses the microwave sounding unit on the NOAA polar
orbiting satellites (Veldon and Smith, 1983).

The microwave data is ana-

lyzed in real time to describe the 250mb temperature field in the environment of the storm.

Analyses of numerous tropical storms show good

correlation between the temperature perturbation of the 250 mb warm core of
the storm and its central surface pressure and maximum winds.

The laplacian

of the temperature field is also related to the intensity of the tropical
cyclone.

The problems involved with this technique are:

a) the image of

the storm must be more or less centered in the polar orbiting satellite pieture to give good results.

This means that one cannot even depend on two

observations a day from a polar orbiting satellite, and h) indications of
the warm core are rather weak in the early stages of the tropical cyclone
and may be lost in the noise of the data until the cyclone is almost to
hurricane intensity.

For instance the temperature of the warm core in the

.

three storms in the sample only differed from the surrounding 250mb ternperature by one degree centigrade when they were strong tropical storms
approaching hurricane intensity.
The strength of the technique is that ft has the potential of being
objective and much improved in the future with higher resolution microwave
data and more frequent observations.

1.l
4)
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Accuracy of sate111te derived intensity estimates

The aceur.acy of tropical cyclone intensity esthnates determined by
satellite methQds, or for that matter any method, 1s d1 fficult to evaluate.
The reguhr U.s. Air Force reconn.aissance max1m\.tm w1 nd .rrea·surements a.re
often found to be 1ower than the true wind speed of the storm since the
maximum wind area is not tlsually inters·ecte(:i by tn.e aircraft.

On the other

hand, research ai re raft in recent years have been report 1ng unexp.ected h·i ·!\Jh
winds for short periods itlstorm.s.

The problems with 1,1s1.ng the extremely

variable wind data from reconnaissance aircraft have lee'l to a heavy reliance
on an ave.rage maxi mum wind estimate that is inferred from reconnai ss a nee
pressure mea$urements ·when these are available..

The post-season

11

best

track 11 analyses of storms also rely heavny on the empir1cally derived
central pressure/maximum wind relationship.

The satellite intensity estima-

tes using methods developed from best-track data re·late best to the central
pressure oeasurements.

The two roost recent studies comparing operational

satellite intensHy estimates with best-track estimates (Shewchuck and Weir,
1980;

G~by

et al •., 1980). usin9 good quality pictures and nnre than one

observation a day, indicate an average di ff,erence from the best-track maxi.,.
mum winds of less than 8 knots in both the W-est Pacific region and the
Atlantk.

lhi$ difference between satellite and central pressure estimat.es

of hurricane intensity is not surprising sirtce the average error found
empirically betw:een the minimum central p.ressure in st1;3rms and their maxiflliJ,m
winds is :ot the same magnitude (Atkinson and Holliday, l977).

What is

I

surprishtg are the resu1ts of the .new automated technique ·shown in fig. 1
whi eh show an aver!'lSJe difference of ! .8 kts between sate11He and recon

measurement-s.

zz.,
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a) Tropical ·Cyclone Intensity Forecasting
The tropical cyclone development model in Dvorak (1984) forecasts development to continue along the modeled intensity change curve until signs of
maturity or arrested development are observed.

When the developmental cycle

is interrupted at any stage by an unfavorable environment, the pattern will
show either the dense (cold) clouds separating from the low-level center, a
non-diurnal lowering (warming) of the cloud tops. or a rapid expansion of
dense (cold) clouds out from the storm center as the curved band dissipates.
And since changes in a storm•s cloud features precede cyclone intensity
change by 6 to 12 hours (Lushine, 1977, Dvorak, 1985), some forecast skill
exists in simply knowing the cloud features associated with cyclone development and weakening.
The technique also instructs the analyst to watch for significant
changes in the cyclone•s environment to make the forecast.

Such indications

of increasing vertical shear, stratocurnulus clouds (cold water), land, or
southward-moving cirrus in advance of the storm have long been used in the
intensity forecast procedure.

In recent years the curvature and changes in

time of the cloud bands within an area 25° latitude to the north and west of
the cyclone have also been used in the forecast.

This method (Dvorak, 1980)

uses the observation that banding to the northwest of a storm which bows
towards a westward moving storm is unfavorable for its development.
A method for forecasting tropical cyclogenesis has been used operationally for over ten years (Dvorak, 1984).

It provides criteria to fore-

cast tropical cyclogenesis about 36 hours before a disturbance attains
tropical storm intensity (35 kts).

This is accomplished by the analyst

keeping all tropical cloud clusters containing deep layer convection
and cloud line curvature under surveillance.

When a combination of the

0

following three characteristics is observed and the broa.dscale environ-

7.2..
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ment appears favorable, the forecast of tropical cyclogenesis 1s made:

a) the cluster has persisted for 12 hours or more with, b) cloud line
curvature that defines a center within an area having a diameter of 21!2()
latitude or less and has, c) an area of dense (cold) overcast clouds
near the cent er or defining the cent er.
The following two studies have indicated positive results in tropical
cyclone intensity forecasting even though they hcwe not as yet been used
operationally.
Gentry et al. (1980) developed a technique to forecast 24-hour changes
in the maximum winds of tropical cyclones from infrared observations of the
equivalent blackbody temperatures in the storm's cloud pattern.

The

regression equations developed in the study provided forecasts superior to
those of persistence techniques when applied to independent data.

Another

interesting result of the study showed that the statistical correlation between satellite measured blackbody temperatures and a storm's future

inten~

sity {+24 hrs) was higher than it was for the current intensity.
Erickson (1974) states that numerical calculations of divergence, vorticity, and vertical shear using satellite observed cloud motions at high
levels may prove to be useful as a diagnostic supplement to existing techniques.

His work applied polynominal-fitting techniques to the fields of

high-cloud vectors obtained from ATS-3 satellite data.

Relationships bet-

ween certain calculated parameters and cyclone intensity were discovered to
be statistically significant.

However~

the scatter of individual results

was quite large.
b)

T roP-.i c~l_s:y_cj_on~__!:!i nf ~j_J!st imC!_t i o~

Precipitation cannot be directly measured from satellite data but it can
be inferred from various cloud top features and their changes in time.
Several techniques have been derived to determine amounts of rainfall from
tropical cyclones. The first of these was used in a manual form in 1979 by

7.l
the

Satellit~
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Field Services Station at the NHC 1n Miami and then was

programmed for automated computations thereafter with some modifications
(Griff1th, et al., 1978).

The technique determines rainfall rates as a

function of cloud top temperatures, stage of growth of the clouds and motion
of the cyclone, using empirically derived relationships.

It provides a

forecast of both a core rainfall amount and the amount of rainfall along a
line perpendicular to the direction of motion of the storm to the right and
left of track.

A similar technique is currently being developed at Hong

Kong which produces a computer printout of tropical cyclone rain patterns
(C. Y. Lam, personal commmunication).
A convective rainfall estimation technique has also been used operationally on tropical cyclones at and after landfall by the Satellite
Applications Branch (SAB) of NESDIS in Washington, DC since 1978.

The tech-

nique (Oliver and Scofield, 1976) is an empirical manual technique which
relates rainfall rates to the hourly changes in the cloud top temperature
and cloud growth of convection.

This technique has been modified to better

deal with the special features of the tropical cyclone.

The current tech-

nique (Spayd and Scofield, 1984) yields a rainfall potential of the tropical
cyclone prior to landfall which has also been tested operationally at the
SAB since 1983.

In this system a rTEteorologist rrust identify various cloud

signatures such as the wall cloud, COO, etc., their speed and change in time
in visible and enhanced IR imagery.

Initial results indicate that this

technique is an improvement over the initial Oliver/Scofield technique for
trap i ea 1 eye 1ones.
Even though ground truth rainfall amounts are difficult to ascertain,
comparisons with radar and what measurements do exist indicate that the
methods of determining tropical cyclone rainfall from satellite data in
current use appear to provide useful information for warning purposes.

7-t
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c) Techniques based og ani mated 1magery
Animated satellite picture sequences shown either on movie loops or on
video screens are excellent tools for tropical cyclone analysis.

The

sequences, when automatically placed on video screens allow for real time
analysis by eliminating the need for photographic processing.

Such displays

when shown to the public in warning areas along coast lines also add credibility to the forecast of landfall made by the warning center.
Motion picture loops have provided rreteorologists with qualitative
informati.on about tropical cyclone development and rootion since late in the
1960's.

Information concerning the center placement and developmental cri-

teria such as changes in convection and vertical shear in pre-storm disturbances is essential to current analysis and forecast procedures.
Quantitative estimates of atmospheric winds are made from cloud displacement vectors taken from cloud motions on roovie loops.

The vectors are

routinely used as input to meteorological analysis charts.

They are also

part of the data base used by numerical models that forecast tropical
cyclone motion discussed in the next section.

Unfortunately the cloud vec-

tors are of little value in determining tropical cyclone intensity except
for certain types of weak disturbances.

This is because the strongest winds

of most storms occur under a shield of dense overcast clouds.
d) Jj:_cp_i c~"!_J:Jc l_9ne _mot i q_n. forecast i n_g_
The use of satellite data for tropical cyclone motion forecasting has
long been a tantalizing yet frustrating pursuit.

On the one hand the cloud

patterns show changes in.their form that appear to be in response to obvious
changes in the winds that could effect their motion.

But the complexity of

the winds existing at several levels in the atmosphere and their rapid
changes 1n time seem to defy a simple solution to the problem.

7.2.9
A technique used since the early 1960s at some warning centers involves
placing the recent satellite pictures in animated form on either a
loop or on a video screen.

~rovie

Then by holding a straight edge along the line

described by the motion of the center of the storm the forecaster extrapolates the next 12 or 24 hour motion forward in time along the straight edge.
Several methods that use changes in the cloud pattern or cloud distribution of the storm have been developed over the years.

Lajoie and Nicholls

(1974) found a relationship between the motion of storms near Australia and
the distribution of convection in the storm's cloud pattern.

The method

consists of rules stating that cyclones rrove toward the rrost developed convective cluster near the downstream end of the outer cloud band and away
from a sector devoid of cumulonimbus clusters.

Fett and Brand (1975) in a

study of western North Pacific storms found that the sense of rotation of
major cloud features in a storm's cloud pattern is related to a change in
the track of the storm.

That is, when a storm's features are observed to

rotate clockwise in time, the storm's track will take a turn to the right.
Shimamura and Yamashita (1983) found a clue to forecasting recurvature by
watching changes in the orientation of clouds at the northern edge of the
cloud system as it interacts with the baroclinic trough to its northwest.
Recently a technique based on changes in the upper level rroisture patterns observed in the VAS, 6.7 urn channel on the GOES satellite was developed
(Dvorak. 1984).

A sample of over forty northwestward rroving storms showed

that most storms turned northward when a cyclonically curved moisture boundary was observed approaching the storm from the northwest and the storm's
moisture/cloud pattern was building northward.

Storms were observed to turn

westward when a significant dissipation in the moisture/cloud pattern was
observed to the north of the storm center.

The advantage of this method is

7.t
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that it uses ·indications of changes 1n the broadscale environment of the
storm to make the forecast to avoid the pitfall of short perfod changes.
Although all of the above methods have shown only a limited amount of
success in operational usage. they seem to suggest that changes in cyclone
motion are related to relatively long term shifts in convective cloudiness.
Quantitative estimates of atmospheric winds made from movie loops are
also part of the data base used for forecasting tropical cyclone motion.

A

recently developed forecasting technique that shows promise also uses cloud
displacement winds along with water vapor tracers and satellite derived gradient winds to forecast tropical cyclone motion (Veldon and Mayfield, 1984).
This method develops a data set for the 850 mb, 400 mb and 200 mb levels
which is then used as a "steering current" along which the tropical cyclone
is forecast to m:>ve.
3.
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4.

Conclusions
I

Analysis and forecasting techniques using satellite data are evolving and
becoming more quantitative with time.

The automated intensity determ1nat1ons from

the man-computer MciOAS system are now being made objectively and so far with greater
accuracy than ever achieved by the manual methods.

Even though at present this is

only true for the stronger cyclones, the technique for weaker disturbances is
currently being programmed onto the MciDAS.

What appears to make the scheme work is

the fact that the cloud parameters precede the pressure changes in the cyclone which
allows for the system to use the past six hours of data to smooth the intensity esti-

.mat ions.

There is also promise in the area of using microwave data to rooni tor the warm
core and hence the intensity of the tropical cyclone.

With the higher resolution

sensors and roore frequent observations this method will improve.
Recent research in the use of upper level moisture fields and atmospheric soundings from satellite sensors to make tropical cyclone motion forecasts suggests that
techniques in this area will soon become valuable operationally.
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ABSTRACT
Since its first use in the 1950's and sophisticated
development in the early 1970's rawinsonde compositing has made
many important contributions to our understanding of the large
scale structure of tropical cyclones. The basic idea is to
position a grid over the centre of the cyclone and to label each
rawin observation with corresponding grid coordinates. The same
procedure is carried out with all similar cyclones and all
observation times in the historical record to yield a dense
distribution of gridded rawin observations. These are then
averaged in grid boxes to define the "composite analysis".
Extensions to the technique include the use of rotated and moving
coordinate systems, stratifications, composites of derived
parameters such as horizontal eddy fluxes, incorporation of
balloon drift and other corrections, and centering the grid on
cyclone related features other than the storm centre.
The reasons for using the technique are: (i) to increase the
spatial density of the data; (ii) to suppress the differences and
enhance the features in common between different cyclones; and
(iii) to aid in the analysis design of individual case studies.
Shortcomings of the technique include a loss of time resolution,
a loss of information on high spatial wavenumber features and a
lack of information on the diversity of individual cases about
the composite mean.
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Introduction

Rawinsonde compositing has been one of the major techniques
used over the last decade to study tropical cyclones.

The

findings from composite studies and the ideas subsequently
generated have had a fundamental influence on our current
knowledge and understanding of the tropical cyclone.

This report describes the technique and discusses its
advantages, disadvantages and interpretation.

The findings,

which are not described here, cover all aspects of cyclone
behaviour and are included in several of the Working Group
reports on structure (Topic 2), formation (Topic 3), intensity
and structure change (Topic 4) and motion

(~opic

5).

The

majority of tropical cyclone research using the technique has
been carried out by W.M. Gray and his colleagues {including W.M.
Frank,

J.t. McBride and G.J. Holland). The results of that

group's research have beerr summarised in two major publications:
a review article by Gray {1979); and the WMO/CAS publicatiorr
~Recent

advances in tropical cyclone research from rawinsonde

composite

analysis~

by W.M. Gray (1983).

2
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2. Historical Perspective

The large scale structure of tropical cyclones has always been
difficult to analyze due to the sparsity of data over the
tropical oceans.

Logistical problems prevent large scale

gathering of aircraft data, and satellite-based sensors are not
well suited for measuring the all-important wind field.
Operational rawinsonde networks are far too coarse to permit
quantitative analysis of individual storms; often only 4-5
soundings are taken within 1500 km of the storm center.

In order to overcome the limitations of the operational
rawinsonde networks, researchers began to attempt composite
analyses of tropical cyclones as early as the 1950's.

Hughes

(1952) and Jordan (1952) averaged the lower and upper wind
fields, respectively, around a number of Atlantic Hurricanes.
Miller (1958) performed a composite analysis of hurricane wind
fields using a manual compositing procedure which included
corrections for balloon motion during the ascent.

These studies

were able to document the large cyclonic circulation, low level
inflow and some of the upper level anticyclone, but they did not
include enough data for accurate resolution of the radial wind
profiles which are necessary for budgets and most other
diagnostic analyses.

Gray (1968) composited rawinsonde

observations to construct mean maps of vertical wind shear
surrounding pre-cyclone weather systems in the North West
Pacific, North Atlantic, South Pacific and North Indian Oceans.
3
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The fundamental problem facing early composite studies was the
labor required to process large numbers of soundings.
Therefore, the era of modern compositing did not arrive until
computers became readily available.

The first major tropical

composite studies focused on easterly waves (Reed and Recker,
1971) and cloud clusters (Williams, 1970; Williams and Gray,
1973).

The first such study to concentrate on tropical cyclones

was that of Black and Anthes (1971) who analyzed the upper
troposphere circulations of hurricanes using satellite-derived
wind vectors.

Since satellite-wind vectors are generally more

closely spaced than rawin soundings, the latter authors were able
to analyze structures of individual storms by averaging data from
more than one time.

Frank (1977a) composited 18,000 soundings from the NW Pacific
to examine the large scale structure of tropical cyclones in that
region.

Among the innovations introduced in that study were the

use of cylindrical rotated and moving coordinate systems,
stratification of storms into similar groups and the compositing
of individual fluxes (products of winds and other variables) so
that mean circulation and eddy circulation features could be
differentiated.

The basic techniques of that study were refined

and extended to the NW Atlantic (Nunez and Gray, 1977) and the
Australian region (Holland, 1984a,b,c).·

McBride (198la) and

McBride and Zehr (1981) utilized stratification procedures to
4
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compare the properties of pre-storm and non-developing cloud
clusters.

George and Gray (1976) first studied storm motion and

its relationships to steering flow by stratifying cyclone
composites into groups according to motion characteristics.
Budgets of moist static energy, angular momentum and kinetic
energy were calculated for the composite typhoon by Frank
(1977b). These were extended to calculations for different
intensity stages of the typhoon and hurricane life cycles by
McBride (198lb).

The stratification of tropical cyclones according to
motion, intensity, location and climatological characteristics in
order to isolate mean differences between the groups has become a
common analysis technique in recent years.

A variation on the

compositing theme is to center the grid on a particular region of
interest other than the primary circulation center, such as on
outer rainbands (Wei and Gray, 1985) or on the path region of the
storm (Frank, 1982).

3.

Comp~site

Methodology

The data used are the routine upper air observations of the
World Weather Watch (WWW). The distributions of observation
points in two ocean basins are shown in-Figs. 1 and 2.

The

positions of the tropical cyclones at each observation time are
obtained from various sources, depending on the particular study,
5
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but the most common source is the "best track" record of the
relevant national weather service or local forecasting office.
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bank.

Compositing is performed on a 15 deg.latitude radius
cylindrical grid with 21 vertical levels extending from sea level
to 50 mb. The grid is positioned with the cyclone at grid centre
of the lowest level.

Whenever available rawinsonde observations

fall on the grid at a given time period for a given cyclone, each
sounding is located relative to the storm centre in cylindrical
coordinates using plane geometry. Corrections in the relative
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Fig. 2.
Distribution of upper wind observation stations used for
composite studies of tropical cyclones in the south Pacific.
(From Holland, 1984a.)

positions of the balloon and cyclone centre are made for each
sounding at each level based on observed winds and cyclone
motions and an assumed ascent rate.

The most common form of the cylindrical grid consists of
eight octants of 45 degrees azimuthal extent and eleven
overlapping radial bands extending from 0-1, 1-2,
4-6, 5-7, 7-9, 9-11,

1-3, 2-4, 3-5,

11-13, and 13-15 degrees latitude distance

from the cyclone centre. The orientation of the grid depends on
the particular application but is usually based on either compass

7

?,~
direction or direction of cyclone motion. After each sounding is
located on the grid, the relevant primary or derived parameters
are determined from the raw data, and each parameter is assigned
to that grid box. All soundings from all observation times and
cyclones making up the composite are then simply averaged for
each grid box to yield the composite analysis field. Examples of
the resultant data density for typical composites are shown in
Table 1. Typical case counts of individual weather systems
constituting the composites are shown in Table 2.

Position
20

40

60

Pacific non-developing
N 1 Cloud cluster

143

224

282

Pacific developing
D 1 Early pre-typhoon cloud cluster
02 Pre-typhoon cloud !:luster
03 Intensifying cyclone
04 Typhoon

24
151
135
203

45
281
272
521

72
352
357
787

Atlantic non-developing
N l Cloud cluster
N2 Wave trough cluster
N3 Non-developing depression

170
197
46

393
364
75

548
477
137

Atlantic developing
01 Pre-hurricane cloud cluster
02 Pre-hurricane depression
03 Intensifying cyclone
04 Hurricane

49
113
111
206

84
179
227
434

94
267
299
646

Data set
-

Table.l. Number of rawinsonde observations included between l-3,
3-5 and 5-7 degree latitude distance from the grid centre for
various composite stratifications in the northwest Pacific and
northwest Atlantic. (From McBride, l98la).
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Number

Data set
Pacific non-developing
NI Cloud cluster

?,5

87

Pacific developing
0 I Early pre-typhoon cloud cluster
02 Pre-typhoon cloud cluster
03 Intensifying cyclone
04 Typhoon
Atlantic non-developing
NI Cloud cluster
N2 Wave trough cluster
N3 Non-developing depression
Atlantic developing
D I Pre-hurricane cloud cluster
02 Pre-hurricane depression
03 Intensifying cyclone
04 Hurricane

46
130
130

147

46
66
22

23
63
79
73

Table 2. Number of individual weather systems making up the
composite cyclones of Table 1.

4. Advantages and Disadvantages

The alternative to compositing is the case study of an
individual system. The two approaches provide different types of
information, and in fact complement each other.
major reasons for carrying out

There are two

rawinsonde compositing of

tropical cyclones.

The first is that of increasing the spatial density of the
data.

Tropical cyclones always form over the warm tropical

oceans where the rawinsonde observational density is sparse. It
is simply not possible to obtain enough data around any
individual cyclone or cloud cluster at one time period to permit
quantitative analyses of structure, dynamics or energetics.
9
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particular, the increased data density from compositing yields an
accurate vertical profile of the radial component of wind
relative to the centre of the cyclone.

This radial wind is

necessary for the computation of budgets and in particular
transports of such quantities as energy, water vapour, momentum
and vorticity.

The second reason for compositing is to smear out the
diversity between different cyclones and enhance the features in
common. Consider for example cyclone formation.
cyclones form under various conditions:

Tropical

from ITCZ disturbances,

from cloud clusters in the deep trade winds, from easterly waves,
from the cloudiness associated with a stagnant midlatitude cold
front. Through the composite approach the synoptic features
common to these systems can be determined.

A basic assumption

made in the use of the composite method is that the isolation of
these common features is the key to the understanding of how and
why tropical cyclones develop.

Similar considerations apply to

the understanding of other aspects of cyclone behaviour, such as
movement, recurvature, intensity change, structure change, etc.

There are several shortcomings, however, to the composite
method.

One is that the averaging procedure smooths out high

wavenumber information which may be an important component of the
basic physics being investigated. Another is that through the
averaging procedure time resolution is lost. Both these
weaknesses can be partially countered by careful statification of
10
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the cyclones into subgroups based on such features as cyclone
size, cloud band orientation, number of hours prior to rapid
intensification, etc.

The dynamic effects of transient and high

spatial wavenumber features can be captured through the
calculation of nonlinear terms in the relevant equations in their
flux formulation, so that they can be calculated for each
individual sounding prior to the averaging process.
Nevertheless, these two weaknesses should be recognised in the
interpretation of the composite results.

A third weakness of the composite method is the lack of
information it yields on the diversity of the individual cyclones
about the composite mean. Thus, for example, when a composite is
performed of cyclones at a point 36 hours before their tracks
turn to the right, the resultant composite field has a negative
vertical (200 - 900 mb) shear in the component of wind parallel
to the cyclone's motion.

From the composite study, however, one

cannot determine whether the presence of such shear always means
a cyclone is about to turn to the right.

For that information

one has to look at the same parameter in a large number of case
studies, as was done by Chan et al.

(1980), whose results are

shown in Fig.3. Through similar considerations, McBride and Zehr
(1981) looked at 79 individual weather systems to. verify the
differences revealed in composites between pre-hurricane versus
non-developing cloud clusters; and in general the verification
through case studies can be considered as one of the routine
steps in the composite procedure.
11
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These examples from Chan et al. and McBride and Zehr also
highlight one of the advantages of compositing:

it clearly

delineates properties of the average system, properties which can
form the basis of the analysis design for individual case
studies.

The rawinsonde composite procedure is used almost
exclusively to study the "outer" circulation of the tropical
cyclone, i.e. the atmospheric structure beyond l degree latitude
radius from the system centre. The reasons for this are that
there are too few observations within this radius to give a
meaningful average;

the observations present are biased towards

the subset of situations with low wind speed and rainfall; and at
small radius calculations of radial wind and momentum and energy
fluxes require too great an accuracy in the position
specification of the cyclone centre.

(Despite these problems,

however, useful climatological mean soundings close to the
centres of cyclones have been determined for the Atlantic by
Sheets, 1969; for the North West Pacific by Bell and Kar-sing
1973; and for the Australian region by Keenan and Templeton,
1983.)

One final limitation of rawinsonde compositing of tropical
cyclones is that the procedure does not produce reliable
information on the cyclone boundary layer . This is because the
rawinsonde release points are primarily located on large islands
13
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or on the coastlines of continents. Thus their lowlevel wind,
temperature and moisture observations are not representative of
conditions over the deep ocean.

5. Interpretation of the composite results

The main problem associated with the interpretation of
composite analyses is that of assessing the statistical
significance of the analysed features.

As discussed above, a

standard procedure is to use the composite fields to determine
the key parameters and to then perform a large number of case
studies specifically aimed at evaluating those same parameters.

For most of the features revealed by composite analises,
this procedure is not possible, simply because there is
insufficient data density in any of the individual cases
(Examples of such features are: the shape of the vertical profile
of vertical velocity; the transport of momentum due to horizontal
eddies U'V', etc.).

Since the early days of compositing, research workers have
been aware of this problem, and the following standardised
procedures have been used by these workers for guidance in
interpretation of results:

14
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o

Before placing significance on an analysed feature make sure

it is still present when the composite data set is split into
sub-components, for example when separate composites are
performed on data from even and odd calendar dates.

o

The significance of differences between two composite

stratifications can be tested by seeing if they are present in
independent but similarly stratified composites.

Thus, for

example, in comparing the differences between nondeveloping (N)
versus developing (D) weather systems, McBride and Zehr (1981)
performed composites of D and N type systems at four different
intensity stages from Dl/Nl (cloud cluster) through to D4/N4
(hurricane-typhoon) and in two different ocean basins (Nortwest
Pacific and Northwest Atlantic).

o

Contamination from background large scale circulation

features can be reduced by restricting data sets to storms in
limited areas and occurring at the same time of year.

o

Check for internal consistency of the composite fields.

For

example, the dry static energy budget and the water vapour budget
both yield precipitation as a residual. The vertical variations
of wind and temperature should be approximately in thermal
balance; etc.

o

McBride and Gray (1980) performed "background composites"

representing mean conditions in the cyclone basins independently
15
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of the presence or absence of a tropical

cyclone~

Background

composites were performed for the Northwest Pacific and Atlantic
by running the composite program on the usual rawinsonde data
network, but substituting the tropical cyclone positions with a
number of geographically fixed positions and compositing data for
every day over two cyclone seasons. Thus, some measure of the
significance of a feature in a cyclone composite can be obtained
by comparison with the characteristics of the relevant
"background composite".

o

An important component of the analysis of composite data

sets is the comparison of different stratifications. For example,
Chan et al.

(1980) compared the structure of cyclones about to

recurve to the right with that of cyclones moving straight ahead
or turning to the left. Nunez and Gray (1977) compared the
structure of the composite hurricane with that of the composite
typhoon. A rigorous evaluation of the statistical significance of
the similarities and differences found can be obtained by the use
of Multi-Response Permutation Procedures (Mielke et al., 1981).
Applications of these procedures to rawinsonde composites of
tropical cyclones are described in Chapter 4 of Gray (1983).

16
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6. Summary

Since its development in the early 1970's rawinsonde
compositing has made many important contributions to our
understanding of the large scale structure of tropical cyclones.
The basic idea is to position a grid over the centre of the
cyclone and to label each rawin observation with corresponding
grid coordinates. The same procedure is carried out with all
similar cyclones and all observation times in the historical
record to yield a dense distribution of gridded rawin
observations. These are then averaged in grid boxes to define the
"composite analysis". Extensions to the technique include the use
of rotated and moving coordinate systems, stratifications,
composites of derived parameters such as horizontal eddy fluxes,
incorporation of balloon drift and other corrections, and
centering the grid on cyclone related features other than the
storm centre.

The reasons for using the technique are:
spatial density of the data;

(i) to increase the

(ii) to suppress the differences and

enhance the features in common between different cyclones; and
(iii) to aid in the analysis design of individual case studies.
Shortcomings of the technique include a loss of time resolution,
a loss of information on high spatial wavenumber features and a
lack of information on the diversity of individual cases about
the composite mean. The shortcomings can be partly alleviated by
careful use of stratifications, statistical analysis, combining
17
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composites and case studies, and other procedures.
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ABSTRACT
The

coastal

cyclones
strong

bear
winds,

areas

most

knowledge

on

and storm surges from

by

tropical

these

from

surface wlnds and

floods and storm surges.

phenomena

and

squalls,

current

the

induced

tropical
tornadoes,

The economic impact of these

the long range planning necessary

cyclone Impact are also discussed.

the

destructive

This report· attempts to outline the

rainfall,

were

frequented

the observations and 'forecasting of

strong

~yclone

countries

of the damages and loss of lives

floods

natural phenomena.

of

to

ameliorate

Primary inputs to this report

provided mostly from the Rapporteurs' reports covering

the

sub-topics of TOPIC 8 which are hereby acknowledged.
1.

INTROQUCTION
The tropical cyclone constitutes one of the most destructive

natural

disaster-causing phenomenon which affects many countries

around

the

exacting
Although

globe particularly those within
tremendous

annual

losses

in

the

lives

tropical
and

property.

invariably these revolving tropical disturbances

havoc

wherever they traverse,

their

impact are felt the greatest over the coastal areas

bear

the

be it at sea or over land

brunt of the strong surface

winds,

belt

squalls,

tornadoes and the flooding from the storm rainfall and the

wreak
areas~

which
induced
asso-

8.0

·elated storm surges.
Since

the

destructive
winds

arising

dlstut·bances

from

the

passage

are due mainly to the

of

these

strong

surfdce

and the flooding from intense rainfall as well as flooding

from
and

damage

the sea as a result of the wind stress on the
subsequent

surge,

watrir

sea

mass transport referred to as

surface

the

accurate observation and description of these

storm

attributes

of the storm including their spatial distribution about the storm
center

would Indeed be very useful to the tropical cyclone fore-

caster

as

well as the decision makers concerned

with

disaster

preparedness and planning.
It is the associated storm surge and the flooding from heavy
rains,

however,

greatest

loss

rather

than the strong winds which

in lives and destruction to property

areas lntruded by these disturbances.
cite
storm

Araflles,

numerous events in this connection namely,
surge

of

the

1970 which resulted in the loss

ber

surge generated by the Isu

in

coastal

of

Bangladesh
more

rec~rd),

1959 killing almost 5,000 people and

Samar

Philippines,
in

the

Galveston,

recently$
31

1897 was attributed

to

storm

surge.

In
and
More

Typhoon Ike (8411) struck southern Philippines <August

- September

US$4,000,000

Very

the

Texas

the death of about 1,300 persons in Leyte

October

than

Bay (Japan) typhoon in Septem-

storm surge of September 1900 wherein 6,000 people perished.
the

the

et al., C1984)

300,000 lives Cand probably the most destructive in
storm

cause

4,

1984>

with

more

than

1,000

dead

property damage attributed mainly to storm

recently,

and

surges.

storm surge and floods killed up to 5,000 people·

in southern Bangladesh in May 1985.
2

Considering

that tropical cyclones of hurricane or

typhoon

strepgth seem to strike yearly at preferred locations like
in

the

Carribbean and the Gulf of Mexico,

Western North Pacific region,
tion

Bay of

the

Bengal,

particularly within the

of the WMO/ESCAP Typhoon Committee,

those

jurisdic-

to mention just a few,

their economic impact on these areas are very significant both ln
terms

of

the

deleterious as well as

the

beneficial

aspects.

Although

statistics show that the loss of lives from these

tructive

tropical

phenomena

have

significantly

reckoned from the beginning of this century,

decreased

The former trend

<losses in lives) could be partly attributed to some

latter

(property losses) could be

improvement

syst~m

in the tropical cyclone forecasting and warning
the

as

the property losses

have increased relatively by leaps and bounds.

of

des-

due

to

while that
accelerated

development in the coastal zones.
The
of

foregoing discussion clearly points to the urgent

focusing

more

attention to long range coastal

order to mitigate the impact of tropical cyclones.
necessarily

mean

researchers,

planning
This

in

should

the integrated efforts of all concerned

- the

the forecasters, the decision makers concerned with

disaster preparedness and planning and the general
obvious

need

public.

aims of such an integrated effort should include:

more effective system of tropical cyclone data

gathering~

sis

enhance

and synthesis which would facilitate and

The
(a) a
analy-

numerical

modelling of tropical cyclones leading to a clearer understanding
of

their

nature and characteristics and the

involved

physical

processes within, as well as their interaction with the immediate
environment;

(b)

improved

tropical cyclone forecasting
3

tech-

8.0

nlques;

(c) formulation of timely tropical cyclone warnings and

bulletins

clearly

understood by the .end users and

the

general

public, and which would allow sufficient lead time for evacuation
and

adequate

preparation for disaster

education of the public,

mitigation;

proper

particularly in areas identified to

vulnerable to the visitations of tropical cyclones;
tion

(d)

be

(e) prepara-

of long range plans in disaster preparedness and mitigation

including

specific

e~acuation

plans for

threatened

commQnitles

and the provision of investments for related infrastructures such
as

surge walls,

and of course,
laws

vertical evacuation centers,
go~ernment

the enactment by

evacuation routes

of appropriate zoning

for human settlements and updated building codes to

safety

and

economy of

~uildlngs

and structures in

ensure

relation

to

tropical cyclone forces.

2.
a)

STATE OF THE SCIENCE REYIEW
On the Observations and Forecasting of Strong Surface Winds
and Sgyalls Including Tropical Cyclone Induced Tornadoes
<Sub-Topic 8.1)
Although

wrought
intense

by

it

is now widely known that the

tropical

precipitation~

associated

storm

damage though

cyclones is due to

greatest

flooding

damage

either

from

or flooding from the sea arising from the

surge or a combination

of

both,

of a lesser degree, are caused by

significant

strong ·surface

winds, squalls and induced tornadoes.
Actual
oftentimes
wind
are

measurements of the extreme values of surface

present difficulties primarily due to the failure

instruments before the maximum values of the surface
attained

<1981)

winds

and recorded at the station.

pointed out that "the climatology of
4

Slmpson

of

winds

and

Riehl

surfac~-layer

winds

aa

in
.,

the

States has been handicapped by a lack

United

exposed

anemometer

systems in the coastal

zone

been

and,

well-

-- operational

anemometers at weather stations are not often found at
locations;

.ao

of

shoreline

because of instrument or power failures, it has

difficult to capitalize on opportunities for data

acqulsl-

tion when hurricanes have affected such locatlonsQ.
Slmpson
the

and Rlehl also mentioned that the determination

impact of hurricane gusts on structure either the

installation
elaborate

locations to

record

wind

imposed on the structure.
impact

shoreline

of many new and superior anemometer systems or

instrumentation

of

high rise

stresses and

buildings
the

of

the

in

coastal

resultant

strains

Recording of typhoon winds and

their

on structures have been accomplished in Hong Kong where a

10-story building frame and a cluster of four instrumental towers
were erected explicitly to measure the impact of typhoons.
8.1-A · (After Simpson and Rlehl) illustrates the maximum
layer winds from an

extre~e

Fig.
~urf~ce

hurricane.

Tornadoes induced by tropical cyclones develop mainly ln the
spiral bands situated in the cyclone's right front quadrant

well

beyond the region of hurricane force winds.
D.
tornadoes

Novlan and W.

J.

are typically generated in the right front quadrant of

the cyclone;
it

M. Gray (1974) showed that "hurricane

they are directly related to the storm intensity as

strikes land;

the majority of tornadoes occur inland

within

100 n.mlles of shore; there appears to be very little correlation
of tornado occurrence with storm velocity,

direction# or time of

day

at

and

that

most tornadoes are spawned

an

surface pressure of 1009 mb and at the time when the
5

environmental
hurricane's

center is 50 n.mlles inland".
_Spawned

Tornadoes

They also concluded that Hurricane

are closely related to the presence

strong low level vertical wind shear.
and

Gray)

Fig.

8.1-B

shows the plan view of 373 U.S.

(1948-1972>

of

Novlan

<Afte~

hurricane

very

tornadoes

with respect to the hurricane center and Its

dlrec-

tion of motion while Fig. 8.1-C <After Novlan and Gray) shows the
geographical distribution of hurricane tornadoes (1948-1972).
b)

On the Obseryatlons and Fprecasting of Rainfall and Flooding
<Sub-Topic 8.2)
Rainfall

associated

beneficial and harmful;
contribute
cyclone

to

the

with tropical cyclones

<TC)

is

both

beneficial because the rains so produced

water needs of the areas

traversed

by

and harmful when.the amount is excessive so as to

the
cause

flooding.
The
cyclones

conventional way of determining rainfall from

tropical

relles mostly on the rainfall observing network and the

overall accuracy of the observations depend on the density of the
network as well as the terrain traversed by the disturbance.
compositing

techniques a relatively crude estimate of the

By
total

9

rainfall.

This

technique

was

employed

for

twelve

selected

typhoons which crossed the Philippines during the period 1966

to

1970 (As unc 1on and Amad ore, 1978).
The
improved
in

advent

has

gr~atly

the systematic measurement of precipitation from storms

conjunction

which

of the weather surveillance radar

would

with an existing

enable

ralrifall measurements.

rainfall

observation

one to calibrate the radar to be
Recently,

used

for

Japan has come out with radar

raingages which are now used to monitor ·rainfall in some
6

network

strate-

&~

8.0
glc

locations ln Japan <e.g.

of a mountain near Nagoya,

the Gozalsho Radar ralngage on top

Japan which monitors rainfall over

3

river basins).
Quantitative Precipitation Forecasting (QPF> particularly as
lt

is

applied

Infancy

would

to tropical cyclones which is
indeed

be

useful

when and

in
lf

lts
thls

relative
would

be

available operationally.
The Rapporteur on this sub-topic,

Dr.

Chenglan Bao ·(1985),

mentioned in his report remarkable cases of heavy rainfall caused
by tropical cyclones

name~y:

'.

a) 3240 mm/3-days in March, 1952 at Reunion Island
b) 2743 mm/3-days ln October, 1967 at Taiwan
c) 1631 mm/5-days. in August, 1975 at Henan, China and
d) 1114 mm/1-day
In
cyclones

his

paper,

in September, 1976 at Japan.
Heavy Rains <HR> associated

with

tropical

are claaslf1ed Into four categories:

a) Squall Line ahead of a tropical cyclone
b) Heavy Raln caused by the circulation itself
c) Heavy Rain produced by the interaction between the tropical cyclone and the westerly system, and
d) Heavy Rain caused by the interaction between the tropical
cyclone and other tropical systems.
Further,

the

heavy rain from tropical cyclones is affected

by the following factors and synoptic systems:
a) The tropical cyclone intensity itself
b) Duration of rainfall and the energy supply
c) Upper level divergence and lower level convergence, and
d) Topography.
7

Dr.
·:

ln

Bao presented a diagnostic forecasting method developed

China involving the water vapour ln the layer between 850

and 750 mb, the geopotentlal

instabili~y

mb

in the layer Qetween 850

mb and 500 mb and the vertical velocity.
He mentioned in passing the correlation between rainfall and
the minimum sea level pressure at Hong Kong and the corresponding
regression equations which are used to forecast Tropical

Cyclone

Rainfall at the Royal Observatory.
In Japan,
73

districts

according to D:r. Bao, the country ls divided into
with different topographic gradients to

their orographic rainfall.

calculate

The results seem to be satisfactory.

It is hoped that limited area numerical models suitable
application

ln

the tropics would soon be made

operational

for
and

available for use in tropical cyclone forecasting which would one
day

assist

ln

the

accurate

estimation

of

Tropical

Cyclone

Rainfall and help in the solution of flood forecasting.
c)

On The Observations and Forecasting of Storm Surge
<Sub-Topic 8.3)
·
As I have mentioned ln the introduction of this report,

flooding
the

from the sea produced by the associated storm surge

number one killer and culprit ln the tremendous

destruction

in

the coastal zones frequented by

the
is

losses

and

hurricanes

and

typhoons.
Dr.

Chester

P.

Jelesnianski,

the Rapporteur on this sub-

topic and himself one of the pioneers ln storm surge modellng and
forecasting,
current

has

clearly

and

authoritatively

presented

state of the observational techniques for storm
\

surges,

the inherent problems as well as recommended solutions both
8

the

with

ao

8.0

respect to observations and to forecasting.
We
of

can not but agree to his statement that

surges

are

deficient,

haphazard,

and

- "Observations

targets

throughout the world, even in industrialized nations.
are few and far between.

Those few gages that have

the core of a past .storm often have malfunctioned.

of

chance

Tide gages
experienced

A commendable

and relatively inexpensive way to gather surge data after a storm
'

event

is to survey high water marks inside structures or

build-

ings acting as stilling wells.
Although
techniques

surge

or

impractical

forecasting can be done

mathematical

models,

using

statistical

modeling

bollc,

methods

because of the lack of surge data from past

Instead# we must rely on mathematical surge models.
tical

statistical

dimensions,

events.

The mathema-

of storm surges requires the solution of

partial

differential

equations,

~re

horizontally

hyperin

two

with initial-boundary conditions, and driving forces

must be specified consisting of a surface stress from .wind and

a

Much scientific study has

been

expended on mathematical techniques and algorithms to solve

such

pressure

gradient

equations.
real-time

body force.

However,

adapting

a

surge model for

operational,

forecasting to a given region requires laborious

acquisition.

data

The bathymetry of water areas and surface topogra-

phy of land must be specified for each model grid square.

All of

these· data must be carefully adjusted to a common datum.
In

dealing

~orecasting,

comprehensive

Dr.

with

the

problem of

Jelesnianski

discussion

has

surge

presented

observations
a

critical

of the important subject areas

looked into, namely:
9

to

and
and
be

1.
2.

8.(

Datums
Initial sea state before a surge event
Storm modellng
Surface stress and surface winds
Surface modeling
Observations and data gathering
Surge output
Use of surge models in evacuation planning
Accuracy of surge forecasting
Future modeling of storms and stirges

3.

4.
5.
6.

7.
8.
9.
10.

The

surge model for §ea.

6ake,

and Qverland

§urges

from

tlurricanes <SLOSH> developed by Dr. Jelesnianski seems to be very
promising
coastal

for

application ln various parts of the

basins are very irregular.

in using SLOSH in the U.S.A.

world

where

The results so far obtained

(see Fig.

8.3-A) are very encoura-

ging.
The

only

drawback in the use of SLOSH

compared

predecessor

(SPLASH>

data

involves actual onslte surveys which

which

average of 6 months.
hurricanes

and

with

is the tedious preparation with the

In basins

typhoons,

however~

takes

its
basin

on

the

that are frequented by

investments of this kind in time

and

money would undoubtedly be very worthwhile.
d)

On The Economic Impact of Tropical Cyclones
<Sub-Topic 8.4)
The

influence

of · troplcil cyclones on

countries that are affected by their yearly
these

a~e

the

economies

occurrence,

of

whether

actually traversed by them or. are indirectly affected,

either adversely or otherwise,

are very significant.

It may be

interesting to note here that although considerable loss of lives
and destruction to property are caused by tropical cyclone occurrences in a number of ways,
In

the

Phlllpplnes,

for

their presence are also
example,

about 60 per

beneficial.
cent

of

the

country's annual rainfall is traceable to the passage of tropical
10

cyclones
·r

within the Ph1llpp1ne area.

When the annual frequency

drops well below the average of 19 cyclones a year, some parts of
the country will experience drought or near drought conditions.
Dr.

S.

N. Sen <1981) cited the economic impact of tropical

cyclones in the ESCAP region which sustained tropical cyclone and
associated
the

flood damage amounting to US$35,835

period 1961-1975.

millions

during

The average annual damage (at 1975 price

levels) in the period 1961-1965 amounted to US$1880 millions
that

it

1975.

had increased to US$3132 millions for the

1971-

This reflects a similar trend in the United States.
On the other hand,

the

years

and

years,

unusual

while the property damage increased thru

the losses in lives had an opposite trend &xcept for

years In 1971 and 1977 and in 1970 when

a

catastrophic

disaster attributed to storm surge generated In the Bay of Bengal
alone

claimed

more than 300,000 lives.

Graphic comparison .of

property damage and losses ln lives are depleted in Flgures 8.4-A
and

8.4-B

for

the ESCAP Region and in

8.4-C

for

the

United

States.
For
tropical

most of the developing

co~ntries

yearly_ affected

~y

cyclone

hurricane. or

their economies are set back everytime a
•
typhoon strikes.
This underscores the need

the
big
for

tropical cyclone mitigation measures which includes the upgrading
of

the

tropical cyclone warning capabllltles .of

the

countries

concerned and closer cooperation and collaboration among them.
e)

On Long Range Coastal Planning to Ameliorate Cyclone Impact
<Sub-Topic 8.5)
Long

range

planning is a very vital component in

preparedness and prevention.

It refers to the various
11

disaster
measures

8.0

taken

In order to mitigate or mlnlmlze the Impact of an

antici-

pated disaster-causing phenomena.
For a long range plan to be acceptable,
account

the

nature of the community it

is

this must take into
Intended

degree of development in terms of its social,
tical

setting.

educating
getting

the

for,

the

economic and poli-

This . is particularly irue ln the

question

end users of storm warnings and bulletins

or

of
ln

the peoples' proper response or compliance to evacuation

orders.
The
by

urgency of the need for proper planning is

underscored

the personal views of the Director of the National

Center <USA),
Bangladesh,

Dr.

Neil Frank

(1985)~

who said and I quote# "In

the scene of several recent cyclone disasters, .it ls

the

poor

the

low vulnerable offshore islands in order

and the destitute who have no choice but to locate

will prevent starvation.
but

are

Hurricane

to grow food

They are aware of the cyclone

on
that

dangers

willing to take the risk in order to survive.

In

the

United States, it is the rich and the affluent who have chosen to
locate

along

luxury~

and in most cases they are not even aware of their

rablllty
dings

similar hurricane vulnerable islands and

and live under the misconception that

will survive hurricanes.

live

expensive

ln

vulne~

buil-

Nature is not influenced by our

economic status and one day we are going to pay a severe price if
we do not move forward quickly seeking solutions to the hurricane
problem, and the price may be thousands of lives."
The

Rapporteur

of this Sub-Topic,

Dr.

Wllliam

M. 'Frank

(1985), have given us a critical review and analysis of this very
Important problem of long range planning to ameliorate the impact
12
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8.0
of

tropical

In his report the

cyclones.

plannipg

procedures

dealing with the various vital components are carefully dissected
and

These

analyzed.

comprise the necessity of

educating

general public including those in the government and the
sectors

concerned;

include

among others,

evacuation

private

the plans for community action which

plans;

vulnerability

commu~ity

forecast improvement;

the

should

assessment,

and

land use planning

and

disaster alleviation.
I

may

Typhoon

mention in this juncture that within

Committee (TC) Region,

member

countries

by

the

League

of

ESCAP/WMO

one of the major concerns of the

in the Committee is

Preparedness <DPP>.

the

Disaster

Prevention

and·

The regional DPP activities are coordinated
Red Cross Societies CLRCS>

and

the

United

Nations Disaster Relief Organization CUNDRO) who jointly serve as
the Focal Point for the DPP,component of the TC activities.
3.

CONCLUSIONS AND RECOMMENDATIONS

a)

Recent

acquisition
radars,

developments
including

obse~ving

in

techniques

the new generation

weather satellites,

weather

and

data

surveillance

ocean buoys and new sounder

syst~ms

'

provide

promising

means

for

more

accurate

determination

of

cyclone surface strong winds and tornadoes.
It
tropical

is

hoped

that advance in the

numerical

modelling

cyclones will produce results suitable and

of

approximate

for operational forecasting.
b)
on

Further research should be directed to gain more
thi physical factors and synoptic situations

that

knowledge
influence

heavy rainfall from tropical cyclones, as well as the variability
of

rainfall

from

tropical

cyclone~

13

that

are

of

similar

8.0
lntensltles and tracks.
efforts

Greater

should

also

be

directed

the

towards

improvement of quantitative precipitation forecasting.
c)

On

the observation and forecasting

endorse

of

storm

surges1

we

the following conclusions and recommendations of Dr.

C.

P. Jelesnlanskl:
With the advent of the computer age,
made for prediction and

~lannlng

much progress has been

of storm surge events.

Further

progress, however, awaits a better understanding of storm drlvlng
forces

and the prediction and analysis of storm

input

into

fine-grid

storm models.
meshes,

parameters

Cosmetic advances can be

more

complete

equations

of

made

totality

of these

advance~

with·

motion,

comprehensive boundary and initialization conditions,
sum

for

can be impressive,

mor.e

etc.
but

The

greater

improvements will come with more comprehensive storm models.
Worldwide, the archiving of observed surge data is weak.
some

areas,

pr~cludes

calibration
Gages

surge

data ls non-existent.

lack

of

procedure.

Tide

gages

are few and

far

between.

frequently become inoperative ln the core of storms

where

Hence, tide gage observations of surge are

likely to be obtained for the periphery of

Post-stqrm

data

localize~

verification of sbrge models dependent on a

surges are dramatic.
more

Such

In

severe

storms.

surveys. of high water marks inside buildings offer an

excellent and economical way to gather surge data.
Surge models require input data consisting of sea
and inland topography.

bathy~etry

Slnce most surges are under 10 meters, lt

is

imperative to map inland contours with consistent accuracy up

to

10

meters

ln

height,

preferably
14

at

1-meter

intervals.

8.0
Worldwide,
behooves

such
surge

topographic accuracy in mapping
modelers to obtain accurate

is

rare.

survey

It

information

about their region before developing surge models for forecasting
inundation

inland

of

occur

Exceptions

or

for

•
surge

verifications.

coastal

terrain. where

attempting

rapldly

rising

inundation distances are much smaller than storm
vertical wall

appro~imatlon

for the

data ls old and possibly unreliable.

data.

Vast

industrial

bathymetrlc
coastal

alluvlal deposits,

development.
c~astal

natural phenomena.
should

be

changes

e.g.,

a

~oastline.

Bathymetrlc charts are available worldwide,
depth

size;

but much of the

A few are devoid of

can occur with
newly

tlme

formed

due

islands

to
from

and barrier Island erosion, and other

For a given reglon,.the nearshore bathymetry

checked carefully before using published

bathym~trlc

·data in surge models.
d)

It has been shown in the discussion on the section

economic

impact

frequented

of

tropical

cyclones

that

all

on

the

countries

by these disastrous natural phenomena suffer·so

much

annually ln terms of human lives lost and properties damaged
that,

particularly

tropical
to

the impact

of

cyclone occurrences on their economies are so great

as

serlou~ly

T-hls
c~untries

ln the developing countries,

and

set back their economic developments.

underscores

the

need for greater

cooperation

concerned both the developed and developing

among

countries

in order to mitigate the impact of these phenomena.
The
umbrella
upgrading

Tropical
for
of

such

Cyclone Programme of the WMO
cooperation

in sharing

is

resources
""-oo•_._-

capabilities of developin9 countries
15

a

in

suitable
for

the

tropical

8.0
cyclone research and operational

forec~stlng.

To gain further knowledge on the economic impact of tropical
cyclones,

there

ls a need for a more -systematic data .gathering
The UN specialized

and an improved method of damage assessment.
agencies

like

WMO and UNDRO ln cooperation wlth ESCAP

and

the

LRCS could spearhead a worldwide effort along these lines.
e)

On Long Range Coastal Planning to Ameliorate Cyclone Impact,

we endorse the recommendations of Dr.

W.

M~

Frank, Rapporteur on·

Sub-Top 1c ·8 • 5 :
As
to

meterologists we need to discuss what steps we can

take

promote action by the many .and varied persons who have a role

in long range planning for tropical cyclones.

have been
1.

s~ggested

il.

for discussion at the workshop are:

Increased
coast~l

monitoring of the changing vulnerability

of

populat1ons;

Technology ·transfer,
reduce

Some topics which

the

including steps to simplify

costs of remote sensing

antl

sy~tems

and
storm

surge modelling surveys;
l i i . Promotion

of educational programs for storm

awareness

.

and disaster preparedness;

lv.

Accumulation

of

storm

records

to

prepare

cyclone

climatologles adequate for long range planning and risk
assessment;
v.

Improvement

of

communication systems and

information

dlssemlnatlon;
vl.

Suggested. engineering

projects

to

alleviate

storm

damage and to assist victims.
And

finally,

it is our fervent hope that these conclusions
16

8.0
and recommendations will be substantially reinforced from
arlslng from the interaction of participants to the IWTC.
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TOPIC 8.1

OBSERVATIONS AND FORECASTING OF STRONG SURFACE WINDS AND SQUALLS
INCLUDING TROPICAL CYCLONE INDUCED TORNADOES

P. BLACK (USA}

(NOT RECEIVED}

Topic 8

Tropical Cyclone Coastal Impact

8 •.2

B.~

Observations and Forecasting of Rainfall
Chenglan Bao;

(Nanjing University, People's Republi_<;:· o,f China)

The ertreme-ly heavy rain(EHRr ~ 200Inm/day) and the following
flash flood is one of the severe damage of t:ropical cyclone(TC) .. The·
rainfall ~e:cmz:·ds c-aused by a TC a:re: 32-40 mm/3-days in March, 11952 at

t
Reunion :Island,- 2749 mrn/3-days in -:' Octobe:r, 1967 at. Taiwan, China,·
1631 mm/5-days in August, 1975 at Henan1 China, and 1114 mrn/1l-day in
September,. 1976 at Japan.

I.
The: TC heavy rain(HR) is divided into 4 p.arls( 1i, 2 :,5](Fig .. t):
1. Squall line in frnnt o:f TC. It is about 400-500 km in front
@:f TC with 2D0'-30D km in l.ength and 20-50 km. in width. Shower 1-asts

only 10-30 minutes with rainfall 30;...70 mm •. Sometimes, t.ornadoes occur
in this squall line.
2~

HR caused by TC

circulat~on

itself. It is the main body of

TC including the spiFal cloud bands and eye-wall •. EHR always occurs
near the landfall place. Hurric'ane Camile, 1969 induced 787 .. 4 mm/5 hr
in Virginia, US due to a very long inflow cloud belt from equato.r(4 )
--- 1 ---

(Fir, ..2). TC 7011.had a same inflow cloud belt and caus-ed an EHR of

8,~

9a6 mm/3-days in Eastern Guangdong.

TC 7913 l.anded an c·entFal GuangdongC 5l. A long spiral

~loud

band formed to :Lts south and e.ast. Twar strong convective cloud clusters
within it lasted about 40 hou·rs. The· total rainfall amounted to

mm. abDut

1~0· ~east o~

91:~·.7

TC(Fig. 3).

3 .. ER produced by i.nteraction between TC and wesit.erly sy:ttems.
AfteJr· TC lands and penetrat.es inland, an invert trough usually
extEm.ds northwa;rod fFom· TC c·ente-ro Fig. 4 show..s that. a· seri.e>s (Jf HR

c·emer~ we~ obs:erved in the i!l!Verl t~l'ough af TC 1907 C6 ) ~ They w.ere.
carres,ponding t.o the cloud clusters. on satellite cloud maps.

When cold ai:Jr invades .into the: invert tvough,. EHR w.ould appef'iir
faro no:ri:ih o·f TC. The synoptic situation is a ccr.J.L field( Fig~ 5) with the
trough t.o. narth and south and high to

w:est~

and east, and EHR near the

col point. 7 amortg 8 EHR O•f TC in Jlangsu ·Province were in this kind of

situa::ti0l'lt7'l .. Somtime·s, TC trough meets cold bont and develops into an
ext:v-a.trapical cyclon-e. Of couise, it ca.uses: an EHR too.,. As well known,
Hurricane Ha:cd in 1954 is another most-, .famous exampke

m

USA (81.,

Occasionally, a subcyclone was induced within the invert t:rough

·-- 2 ........

iiiiil
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of TC. Even though TC vanishes south of 30°N, EHR occurs north of 35°N.
There were. 3 cases in 1959-1980: TC 5904, 7613, and 801i2(9, 10 )(Fig., 6).
In Norlh China and Northeast China, some EHR of e·xtratrorpi.caJl

cyclone- w.ere alsGr enlarged by TC indirectly. For e:x:ample(Fig. 7), an
ext:ratropical cyclone on July 29;-3·1., -1975 caused en EHR mare than 500

mm in Bastern Hebei by the help a,f TG 7502' far over the sea ( 11 'l. TC

7704 arrived at southwest Anhui on July 27. It caused a. HR in Eas~ell'Il
Hebe£ and Liaoning, about 1000 km north

<iJlf

TC ( 12 1.

In arldi tion, TC has another indirect effect on HR. TC 561i2
dissipated in Shaanxi Provice on August 4, 1856 .. Its remnant warm-moist
air m0ved northea'stward, me:t coilid ail and develo:pe:d into a .fFOllilt.a.J.
cyclone. As ar resUll.t, it int:roduced an EHR over the Songhuajiang River
Valle..y on the 7-9th [131. The Eemnan.t cloud system o.f died

r·c

71122 moved

easiiwaFd from· Guizhou P:rovinee ., It. conn.ected with the cloud system of
TC 71'23 and caused HR in Fujian-2he'jiang C14l.

4., HR caused by int:.eraction between TC and othe'r tro.pical
systems. I founJ1 5J, the he-aviest rain o.f about t.wo, thirds af TC falls
in front o:.f TC, but in one third to rear of it. It. is caused by TC and

a: lower level SW jet following TC. And HR is located at the place· of

--- 3 ---

8.2.,
concentrated isolines o·f pressure-energy field

E

= (

gz + ~v 2 ) (Fig .. 8).

TC 6906 penetrated into the middle reaches o1f Yangtze River on
August 11, 1969. Its trough connecte-d wiith IT.CZ and induced a· large 1-ffi
in South China( F.ig.. 9) C2) ,.,
If

lil

tr0;pi.cal c:loud cluster fcill.lo'WIS a TC and lands on China

mainland,, HR is e:x:pe·cted t.oo)[6 ' 15l.
I

In addi t.ion, an easterly disturbance eonce.'X'Tle.d with TC would

produce EHR. During August. 21--22, t977,

two~

strang white dense cloud

clusiters w.lith diameter 100-150 km roJitated in SE-E current a-round TC

770f1 and caused an EHR (592 mm/ 112hrs) very rarely seen in the- suburb
of

Shangha~C16, 17l

~

II ..

TC HR i.s affe..cted by many physical factoTS and synoptic
systems:
1. Naturally, rainfall depends on TC intensity i ts.elf.
Z. Rain;:ft':all depends on the rainy duration and energy

"''

Fo:r example, TC 750'3 maintained

j__t;.s

.landfall due to the lower level

~E

supply~

tropical nature J-4 days after
jet .stream between lTCZ;....TC--tb.e

subtropical high t-ransporting a &reat number o.f water vapor
ar:td energy
..
to TC. It stagnated about 30-36 hrs at the south end of Henan Province o

·--- .4 ---

(3.2.,
As a result, an EHR of 1631 mm fell on the central Henan (Fig. 11-12)
on August 5-7, 1975 .. Te 7504 Induced an EHR o•f 81:1 mm at Lushan I'lountain in' almost same situation. On the-

contrary~

TC 75111'-landed on

fujian and vanished rapidly w.i.thotrt, E-8E jet and energy

supp~y ..

It

intro.duced anl y rno d.era.te rain inland ..
3·. Ra.i.n:fall also depends· cm the upper level divergence and
lawe'r llevel convel!'gence. TG 741i2 landed and moved northward while 13c:old front moved southward ( 19). They met together and an ex:tratropical
cyclone develG>pe:d. A 200 mb anticyclone accompanied aver TC 7412
thrcmghout:. The strong ~f;d.e±.ive divergence (D

200

~

n850.)

cent.e:r co)in-

cii.ded i±Ol EHR c.enter· very well (Fig... 13-14). TC 7805 moved tD Hebei
accompanied wi.th an upper level anticyclone tooC 6l. An EHR o·f 534 mm
took

place in :t day there:.Fig. 15(

201

shows another eJtample af EHR·caused by imeraction

between lower and upper level jet streams during TC 7315 •.
4"' To.:pography effect plays an impo:etant ro>le on TC HR. The
heaviest rainfall usually appears on the· windward .ttJ_ope with height
about 1000 m

abov~

the

se.<~md

30-50 km apart from the top of mountain.

Fig. 16 is an example of TC 7203 at the Yanshan Jvlount.ains (2 11.
The rainfall records in China are 2749 ITIIJ/3-days in October,

--- 5
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1967 at Xinliao and 1794 rrrrn/3-days in September, 1963 at Baixin both
Ne

in Taiwan Province •. They,., both at the bell valley windward to the TC
current (Fig.. 17) t 221 •
A cale\-l.lation ' 23 l showed that the. oro:graphic fOTced rainfall

is about 1-2 times

~f

:rnfn:f'all by TC it-self in South China,

III""

t

All the. .ide-as mentioned above are useful to; the conceptLve
arperatiopal :trore<l:'.asting O'f TC HR.
A c:t:iagm:!lst±.c fo;wecastilng method was developen in China ( 24 ' . as

shown in Fig •. 18. Here,
water vapo;r;
geopat~tial

k

=

Td850 - (T - Td)
700 repre-senting the

AB se = ese850 -

ese500 ~ 0

instability •. The ascend

instable
stable·

""

veloc£ty~is

rep :resenting the

quanlitatively expFessed

'by weather systems. TC HR appears in shaded <:ureas. Of course, t..l
~alculated

can ba

by vall':tous fOJ!"lllUlas,

The corre;lationship between rs in:fall and the minimum sea level

pressure at Hong KorJJg and the regression lines al!'e used to. foFecast TC
rainfall in the Rol}"al Observatory ( 25 ) •
The o,rographic rainfall is :fo::recasted rather well in

Jcapan( 26 ~

Japan is divi:ded into 73 distrcts with different topogra.,phic gradient
to

cal~rulat:e

their 0'rograph.ic rainfall •

...,__ 6

a.t

IV.

I think, w.e should study the physical factors and synoptic
s±tuations concerned with TG HR furthermore, but the stress must be
purt on why and how the di.fferent. rainfall appears even u:nder almost
same TC track and intensity. I hope, the meso-scale.· analysis <lYf TC
HR should be. paid much mo.re at-tention in o.rde.r to, understand TC HR
more. det.ailedly and sub-st-antially •.
The· quanti tait:i ve: cal culat..ion OJf TG HR by the estimation from
satellite cloud maps would be an important project in future: 10-years ..
The- focus may be the maximum rainfall 0lf an EHR.
The o.perati..onal diagnostic fe>recasting method of TC HR can
he improved grea:tt.ly and be used in an extensive degree .. Of course, it
should be associated with the statistical method.
I hope, some good numerical predict methods of TC HR w.ou1._d
he develo'Ped in future years.

--- 7 ---
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8.3 OBSERVATIONS AND FORECASTING
OF TROPICAL STORM SURGES
Rapporteur:
Chester P. Jelesnianski
Techniques Development Laboratory
Office of Systems Development
National Weather Service/NOAA
Silver Spring, Maryland 20910
TO~IC

The storm surge--an abnormal rise of water due to a tropical cyclone--is
an oceanic event responding to meteorological driving forces. The interesting
part of the surge phenomena occurs along coasts with low-lying coastal terrain
experiencing inland inundation, and across inland water bodies such as bays,
estuaries, lakes, and rivers. For riverine situations, the surge is sea water
moving ~ the river, adverse to normal flow. A fresh water flooding moving
down a river due to rain generally occurs days after a storm event and is not
considered a storm surge. For a landfalling storm, the surge affects about
100 miles of coastline, surrounding the landfall point, for a period of several
hours. Large sized storms moving slowly may impact considerably longer
stretches of coastline.
Observations of surges are deficient, haphazard, and targets of chance
throughout the world, even in industrialized nations. Tide gages are few and
far between. Those few gages that have experienced the core of a past storm
often have malfunctioned. A commendable and relatively inexpensive way to
gather surge data after a storm event is to survey high water marks inside
structures or buildings acting as stilling wells.
Although surge forecasting can be done using statistical techniques or
mathematical models, statistical methods are impractical because of the lack
of surge data from past events. Instead, we must rely on mathematical surge
models. The mathematical modeling of storm surges requires the solution of
hyperbolic, partial differential equations, horizontally in two dimensions,
with initial-boundary conditions, and driving forces must be specified consisting of a surface stress from wind and a pressure gradient body force.
Much scientific study has been expended on mathematical techniques and algorithms to solve such equations. However, adapting a surge model for operational, real-time forecasting to a given region requires laborious data acquisition. The bathymetry of water areas and surface topography of land must be
specified for each model grid square. All of these data must be carefully
adjusted to a common datum.
Subject areas for consideration in surge forecasting and observation
could be:
1.
2.
3.
4.
5.

Datums
Initial sea state before a surge event
Storm modeling
Surface stress and surface winds
Surge modeling

a.3
6.
7.
8.
9.
10.

Observations and data gathering
Surge output
Use of surge models in evacuation planning
Accuracy of surge forecasting
Future modeling of storms and surges
DATUMS

For commonality, all elevations of terrain, bathymetry, barriers, and surface water heights must refer to the same datum. Much confusion exists with
datums, due perhaps to a simplistic view of Mean Sea Level (MSL). Imposed on
the quiescent, 'sea level' are storm surges and periodic astronomical tides,
Fig. 1. MSL is not the in-situ sea level at any specific time, nor is it time
invariant.
In the U.S., three datumsl are in common use:
1.

Mean Sea Level (MSL) - A long term average of hourly tide gage
readings,

2.

Mean Low Water (MLW) - A long term average of low-astronomical tide
readings, and

3.

National Geodetic Vertical Datum (NGVD) - A datum established in the
U.S. by geodetic survey~ and optical levelings or transits.

The first two datums vary through the years with respect to terrain.
not used in U.S. surge models.

They are

To determine MSL or MLW along coastal regions, tide gages are anchored in
water lower than the anticipated lowest low•waters. Whatever the depth, it is
set as 'gage-level- zero' , Fig. 1. A long term average of hourly gage readings
above gage""level-zero is called local MSL, relative to gage-level-zero. Similarly, local MLW is the average of all low water readings taken over a long
period. Although it is possible to reference surrounding terrain heights to
MSL or MLW datum (via gage•level-zero and its elevation to MSL or MLW), this is
not done on mainland U.S. topographic charts. Instead, geodetic surveys and
optical levelings for the U.S. terrain are accommodated--in a best fit manner-to a datum called NGVD. NGVD was fixed as the MSL during the 1929 epoch by
tying in geodetic level lines to agree with local MSL at 26 gages along the
U.S. and Canadian coasts. However, since 1929, local MSL has drifted from
NGVD. Generally, the difference is small.
NGVD--presumably invariant with time--is the datum used for many U.S. surge
models. On U.S. Geological Survey (USGS) topographical charts, land contours
are referenced to NGVD. Hence, if inland inundation occurs, computed surges
relate directly to published land contours.

!There are, of course, other types of datums designed to fill different
purposes; e.g., Mean High Water (MHW) under bridges; Mean Low Water Springs
(MLWS). Supplemental, but incomplete, information on datums can be obtained
from Tide Tables (NOS, annual volume).
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Figure 1. The initial sea level (without storm surge or astro tide) relative
to various datums. Inland terrain contours and barriers elevations are
specified with respect to NGVD on U.S. topographic maps. Any vertical data
referenced to another datum, must be translated to conform to NGVD.
Some areas of the U.S. are subsiding, or lowering, with respect to fixed
NGVD. To adjust subsided land contours to NGVD, a re-leveling or survey of
the area is tied to benchmarks far from the subsiding region. Similar bathymetric changes are made. The most significant example of subsidence in the
U.S. is in the Galveston, Texas area, where some areas have subsided more than
five feet since the 1929 leveling.
Since MSL and NGVD do not necessarily coincide, a tie in of gage-level-zero
and its elevation to MSL with respect to NGVD serves to determine any difference between datums. The differences for particular epochs can be obtained
from the U.S. National Ocean Service (NOS) for its maintained gages.
For navigational purposes, NOS bathymetric charts are referenced to MLW,
Fig. 1. Hence, for modeling purposes, the difference between NGVD and MLW must
be added to NOS bathymetric values to reference them to NGVD. This difference
varies across a chart, corresponding roughly to local MLW differences at
coastal gages.
The recorder of a tide gage can be set to any desired datum, be it gagelevel-zero, MLW, MSL or NGVD. To correspond with inland inundation and the
surge model, gage readings must be translated to the datum used by the model
and on topographic maps. U.S. gages are maintained by both government agencies
.and private industry; datums are not consistent. There is no single repository
to appeal for datum clarification of gage observations. A case by case study.
is usually required to gain commonality in datums.
3
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INITIALIZATION
A surge model must be initialized with a pre-storm water level. _One possible initialization value is the observed, quiescent, coastal sea levels
before the storm. Another is the computed steady-state level for a stationary
storm far out at sea. A model's initialization time should be optimized and
depends on the storm's size and speed along its track. For economic reasons,
the period from model initialization to storm approach should be as short as
possible. Too long is wasteful of computer resources; too short a time period
may be insufficient for the sea to react to the storm's driving forces.
For most storm situations, initialization can take place 18 hours before
storm arrival with the storm well out to sea. In general, the still waters
along coasts do not have significant elevation changes until a few hours before
storm arrival. Our work has shown the average gage readings 2 days before
storm arrival is adequate for the initial water height. A running account of
tide gage readings, with the astronomical tide removed, is useful input for
initialization of surge models.
An exception to the above initialization time can occur in restricted bodies of water such as the Gulf of Mexico when dealing with large, slow moving
storms. Here, a longer initialization time may be required.
The long duration of the storm pumps significant water into the restricted body which then
acts as a storage basin. After the storm's passage, the stored water remains
in the restricted body for some period of time. Tide gage readings at time of
initialization may now be several feet above normal, even with the absence of
any storm winds along the coast. Initial water heights throughout the body of
water can be taken as the observed elevations along the coast and inside bays
at the time of storm initializations. However, an observed sea level, 2 days
before the storm's landfall, will satisfy almost all storm situations.
STORM MODELING
No matter how sophisticated a mathematical surge model and the algorithms
for solution are, the final surge prediction depends critically on the quality
of the input storm data. Massive amounts of data would be required to specify
the storm at each model gridpoint throughout the forecast period. This is
practical only with a storm model using simple meteorological parameters. In
many ways, the storm model is just as important--if not more so--than a surge
model.
In surge models, it is convenient to treat a time-variant storm as a series
of steady states. The entire storm changes at discrete time intervals. Also,
for operational forecasting, the storm is assumed well behaved, having a single
eye and an analytical structure.
A simplified wind model giving the storm's vector wind field on a water
surface is desirable. To activate the storm model, only simple meteorological
parameters should be used; no wind input should be required. This can be done
with a storm model that balances forces, including surface friction (Myers and
Malkin, 1961; Chow, 1971; Jelesnianski and Taylor, 1973). Friction forces must
then be specified. Although the wind speed generated by such a model will be
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sensitive to the friction coefficients, the surge generated by a surge model
is not. In surge computations, there are compensating effects in surge genera=
tion when the surface stress field, via the computed wind field, is inaccurate
due to erroneous friction. Strong friction gives weaker winds but more convergence in the wind field, whereas weak friction gives stronger winds but less
convergence in the wind field. In essence, the curl of the wind field is
important in storm surge computations. The storm model need not be designed to
precisely forecast surface winds. Instead, winds serve only as a means of computing vector driving forces whereby the generated surge is not overly sensitive to friction coefficients.
The simple storm input parameters, of course, must be accurate. Input to
surge models requires the storm track, the intensity of the storm, and the size
of the storm. The storm's intensity may be specified by the difference between
the central pressure and the ambient non-storm pressure in the area. The
storm's size is paramaterized by the radius of maximum wind--the distance from
the storm's center to its peak winds.

SURFACE STRESS AND SURFACE WINDS
A surge modeler is interested in surface stress and usually formulates it
from surface winds. To this end, a modeler may anticipate appropriate wind
disseminaton from meteorological forecasts. Frequently, a meteorologist is
interested in wind as an end product and not in surface stress per se. A
meteorologically 'good' wind may not be adequate for modeling surface stress.
~

The surface stress ~is an important term in the equations of motion. It
is as important as any aspect of a surge model. The manner in which it is
employed strongly affects the computed surge. Generally, the wind stress per
unit mass on the sea surface is formulated as,

~
fa.. -+{ ......
rr=c-lwW
D .fw

-

where Cn is a drag coefficient,~ W' a are water and air densities, and W
is a vector wind. Applying this formula to meteorological winds is not as
simple as it looks. The stress term has coordinates

._,.

--+

~ = ~(x,y,t),
at z = zs, where zs means a specified height
above the sea surface, usually 10 meters. On the other hand, wind from meteorological sources may have coordinates

-

_,.

W = W(x,y,t),
on p = p 0 where p 0 is a constant pressure surface.
Such winds need to be converted to a Zs level or else the drag coefficient
Cn varied in some complex fashion. Because surge models require surface
stress in space and time, it is useful to design a storm model dependent on
simple meteorological parameters and to directly compute a vector wind at or
near the surface level.
The absolute value of stress is sensitive to errors in wind speed at a
parabolic rate; also, the stress varies with the drag coefficient. But neither

5

6.3
_.
Cn or W are known with consistent accuracy. It would appear the art of surge
computation is at a terrible disadvantage. However, a storm model can be
designed so that surge computed with a surge model are only mildly sepsitive
to errors in ~. and
Cn can then be approximated empirically from historical storm surge data.
A water surface recognizes the converging wind field of a storm when the
core passes by. Herein lies an opportunity to reduce surge sensitivity to
wind speed errors. A storm wind model can be designed such that the computed
surge under the core of a storm is not overly sensitive to consistent errors
in the computed wind field, providing input storm parameters are accurate.
This property exists if the model's vector winds are accompanied by a large
convergence for computed low wind speeds or a smaller convergence for computed
higher wind speeds. In other words, a change of friction force in a storm
model couples wind speed and direction in a biased manner.
Considering the same storm and storm motion, then surface wind speeds are
highest over the open sea, somewhat less over inland water bodies, and least
over naked terrain. The differences can be enormous. The winds over the center of the inland body of water are generally higher than across its boundaries. Furthermore, at coastlines, winds blowing from water to land are
stronger than those from land to water, with strange distortions in the wind
direction near the coast. Additional complications are produced when water
inundates or recedes, acting as a moving boundary. These features imply that
wind and stress are not merely a function of storm and storm motion, but also
depend on the local terrain, the direction of the wind relative to the shoreline, and the past trajectory of the wind.
Various proposals for the drag coefficient, CD, of the wind stress give
inconsistent results (Neumann and Pierson, 1966). To alleviate this situation
a surge modeler can chose a value based on a comparison of model simulations
of past storms and their observed surge data. After a storm model is formulated to take into account surface features, thenfusurge data from a multitude
of historical storms and model basins can be usedfempirically approximate the
form of Cn, possibly as a constant in high wind regimes of a storm
(Jelesnianski, 1972).
SURGE MODELING
Numerical-dynamic surge modeling varies from ultra-simple (Harris, 1959) to
great complexity (Leendertse, et al., 1973). With today's computer power the
ultra-simple models as well as one-dimensional models (Bodine, 1971) can be
avoided. Models of great complexity, however, are still too cumbersome and
time consuming for general use. For operational forecasting of surges, models
can not be overly demanding of powerful computers: they must produce a timely
forecast. The operational model should be two-dimensional in the horizontal
with a grid spacing sufficiently small to define the storm's core. A rule-ofthumb criteria for determining the maximum allowable grid size (in the area of
interest) is for the numerical differencing scheme to resolve and handle a
wave whose wavelength is four times a storm's radius of maximum wind, Rmax·
This wavelength corresponds roughly to the surge wavelength for a storm making
landfall normal to a coastline, with a maximum on the right side at Rmax and
a minimum on the left at Rmax•
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Advective terms in the equations of motion can be ignored (Whitaker et al.,
1975) except in localized areas where classical hydraulic techniques can be
applied. Depending on the Rossby number, the Coriolis term can also be omitted
for surges over small inland water bodies and limited inland inundation. However, it should be retained in case surge amplitudes become extraordinarily
large or if inundation covers a large inland area. Horizontal viscosity may
be included although it is small compared to vertical viscosity and, in general, has little effect on the surge.
Much theoretical effort can be expended on the equations of motion, computational methods, and grid type when designing a surge model. These are not
the only--nor even the main--themes for a surge model. There are hidden demons
of omission and commission in the equations of motion that are generally dealt
with empirically. These demons have as great an affect on surge generation as
any theoretical and computational aspects of the equations of motion. An example is the surface stress or meteorological driving forces. Merely writing it
down as 1 1 and assuming an outside arbiter will supply it will not a model
make. A storm model must be designed to generate driving forces. It is just
as difficult--if not more so--to design a storm model as a surge model. Hidden
in 1 1 and the bottom stress are undetermined coefficients. These are set
empirically through comparisons of computed and observed meteorological and
surge data from a multitude of historical storm events. The physical data
describing the area being modeled--topography over land, bathymetry under seas,
vertical barriers and channels--must be modeled and reduced to a common datum.
Compiling. the depth data is not a cut and dried process, but requires experienced artistry by a modeler. The equations of motion for a surge wave always
have simplifications for computational convenience; they are not complete for
specialized phenomena such as weir flow, overtopping of barriers, and onset or
ebbing of inland inundation. Special techniques or refurbishment of the equations are required to handle such special situations.
Before the model can be run in a given area, a complete description of the
area being modeled, the "basin," is needed.
The basin accommodates some or
all of the following: 1) inland terrain, 2) inland water bodies such as lakes,
bays, and estuaries, and 3) a segment of the continental shelf.
Inland, the nearshore geometry has numerous vertical obstructions to the
flow of water such as dunes, ridge lines, levees, railroads, spoil banks, and
other barriers of long horizontal extent. Offshore, there may be barrier
islands and reefs. These natural and man-made abutments protect inland terrain
against encroachment from the sea. However, when a surge is high enough to
overtop barriers, water penetrates inland until it is impeded by other barriers
further inland or by naturally rising terrain. It is possible for a tropical
storm to produce massive inundation across low-lying terrain for many miles
inland.
Across inland terrain, there may be shallow or deep water bodies such as
lakes, bays, or estuaries. Deep channels may connect to other water bodies or
the sea. Inland water bodies, far removed from the coast, respond to storm
driving forces and channel flow even in the absence of direct inundation from
the sea.
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Complicated input boundary values may be required as a function of time to
compute surges with a surge model. An exception is for surges over an isolated
lake, unconnected to and unaffected by events in any other water body~ Boundary input can be relaxed for areas where the basin's boundary lies in deep
water or high terrain. Now, if the core of a storm crosses (or exits) the
basin through deep waters of a boundary, and exits (or crosses) through high
terrain, simple boundary conditions may be adequate.
Some storm surge models are restricted to the continental shelf only
(Jelesnianski, 1972; Wanstrath, 1976) and the coastline acts as a vertical wall
with no flow through the wall. Such a model does not consider inundation
across terrain, nor surges across inland water bodies. Some shelf models are
even more restricted; computations are carried out on only one seaward line
from the coast, and the storm traverse must be nearly perpendicular to the
coast (Bodine, 1971).
Some surge models for bays use severely restricted input basins; these are
limited to a nearby offshore region in shallow waters and a limited onshore
region (Reid and Bodin, 1968). Models limited to a small region compel seaward
boundaries to be placed artificially in a region of significant surge activity;
e.g., in shallow waters. In this case, boundary conditions become complicated.
The surge at the model's boundary is then prescribed as a boundary condition
with time, computed dynamically, or a combination of both.
Sometimes a simple shelf model with a large basin and a coarse mesh--or
even a one-dimensional surge model--is used to compute input boundary values
for a limited-area, fine-mesh, bay model. If the two models are dynamically
uncoupled, the approach can be troublesome. Both basins have a regional overlap on the nearshore region, but the bay is not a part of the shelf model and
the computed input boundary values are then suspect.
A coarse-mesh model with constant grid spacing is sometimes used to cover
the entire region, extending from deep water, through a bay, and over inland
terrain (Leenknecht, 1984). Inland, the numerical solution is coarse but
dynamic feedback effects from the bay onto the shelf are approximated. A
coarse mesh does not give a detailed description of inland surges across terrain complicated by obstructions and small inland water bodies. However, it
can give seaward detail along coastlines bordering the ocean. Only in a gross
sense can the inland surge output be useful as a guide for forecasting or planning purposes. Such a model can be useful for supplying approximate boundary
values for a fine-mesh, limited-area, surge model.
Instead of limiting the fine-mesh to a small region or small basin, it is
possible to continuously compress a coordinate system to a fine mesh in a limited area and then stretch it continuously to a coarse mesh on distant boundaries of a large basin (Jelesnianski et al., to be published), (Leenknecht,
1984). Although the geographical area covered by the entire grid is large,
there is a detailed description over the fine-mesh region. Moreover, in many
cases, simple boundary conditions are sufficient. Such a procedure is pos·
sible via a simple, but continuous, grid transformations onto an image plane.
A few sub-grid size features, such as flow through barrier gaps and deep
passes between bodies of water, can be incorporated via simple hydraulic
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procedures (Chow, 1959). River flow and rain need not be incorporated because
their time scales are long in comparison to surge times and they affect the
transient surge in only a minor way. River flow could be incorporated as a
boundary condition, and rain as a "source", if amenable to quantification with
a forecasted storm. Astronomical tide can be treated crudely by superposition
with the computed surge. From a forecasting standpoint, it is difficult to
predict a storm's landfall time and have the proper phase for the astronomical
tide. Small errors in timing on storm track positions will invalidate the
timing of the astronomical tide.
As with all models, it is necessary to resist the temptation to treat undetermined coefficients as tuning parameters, to be arbitrarily varied in a local
region for a single historical storm event. Such a procedure will, of course,
give an excellent comparison of observed and computed surge for one storm
event. However, there is no guarantee that the same coefficients will do as
well for alternate storms and different regions. There are large inherent
errors in both surge and meteorological observations. Hence, determining coefficient values from one storm event is a dangerous procedure. Sometimes the
procedure is called calibration or tuning. More generalized coefficients to
serve all storms in all regions should be used, even if computed results are
not ideal for a particular storm event.

OBSERVATIONS AND DATA GATHERING
For tropical storm surge work, we need to know a great deal about the storm
just before, during, and after landfall, when surge generation is most pronounced. Weather reconnaissance observations stop seaward of the coast, just
when the storm becomes interesting for surge generation. For verifications of
surge models using data from post-storm analysis, and to enhance our understanding of the surface driving forces inland from the sea, we need to give
great attention to surface observations during storm passage.
Published "best-fit" storm tracks, which give equal weight to all observations, do not necessarily reflect a best-fit landfall point and may vary distinctly from the "true" landfall point. Post-storm analysis (Ho, 1982)
requires a greater effort to position the significant track segment which
generates storm surges along coasts, even if the desired segment causes small
inconsistencies for the remainder of the seaward track. This requires that the
inland, surface observations during coastal surge activity be weighted more
heavily than seaward aircraft observations.
In storm surge work, we formulate surface stress as vectors because the
curl and divergence of the surface wind field are important. We cannot depend
on upper level aircraft measurements for these terms; they are absent or too
imprecise for use. We do not have a precise, universal definition for wind
speed observations (noisy traces) and find most published observations of wind
detrimental for surge computations. For surge computations, it is wise to
forego specialized, upper-air wind observations and concentrate on modeling
winds through direct meteorological parameters, such as the storm's central
surface pressure. (Pressure observations generally have much less noise than
do winds.)
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Inland, surface observations from weather stations, private companies,
schools, individuals, etc. offer much information about a storm. These surface observations are frequently of more use to a model than are aircraft
observations. In particular, if a storm.' s core passes an observational point,
we learn much about the central pressure, radius of maximum winds, eye structure, etc., precisely when surge activity is most pronounced.
Surge data consists of tide gage. observations, staff records, and high
water marks (World Meteorological Organization, 1978). High water marks are
the least accurate due to contamination by wave action and inadequate damping
or overd.amping of the water levels by the structure. They are, however, the
cheapest and easiest to obtain. Often, high water marks vary by 20% for two
locations separated by less than a kilometer. Worldwide, there is no strong
effort to archive high-water mark observations and the original data
frequently becomes lost with time.

SURGE OUTPUT
The standard research practice has been to tabulate computed surge values.
This is not "user-friendly" and should be avoided for operational forecasting
or planning purposes. Since a user needs to know surge heights along coasts
and over flooded inland terrain, it is most useful to give a coastal surface
envelope (Jelesnianski, 1972), (Jelesnianski, in preparation) of high waters
for the entire storm, without respect to time. At each grid point of a basin,
the highest computed surge is stored for output. An output, such as a!) envelope of highest waters, is most useful if it is displayed in picture form. A
computer line printer or graphical display can be used. In addition, computed
marigrams at selected grid points aid in describing the timing of surge activity. Snapshot pictures of surge heights throughout a basin at discrete times
are interesting, and a collage of snapshots could be flashed on a screen for
animation of a surge event.
Wind output similar in form to surge output can be displayed, based on the
model's formalized or synthetic winds. This is an additional aid for planners
and evacuation management officials inasmuch as peak winds and surges rarely
occur simultaneously.
USE OF SURGE MODELS IN EVACUATION PLANNING
Real-time forecasting of surges with an approaching storm is an important
surge model use, but not necessarily the most important. The use of surge
models for evacuation planning has proven to be of great value. A storm surge
model answers "what if" questions, such as: what if the storm intensifies;
what if landfall is to the left or right of a city; what if the storm's for~
ward speed increases; etc. These questions can not be answered in real time
during an approaching storm: the time involved for the model runs and analy~
sis of the output prohibit quick answers to these important questions.
Instead, one may have answers on hand from model-generated surges with hypo~
thetical tropical storms.
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If tropical storm characteristics are carefully selected from climatology,
then the potential surge conditions can be specified. From experience, it
requires several hundred storms varying in track direction, landfall location,
forward speed, intensity, and size to adequately describe the potential flooding along a real segment of coast (Jarvinen, 1983). With surge information
from model simulations, an "atlas" of events can be compiled to depict flooding from hypothetical storms. In an analogue sense, the forecaster can match
a threatening storm far out at sea with one from the atlas to immediately
assess the flooding potential. Also, the forecaster, with the aid of an atlas,
can run the surge model in real-time to finalize a more detailed surge forecast
after refining his best estimate of the storm's track, size, and intensity.
An important consideration in evacuation planning is the forecasting accuracy of a tropical storm's track forecast. In the United States, evacuation
must begin 30 to 36 hours before landfall along some sections of coast. For a
storm 30 hours from landfall, the forecast errors of a storm's track are disagreeably large and pose a dilemma to those responsible for evacuation. However, over-evacuation can be minimized by combining pre-computed surge outputs
from the atlas. Several typical storm tracks are chosen to reflect landfall
error. After examining the maximum surge in a given location produced by these
tracks, one can then estimate which coastal sections may experience extensive
flooding from a storm of given intensity and size, even while the storm is
still far out at sea. Such information is useful for evacuation scenarios and
to site shelters for evacuated persons. In addition, storm surge models can
give estimates of arrival and duration of the surges and the winds accompanying
a storm. This information is most helpful for planners to determine when and
if evacuations routes become impassable.
ACCURACY OF SURGE FORECASTING
Comprehensive studies of surge forecasting accuracy are not available in a
generalized sense. Usually, modelers verify a model for a single basin with
one historical storm, using a limited amount of dependent surge data. In this
situation, the surge modeler varies (tunes) the model's undetermined coefficients, grapples with the storm's parameters, and then compares computed versus
observed surge observations. This amounts to a special calibration for a single event.
One surge model, Sea, Lake, and Overland Surges from Hurricanes (SLOSH),
(Jelesnianski, in preparation) attempts to determine forecasting accuracy with
a series of storms and basins. The undetermined coefficients are fixed universally to avoid local or specialized calibration. In addition, a comprehensive analysis of the historical storm tracks and storm parameters, using all
available meteorological data, is performed (Ho, 1983). The verifications are
then made with independent data for comparison.
Observed storm surge heights were compared to SLOSH computed values for
historical storms in nine different basins, Fig. 2. A total of 570 surge
observations were included in the figure. These observations were taken
throughout areas affected by the surge--at the coastline, around inland water
bodies, and over flooded inland terrain. Weak storms with insignificant surge
potential were not considered so as not to compromise the verification of significant surges.
11
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Before a SLOSH simulation with a historical storm is performed, the storm's
track is determined as precisely as possible. Published "best fit" tracks are
frequently insufficiently accurate to pinpoint a hurricane's track and landfall
position. Even though a meticulous study of available meteorological data will
often leave ambiguities in the actual storm position, this best analyzed track
is used. In addition to the storm's track, an estimate is made, as precisely
as the data allow, for the hurricane's radius of maximum wind and central
pressure as functions of time (Ho, 1983).
Only hurricanes with adequate observational data describing the measured
storm surge values at various locations within a basin and the storm parameters
are used for verification purposes. Tide gage observations are inherently more
accurate than are high water marks. High water marks are best when they are
taken within a building which acts as a tide gage's stilling well. The building then damps out wave action. Unfortunately, most structures will over- or
underdamp the water level. Often a dense cluster of high water marks within a
few residential blocks vary by more the +/~20%. Note also that the tide gage
data in Fig. 2 is limited to low observed values. Tide gages frequently top
out or fail during a major surge event. Only high water marks remain to describe the upper values. Verification using tide gage data only will generally
not capture the significant, higher surges.
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Figure 2. Observed surge heights versus surge heights computed by the SLOSH
model for nine storms in nine basins. A total of 570 tide gage, staff gage;
and high water mark observations are shown with the corresponding SLOSH
computation. Generally, the model accuracy is within + 20% for significant.
surge heights.
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8.3
Verification with high water marks along the Atlantic seaboard of the U.S.
is complicated by the large astronomical tide range. Generally, the time of
the highest surge is unknown, resulting in the tides being unknown at that
time. Since astronomical tides have a small range along the Gulf of Mexico
and inside Pamlico Sound, storms there were chosen to avoid severe tidal contamination of verifying high water marks or surge heights. Astronomical tide
was removed from the tide gage observations whenever tidal predictions were
available. The level of error for computed storm surge heights depicted by
Fig. 2 is generally within +/-20% for the significant surges. A few observations fall outside that range. For real-time surge forecasting, these
errors can increase significantly due to imprecise storm tracks and storm
parameters.
Since "universal" specifications are used for model coefficients such as
drag, bottom stress, etc., SLOSH may be adapted to any geographical location
for useful surge computations, provided adequate bathymetric and terrain data
are available.

FUTURE MODELING OF STORMS AND SURGES
Mathematical modeling of surges, their algorithms, and grid schemes are
much advanced. The stumbling block in surge prediction or planning however,
is determining the character of storms and prediction of their movements.
Much remains to be discovered about storms as they approach and traverse land,
and the applications of such, before greater advances can be made in surge
prediction.
Some storms have double eyes with a common center. The two wind maxima may
or may not be of equal value and may vary, or oscillate, with time. Usually
one maximum dominates for a given period before the other takes over. Before
modeling such storms, a universal description of the changes with time is
required. One can, of course, model a historical storm event if sufficient
data exists, but there is no procedure to forecast such events.
A storm's core often changes dramatically at landfall. There appears to be
a compaction of the storm's core (smaller radius of maximum winds), skewing the
maximum winds to the front of the storm and weakening the winds behind the
storm. A universal description of core changes during landfall is required for
input into a storm model. Such a description is needed especially for inland
water bodies, where the surge response is significantly affected by core
changes during landfall.
While significant core changes occur with time, and not just during landfall, what can be said about changes along the storm's periphery, and does
this change lead or lag the core dynamics?
Fast moving storms present special problems. Most storm models assume
convergence (inflow angle) throughout a storm. Some tide gage observations
(marigrams) along the U.S. 's east coast indicate that this may not be true
behind a fast moving storm. Perhaps meteorological analysts are unaware of a
potential tool by not considering surge phenomena to learn more about meteorological phenomena.
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8.3
As an example for simple visualization, consider the analogy of a circulating solid cylinder embedded in a constant flow field. The resulting "lift"
causes stagnation point(s) at the rear of the circulation pattern. Fast moving
storms appear to have some similar effects to the rear of the storms, with outflow possible in this area. Again, a universal model of this effect would be
useful for computing surges.
Fast moving storms, moving inland from the coast over terrain have been
observed to separate into several low centers. Examples are the 1933 storm and
Hurricane Hazel (1954) affecting the Chesapeake Bay and Delaware Bay regions
of the U.S. This is a 'many body' problem. Such non~centric lows can be handled as individual storms using superposition, if their central pressures,
sizes and tracks are specified. There is no procedure to predict such events.
Indeed, there is great difficulty in analyzing such historical storms. Splitting of the storm into separate lows is especially significant for storm surges
over inland water bodies.

SUMMARY AND CONCLUSIONS
With the advent of the computer age, much progress has been made for prediction and planning of storm surge events. Further progress, however, awaits
a better understanding of storm driving forces and the prediction and analysis
of storm parameters for input into storm models. Cosmetic advances can be made
with fine-grid meshes, more complete equations of motion, more comprehensive
boundary and initialization conditions, etc. The sum totality of these
advances can be impressive, but greater improvements will come with more
comprehensive storm models.
Worldwide, the archiving of observed surge data is weak. In some areas,
surge data is non~existent. Such lack of data precludes verification of surge
models dependent on a localized calibration procedure. Tide gages are few and
far between. Gages frequently become inoperative in the core of storms where
surges are dramatic, Hence, tide gage observations of surge are most likely
to be obtained for the periphery of severe storms. Post-storm surveys of high
water marks inside buildings offer an excellent and economical way to gather
surge data.
Surge models require input data consisting of sea bathymetry and inland
topography. Since most surges are under 10 meters, it is imperative to map
inland contours with consistent accuracy up to 10 meters in height, preferably
at 1-meter intervals. Worldwide, such topographic accuracy in mapping ia rare.
It behooves surge modelers to obtain accurate survey information about their
region before developing surge models for forecasting of inland inundation or
attempting surge verifications. Exceptions occur for rapidly rising coastal
terrain where inundation distances are much smaller than storm size; e.g., a
vertical wall approximation for the coastline,
Bathymetric charts are available worldwide, but much of the depth data is
old and possibly unreliable. A few are devoid of data, Vast bathymetric
changes can occur with time due to industrial coastal development, newly formed
islands from alluvial deposits, coastal and barrier island erosion, and other
n~tural phenomena.
For a given region, the nearshore bathymetry should be
checked carefully before using published bathymetric data in surge models.
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a.o
In spite of poor quality topographic data, inconsistent bathymetry, lack of
archived surge data from historical storms for verification, and a poor rendition of storm driving forces with a moving storm, it is still possible to model
surge generation with surge models that bear a fair resemblance to observed
data. Model computations with hypothetical storms are a useful and acceptable
diagnostic tool for planning purposes, storm evacuation studies, and building
or construction criteria.
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INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES
8.4 ECONOMIC IMPACT OF TROPICAL CYCLONES

- By Neil Frank, NOAA/NHC

. I. Introduction
How many died and what was. the damage?

These are the two

most frequently asked questions and rightfully so.
dO tropical cyclones occur each year causing
damage killing 10,000 people,
ha~e

u.

(Sout!ter:1, 1·)7'1).

Approximately

8. $1;1 billion
·~ost

countrieR

a good historical record of these two parameters and the

trends in damage are alarming.
In general,

tropical countries are experiencing

~ost

population growth in coastal areas an:-1 the results are increasing property damage,

(Southern, 1979).

In some affluent

counties the rise in cyclone damage is very alarming and
$billion storms are becoming common.

u. s.

Yet, the loss of human

life is decreasing in countries with advanced warning-response
systems.

A few noteworthy exceptions are nations like

~ang-

ladesh and India where there arc extensive populations at risk.
In Ban!;desh there is an almost irreversible grm'ling vulnerability to both loss of life and property.
Broadly speaking, most governments pay little or insufficient
attention to the possibilities of reducing exposure to cyclones
because of the pressing urgency of day to day problems.
they prefer

t~

Pather,

recover the losses caused by tropical cyclones

through costly relief and rehabilitation, insurance payouts or
national and even international disaster relief prograr."ls.

I-ToHever,

staggering losses from cyclones in recent years are prompting
r:1any governments to review
~evelop

Sl.4re.

stronger mitigation

thc~ir

cyclone relief programs and

polici~s

In ord2r to do t':is pro!)•'rl·,.,

J~signed
·1

~inireize

~xno-

reali:; tiC": 0r::o::onic

9/:;;udy

to

2

of cyclones is required, examining not only the costs and
damages but also the benefits.

a.+

r.ven though the few studies

completed to date are limited in their scope and need to be
updated, they do point us in the right dir-ection.
II. Costs of cyclones
The direct or indirect costs from a cyclone can be
diviued into a nu.mber of broa;l categories.

Several of thesG

divisions will be identified and briefly discussed.
A. Cost of damage
Host countries have attempted to maintain a historical
record of this aspect of the cyclone and even though there
are many u.nknowns, the results are probably fairly accurate •.
To make this analysis, one can use such parameters as
insurance payouts, impact on National Products including
agriculture and direct relief costs.

In· some countries, it

is assumed that approximately half of the losses are

coverec~

by insu.rance.

B. Cost of Preparedness
Neuman (1975) completed the most recent estimate of
preparedness cost in the United States. His stuc'ty was for the
"b.o.., d.....,. \'A"l
u. s. coast aroadenil'YQ on the Gulf of '~exico. He looked at
five different aspects of the cost:

municipal and private.

cost, cost of evacuation, military costs, cost to offshore
oil rigs and costs to large industry.

He found the average

cyclone warning covered about 300 miles of the coast and the
average nu.mber of people under
typical

pe~

u.s. $4.50.

'~arning

was

1,7sp,ooo.

A

capital cost for action by an individual is.about
If 50% of

t 1:~e

people respond to the \varnings,

3

then a total cost is about
Evacuation

cost~

u. s.

8.+

$7 million.

are varied accounting to actions taken.

Some people will go to public shelter, some will visit
friends and others will check in at a hotel.
for all three actions is assumed to be

u. s.

The average cost
$10.51) per day.

Multiply this cost by the 15% of people who evacuate gives a

u. s.

cost estimate for evacuation of

$5.5 million.

The cost to protect military facilities is estimated to be

u. s.

$2.5 million.

There has been a tremendous increase in offshore oil rigs
in recent years.

These must :-:,e evacuated and made secure •.·:hen

a cyclone threatens.

u. s.

The cost of taking this action is

estinate~

$2.5 million per storm.

Finally, an attempt

l.>TaS

made to estirr:atc t!le industrial cost

required to either shut down or'secure coastal facilities.
are well over 200

petroc~emist

Gulf of Hexico coast.
would be

companies located all over

~~ere
t~e

In just one plant the operating losses

u. s. $65 million if no action 1·1ere taken, but

adequate warning, the losses could ';.)c reduced by 50%.
potential losses to industry are very 'large.

T~1e

~·lit:-1

The

preparedness

cost to industry for a typical hurricane Harning of 3'l0 miles
1,rere placed at

u. s. $8 million.

Summing these five estimate results in a prepi:l.redness cost
of U.

s.

$25 million for a cyclone warning in 1"74 dollars.

If one allm.;s for the inflation over t!1e last r'lecade, the 1'1S5
cost is probably near u. s. ssn million.

Since the

States experiences ahout two cyclones

year, the annual

preparedness cost is about

u. s.

~er

$100 nillion.

Unitec~

4

B~+
c. Cost of the Warning Service
This is a very difficult cost to compute because in
most countries the cyclone warning function is not separated
from the day to day \'leather forecastisng mission.
-May
"""

be one or two cyclone experts identified on

caster

staff~

There

t~1e

fore-

but, support people are primarily supporting

s

the routine forecast function,.)tatellites, radars, comrununications data processing center and a net\orork of observation
stations would all be required regardless of cyclones.
Another aspect of the 1.,rarning service that must be ineluded is the cost of cyclone research.
D. Cost of Relief
Relief cost may be divided into several categories.

First,

there is a direct cost to the community directly affect.ed
by the cyclone.

If the loss was greater than local resources,

there is usuually aide fror;: the Central government.

Finally,

one must consider international aid both from other governments and private sources.
E~

Lost revenue to business
Even though this is a very difficult parameter to

estimate, it is an important part of the losses sustained
during and after a cyclone.

It may be days and in sc;>me

cases weeks before businesses can reopen and factories
return to normal.

5
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F. Losses to Agriculture
u~e

In small countries whose cultre is primarily focused
on agriculture, a cyclone can have staggering impact.
For example, in 1979 a severe hurricane devastated over
80% of ·the banana crop on Dominica.

It took years to

recover.
III. Economic gains from a cyclone
We are conditioned to focus on the losses from a
cyclone, but a complete economic study must also give
proper consideration to the benefits.

Two hurricanes

lashed the west coast of Mexico in 1984 causing considerable
damage to several coastal communities.

However, the heneficial

rains filled reservoirs, saved crops and the economic
agriculture gains far off set the coastal losses.
World wide there are significant: arid regions in the
tropics

whe:~;e

a large portion of the annual rain comes

from cyclones.
Unfortunately, very fe\oT studies have focused on the
beneficial aspects of tropical cyclones.

One interesting

study by Sugg (1968) examined nine hurricanes that broke
droughts over the United

States~

He concluded that the

1945 hurricane probably meant more to the nation's

economy than any other tropical cyclone on record.
Southern estimates that cyclones on sparsely populated
coastal sectors of Western Australia are at least 90%
beneficial to the cattle industry.
Another possible economic })cnefit of a cyclone in the
increase in some businesses Juring the recovery.

As a

6

matter of fact, outside aid may prompt local economic
boom in the affected community.

8.+

IImvever, the money

coming into the community often comes from the Central
Government and the net economic in:pact on the nation is
still negative.
IV. Numerical Hodels of Cyclone Damage
One of the most exciting research efforts on damage
caused by cyclones'is a recent work by a research group
at Traveler's Insurance Company in the United States.
Friedman (1984) summarizes the evolution of a numerical
model he developed to predict the dollar damage from the
cyclone.
Friedman divides the coastal areas into 1/10 degree
latitude 1/10 degree longitude squares ~nd estimates
the number of commercial buildings and smaller homes in
each square.

From past insurance figures, he empirically

determines the damage to each building type as a function
of the wind.

He further develops an empirical model of

the decrease of wind as the cyclone moves inland.
The storm surge is also empirically included in the
model.

Even though.the model is rather crude, it gives

remarkably good results 1tlhen compared to actual losses
in recent cyclones.
This model allows one to develop an excellent understanding of the cyclone vulnerability of

coast~l

and objectively examine mitigation alternatives.

locations

7
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Friedman and Mangano (1984) recently used the model
to examine five different hurricane scenarios where the cost
to the insurance industry will be
~esults

u. s.

$7 hillion.

The

are both revealing and shocking• Losses of this

magnitude could destroy many small insurance companies.
Friedrnan•s model is a land mark achievement in economic
studies of cyclones and points us in the ric:J.ht direction
for future research.
V. Summary
The objective assessment of the
benefits of tropical

cyclon~s

econo~ic

costs and

in relation to the effective-

ness of warning, response and mitigation policies is a
field of study that urgently needs to be initiated.
assessments represent the ultimate test of

whct~er

These
our

scientific knowledge of tropical cyclones is being applied
effectively and worthy of additional investment by governments in the public interest.
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ABSTRACT

Long range planning refers to steps taken to alleviate the
impact of tropical cyclones well in advance of the arrival of an
individual storm.

This section outlines the general scope of the

problem and discusses some programs and procedures in use in
various countries.

1.0

INTRODUCTION
When a tropical cyclone threatens a coastal region, the

time available for reaction is no more than from several hours to
a few days. By then it is too late to take many types of action
or even to plan for short term emergency procedures.

Long range

planning is critically important to the reduction of damage and
loss of life from tropical cyclones.
The field of long range tropical cyclone mitigation
planning is obviously highly interdisciplinary involving urban,
environmental, economic and financial planners, assisted by the
architectural, engineering, agricultural, marine, demographic and
other professions with some input from social scientists.
However, the problem is sufficiently unique that it requires
significant input from meteorologists and should not be left to
more normal disaster relief programs.

8.5
A study of the impact of cyclone disasters and
catastrophes in recent decades makes it clear that the
appropriate long-term protective measures both needed, and able
to be provided, vary immensely between different regions.
such as Camille (1969) and Agnes (1972) in the

Storms

u.s., Tracy (1974)

in Australia, the Bangladesh cyclones (1970, 1985), Andhra
Pradesh (1977) in India and the numerous disastrous storms in the
Philippines, W. Pacific,

s. Pacific and Indian Oceans have

differed markedly with respect to winds, storm surge, wave damage
and flooding from rainfall.

Different problems exist, and

different solutions are appropriate, depending upon local
topography, economics, population patterns and customs.
At one end of the spectrum, such as in the coastal areas
of the

u.s., we have examples of sophisticated long-term

protective measures tuned into detailed assessments of the
vulnerability of particular cities or smaller communities.

In

most areas regulatory building standards are applied, although
they are not adequately supervised in many cases.

Although

disaster insurance is available, it is often under utilized, and
the government purse is made use of as a backstop.
At the other end of the spectrum, such as in the deltaic
regions of Asia, long-term protective measures are generally
nonexistent or too fragile to provide protection for the bulk of
the people engaged in subsistence farming.

The thousands of km

of embankments or bunds built to resist spring floods are not
adequate to protect against cyclone surges.

In most cases

neither the money nor the excess land required to construct

8.5
adequate sea walls are available.

Similar problems exist

regarding the construction of raised temporary refuge sites in
low lying areas.
Despite the uniqueness of the problem in each region, the
overall subject of long-range planning can be divided into five
general topic areas.

These areas are outlined below.

2.0

LONG RANGE PLANNING PROCEDURES

2.1

Education
Even regions that experience relatively frequent

encounters with tropical cyclones receive few direct hits, and
fewer still by very intense storms.

As a result, much of the

populace of vulnerable coastal areas has little comprehension of
the true nature of the threat posed by tropical cyclones.
Effective procedures for evacuation, damage control and disaster
relief depend in large part upon the ability to provoke
predictable responses to limited information.
The message to be conveyed to the public depends upon the
nature of the specific region and its plans of emergency action.
The modes of education, however, are the general methods of using
educational systems, the media, and the responsible government
agencies to prepare the public to react appropriately on short
notice when storms threaten.

Areas which are frequently

misunderstood include the extent of the storm damage area, the
uncertainty inherent in forecasts, and the nature of the storm
surge.

8.5
Education of public officials and professionals in fields
such as construction is also necessary.

For example, an

Australian team has been working with engineers and building
contractors in Sri Lanka to improve building designs using
traditional local materials.

This program was instituted in

response to the Batticaloa (1978) storm.

2.2

Community Action Plans
When a tropical cyclone is approaching a coastal

community, it is too late to formulate an effective plan of
action.

Community leaders must prepare plans of action well in

advance.

While all communities have disaster plans, the unique

dangers posed by cyclones call for special contingencies.

These

include times required to evacuate low lying regions and the
possible cutoff of evacuation routes by surge, wave action, the
preliminary rise or heavy rainfall.

Every community should have

an emergency plan with a decision tree-structure which details
times relative to predicted storm landfall at which certain
actions need to be taken.

These actions should include issuance

of warnings, activation of emergency procedures (power, shelters,
police, etc.) and evacuations where necessary.
An important component of a community action plan is an
effective community vulnerability assessment.

It is important

that each local decision making group have a clear idea as to the
nature of the threat from an individual storm including an
estimated timetable of events.

Few if any communities possess

the local expertise to develop such plans on their own.

For

8.5"
example, estimates of expected local surge patterns require
numerical modelling simulations tuned to details of local
topography.

They are best undertaken on a national or regional

scale using shared resources and consistent state of the art
techniques.

A model program of this type is the current effort

of the U.S. National Hurricane Center to estimate potential
surges along that nation's coastline.

These efforts should be

extended to the other tropical cyclone basins, beginning with
those regions where the population is most at risk.

The actions

to be taken in response to information provided can be determined
locally.

2.3

Forecast Improvement
At the present time the state of long range forecasting is

sufficiently primitive that it is of little use in long range
planning.

While short range forecasting is the topic of other

sections, there are actions which local areas can take well in
advance of individual storm events which may improve their local
reaction to an approaching cyclone.

An example is installation

of devices such as radar to facilitate short term local track
forecasts.

2.4

LAND USE PLANNING
Ideally, every community with a significant storm hazard

should have a detailed estimate of potential storm damage with
appropriate probability forecasts.

Expected surge heights

(height of the 100 year flood, etc.) could be used in deciding
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where people may construct buildings or which sites are eligible
for government flood insurance, as in the U.S.

Estimates of

probable maximum winds are needed to establish proper building
codes.

Areas with irregular topography need to assess the flash

flood potential from tropical cyclone rainfall.
One effective method of estimating the probability of rare
events is by use of the joint probability

method, an example of

which is described in the FEMA report listed in the references.
This approach requires both accurate estimates of the properties
of typical storms in a region and a good statistical climatology
of storm occurrences.

The climatology should include statistical

information not only concerning tracks, frequencies, and maximum
wind speeds, but also regarding the radial distribution of winds
and asymmetries.

A high priority should be given to developing a

standard format for climatological storm information and to
archiving these data, since the quality of land use decisions
depends heavily upon the accuracy of the regional storm
climatology.

2.5

DISASTER ALLEVIATION
There are numerous types of engineering projects which can

be undertaken to reduce the damage and loss of life from tropical
cyclones.

Levees, though very expensive, can protect communities

from flooding due to storm surge and rain-induced river rises.
Examples are the sea wall in Galveston Texas in the U.S. and the
20 km long bund built in Andhra Pradesh, India.

Refuges can take

the form of artificially constructed high ground areas, such as

8.5
the killas in Asia, or even specially constructed buildings.

An

example of the latter is the design of many modern hotels which
are built on deep pilings so that people can be evacuated upward
to escape flooding.

Shelters on safe ground are needed so that

victims of the storm can be properly cared for at a time when
many normal facilities have broken down.

Often as many people

die of disease after the event as die during the storm.

The

Indian states of Tanui Nadu and Andhra Pradesh have constructed
400 cyclone shelters, each of which can house 500-1000 people.
Implementation of adequate building codes for critical structures
can also contribute greatly to reducing damage and the degree of
disorder associated with a cyclone strike.

3.0

RECOMMENDATIONS
As meteorologists we need to discuss what steps we can

take to promote action by the many and varied persons who have a
role in long range planning for tropical cyclones.

Some topics

which have been suggested for discussion at the workshop are:

a.

Increased monitoring of the changing vulnerability of coastal

populations.
b.

Technology transfer, including steps to simplify and reduce

the costs of remote sensing systems and storm surge modelling
surveys.
c.

Promotion of educational programs for storm awareness and

disaster preparedness.

8.~
d.

Accumulation of storm records to prepare cyclone

climatologies adequate for long range planning and risk
assessment.
e.

Improvement of communication systems and information

dissemination.
f.

Suggested engineering projects to alleviate storm damage and

to assist victims.
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WMO/CAS INTERNATIONAL WORKSHOP ON TROPICAL CYCLONES
TOPIC NINE - Assessing and Improving Forecasts and Warnings
Chairman's Overview
by
R.L. Southern
ABSTRACT
This overview, in conjunction with rapporteurs• reports, examines
the current status, and potential for improvement, in the three
main operational areas which contribute to the mitigation of the
adverse effects of tropical cyclones.

These areas are the objective

predictions of the movement and intensity of tropical cyclones,
the conversion of this technical information into timely and useful
forecasts and warnings which highlight the imminence of a cyclone
threat, and the utilization of warning information by threatened
communities in a rational way to maximise avoidable losses.
It is concluded that the apparent practical and theoretical
limitations to movement prediction, in which persistence dominates
out to about 30 hours, should be recognized and publicised as the
basis for adoption of optimum realistic warning strategies for
community preparedness decision-making.

Effort should be concentrated

on intensity (or strength) and related cyclone effect forecasts.
It is stressed that each component in forecast/warning arrangements
needs to be organized on a systems basis to ensure that predictive
skills flow through to users in a reliable timely manner to permit
a rational response.

It is also emphasized that vast scope exists

in community preparedness for the adoption of decision-making
system-based techniques based on the input of meteorological
intelligence.

The potential for probability forecasts in relative

threat assessment is seen as one of these techniques.
In a global setting the disparity between the scientific and
organizational capacity of tropical cyclone predictive and
warning systems of advanced and developing countries, where
the human need is greatest, is seen as the opportunity for
an unlimited spectrum of effort in basic and applied tropical
cyclone research and training in warning-response systems.
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1.

INTRODUCTION:

An overview of this important topic,

covering discussions of the four nominated working groups,
may be attempted from one of three viewpoints;

that

of scientists responsible for technical predictions of
tropical cyclone structure, intensity and movement;
that of operational forecasters who transpose these
predictions in understandable terminology into warnings
for a spectrum of users;

or that of users expected to

apply the warnings for protective purposes.

Your reviewer aspires to approach such a critical review,
not from the category of a supplier, applier or user
of meteorological intelligence but from that of a warning
strategist conscious of progress and deficiencies in
each area, or perhaps an economist briefed to advise
a government on areas in which a benevolent government
might most profitably invest to achieve the greatest
community benefit.

The reviewer will therefore place

each category under the magnifying glass to scrutinise
its state-of-the-science, or art, as a prelude to
reaching his conclusions.

q.o
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2.

The State-of-the-Science of Tropical Cyclone Predictability:
To date forecasts of movement, and to a lesser extent
intensity, at the centre of a storm, have been assessed
as measures of the predictability of tropical cyclone
behaviour, and it needs to be said at once that, from
the user's viewpoint, it is the warning lead time of
various cyclone effects which constitute the useful as
distinct from the objectively skilful measure of T.C.
predictability.

But we must proceed in steps.

In his Workshop "personal view" essay (No. 54) Charles
Neumann, see Neumann and Pelissier (1981), has succinctly
summarised the current status of tropical cyclone movement
predictability in the Atlantic basin, where a long-term
verification effort has been applied to operational forecasts derived from maximum available synoptic and reconnaissance data, frequent satellite imagery, well-supported
by objective guidance.

The operational mean vector errors,

in this basin, are rated as:
Forecast

All storms

Storms south 24.5°N

0

Storms north 24.5 N

12-hours:

90km

80km

105km

24-hours:

200km

165km

230km

48-hours:

450km

350km

540km

72-hours

700km

575km

820km

q.o
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Keenan (1982) notes that errors in the NW Pacific, where
reconnaissance is also available to limit initial position
errors, are about 10-15 per cent higher, whereas in the
Australian/SW Pacific and North Indian regions, with
lesser observational or satellite data mean vector errors
are about 25 per cent higher than in the Atlantic.

These

errors refer to forecasts issued by major warning centres;
those by many smaller national centres with less timely
access to monitoring data, or advisory statements, are
much greater, and generally not assessed.

Neumann has noted the slow rate of progress in reducing
mean vector errors, about

~

per cent annually over three

decades, despite major breakthroughs in monitoring and
data processing technology.

It is generally agreed that

a "plateau of achievement", in respect of predicting
cyclone movement, has been reached in the Atlantic.
A slow but steady progress in reducing errors is reported
from the Australian region (Keenan, 1982).

Theoretical Limitations to Accuracy
Importantly, Neumann considers there are practicable
limits to attainable accuracy.

These may vary in each

q.o
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cyclone region.

He states that model experiments have

shown that (for the Atlantic) knowing precisely the location
and directional speed of a cyclone and the analysed actual,
as distinct from the numerically predicted, deep-layer
mean steering flow for 72 hours ahead, the best predictions
a statistical method can produce will incorporate errors
of about 110km (24 hours), 250km (48 hours) and 360km
(72 hours), that is an improvement under idealized conditions
approaching 50 per cent.

What is to be said or done about the situation?

Let

the late Gordon Bell (1979) have the first say;

"this

exercise (error analysis)

is academic and of little value

to the operational forecaster" due to,
of the storm's best track,

(a) the uncertainty

(b) irrelevance of forecast

errors when reliability (freedom from large errors)
paramount and,

(c)

is

the interannual variability of annual

average errors for any warning centre, or particular
method, is greater than the differences between forecast
methods or centres, being dominated by characteristics
of the large scale circulation.

Bell concludes that

warning centres are still hard pressed to beat forecasts
based on a combination of persistence and climatology
- he might well have added persistence alone in respect
of some basins (Keenan 1982),

(Gourlay and Falls 1985).

Your reviewer, as a warning strategist, regards the situation with satisfaction, and without surprise recognising
that tropical cyclones are maintained through interaction

q.o
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of macroscale synoptic and mesoscale cumulus interaction.
We now know, in respect of cyclone movement, that a practical threshold in performance accuracy has been established for forecasters in other basins to aim at and
which, for governments, represents a measure of the limits
which can be achieved for an investment in selected
advanced technological resources.

We are given no false

hopes as to the potential for unlimited improvement.
A contributor to this Workshop states hopefully "an accuracy
of the position, 50km and 120km, at respective time scale
of 24 and 48 hours, must be achieved if we want to attain
some credibility".

The logical outcome of our stated accuracy threshold
is to ensure that cyclone warning strategies, computation
of most probable cyclone-effect lead times, community
awareness and education programmes, preparedness and
contingency planning and decision-making, is based on
criteria which are consistent with regularly attainable
motion-prediction performance.

Such limitations should

be publicized without a feeling of recrimination.

Error Variance Analysis

A most positive step to undertake

is an error variance analysis to ascertain which monitoring
and prediction techniques contribute most (or least)
to a reduction in mean and standard errors, such as undertaken by Neumann and his collaborators, and more recently
by Keenan (1982) for the Australian region which, perhaps,
represents a more globally representative region in respect
of data availability.
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A summary of Australian operational tropical cyclone
position forecasts in the form of seasonal mean vector
errors for the seasons 1973-74 to 1979-80 is given in
Fig. 1.

The mean error data were derived by verifying

the advisory initial position, 12-hour and 24-hour forecasts given in warnings by Perth, Darwin and Brisbane
TCWC, covering longitudes 80-160°E, with subsequent best
track data.

Initial Position Errors (IPE)

Neumann (1975a) demonstrated

that for a 12-hour forecast in the Atlantic about 45
per cent of the error could be attributed to a 45km IPE.
The average IPE shown in Fig. 1 is about 69km compared
to about 32km for the 1970-79 period in the Atlantic,
and a 40km error in the NW Pacific quoted by Bell (1979).
The decreasing error in the Australian region may be
noted.

This error in respect of the Brisbane region,

serviced by a good AWS and radar network had declined
below 50km by 1985

(Gourlay and Falls, 1985).

Fig. 2 shows the spatial distribution of IPE determined
by radar, satellite and all fixes, as given by the 67
per cent ellipses from bivariate normal positions fitted
to the errors.

The area and elongation of the ellipses

reflect the reliability of the fixes and the longitudinal
placement of storms influenced by the higher zonal than
meridional speed of most cyclones.

q.o

8

Fig.

1 Seasonal mean vector errors of 0, 12 and 14-hour

Fig.

l Spatial distribution of 1973-74 to 1979-80 initial

operational tropical cyclone forecasts in Australia.
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Table 1.

Accuracy of operational tropical cyclone intensity forecasts
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Verification of Australian tropical cyclone forecasts

(Keenan, 1982)
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12-24 hr Operational Forecast Errors (OFE)

The average

12 and 24 hour OFE for the seven-season period were l50km
and 263km, the latter comparing with 204km (Atlantic
1954-80), 233km (NW Pacific 1966-75) and 254km (North
Indian 1971-80).

The spatial distribution of OFE, repeated

in Figs. 3 and 4 is important to identify possible biases.
Fig. 3 notes a bias in zonal placement, and tendency
to forecast storms SW and NE of track at 24-hour interval.
Fig. 4 indicates the greatest source of error in the
initial direction of motion with bias in predicting
acceleration to the left, or deceleration to the right.
Faster moving storms are associated with larger forecast
errors and slower storms with smaller errors but an opposite
cross-track bias.

Intensity forecasts

The accuracy of operational intensity

forecasts for the period 1973-80 was tested by Keenan
by comparing 0, 12 and 24 hour central pressure forecasts
against best track data.

A persistence forecast was

also obtained using the post-analysed pressure at forecast
time, as the forecast pressure.

Table 1 shows that the

r.m.s. pressure forecast errors are large, as are the
maximum wind speed errors for two selected storm intensities
derived from the Dvorak (1975) current intensity - maximum
sustained wind strength.

Keenan notes that the error

in a 24-hour forecast for a 990mb storm represents about
65 per cent of the maximum wind speed.

Little skill

in intensity forecasts is evident, even allowing for
initial errors.

It may be noted, however, that an error

9.0
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of 15mb in a 24-hour intensity forecast represents a
difference of less than one T-number on the Dvorak scale
for a cyclone of about 970mb intensity.

A Diagnostic Examination of TC Movement Forecasting
An examination was conducted by Keenan (1982) of 856
Australian tropical cyclone situations of the variance
explained with regression equations which relate the
various predictive sources to subsequent tropical cyclone
motion.

The three predictive sources, climatology, post

storm motion (persistence) , and synoptic data, were
examined separately and jointly by developing regression
equations from them for the prediction of zonal and
meridional tropical cyclone motion.

The climatological

data set comprised average components of motion in the
5° latitude - longitude square in which the storm was
situated.

The persistence motion was derived from the

previous 12 and 24 hour components of storm motion.
The synoptic data were derived from 28 synoptic predictors
based on a 220km x 220km grid of 700, 500 and 300mb geopotential heights and 500mb past 24-hour geopotential
height changes.

The analysis was conducted firstly (Fig.7)

for all storms and then (Fig. 8, 9) stratified for cyclones
0

north and south of 15 S.

Comparison of the reduction in variances, using all available
data indicates that meridional motion of tropical cyclones
in the extensive Australian region is harder to forecast
than zonal motion, despite the fact that larger zonal
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motion still causes the greatest forecast errors:

in

addition the reduction of variance obtained with all
predictive sources decreased as the forecast interval
increased.

Examination of the relative value of the

individual predictive sources shows that except for zonal
forecasts larger than 30 hours, where the synoptic component was largest, past storm motion provided most predictive
information.

By combining all sources, the reduction

of variance increased by barely 10 per cent from the
persistence curve and in all cases persistence was the
predictor selected first.

The climatological data, by

far the least useful source of predictive information,
explained less than 10 per cent of the variance in both
directions.

In the Atlantic region Neumann (1975b) presented the
results of a similar study but with some different
conclusions.

Here the combined equations explained up

to 10 per cent more zonal variance and 15-20 per cent
meridional variance than in the Australian region.

This

increase was reflected both in the persistence contribution
and at the longer forecast intervals with the synoptic
component.

At that time persistence was the major predictive

source to about 38 hours in the zonal direction and
30 hours in the

meridional direction while the relative

contribution of the synoptic source (NHC-72)
with the forecast interval.

increased

The climatological data

base in the Atlantic also explained a reduction in zonal
direction variance about four times higher than in the
Australian region.

(/.()
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This comparison, states Keenan, implies that Australain
storms are probably inherently harder to predict because
they do not exhibit the same degree of persistence in
their motion, occur more often in lower latitudes and
in areas of lesser observational data, especially in
the Indian Ocean.

These latter factors make it inherently

more difficult to employ mass field derived steering
relationships.

Stratification of storms into groups north and south
of latitude 15°8 gave results indicated in Figs. 8 and
9.

In the zonal direction the greatest reduction in

variance was obtained from the combined source equations
for storms north (equatorward) of 15°8, attributed to
the greater contribution of persistence in low-latitude
zonal flow.

In higher latitudes synoptic data gave the

greatest individual reduction of zonal variance beyond
about 18 hours.

In the meridional direction persistence

was the best predictor in higher latitudes until about
48 hours, an outcome of the better-defined synoptic
relationship, storms showing more regular meridional
motion captured more effectively by persistence.

This

analysis shows the importance of the persistence component
in these regression-based forecasts, hardly surprising
in view that 80 per cent of tropical cyclones in the
Australian region change from their current speed by
less than 1.8m/sec and direction by less than 55° in
a 24-hour forecast.

';.-()
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The analysis by Keenan continued by stratifying ·the data
according to .per.sistence error in order to identify the
more -difficult forecast situations and by compensating
fo:r 'the potential unreliability .of persistence measuremen,ts due to ini:tial position errors.
(Fig. l3·)

Thi;s $imula·tion

has indit:'a;ted ·that 'Some operational 'Statistical

guidance equation:s should be developed wi·th .an initial
position error component o:f vari.a tion..

·s.ummary
TThe .o.u·tcome o:f ··the ;f:oregoj;ng ;discussion i·s that, although
varying :ln de;gre.e between has±ns,, ;persistence makes the
.greatest contr.ibution in .the reduction

~of

.e:rror variance,

whi,le 'climatoJ:ogy is much less inf,luen:t·iaL

Synoptic

data becomes increasingly significant as the for.ecast
interval increases.

It is desirable . to stratify data

:by latitude .to refine conclus;i.ons.

The limited success

in .fol7eca:sting intensity change in an operational context,
of'£ers a 'major challenge to researche:rs.

3.

FORECAST AND :WARNING CONSTDERATTONS
The ::scene for these comments has been set in the comprehensive
rappo,rt'eu.r·• s report on Forecast Dissemina'tion and Communi t•y
P:re,paredness.

The illustrations (pa.ge 15) showing types

o'f ;potential impact accompany:ing ··tropica'l cyclones and
the 'Po'ten'tial damage v ;power :-of :wdmd .flestruction curves
int:Hcate the considerab1_e scqp.e tfor i:rqprov-e:a foxecast.s
to

fP~l.,ay

in reducing avoii.aab'ke losae.s .in oyc'lune ev:eri'ts ..
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Skill in the prediction of tropical cyclone structural
change and movement, assessed more or less independently
of a storm's location in respect of the human and geographical environment, is one thing.

But where do we

stand today in the scientific management of converting
such technical advice about cyclone parameters into
timely and meaningful information, and above all, warnings
of severe cyclone effects to which trained or untrained
communities or officials can respond in a rational organized
way?

A dilemma exists.

The community, accustomed to

spectacular monitoring of tropical cyclones by radar,
satellite or space-craft, enhanced by over-optimistic
statements concerning their potential for improving cyclone
forecasting, now has a much higher expectation of performance
by meteorologists in achieving this aim.

One or two

excellent forecasts, probably aided by persistence, establish
a standard by which future performance is critically
assessed.

The challenge which confronts warning experts

is to bridge the gap between public expectancy of high
performance and the limitations of scientific predictability
imposed by inexact interpretation of the interaction
between the macroscale and mesoscale features of tropical
cyclones. Such a hope is based on the adoption of improved
warning strategies in the information management of tropical
cyclone events.

Your reviewer has written an essay on

this topic (WMO, 1983).

As a general principle it may be said that warnings should
follow an evolution in which the uncertainties inherent
in preliminary forecasts are progressively transformed

?.o
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into forecasts of increasing certainties within prescribed
limits as a tropical cyclone threat develops.

The strategies

require meteorologists to be conservative in respect
of prediction and information which is publicised during
the early and middle stages of approach of a cyclone
towards possible landfall.

This philosophy enables sub-

sequent inevitable adjustments in monitored positions
and predictions to be performed without unduly disrupting
the quality or accuracy of information previously announced.
The credibility of the warning system is thus preserved
in this way (see WMO, 1983).

Complex or Difficult Tropical Cyclone Events

The categories

of tropical cyclone events which present particular warning
difficulties include the following:
(a)

Unusually intense, or slow, or fast-moving cyclones.

(b)

Cyclones which develop or intensify close to a
populated coastline (sometimes from an origin
over the land) .

(c)

Cyclones which display erratic motion, such as
"looping the loop" when approaching a coastline
(often reflecting an indecisive steering current).

(d)

Cyclones paralleling a coastline with a high
expectancy of turning onshore ..

(e)

Recurving, accelerating cyclones moving into higher
latitudes.

(f)

Weakening cyclones about to undergo possible
extra-tropical reintensification.

(g)

Cyclones, usually fast-moving, whose decay over
land is retarded.

(h)

Cyclones modified by passage over peninsulas or
large islands.

9- (J
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(i)

Compact cyclones unaccompanied by visibly threatening precursor signs.

(j)

Two cyclones threatening simultaneously and possibly
interacting (Fujiwhara effect).

(k)

Cyclones whose characteristics, especially speed
or intensity, are noticeably different from those
of immediate pre.decessors.

(1)

Cyclones impacting an area not threatened for
many years.

(m}

Cyclones posing a threat to major towns or cities.

(n)

Cyclones which threaten communities during a high
pitch of seasonal activity (e.g., harvesting,
public holidays) .

(o)

Cyclones in which storm surge may be accentuated
by spring tidal conditions.

Many of the synoptic features which turn fairly normal
forecasting events into complex situations are partially
or progressively revealed only as the monitoring of a
particular tropical cyclone proceeds.

A prior recognition

of the possibilities, however, should enable warning
centres to plan ahead, to some extent, in respect of
warning strategies and appropriate terminology.

It may be useful to consider the effect on a threatened
coastline in terms of the typical dimensions of a severe
trop~cal

cyclone and the forecast accuracy limitations

previously discussed.

Mean vector errors may be reflected

in a cross-track displacement. or accelerated or retarded
displacement in the direction of currently observed motion.
The orientation of a coastline in respect to the angle
of approach of a storm obviously affects the· displacement
on landfall related to coastal towns or sectors.

WMO

publication (198.3) Fig. 9 (a, b; c,.) illustrates the

9-t>
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cross-track errors which may occur when a tropical cyclone,
core of maximum winds of 50km radius and damaging gales
120km radius moves towards a coastline normally, and
at a 30° angle of approach, and is subject to a constant
error of only 15° between predicted and actual motion.
A coastal displacement of 193km, 129 and 64km occurs
in respect of L (Landfall) -36 hour, L-24 and L-12
positions respectively with a normal approach.

The

approximate effects of such errors in the 36-hour forecast
are,

(a) nearly 200km of coastline would experience

unforecast damaging gales,

(b) about 75km of coastline

would not experience forecast damaging gales and,

(c)

nearly 50km of coastline would receive damaging gales
but from an opposing direction to that forecast.

The

displacement at L-36 hours is emphasized because, for
practical purposes, a 24-hour advance warning of onset
of gales and inclement weather needs to be issued at
L-30 to 36 hours.

Fig. 9 (c) shows the accentuated

displacement when the same model cyclone makes an angular
approach, it being noted that the time lapse before impact
will be either reduced or increased in relation to the
15° deviation occurring to right or left of forecast
track.

The errors illustrated are notably less than

represented by the mean vector error for current accuracy
for Atlantic hurricanes.

The examples quoted refer to

a symmetrical distribution of damaging winds.

Usually

the damaging extent is about 140km and 90krn respectively
to the left and right of the centre (southern hemisphere)
or the reverse in the northern hemisphere.
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Figure 9.
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Potential Displacement Errors in Predicted Landfall
as Function of Tropical Cyclone Motion. (WMO, 1983).
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Probability Forecasting

The preceding paragraphs serve

to introduce the topic of probability forecasting which
represents an objective approach to "marry'' the complexities
of tropical cyclone motion with the need to progressively
reduce the uncertainties of predictive errors as a cyclone
approaches landfall.

Readers are invited to carefully

read the rapporteur's report, as this topic, being relatively
new, is subject to misconception.

A feature of probability

forecasting is that its conclusions are visualized very
much from the viewpoint of a disaster manager assessing
the possible impact of an approaching cyclone on a town
or limited coastal sector for which he is responsible
for authorizing or recommending massive public expenditure
on preparedness measures such as evacuation.

The dimensions of a tropical cyclone are such that towns,
restricted coastal sectors, taluks or small islands represent
a "hit or miss" target in respect of destructive impact.
Therefore preparedness decisions tend to be adjudged
as "right or wrong'' in public perception.

The expected

predictive error in a forecast interval as short as
12 hours is such that, in most parts of the world, a
definitive warning of direct impact has about an equal
probability of being right or wrong.

The table below

(Carter 1983) notes the maximum probabilities in accord
with attainable predictive accuracy in the Gulf of Mexico
for stated forecast periods.

tto
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Maximum Probability Values of Direct Impact
Within Forecast Periods
Forecast Period
72
48
36
24
12

Maximum Probability Values

hours
hours
hours
hours
hours

10 per cent
13-18
"
"
20-25 "
"
35-45 "
"
60-70 "
"

It is evident, for example, that in the event a decision
to commence evacuation needs to be made 36 hours in anticipated
advance of landfall of a cyclone then evacuation may subsequently
be proved to have been obligatory on about one occasion in
four.

In event of progressive evacuation the probability

of error decreases accordingly with time.

An obvious decision

a disaster controller will need to reach is to avoid evacuation
to areas with a higher probability of impact than his own.

The diagrams reproduced in this overview from Carter (1983)
- Probability of Hurricane/Tropical Storm Conditions : A
User's Guide foi Local Decision Makers, illustrate the derivation
of probabilities of the centre of a hurricane, predicted
to impact New Orleans in 48 hours time occurring, on the
basis of previous storm tracks, elsewhere in the Gulf of
Mexico and inland US.

Each of the 200 element segments represents

a one-half per cent probability that the hurricane centre
will be located within its boundaries.

A decision-maker

can therefore calculate the probability of the centre passing
through his area of responsibility as well as the likelihood
of severe peripheral effects extending about 80 kilometres
to the right and 120km to the left of the centre (reverse
in southern

hemisphen~)

.

The National Hurricane Center (NOAA)

now issues hurricane probability statements for nearly 20

9·()
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Figure 8. Ellipse Enclosing 99% of the Expected Actual
48-Hour Locations of 100 Example Hurricanes
with the Same Past Track and the Same 48-Hour
Forecast Position.

Figure 9. Partitioned Ellipse Enclos-ing 99% of the Expected Actuai48-Hour Locations of 100 Example
Hurricanes with the Same Past Track and the
Same 48-Hour Forecast Position.

TABLE I. HURRICANE PROBABILITY TABLE WHICH WILL BE APPENDED TO THE BOTTOM
DF THE PUBLIC ADVISORY.
PUBLIC ADVISORY I 52 ISSUED AT 9:30 PH COT TUE SEPT 11 1979
HURRICANE FREDERIC PROBABILITIES
FOR GUIDANCE IN HURRICANE PROTECTION PLANNING
BY GOVERNMENT AND DISASTER OFFICIALS
CHANCES OF CENTER OF FREDERIC PASSING WITHIN 65 MILES OF
LISTED LOCATIONS THROUGH 7 PM COT FRIDAY SEPTEMBER 14 1979
CHANCES EXPRESSED IN PER CENT ... TIMES COT
ADDITIONAL INCREMENTS

COASTAL LOCATIONS
MAR CO ISLAND, FL
FT, MYERS, FL
VENICE, FL
TAMPA, FL
CEDAR KEY, FL
ST. MARKS, fl

APALACHICOLA, FL
PANAMA CITY, FL
PENSACOLA, FL
MOBILE, AL
GULF PORT, HS
BURAS, LA
NEW ORLEANS, LA
NEW IBERIA, LA
PORT ARTHUR, TX
GALVESTON, TX
PORT O'CONNOR, TX
CORPUS CHRIST!, TX
BROWNSVILLE, TX

THRU
7 PM
WEO

7 PM
WED
THRU
7 AM
THU

I
I

2
7
16
19
21
16

/AM

TIIU
THRU
7 PM
THU

7 PM
TllU
THRU
7 PM
FRI

TOTAL
THRU
7 PM
FRI
I
I
2

4
7
14
20
23

25
23

14

22

16

21

8
I

12

• PROBABILITY LESS THAN I PER CENT

Figure 12. Example of How to Compute the Probability
that Coastal Sites will Experience Hurricane
Conditions Within 48·Hours.
Illustrations selected from Carter (1983}, Probability
of Hurricane/Tropical Storm Conditions, NWS(NOAA)
User's Guide for Local Decision Makers.
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coastal sectors and 50 cities itemising the percentage
chance, in 12 hour duration steps, of a particular
hurricane passing within lOOkm.

Cyclone Effects

Probability considerations should also

be applied to the forecasting of lead times for the onset
and duration of severe cyclone effects such as the core
of hurricane winds, gales, intensity and duration of
heavy precipitation and location and profile of storm
surge with allowance for tidal variation.

These are

the parameters with which disaster managers are most
concerned for the allocation of resources to combat a
cyclone threat, and represent the basis for their assessment
of the practical usefulness of cyclone forecasts.

Real-time

information such as estimates of radius of maximum winds
and squalls and heavy rain associated with the motion
of spiral convective cloud bands obtained from radar
monitoring, or from climatological studies, can be allied
to the predictions of cyclone motion and intensity.
These estimates may be based on probability forecasts
issued by an advanced centre, or on the basis of template
probability ellipse models which can be derived to fit
approximately to points of origin previously selected
on limited grid co-ordinates.

Practical research on

the onset and duration of cyclone effects on landfall,
derived from radar monitoring and climatological studies,
published by Indian meteorologists in their quarterly
journal, Mausam, have been particularly useful.

'I·~
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Organization of a Warning System

The rapporteur on Forecast

Dissemination and Community Preparedness has emphasized
the need to design the components of a tropical cyclone
warning programme on a systems basis involving careful
pre-season, cyclone season and post-cyclone season checks,
quality control and reviews on matters such as meteorological
communications, warning dissemination, operational procedures
and techniques, community preparedness liaison, staff
·training, message compilation, post-cyclone surveys and
data archiving and so on.

The capacity of a warning centre to operate smoothly
under the considerable, at times seemingly impossible,
stress with the objective of clearing regular warnings
with minimum delays is of crucial importance.

A warning

is a most time-perishable product and an accurate forecast
loses all its benefit if it does not reach recipients
well within the practicable lead times to effect protective
action.

4.

UTILISATION OF TROPICAL CYCLONE WARNINGS
Tropical cyclone warnings are responded to by society
in three main categories of users reflecting different
scales of interaction with the meteorological warning
authority and thus degrees of rational or organized
decision-making for protection of life and property and
socio-economic benefit.

q.o
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The first group, especially in developing countries,
comprises the vast proportion of the affected population
at the periphery of the warning system, living in cyclonevulnerable locations, with limited access to advice on,
or understanding of, the changing nature of a cyclone
threat, or resources to protect themselves.

This is

the vast group whose response, at best, is conditioned,
through its interpolation of simplified warning audiovisual signals of the general extent of danger, by the
experience of previous occasions, the authority of local
leaders, and the visible signs of impending danger.
In many respects this group, which includes the highly
vulnerable fishing fleet& and inhabitants of off-shore
islands, need to make life-or-death decisions to shelter
or evacuate with the longest lead times possible (say
24-48 hours) and yet when the probabilities of eventual
impact on a particular occasion are slim.

As a contributor

to the rapporteur's report on Community Preparedness
states, as in the Bay of Bengal, protective methodologies
for "survival-in-situ" need to be adopted - an admission
of the limited contribution that an imperfect warning
system can provide.

The second group, which comprises the greater proportion
of the affected populations in technologically advanced
countries, and some urban communities elsewhere, come
under the direct supervision of community preparedness
authorities able, in varying degree, to implement contingency
plans which designate the particular responsibilities

9.0
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of various government or non-governmental action-agencies to
carry out particular duties in response to meteorological
warnings.

It is this group, with resources to assist itself,

which stands to benefit most from advances in forecast
accuracy and warning strategies.

The potential

(but sometimes

not the will or organizing and co-ordinating ability) exists
in this group to develop response systems to allocate human
and physical resources to take advantage of warning lead times
of expected severe cyclone effects to reduce avoidable loss
of life and property.

Interactive systems between meteorologists and users need to
be very substantially enhanced, as illustrated in detail in the
rapporteur 1 s report on Community Preparedness if cyclone
meteorological intelligence is to be usefully applied.

On the

one hand the meteorological warning system tends to be developed
without adequate feed-back from users, for example in respect of
the lead times necessary to apply preparedness resources.

These

lead times may vary considerably from country to country.

Only

in the last decade or so have warning reaction or response
studies been conducted in some countries to provide a reliable
basis for development of modifications in warning terminology
and strategies to strengthen public perception of impending
danger.

In this respect contributors to the working group

on Community Preparedness have pointed out difficulties in
reaching objective conclusions in some developing countries
as interviewees are reluctant to give information or to criticise
for fear of job security.

9.o
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The reviewer is particularly impressed with computer-aided
studies, explained in the rapporteur 1 s repo;-t, for training
disaster managers in the progressive allocation of resources,
human and physical, on the basis of meteorological warning
advices as a cyclone threat develops.

This methodology

requires careful prior consideration of the lead times
necessary to order and deliver (a variety of)

resources

ranging from helicopters and rescue boats to food and
medical supplies, emergency generators and communications
equipment, prior to the setting in of cyclonic weather
which would make transport impracticabl.e.

When community

preparedness cyclone rehearsal exercises focus on this
level of planning then meteorologists and preparedness
experts alike gain an added appreciation of the value
of warning lead time estimates.

In the Asian environment

co-ordinated deployment of limited resources on a vast
scale, due to the millions of people affected by a cyclone
threat, is essential.

In the US it seems that the growing

problem of speedy evacuation from storm-surge vulnerable
coastal areas requires similar consideration, based on
probability of impact forecasts.

Hurricane-game computer

models have also been designed which simulate the progressive
motion of a hurricane through the Caribbean requiring
players to make predictions of storm surge heights in
coastal sectors which are evaluated in terms of lives
saved or in casualties or unnecessary evacuation costs.

t.;.o
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The final group of decision-makers are those who consult with
meteorological warning authorities on an intimate interactive
basis, usually for industrial safety reasons or which have a
high benefit/cost implication.

These officials are responsible

for the operation of vital power and water supply facilities,
transport systems, airports and harbours.

To quote an example

of this interaction with which your reviewer is familiar the
adverse impact of tropical cyclones on the vast developing oil
and mineral development in north-west Australia was proving so
serious that an international conference on the topic was held
in Perth, Western Australia in 1974.

180 Australian and overseas

meteorologists, industrial operators, consulting engineers,
and government representatives exchanged papers and ideas with
the objective of reducing economic losses and physical danger
to personnel engaged in on-shore and off-shore oil and mineral
development. An outcome to the conference was the establishment
of a state Tropical Cyclone Industrial Liaison Committee which
meets twice annually ·to max1mise operational liaison between
1ndustry and the Bureau of Meteorology.

During cyclone

occurrences a multiline automatic taped telephone briefing
service, pa1d for by industry, expands on the regular warnings
w1th explanations on the forecast impact of mesoscale cyclonic
effects on marine and land-based industrial operations.
Industry has also supported research and installation of
cyclone-monitoring equipment.

This rather lim1ted but

economically v1tal group of users is oriented towards using
specialised cyclone information and concepts such as
probability forecasts as the basis for decision-making.

~(J
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5.

FUTURE DEVELOPMENT AND CONCLUSIONS

Keenan (1982) and others

have outlined promising developments to aid prediction
of tropical cyclones movement and intensity.

Satellite

based observational techniques are leading to improved
derivation of the mass and wind fields, and temperature
profiles, around cyclones.

Doppler, airborne microwave

and skywave radar systems may improve monitoring and reduce
position errors.

The confidence of remote-sensing technologists

these days is such they can say to scientists - "you tell us
what you want measured, and we'll measure it".

Drawbacks

to operational use of numerical prediction models, limited
horizontal resolution and initialisation of real-time data,
may be overcome.

It may be up to Workshop participants to

define their objectives in terms of specific. data requirements.

An all out attack is needed on prognosis of intensity
change..

Computer-based process and display systems such

as MCIDAS (Man Computer Interactive Data Analysis System)
provide the opportunity for "computerised" tropical cyclone
forecasters

(human beings) to martial an immense array

of observational and derived data (such as radiometric
temperature profiles and deep-layer mean winds) to study
the interaction between cumulus-scale phenomena and the
larger circulation.

The two outstanding forecasting

problems to be solved are sudden onshore recurvature
(eg. 90°) of a moderate speed cyclone paralleling the
coast, and rapid intensificiation (say 30mbs) of a cyclone
nearing landfall.

A fall in pressure (say 980 to 950mb)

equivalent to about 38 knots on the Dvorak scale can

9_()
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represent an increase in potential destructive damage
of 200 to 500 per cent (according to the damage v power
of the wind relation previously noted) or by a factor
of hundreds if the wind speed increases in accord with
a higher power relation associated with immense debris,
and related destructive effects and storm surge damage.

Considerable scope exists for improving the information
management, including dissemination and improved terminology of forecasts, and in adoption of careful warning
strategies to compensate for limitations in the predictive
science.

Immense scope exists for improved interaction

between the providers and users of warnings and introduction
of computer-aided systems to assist rational community
preparedness decisions in fending off a cyclone threat.

Finally, in a global context, it is quite evident that
a few global or regional centres with maximum observing
and data processing capacity will need to assume predictive
and warning functions, such as probability forecasts,
on behalf of the great majority of resource-limited
national tropical cyclone warning centres.

It is equally

evident that a unique hot-wire tropical cyclone communications circuit is necessary to ensure instant inter-country
reception of advisory statements and warnings.
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WMO INTERNATIONAL TROPICAL CYCLONE WORKSHOP, BANGKOK
Topic

1.1

9.1 : Forecast Dissemination and Community Preparedness
Rapporteur's Report and Review
by R.L. Southern

1.

INTRODUCTION
This topic represents the practical objective of what
our Workshop, directly and indirectly, is attempting
to accomplish through inputs, by way of research and
forecasting experience, into improving tropical cyclone
monitoring, warning and mitigation systems to reduce·
the social, economic and environmental impact of these
storms. The topic is, of course, immensely comprehensive
and there is a vast amount of literature concerning its
many'facets, much of which cannot be referred to in this
brief report.

1.1

For preliminary reading, and to avoid unnecessary repetition,
I feel I can do no better than to refer to the first
attachment - a series of lectures on Community Preparedness
and Forecast Dissem~nation, with particular emphasis
on the role of meteorologists, given by the writer to
a WMO/UNDP Regional Tropical Cyclone Seminar on Tropical
Cyclones (Brisbane, Australia, 1973). Most of this information remains equally valid today, especially in respect
of developing countries.
The remainder of this review
concentrates on several recent developments, draws on
the contributions of working group numbers noted below,
as well as on my own recent ~ustralian and Asian experience.
Our aim of course is to look forward and focus on how
we, as operational and research meteorologists, can improve
meteorological inputs into tropical cyclone warning-response
systems.

1.2

For the benefit of our Workshop participants we could
remind ourselves of the integrated objectives towards
which our special efforts as meteorologists are aimed,
namely improvements in:
(a)

understanding and modelling of the physical nature
of tropical cyclones and their effects by dedicated
research effort,

(b)

technical assessments and prediction of the spatial
and temporal characteristics of tropical cyclones
threatening populations,

(c)

translation of this information through suitable
modes and formats to enable its interpretation by
trained and untrained users,

(d)

planning of careful strategies which maximise the
credibility of warnings in order to evoke logical
response and decision-making by users having regard
to the severity and imminence of a developing cyclone
threat,

2
(e)

2.
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post-cyclone reviews and quality control over the
total warning-response system in order to rectify
problems.

AN INITIAL PERSPECTIVE
By definition cyclone preparedness for the community
may be described as action designed to minimise loss
of life and damage, and to organize and facilitate timely
and effective rescue, relief and rehabilitation in cases
of cyclone disaster. Preparedness is supported by the
necessary legislation and means a readiness to cope with
disaster situations or emergencies which cannot be avoided.
Preparedness is concerned with forecasting and warning,
the education and training of the population, organization
for and management of disaster situations, including
preparation of operational plans, training of relief
groups, the stockpiling of supplies and the earmarking
of the necessary funds (WMO/ESCAP/LRCS, 1977).

2.1

It is widely acknowledged that efficient dissemination
of timely warnings, -presented in an understandable mode
and format, to promote sensible decisions for protection
of the community and its assets, in accord with promulgated
plans of action, provides the foundation for effective
warning-response systems to mitigate the immediate impact
of tropical cyclones. The design of such systems and
the incorporation of meteorological advice with procedures
for life-saving actions must therefore have their basis
in the needs of users at local, and progressively higher
levels of community and government organization. Clearly
the needs and means to achieve these objectives vary
immensely around the world in accord with the particular
human geography of each cyclone-vulnerable location including,
as two major factors, the community awareness of the
threat and the availability of trained personnel and
physical resources to respond to it.

2.2

Our global scenario for discussion may thus be visualised
as covering a spectrum of warning-response objectives
which relate to situations such as these:
(a)

a mainland Asian village of fisherfolk on the banks
of a deltaic estuary subject to storm surge, without
road access and regular communications, whose residents
speak only a regional dialect, and have assets limited
to mud-brick homes and fishing equipment,

(b)

residents of small island resource-poor countries
of dimensions less than a typical tropical cyclone,
which are subject to "hit or miss" cyclone impact,

(c)

affluent residents of a fashionable recreational
villa of palatial homes and private boat harbours
with constant access to national language audiovisual warning information,
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(d)

an industrial petro-chemical complex with 5,000
workers whose elaborate safety shut-down procedures
require careful co-ordination in terms of warning
leadtimes,

(e)

a major highly cyclone-vulnerable city, such as
Shanghai, Hong Kong or New Orleans, subject to multibillion dollar impact for which cyclone preparedness
takes on the magnitude of repelling an enemy invasion.

2.3

The response to a cyclone threat, schematically posed
by the illustration (fig. 1), in the above listed scenarios,
is based on community arousal and motivation to do something to protect family and possessions conditioned by
a range of interacting physical, physiological and psychological factors.
These have been the subject of numerous
response studies by social scientists and some meteorologists
mostly in developed countries, but which may be summed
up as an awareness or sense of danger, conveyed by a
warning of the severity and imminence of the threat.
This awareness may be modified or exhanced by other factors
related to the cultural, educational, social and economic
circumstances of a particular community, previous experience,
previously rehearsed action plans, local leadership and
so on. To place discussion on recommended meteorological
initiatives in context it is necessary to briefly review
the subject of community preparedness, for example through
a WMO perspective.

3.

CYCLONE DISASTER PREPAREDNESS
The overall subject of cyclone mitigation is generally
considered in two components, long-term structural and
regulatory measures of Prevention and short-term measures
of Preparedness. Consideration of the first component,
Prevention, which concerns the implementation, on the
basis of vulnerability analyses of risks posed by cyclones,
of long-range public works programmes in accord with
regulatory controls, to reduce or eliminate disasters
may be conveniently delegated to discussions on "Long
Range Coastal Planning to Ameliorate Cyclone Impact"
(Working Group 8.5).
It should be noted, however, that
the advice of meteorologists in respect of evaluation
of risks due to cyclone effects, such as return periods
of hurricane-force wind gusts, depth-duration curves
for flood rains, and estimates of storm surge potential,
are a key ingredient in assessing the vulnerability of
towns and coastal sectors to cyclone damage.
In a
contribution to W.G. 1.1 the writer has emphasized the
need for all countries to develop Tropical Cyclone Impact
climatologies to assist themselves in both prevention
and preparedness planning.
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Preparedness, as defined above (para 2), concerns measures
to reduce avoidable losses during a contemporary cyclone
threat and the effective utilisation of timely, und~r
standable, well-disseminated and interpreted warning
lead times is the basis for such action.
3.1

Three publications may be referred to in the above respects:
(a}

WMO's Tropical Cyclone Programme (TCP) Plan of Action
(Geneva revision, 1981),

(b)

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

(c}

Human Response to Tropical Cyclone Warnings and
their Content WMO-TCP Project No. 12 (Geneva 1981).

3.2

Publication (a) sets out WMO-TCP policy objectives in
cyclone prevention and policy planning with emphasis
on the efficient dissemination of warnings, the special
need for dynamic programmes in public education and response
to warnings, and need for procedures to restore warning
system facilities damaged by tropical cyclones.
In respect
of regional activities the Plan of Action refers to desired
national information, promotional and training programmes
in cyclone preparedness in conjunction with meteorological
and hydrological aspects.
In the event that gaps exist
in national preparedness arrangements the Plan, supported
by resolutions of WMO's Exeoutive Council, states that
national meteorological services have a moral obligation
to assume all necessary repsonsibility in the interest
of saving lives and reducing cyclone damage. Furthermore
in a recent policy upgrading of the TCP the Executive
Council emphasized the need for improving warnings at
the interface between the meteorological/hydrological
services which issue the warnings and users, especially
those responsible for community actions.

3.3

The second publication (b) discusses appropriate arrangements
and guidelines for cyclone preparedness in 50 pages of
text and diagrams in chapters covering:
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

the planning of (cyclone} disaster preparedness,
legislation for cyclone preparedness,
a tropical cyclone warning system,
flood fighting,
evacuation of danger areas,
public information and education,
test exercises in cyclone preparedness,
emergency operations and relief action.

For space reasons only chapter (c) on a tropical cyclone
warning system is appended.
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3.4

A wealth of published information on national procedures
is available in respect of countries such as the USA,
Philippines, India, Australia and Mauritius to quote
only a few examples.
There is a wide diversity, however,
between each country, and within the state administrative
systems in countries, on the degree of effective
preparedness at local, district, state and national levels.
In some countries detailed cyclone contingency plans
exist on paper but have never been co-ordinated and implemented, or allowed to lapse through no recent occurrence
of cyclones. In general the writer believes that the
warning component of a tropical cyclone warning-response
system, administered by meteorologists, is more professionally
organized than the response side for which mostly a variety
of authorities are responsible for different functions.
Some would say that, despite problems, the meteorologists
have the less difficult task.

4.

DISSEMINATION OF FORECASTS AND WARNINGS
It is often overlooked that the main basis for the issue
of timely warnings r-ests on careful planning, initiatives,
appropriate real-time work techniques, and a lot of hard
groundwork in checking communications systems by the
respective tropical cyclone warning centre or national
meteorological centres. A severe weather warning is
a very perishable product and every precaution should
be taken to reduce avoidable delays in reception by action
agencies or the general community. The whole objective
of a warning is lost if the ~content of the message has
become so stale by the time it reaches recipients that
leadtimes necessary to take effective actions have "evaporated",
or alternatively, actions have been taken which subsequently
prove to have been unnecessary in accord with information
known at a warning centre at the time.

4.1

We may start from the premise that warnings containing
the actual, or predicted assessment of a cyclone position,
intensity, motion and effects, at a certain time should
be cleared from a warning centre to all recipients within
one hour.
If this objective is not currently being achieved
then serious self-critical questions should be raised
at the organization within the warning centre which permits
this delay. Delays will probably be due to two main
causes;
firstly avoidable deficiencies in parts of the
communication system within the control of the meteorological
service; and secondly faulty warning work procedures
and strategies involved in the compilation of warnings.
To illustrate the last point first the writer recently
examined a series of warning messages emanating from
two different national wanring centres concerning a recent
catastrophic cyclone approaching landfall in the Asian
area, circulating on WWW GTS regional or AFTN circuits.
The average time lapse between the time of fix of the
cyclone and its motion, quoted in the message and the
time of origin of the message was 4-5 hours, ranging
from 3 to 10 hours.
If consequential delays of a similar
4-5 hours were experienced in subsequent relay of such
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a message, issued nationally, before reaching recipients
it could mean that the onset of hurricane winds predicted
for a coastal sector may already have occurred prior
to receipt of a message in the affected area.
The writer
holds the view that cyclone warning messages should always
be based on current estimates of the location of a cyclone
even though a recent satellite or radar fix is not available.
4.2

There is no doubting that a cyclone threat places inordinate
stress on limited trained staff members and that work
load increases dramatically not only on those engaged
in the issue of cyclone warnings, but in respect of associated
duties related to aviation, marine, public and agricultural
forecasting as well as in the task of general enquiries
and media briefing.
The only solution to maintaining
the care and orderliness required, where chaos could
easily result, is to pre-plan, and rehearse, the necessary
operational procedures in respect of forecasting, warning,
and communications procedures for the input and output
of data and products, and official and media briefings,
as well as all othe~ administrative arrangements, related
to staff rostering, securing of emergency observations
and so on. This planning needs to be carried out annually
prior to the cyclone season with final checks at the
declaration of the commencement of the period.

4.3

A tropical cyclone warning service may be divided into
eight main phases of operation,
(1)
the pre-season
check phase,
( 2)
the routi-ne monitoring phase,
( 3)
the cyclone information phase,
(4)
the cyclone watch
or alert phase,
(5)
the cyclone warning phase,
(6)
the impact assessment phase,
(7)
the documentation
phase, and
(8)
the system review phase. Of these,
phases (1), (6) and (8) are directly related to improving
dissemination and community awareness aspects. For convenience a list of procedures in respect of these phases
is appended to this review. The message here is that
timely dissemination of warnings is completely dependent
on the total warning system functioning as a well-oiled
machine despite the stresses placed upon it.

4.4

Numerous technological advances have been made to aid
the rapid compilation and dissemination of warnings,
although many of these are not yet available in most
countries. These include use of domestic satellites
for data collection and subsequent broadcast of warnings
to ground stations for subsequent relay on micro-wave
networks, use of message sorting computers to distribute
warnings to multiple addresses, deployment of word processors
for memory-recall and update of earlier warnings and
automatic dissemination through communication terminals,
and less recent multiple address conference calls on
telex, automatic taped telephone briefings for enquiries
and so on.
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Most countries fall into one of three categories in respect
of national communication arrangements for dissemination
of warnings:
(a)

a minority of countries with highly secure multiroute
landline or satellite circuits which enable reception
of cyclone monitoring data and subsequent dissemination
of advisories and warnings with minimum delay,

(b)

a number of countries whose meteorological services
rely on national telegraphic services for hard-copy
dissemination supplemented by limited point to point
teletype or telex circuits. However high-priority
telegrams are rarely useful except during the alerting
stage of a cyclone threat.

(c)

the majority of countries which, in the absence
of reliable economic landline or telephone circuits
especially during adverse weather, utilise SSB radio
networks for both data collection and warning dissemination.

It is recognized that meteorological services are obliged
to work within the constraints of their national systems
but there is a universal benefit arising from maximising
dissemination efficiency through careful planning and
checking of available systems.
Because of the disparity in resources between a minority
of well equipped national c&ntres and the majority of
warning centres in smaller countries there is obvious
potential and need for the latter to delegate various
monitoring and warning functions to the former, through
systems of regional collaboration, along the lines of
existing procedures for services to international aviation
and marine affairs. However this throws additional responsibility upon such regional centres which undertake the
responsibilities to upgrade the frequency and timeliness
of their warnings.
5.

UTILISATION OF WARNINGS
The proper interaction between the providers and users
of tropical cyclone warnings, by means of interpretation
and briefing, at the point where key preparedness decisions
need to be made in accord with cyclone contingency arrangements is a vital factor in effective cyclone disaster
management. Many sad experiences reveal this lack to
be the weak link in a warning-response system. Either
the warnings cannot be interpreted or the organizational
groundwork has not been laid to respond to the warning
information.
This is the area which represents the greatest
potential for improvement in mitigating the impact of
a cyclone especially in respect of loss of life. For
this reason it is imperative that meteorological services,
as a policy, step up their involvement, particularly
where it has been minimal, in contributing to community
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cyclone awareness and disaster management decision-making
skills during a cyclone threat.
5.1

It is sometimes argued that the precious time of met~orologists
during and between cyclone events is best spent on research
and prediction techniques, and that it is the responsibility
of other designated authorities to disseminate, interpret
and apply the warnings.
However it is rare that a national
or local preparedness system is sufficiently organized
or practised to respond in a professionally organized
manner comparable to the effort or investment related
to the meteorological technical inputs into the warning
system. Naturally there is a limit in the extent to
which meteorologists can personally engage in cyclone
awareness programmes but, working in conjunction with
preparedness authorities on a routine series of lecture
and inspections, a great deal can be achieved over a
period of years.

5.2

A prime objective of cyclone preparedness management
should be to allocate the human and physical resources
at the disposal of ~sponsible authorities, for the protection
of the community, in an economic co-ordinated way in
accord with the predicted location and severity of a
developing threat. The vulnerability of the respective
communities in respect of exposure to strong winds, river
or urban flooding, and storm surge, as described in contingency plans should be taken into account.
Particularly
when huge populations are threatened, as is normally
the situation in Asia, and the scale of deployment of
limited resources is immense, these decisions should
be made in an objective, co-ordinated and logistically
sensible manner, based on predicted leadtimes of cyclone
effects such as onset of gales, continuous precipitation,
rising seas and flood waters. Major decisions such as
evacuation of shipping from ports, progressive closure
of sea, road, rail, air and inland river tranportation
systems, power supplies, equalisation of reservoir and
water storages, schools and commercial activity, evacuation
procedures, requests for military assistance, back-up
food and medical supplies and similar requests, all require
optimum meteorological briefings to expand upon the brief
content of official or broadcast warnings, which refer
mostly to the predicted intensity, motion and generalised
severe effects of an approaching cyclone. Particular
problems may exist in interpretation of warnings when
meteorological briefing facilities do not exist at centres
where major decisions are taken, and communication to
a warning centre is not secure. A parallel may be drawn
between the strategies, skill and co-ordination needed
in protection of a city or series of communities, possibly
numbering hundreds of villages, from invasion by a cyclone,
with its uncertainties as to landfall, and an impending
sea-borne military invasion where the points and timing.
of attacks are equally uncertain.

,_,
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5.3

The situation described refers to the organization of
preparedness on a macroscale.
Loss of individual lives
and personal damage actually occurs on a mesoscale within
small communities, many of which may be isolated or cut-off
from advisory preparedness services, or obliged to take
independent safety decisions, possibly on the basis of
radio warnings, or general non-detailed alerts of impending
danger.

5.4

Tropical cyclones are macroscale events with mesoscale
impact. Official warnings mostly concentrate on a macroscale
spatial and temporal description of cyclone parameters
and the area likely to be impacted. Severe damage due
to hurricane winds and storm surge is mostly concentrated
in mesoscale geographical areas of about 10-50 kilometres
and within a 6-hour time duration. Only meteorologists
with access to latest information can intelligently bridge
the gap between the macroscale and mesoscale features
for the benefit of decision-makers by predictions of
minimum leadtimes and severity of impact of various cyclone
effects.

5.5

These ambitious objectives and strategies raise many
issues related directly or indirectly to all the topics
and working groups of our Workshop and which all eventually
influence the conduct of effective cyclone mitigation
programmes. To be effective a warning must provide the
necessary ingredients to evoke an appropriate response:
technical accuracy in an advisory, by itself, may not
be sufficient. To be efficiBnt the warning must be received
by the most threatened communities in time for appropriate
action to be taken. To be useful the warning as a whole
must be understood by the general community as a measure
of the impending danger and imminence of the threat,
and its content in respect of leadtimes, including allowance
for reasonable uncertainties in prediction, sufficient
for logical decision-making.
The measure of understanding
by both these categories of people will largely be based
on pre-cyclone educational programmes, briefings and
practical exercises, and previous exposure to cyclones.
The credibility of the warning will depend on the accuracy,
timeliness or relevance of warnings on previous occasions,
to mention of how the cyclone is being monitored, such
as by radar, to the state of the sky, and weather and
sea conditions prevailing, and to media pictures or descriptions of satellite imagery, nearby damage and so on.

5.6

While progress in reducing inaccuracies in macroscale
forecasts of cyclone intensity and motion, particularly
in respect of major errors is awaited with cautious optimism,
more attention should be given by meteorologists to quantifying and improving forecasts of the spatial and temporal
effects of cyclones.
This information on the severity,
duration, location and timing of onset of
conditions
J
is vital for preparedness decisions.
D~gitisation and

<
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enhancement of frequent geostationary satellite and radar
imagery, where aircraft reconnaissance is not available,
gives potential for better assessments of the int.ernal
pressure wind, temperature and moisture structure of
an approaching cyclone. These cyclone characteristics
tend to vary regionally. The reviewer believes that
comprehensive regional cyclone climatological data sets
on the occurrence and effects of tropical cyclones are
essential for the identification, or modelling, of typical
and a-typical cyclone characteristics in the near-impact
zone and as an aid in real time forecasting.
Suggestions
for such data sets are appended.
Furthermore templates
of models of simplified cyclone structure showing the
symmetrical distribution of hurricane-force tangential
winds can be very useful in charting probable leadtimes
in respect to onset and direction of strong winds, or
maximum storm surge, having regard to the speed and
direction of storm motion.
5.7

It is an essential procedure for meteorologists to gauge
the effectiveness of the delivery and content of their
warnings by obtaining feedback from users.
The methodologies and results of a number of such studies, by
meteorologists and social scientists, are presented in
WMO publication Human Response to Tropical Cyclones and
their Content listed above.
The varying response to
warnings, and their credibility is brought out in postcyclone surveys, especially at the grass roots level
among victims of cyclonic effects.
It is so very evident
that the format and method of propagation of warnings
at local level must be designed in accord with the cultural,
social and educational background of recipients.
For
example commonly understood visual signals, now mostly
outmoded in Western countries, can overcome problems
of language in broadcast warnings. Furthermore meteorologists probably take for granted that well-educated
disaster management officials fully comprehend the meaning
of the standard format official warning messages issued
in most countries,but this may not be so.

5.8

The writer devised a quiz exercise on the interpretation
of a simplified warning message and tested it on five
groups of disaster management officials in various countries,
after giving a basic lecture on the main features of
cyclone structure. Given the position, directional speed
and radius of destructive winds of a cyclone related
to a coastal town, officials were asked questions in
respect of landfall conditions. These included queries
on the expected onset and direction of destructive winds,
and expected location of landfall and storm surge, in
relation to the coastal town.
To his surprise in a
majority of officials in three locations were uncertain
whether the cyclone would landfall north, south or over
the coastal city. An apparent conclusion, probably surprising to meteorologists, is that officials did not
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understand the usual interpretation of motion given by
standard compass point directions.
It may follow that
hard won improvements in tropical cyclone prediction
techniques, flowing from research, will not necessarily
result in a corresponding improvement in preparedness
decision-making. An even greater concern is that perfect
cyclone predictions will not ensure optimum mitigation.
The need for constant interface between meteorologists
who compile warnings and the users of warnings, by way
of community preparedness programmes, training and cyclone
rehearsal exercises is thus stressed.
6.

CYCLONE SIMULATION EXERCISES
The competence of cyclone preparedness in a country,
region or district, may be judged, not by the existence
of a nominal action plan, but by the frequency of personnel
training exercises.
Unless the requirements set out
in contingency plans are rehearsed at regular intervals
it is inevitable that serious deficiencies in control,
co-ordination, communications and management will result
in clearly avoidable losses. Transfers of key officials
is always a problem.
Such exercises, which are generally
based on simulated cyclone threats, may take various
forms and duration to accord with national practicalities.

6.1

The overall objectives of exercises are to assess the
effectiveness of regional and local counter-disaster
plans and to determine where revision may be desirable.
Specific objectives may inc~ude practice in selection
of priorities for the flexible allocation of resources
to meet a threat, co-ordination and communication procedures,
use of new equipment, training of permanent and volunteer
personnel in operational techniques such as for cyclone
and flood procedures and activation of new operations
centres.
In a well-planned and documented exercise
personnel at numerous locations may be asked to respond
to about 25 sequential exercise "narratives" many based
on detailed cyclone and flood warning leadtime statements
and subsequent impact assessments which require immediate
rectification.
For each of these narratives a list of
anticipated desired responses is required.
To add realism
a number of unusual circumstances requiring innovative
responses may be inserted into narratives. Depending
on the time available the exercise may be enacted over
several days to simulate actual conditions, or accelerated
in time to sharpen up decision-making techniques, in
which case simulated 3-hourly cyclone warnings may be
issued at 30 minute intervals. The success of any exercise
depends on the effectiveness of the control while the
long term value depends on the subsequent assessment
and rectification of procedural deficiencies.
Exercises
are also essential to sustain the morale of permanent
and volunteer staff.
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6.2

An innovative systems approach to aid training in objective
more rational cyclone preparedness decision-making has
been developed, such as in India, whereby each decision
to allocate or reallocate nominated resources needed
to combat a simulated cyclone threat is recorded and
costed on a computer.
Considerable demographic data
and inventories of public facilities and infrastructure
are compiled to assist in determining the appropriate
allocation of resources to the most populuous and vulnerable
locations. The computer provides regular printouts of
the taluk by taluk deposition of a selection of basic
resources which are amended according to progressive
cyclone warning information. The potential for damage
and casualties is predetermined from previous cyclone
model statistics, which relate houses damaged and loss
of life to wind velocity increases. Competing teams
of trainees are judged for the effectiveness of their
decisions in economically reducing loss of life and property
based on lead times for cyclone effects contained in
warnings or by meteorological advisers.
This system
also has potential for costing cyclone preparedness decisions
based on actual warnings, and those based on a subsequently
assessed best track. The difference is thus a measure
of the cost of warning errors. A summary of this concept,
which has been promoted in seminars in Madras and Bombay,
is appended.
The intimate role of meteorologists in
contributing to the professionalism of response by users
of their warnings is highlighted in these training exercises.

7.

CONTRIBUTION BY WORKING GROUP MEMBERS
A highly condensed summary of significant points from
these valuable contributions, which will be available
at the Workshop, follows.

7.1

Madagascar Valuable lessons have been learnt from the
tragic impact of unusually intense cyclone Kamisy in
April 1984 which destroyed 80 percent of two of the country•s
largest towns, Antseranana in the far north as the cyclone
crossed the coast moving westward, and three days later
Mahajanga on the west coast as Kamisy recurved southward
across the island. Warnings were well disseminated having
been tracked by radar but the response was poor, the
public being accustomed to cyclones of lesser (T3) intensity.
The community's cyclone awareness is well developed although
other facets of life in rural communities have higher
priority. Local officials say users confuse the speed
of the cyclone in warnings with wind speed both being
quoted in the same unit (kmph). Many villages do not
possess a TV set to receive briefings telecast from the
main Forecast Centre.
Madagascar advocates a regional tropical cyclone warning
centre for the SW Indian Ocean with a satellite based
public dissemination system of authoritative warnings.
Cyclone Kamisy has greatly heightened public and official
interest in the national warning system.
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Mauritius Like Madagascar officials are concerned with
inadequate response, especially with warnings of intense
cyclones.
The warning system in Mauritius, a small
island, is necessarily designed for a direct hit or very
near miss by a cyclone:
when the island remains just
outside (100-150km) the main cyclonic influence a critical
public considers itself misled. Another difficulty is
created in that the public in Mauritius and Reunion,
only 150km apart, each listen to each other's warnings
and are confused by legitimate differences in warning
sequences for each island.
This is a common problem
not only in island groups but on a mainland when adjacent
communities broadcast local town alerts valid for their
own populations but not those 50-100km distant.
Mauritius rates its difficulties as,
(1)
reducing the
number of "no show" warnings,
( 2)
producing effective
response,
(3)
sharing uncertainties on cyclone intensity
and movement without discrediting the Service and
(4)
designing warnings for technical and non-technical users.
Its service supports the concept of an advanced regional
warning centre, direct aircraft reconnaissance observations
of cyclone "strength", and improved interaction between
meteorologists and users of warnings.

7.3

India This thoughtful essay by a long-experienced cyclone
warning director and researcher has highlighted the following
problems:
(a)

the difficulty of the r:ural communities distinguishing
between "Watch" or "Alert" messages and warning
messages with a suggestion that the former be circulated
only through government agencies charged with responsibility for preventative precautions and which can
thus inform the public what action it should take.
It is advocated that warning messages should contain
"an unmistakable due, if not an explicit indication,
of appropriate preventative actions".

(b)

the multihandling of hard copy warning messages in the
communications channel causes undue delays in onward
transmission due to misuse of priority indicators at
relay points.
The message is often at "the mercy of
the response it evokes in the human handling it and his
perception of the seriousness of the threat".

(c)

Preventative action "A broad range of preventive actions
comes under consideration if we take the entire spectrum
of cyclone effects in the total affected area. For any
particular village or habitation the action will depend
on the intensity of the storm as also on the location
of the habitation relative to the centre of the storm
and its nearness to the sea (or estuaries).
More importantly, however, these also depend of the physical
realities of the area which can severly limit the
available preventative options.
To cite a simple
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example, shifting to brick-and-mortar buildings
is an amply adequate action in a majority of cyclone
situations in the major part of cyclone affected
areas.
But unfortunately there are many inhabited,
even thickly populated, areas along the coast line
where there are no brick and mortar buildings.
Even where there are such buildings in the coastal
villages, their number and size would be such as
to accommodate only a small fraction of the village
population. Action, thus, varies from situation
to situation and from place to place which an average
villager with his level of education or knowledge
about the structure of a cyclonic storm will be
hard put to decide upon.
Detailed advice as to
the appropriate and possible preventive action therefore must accompany the information about the cyclonic
storm if proper response of the warned population
is desired.
In fact the most poignant revelation
of a number of post cyclone surveys was that many
people heard and understood the warning message
but did not know what to do.
It can be hoped that
during the "alert" phase of the approaching menace
the populace would be made aware of the actions
to be taken in case the menace materialises".
(d)

a system of visual or aural signals which combine
an indication of likely cyclonic effects with a
prescribed set of actions is advocated for rural
areas in developing countries, being simple to operate
and tailored to the physical realities of each
location.

(e)

in respect of terminology our contributor remarks,
"It is almost an universal truth that a great communication gap exists between the forecaster and
the general public. Each meteorologist knows to
his dismay that even the most knowledgeable of persons
has only a vague if not completely distorted notion
about things meteorological and does not understand
the terms used routinely in meteorological bulletins.
It is equally true that meteorologists have little
idea as to what a common man understands by an everyday meteorological term like "Cyclonic Storm".
No wonder, then, that in most of the post-cyclone
surveys a common complaint of the respondents has
been that they were aware of the warning but did
not realise its full implication.
The problem
is compounded for the cyclone warning services of
ex-colonial countries in that most of those work
in the language of their past masters and has no
knowledge of the terms used by the common people
to describe meteorological phenomena".
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In a multilingual society like India the language
of the warnings poses a special problem.
In many
cyclone situations the warnings are required to
be broadcast in three or four languages. A system
of signals whose implications are well understood
not only saves the time and effort spent at a crucial
moment in preparing different "language versions"
of the same bulletin it also effectively eliminates
all concomitant problems.

Philippines The W.G. member has submitted a number of
highly relevant recently published summaries and assessments,
referenced below, of the typhoon mitigation programme
in the Philippines. These include case studies of two
very intense typhoons, Nitang in September 1984, and
Undang October 1984, each of which occurred at weekends
during the night.
2,500 persons were killed or missing,
300,000 houses destroyed and property damage estimated
at US$300 million. The typhoons, each accompanied by
storm surge, occurred in highly vulnerable areas with
a previously low frequency of impact.
Here again it
appears the forecasts were fairly accurate and timely
with a 24-hr forecast error of only 60km in typhoon
Udang.
The problem again was inadequate response by
people who underestimated the seriousness of the threat;
the previous day was bright and sunny but despite "near
misses" no destructive typhoon had occurred for 20 years.
National concern at the impact of these typhoons has
hastened the urgency of establishment of a Natural Disaster
Research and training centra which would address itself
to current limitations in successful cyclone mitigation
programmes, such as
(a)
co-ordination among government
and non-government agencies,
(b)
funds to pursue a
well-planned national mitigation programme and
(c)
securing a core-group of workers dedicated to research
and training in disaster mitigation.
A second contribution proposes a revised preliminary
typhoon damage scale based on detailed surveys of damage
to buildings of various risk categories and plantations,
and which may have, in the view of the writer, applicability
ln other countries. Another forthright contribution
examines numerous public misconceptions about domestic
typhoon warning bulletins. This study again emphasises
the great need for cyclone community awareness programmes,
explanations of current terminology and necessity to
modify technical jargon for benefit of users, essentiality
of broadcast of current and not obsolete warnings, and
means of conveying to users a balance between the uncertainties in precise predictions in respect of specific
locations, and estimated leadtimes of impact of cyclonic
effects.
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The Philippines, a leading developing nation, comprising
many thousands of highly typhoon vulnerable island,
urban and rural communities, impacted by an average nine
tropical cyclones annually of widely varying intensity
(4 typhoons, 2 tropical storms, 3 depressions) may be
said to represent the world's most comprehensive "environmental laboratory" in which to seek solutions to the
global problem of tropical cyclone mitigation.
7.4

Jamaica Our W.G. member introduces his contribution
with a strong advocacy of the key role of the meteorologist
in reaching the ultimate objective of effective tropical
cyclone mitigation:
"this must go beyond that of the
initiator of the warning - the forecast by itself is
totally incapable of achieving this objective". He
recognizes that irrespective of the level of organizational
counter-disaster arrangements the forecaster's contribution
to effective response is quite crucial. Our contributor
highlights, as a main difficulty, the problem of satisfying
in a timely fashion the needs for a variety of specific
information by many different interests of users, for
example in industry,-marine affairs and the general community.
The prime objective in respect of warning terminology
should be to aim it at the greatest possible number of
the cross-section of the community at risk. Warnings
must be timely, our correspondent stresses, "any warning
that does not give the population at risk sufficient
leadtime to bring preparedness plans to completion is
defeating its purpose".
Community preparedness in Jamaica
has advanced considerably since the impact of disastrous
floods in June 1979, with the establishment of permanent
disaster preparedness and relief machinery. One of the
ongoing problems in Jamaica has been the low incidence
of hurricanes in recent years to observe the benefit
of upgraded arrangements.
Our contributor makes the following suggestions for future
improvements,
(a)
global acceptance of standard definitions
of tropical cyclone terminology,
(b)
a comprehensive
publication of guidelines for tropical cyclone dissemination in different social and economic situations,
(c)
a Global Tropical Cyclone Committee to supervise and
co-ordinate tropical cyclone matters and
(d)
a regular
forum to update interaction between researchers and practictioners.

8.

THE SPECIAL PROBLEM OF .BANGLADESH
No discussion on forecast dissemination and community
preparedness can ignore the special problem of Bangladesh
because of the scale of ever-increasing potential for
major catastrophes. The relatively moderate disaster,
by historical standards, of the cyclone on 24 May, was
a timely reminder of the possibility of an even-worse
catastrophe than occurred in November 1970. A first-hand
account of how the warning system worked recently will
be available at the Workshop.
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One third of Bangladesh is cyclone prone and about two-thirds
flood prone. Because of the general immobility of populations
in the vast deltaic region and off-shore islands the
actuality and timeliness of dissemination of warnings is
quite paramount. The meteorological department issues cyclone
warnings and the Water Development Board non-cyclonic
flood warnings. A most extensive warning programme exists
to inform hundreds of action addressess throughout the
vulnerable areas by landline telegrams coded "Typhoon,
Hurricane, Whirlwind, Waterways" etc.
These telegrams are
intended to activate the hoisting of various categories
of visual warning signals at inland river ports and seaports
denoting an increasing threat of severity from precautionary
to danger to great danger.
The visual signals, replaced
at night by a simplified series of flashing lights, are also
used by the general public as a warning of the comparative
danger.
However, somewhat naturally, confusion occurs at
times in interpretation of signals by non-skilled people,
by far the majority in Bangladesh, especially the signals
for river ports and sea ports. A real weakness in the
system is reliance of landline telegrams, which is partly
overcome by broadcast of radio bulletins.
Community Preparedness Our Indian contributor with experience
in managing warning systems in the Bengal region writes:
"The recent tragedy in Bangladesh, almost a repetition
of what happened in 1970, has again highlighted the enormity
of the problem particularly in the coastal fringe of
Ganga-Brahrnaputra delta (in £astern India), where shallow
coastal waters help generate enormous storm waves which
then sweep over the islands dotting the entire area.
Many of these islands have their ground levels below
high tide level.
Populated ones have been made livable
by embankments which have only a small margin (hardly
a metre) above high tide level.
The soil is newly formed
and permanent structures are difficult to build and prohibitively costly.
Communication to and from the mainland is extremely tenuous
even in good weather;
in cyclonic weather it is next
to impossible. Complete evacuation of the population,
even if it could be made psychologically acceptable,
is out of question from these islands even with a 24
hour lead time. Artificially created high grounds or
mounds have been suggested as protection against storm
surges in these areas. But waiting on a shelterless
mound, in blinding rain and raging storm, in anticipation
of worse to come appears to be too much to expect from
human nature (given the credibility of meteorological
warnings). Perhaps only when water has already invaded
the household and is rising menacingly can the animal
instincts of survival be so roused as to steel one against
such extreme weather conditions. But by then it would
have been too late to shift. Ways of survival in-situ
are essential.
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People inhabiting areas where floods are annual routines have
learnt to live with these.
For example, every household in
some of these areas in India has cots or bedsteads made of
wood or bamboo and so modified that these can act as rafts
when flood waters invade. Entire families stay on these rafts,
tied to a tree against flood currents, till flood waters
recede. Because of the rarity of the event, storm surges
have not been instrumental in evolving a life style for their
potential victims.
This is not to suggest that survival against storm surges can
be that simple an affair. The rapidity of the rise in water
level, the gale winds and mountainous waves will certainly
add entirely new dimensions to the simple feat of remaining
afloat. This is only to plead that some ways and means have
to be found well within the means of every individual family
which, while not offering full protection, will at least
increase their chances of survival to a great extent.
One would think it possible to develop scale models of
storm surges and test in laboratories the efficacy of
various such survival strategies. Can the workshop not
try to interest some hydrological or oceanographical
research institutes in studies of this kind?"
9.
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Attachment
1.

PRE-CYCLONE SEASON PROCEDURES
A national tropical cyclone warning service may be said
to function on a system basis.
The major system inputs
are weather observations, and the scientific techniques
emanating from research.
The outputs are warning messages,
information about the effects of cyclones and their impact
on the community, and data for research and archival.
Processing within the system involves assimilation and
analysis of data, application of forecasting techniques,
formulation of warning messages and product dissemination.
Operation of the system requires fast and efficient
telecommunications, rapid response technology for data
monitoring and processing, and careful system management
which involves the basic functions of planning, organizing,
staffing, directing, controlling, reviewing and budgeting.

2.

There are eight typical phases of operation in a TC warning
system.
These are outlined below, but not expanded
in detail, except for the Pre-season check phase.
(a)

The Pre-season System Check Phase consists of a
thorough check of all aspects of the system to ensure
that all equipment is in good working order, and
that plans, schedules and procedures (including
emergency contingency procedures) are up to date
and still feasible. A publicity campaign is also
conducted during this phase, in conjunction with
emergency services authorities, to raise the level
of public awareness of zhe coming seasonal cyclone
threat and to publicise any changes to the warning
system. This phase is completed by the commencement
of the cyclone season.

(b)

The Routine Monitoring Phase is the minimum continuous
level of operation of the system during the cyclone
season.
It consists of special twice-daily checks
by the NMC for signs of potential tropical cyclone
activity within the region of responsibility. Scientifically-based procedural check sheets are developed
for this purpose.

(c)

The Cyclone Information Phase is entered when a
tropical cyclone has formed in, or is approaching
the area of warning responsibility but is not expected
to cause gales on the coast within 48 hours. Relevant
information is given to the news media and community
preparedness organisations.
Specific warnings are
issued, however, for shipping, aviation and defence
users within the affected area.
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(d)

The Cyclone Watch Phase is entered where an existing
or potential tropical cyclone poses a threat of
gales in some coastal sector within 48 hours but
not within 24 hours. This phase activates public
counter-disaster plans and has a significant community
preparedness cost impact.
Cyclone Watch messages
are not issued to shipping and aviation.

(e)

The Cyclone Warning Phase is the highest level of
operation of the warning system and has a very large
cost impact for both NMC operations and community
in preparedness.
This phase is entered as soon
as a tropical cyclone is expected to cause gales
on the coast within 24 hours. Warnings for shipping
and aviation are issued using formats and update
frequency intervals designed to suit those user
groups.

(f)

The Impact Assessment Phase is entered as soon as
the cyclone has dissipated. This is an information
gathering, performance review, and public relations
phase intended to apply primarily to major cyclone
strikes on the coast. Meteorological officers visit
the affected arcea as soon as possible after the
cyclone has ended, and personally collect relevant
observational data and discuss the warning system
performance with people and authorities in the area.

(g)

The Documentation Phase is entered as soon as a
cyclone has been named but most of the activity
in this phase commences as soon as the cyclone threat
has passed. All relevant information about the
cyclone (including forecasts and warnings and other
output products) are collected and assembled in
a case history file for archival.
Selected data
are extracted for storage in computer compatible
form in the National Climate Centre. A summary
of each season's tropical cyclone activity is prepared
annually for publication and special reports on
major disaster ~mpact cyclones are prepared for
extensive public distribution.

(h)

The System Review Phase occurs mainly in the off-season
and culminates in annual review conferences. The
system operation is also kept under continuous review
during the cyclone season and remedial action is
implemented immediately, whenever possible or practical
to do so.

3.

PRE-SEASON SYSTEM CHECK PHASE

3.1

Objectives
The objectives of the pre-season system check phase are:
(a)

to ensure that all remedial measures decided upon
in the System Review Phase have been incorporated
in the system;

3.2

(b)

to thoroughly check all components of the system
to ensure that they are in good working order;

(c)

to ensure that staff are thoroughly familiar with
relevant aspects of the system's operation and are
proficient in the application of the special technical and scientific procedures needed for tropical
cyclone monitoring and forecasting;

(d)

to draw attention to the coming cyclone season by
publicising the national tropical cyclone warning
services.

1.1

Implementation of Remedial Action
Remedial action for the forthcoming season is decided
at the annual system review conference and detailed
implementation is commenced immediately thereafter.

3.3

Comprehensive System Check
The following comprehensive check of all aspects of the
cyclone warning system is completed one month prior to
the cyclone season: (a)

message address lists are updated;

(b)

discussions are held with other organisations involved
in the message dissemination process (e.g. the media,
telecommunications authority, community preparedness
office) to determine optimum arrangements for the
forthcoming season;

(c)

the dissemination system is tested with dummy messages;

(d)

all landline and radio communications and data processing equipment is tested;

(e)

special automatic public access cyclone information
system (e.g. automatic telephone, videotex) are
tested and arrangements made for monitoring their
performance and measuring the volume of access;

(f)

all operational pro-formae, and specifications for
operational automatic data processing system are
checked and amended as necessary;

(g)

the
all
and
are

(h)

the cyclone emergency observing network is reviewed
and activation procedures, reporting schedules,
and observing equipment are checked. All observational arrangements and procedures are checked
for other stations involved in the cyclone warning
system;

TCWC is re-stocked with adequate supplies of
materials needed for cyclone warning operations
the general layout and facilities of the TCWC
reviewed;

4.
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( i)

supplies of consumable items, and spare parts, needed
to maintain the warning centre and outstations are
checked;

(j)

check sheets of scientific techniques used in tropical
cyclone forecasting are reviewed and updated; -

(k)

the emergency contingency plans are reviewed and
all emergency systems are tested.

TROPICAL CYCLONE WARNING DIRECTIVE
Where appropriate, revisions to current NMC or TCWC warning
directives, incorporating amendments for the coming season,
are distributed to those agencies holding the directive.

5.

STAFF PROFICIENCY CHECK
By the start of the cyclone season supervisors ensure
that staff are familiar with relevant aspects of the
national Tropical Cyclone Warning Directive and they
arrange seminars and workshops as necessary to ensure
that staff are proficient in the application of special
scientific and technical procedures needed for cyclone
monitoring and forecasting.

6.

PUBLICISING THE WARNING SERVICE
During the month prior to the cyclone season commencing
an intensive public cyclone education campaign is conducted
in close co-ordination with community preparedness agencies
to raise the level of publio awareness of the seasonal
cyclone threat.
Senior officers involved in the cyclone
warning service personally participate.
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Neil Frank

FOR.EX::AST DECISION MAKING IN THE MITIGA'riON OF HUMAN AND OCONOMIC WSS.

Introouction.
Decisions, decisions, I hate decisions.

This might well be the rrotto of the

operational tropical cyclone forecaster who is asked to rra.ke very critical decisions based on limited or no information and a very frail understanding of the tropical cyclone process.

A most recent example of this dilemma

oc~1rred

on May 25,

1985, when cyclone forecasters were attempting to evaluate the JX)tential impact of
a devastating cyclone that ripped through the offshore islands of Bangladesh and
killed 11, 000 pe::>ple.

Authorities in

D.::~.cca

had issued warnings of the impending

disaster and accurat.e forecasts of the path of the cyclone.

But many of the inha-

bitants on the islands missed the alert for the simple reason they d.idn' t own a
radio.
Decisions faced by a tropical cyclone forecaster can be divided into two broad
categories.

First, there are the meteorological decisions.

going to rrove?

How strong will the winds be?

Rainfall arcounts and associated flooding?

M"lere is the cyclone

'l'he height of the storm surge?

Will there be tornadoes?

Since these

topics will be fully discussed in other sessions, they will not be elaborat.ed on
here.
The second broad category of decisions faced by the cyclone forecaster is nonmeteorological.

M.::Luckie

(1974)

"warning - A Call to Action."

published a

very challenging paper entitled

In this article, McLuckie contends that a warning

was incanplete if it did not specify the actions to

lx~

taken and furthennore, the

lead tirre provided by the warning was adec..Juate to canplete all actions.

1
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Historically,

meteorologists

have

meteorological aspects of the warnings.

not

paid enough attention

tD

Most National Meteorological Sevices have

focused their entire energies on the meteorology, and after the fact
why people didn •t

respond.

the non-

~

wondered

Over the past decade, there has been an increased

interest and emphasis on the non-meteorological aspects of the warning.
!I. Non-Meteorological Aspects of Cyclone warnings.

The non-meteorological parameters that must be considered if warnings are to be
effective can be divided into three groups:
A.

Timing of the Warnings.
First are those factors that influence the timing of the warnings.

It is

very important to issue warnings canpatible with the prime news programs in order
to maximize the distribution of information.
with synoptic data times.

This may or may not be in har:rrony

In the past, we have let data collection times dictate

the issuance of warnings and did not consider the problems this caused the media.
It is also important to issue warnings during the day or evening hours when
possible.

warnings issued at 3:00 a.m. may be technically accurate, but prcxnpt

little response because everyone is in bed.
Holidays should be given special consideration.

If a cyclone threatens a loca-

tion during a holiday, citizens need to be notified before the special day so they
don't place themselves in a vulnerable position.

For example, it would be foolish

to depart on an extended voyage into the open sea when a cyclone is approaching.
Weekends need to be given the same consideration.
Finally, the status of the astronomical tides can have a great linpact on the
timing of warnings.

In Bangladesh, the riormal diurnal tide ranges from 10 to 18

2

feet.
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The difference between a disaster and non-disaster is a matter of 6 hours in

the arrival of a cyclone.

A \Yeak cyclone at high tide can be a disaster and a

major cyclone at high tide is a horrendous disaster.

That is what happened in 1970

when 300,000 people died.
B.

Physical Characteristics of Location at Risk.
A second group of factors influencing decisions during cyclone warnings

involve the physical characteristics of the coastline being threatened.
large industrial ca:nplexes requiring extended tirre to respond?
require as much as three days to close down.

Are there

Sc:xre oil refineries

Personnel on offshore drilling rigs

must be evacuated by helicopter well before the arrival of strong winds.

Major

population centers such as New Orleans in the United States or Calcutta in India
may require 1 to 2 days to move people to the safety of high ground, while in the

.

Bahamas, most actions can be completed in less than 6 hours.

'l'he vulnerability of

the population and the tirne required to canplete actions must be given proper con-sideration when determining what type of warning to issue.

c.

Psychological Factors.
'fhe third group of factors that influence warnings are related to the

psychology of hurncm response.

Behavior scientists tell us denial is our first

reaction when sare:me warns us of an event that is rare.

Therefore, the burden of

proof that there is da.nger rests with the agency or organization responsible for
warnings.
People ask the following three questions before taking action:
1.

Is there a threat?

2.

Am I in danger?

3.

Can I take action that will minimize or eliminate the danger?
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A number of psychological factors influence how these questions are answered.
Our response is greatly influenced by our past experience.

It is probably no great

surprise to learn that people who have experienced a severe cyclone- tend to act
very wisely during a threat.

New residents to a coastal community who have never

witnessed a serious cyclone also heed the advice of government officials.

The real

problem is wit.h people who have lived on the Wdter for Irk.my years and been brushed
by weaker cyclones.

Near misses cause people to form false linpressions about major

cyclones because they think they know mre than they really do.
People. are influenced by their perception of a cyclone.
cyclone is a big wind, rough seas and heavy rain.

Everyone knows a

But very few people understand

the awesome power of the storm surge, therefore, they see no need to evacuate.
Peer pressure plays a very strong role in response.

.
"macho image" must be maintained.

In many societies, the

This may result in little or no action.

There are a number of derrographic

para!TIE~ters

t.hat ne<..::rl to be considered:

- There is a direct relationship between response and ownership of property.
It is much mre difficult to get a property owner to evacuate than saneone
who has no investment regardless of the cost.
- There is an indirect relationship between education and response.
graduates are taught to be free thinkers and make up their own minds.

College
When a

cyclone threatens, we have a large audience of educated people who want an
instant course in cyclone forecasting so they can determine the degree of
danger.

- Long-titre residents have probably never experienced a severe cyclone and
therefore are reluctant to take wise action.

4
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- Many elderly people have a fatalistic attitude that llinits resr)Qnse.
Another extremely important p..sychological aspect of the decision making process
concerns the flow of information during a cyclone threat.

When a warning is

issued, a person integrates the new information with the information that has
already been stored in the brain through years of life's experiences.

If the

information contained in the warning raises the level of concern above a er itical
threshold, action is initiated.
pens irrmediately.

However, behavior studies suggest this rarely hap-

But rather, individuals usually seek additional information t.o

confinn the original warning.
In order to maxbnize response and rninbnize delay in actions, it is bnportant
that follow-on infonnation should not be conflicting.

In tropical countries,

meteorological infonnation is now available from many sources other than the

.

National Meteorological Services.

For example, an oil company involved in offshore

drilling may hire their own meteorologist whose opinion IJB.Y not agree with the
official

cyclone

forecaster.

In such cases,

the

individual

is

confused by

conflicting infonnation and decisions are delayed.
III.

Objective Tools for Decision Making.
The worldwide population increase is very evident in coastal areas, par-

ticularly in the tropics.

More people are exposed to tropical cyclones than ever

before in history and the potential for greater cyclone disasters increases every
year.

Unfortunately, during this period of population growth, improvement in tro-

pical cyclone forecasting is progressing very slowly.

The rate of increase in

coastal populations is much greater than the improvements in cyclone forecasting.
For exmnple, in the U.S., the coastal population increased 100% in the last quarter
of a century, while the improvanent in cyclone forecasting was only 15%.
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the preparedness actions for this growing population require

n~rous
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hours and

even days to complete.
Non-~teorological

officials must make decisions with longer and longer lead

times when there is a greater uncertainty in the cyclone forecasts.
m::xnent an action requiring 24 hours to complete.
threat, only once will it occur.
will

hf~lp

Consider for a

For every four times there is a

There is an urgent need to develop tools that

officials make these decisions objectively with full consideration of the

rreteorological limitations.
Om'.! way of stating the inaccuracies in cyclone track forecasts is to quantify
the forecast in a probabilistic form.

Kimball ( 1958) used knowledge of the fore-

cast track errors to estimate the probability that the cyclone center would pass
over or close to a given location.
Appleman
Jarrell' s

The pioneering work of Kimball was refined by

( 1962) and updated for the Departrrent of Defense by Jarrell
11

( 1978).

strike probability program" was adopted by the National Weather Service

for use in the Atlantic in 1982 (Sheets, 1984).
The probability program expresses the uncertainty in the cyclone track in
such a way that the decision maker knows his real risk.

Unfortunately, the risk is

low when actions must be initiated rrore than 24 hours before the arrival of a
cyclone.

If one defines a hit as the center of the cyclone passing within 65 miles

of a city, the mc.tximum 36 hour probabilities range fran 20 to 25% and the 48-hour
probabilities are less than 20%.

'rhe srna.ll numbers have caused s<::m:! people to

question the wisdom of using probabilities by non-informed decision makers because
actions may not be started until it is too late.
Simpson, et. al. ( 1984), have attempted to correct this by massaging the probability numbers.

Their

sch~

uses knowledge of probabilities during past cyclone

6
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threats to normalize the probabilities so that his final "risk levels" are near
unity.

When the risk exceeds one, action is advised.
Jarrell and Brand ( 1983) use the forecast wind field to broaden the strike

probability concept and compute the probability of being influenced by various wind
values.
The primary objection with the Simpson schei'IlE;, and to sane extent Jarrell' s
methods, is they both pre-designated the critical values for actions.

In actual

fact, decision makers need to establish what rislc they are willing to take for each
separate action.

The threshold r isk..s for evacmrtion are probably going to be much

lo\\er than for putting goverr11rent vehicles in the garage.
In

sunmary,

the

problem of

developing decision making

tools

for

non-

meteorological decision makers has not been solved.

But exciting innovations are

being explored

meteoro.log ists

and

there

is

a

growing

awareness

must

becane

involved.
IV.

Future Natural Cyclone Centers.
Cyclone forecasters are faced with a very serious di lema.

Most c..uuntr ies

are becaning nnre vulnerable to cyclones because of c:oastal population growth,
expanding offshore

industrial

interests

and

increased marine activity.

Yet,

cyclone forecast skills are not improving rapidly enough to solve the problem.
What is the answer?

Perhaps the effectiveness of the cyclone warnings can

still be improved if we will becane rrore involved in non-meteorological issues.
Historically, National Cyclone Centers collected meteorological/oceanographic
data and arranged for the transmission of these data to metrorological centers

where they were processed and used to initialize meteorological models.
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The fore-

\t

casts produced by these models were then subjectively adjusted and a rneteorological
warning issued.

Little attention was given to the actions dictated by the war-

nings.
If warnings are to become more effective, several additional factors must be
considered.

F'irst, action models must be developed.

How long does it take to eva-

cuate all coastal residents vulnerable to the storm surge?
to shut down an industrial canplE?.x?
harbor?

How long does it take

How long does it take to secure a major

Warnings must then be issued to be canpatible with these times.

Attention must also be given to the psychological factors that maximize
people response.
Finally, a risk analysis must be canpleted for all preparedness actions in
each carmunity.
The

final

"o:xnplete warning"

will

not only describe

th~~

~reteorological

threat, but specify realistic action in a way designed to minimize confusion and
encourage prompt response.
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1.0

INTRODUCTION:
The concept of using probBbility as a mechBnism for expressing a
tropi ea 1 eye 1one f orecost arose from the uncertai nity associated wi tt1
forecBsts. The fact that this uncertainity grows with the length of the
forecast requires certain decisions to be mode based on highly inaccurete
informotion.
1.1
APPLICATIONS OF PROBABILITY
The most common uses of tropi col eye 1one f oreeost probobi 1i ty ore:
o. To extend the us ab 1e 1ength of o f oreeost.
b. To couse 6 consistent response to the some or similor set of
circumst6nces.
c. As 6 tool in risk 6nolysis.
d. To pro vi de 6 quantified ossessment of threat.
e. To comp6re the relative threat to two different pl6ces or 6t two
different times.
f. Other types of probobility reloted to tropical cyclones.

Extending the useful length of 6 forecast hos brood implicotions.
While long ronge forecasts may not be accurate enough to support o formell
worni ng dec l6rat ion, prob6bil it i es derived from those f orec6sts moy be
high enough to justify 6 whole r6nge of specific octions depending on loc6l
conditions ond po 1icy.
An example given to illustrate this point is a populoted oreo
which may hove to be evacuated. If it tokes 24 to 36 hours to evacuate,
then the evocuotion decision must be based on o forecast at least 36 hours
in odvonce. At current forecasting skill levels those points forecost to be
hit will ,in foct, only be hit obout one time in four. On the other hand
those points octuolly hit will not hove been forecost to be hit three times
out of four 36 hours in advance.
Often the point is mode thot this is a serious prob 1em on 1y for the
industrialized world since in o simpler society people con respond much
more reodily. Island economies ore olso soid to require much less letld
time bece1use distances ond options ore much more limited. There is sqme
merit to these arguments, but there ore other prob 1ems in 1ess
industrialized countries. This becomes opporent when one begins to
examine the flow of information through a warning system, via a civil
1
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defense system to the private citizen who may then await some repetition
or independent confirmation before actual action is initiated.
'
lt is the position of the U. S. National Weather Service that when
over 24 hours is required to evacuate on area, forecast accuracy is
inadequate to sufficiently pinpoint which areBS are to be evacuated
(Carter 1983). To be reasonably certain that the required areas ore
evacuated requires the evacuation of em area 3-4 times that size when
oction is predicated on a 24 hour forecast. This kind of overwarn1ng tends
to debase pub 1i c response to worni ngs si nee peop 1e come to expect
overworning or mistakenly believe theu he·:e been in a major hurricane
when in foct they only experienced fringe effects. Probability provides a
mect1onism for local officials to gauge the threat without the necessity of
establlshing a formal warning oreo.
In practice it is f ai rl y routine for an evacuation to necessarily be
based on a 36 hour forecast. Consider, for example, the case where on
actual evacuation takes six hours and evacuation is based on a U. S.
National Hurricane Center forecost. When the forecast is released it is
four hours old, meaning the 24 hour forecast only reaches out 20 hours
into the future. If the 24 hour forecast point was at landfell, then
landfall is 20 hours ewoy when the forecast is issued. Out of that 20
hours 6-12 hours is lost because inclement weather arrives well before
landfall ond on evacuation must be completed before inclement weather
arrives. This leaves 8-14 hours or 6hours for evacuation and 2-8 hours for
the individual to be informed, get some independent corroborative data and
decide to evocuote. Eight hours is probably enough time to do this
porticulorly where communications ore modern ond intoct. However, two
hours ore insufficient and even eight hours mfly not be enough if it is
nighttime find those to be wf!rned ore sleeping. To compensate for this
possibility it is necessf!ry to order evacuation earlier (on the 36 hour
forecast) f!nd thus increase uncertoinity ond hence overworning, to on
unocceptoble level. Thus the need for probability, worldwide, may be more
general than for a few isolated peninsulas or industrial sites with slow
shutdown procedures.
Probabilities ore particularly useful in maintaining consistency in
response over time and between decision makers. This is done by keyi~g
certain actions to thresholds of probability. Then the some actions will be
ordered 1ndependent of the experience 1eve 1 of the deci s1on maker. This
permits many decisions to be in-effect made a~1ead of time and without
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· the stress of a threatening situation.
Probabilities ore the primary tool of the risk analyst. Risk analysis
begins with the compilation of the consequences of various actions in
view of the possible outcomes of a problem. If the probability of each
possible outcome con be estimated, then on optimum action con be found.
This optimum is the action which minimizes the expected or overage loss
(or maximizes the expected gain) which will result. This is discussed
theoret icoll y by Murphy, et. al. ( 1985) in a paper discussing rep et iti ve
decision making in a cost-loss ratio situation. A procticol opplication is
found in the Cyclone/Hurricane Acceptable Risk Model (CHARM) developed
by Science Applicotions International Corporation currently in use by both
the U. S. Government and private industry.
Probability con be thought of os a quantification of threat. lt is
clear that the threat is high along the forecast track of a hurricone. lt is
not clear that points os much os 150 km off the track ore almost os
seriously threatened os those on the tn:JCk provided each is at least 24
hours out o1ong the f orecost.
This leads directly to the next point. Probability is excellent for
evoluoting relative threat in time and space. If people ore going to be
cvocuot..ed it.. ;o ;mport..ant.. t..hot.. t..hey not.. be evacuated to or through o

position which is more threotened than the position they are evacuating.
Also the time change of threat expressed by probab11ity provides a useful
guide to the timing of on oction. Further the relotive distribution of
probability in both time ond space often will suggest thot the eorl y
evacuee hove a different destination than that of later evacuees.
Finally it is important to note that probabilities ore available for
tropical cyclone related events other than wind and strike. For example o
model now operational for the U. S. Office of Foreign Disaster Assistance
(OFDA) computes the probability that a storm surge over two meters
(above high tide) will be observed along coastal sectors of tr1e Boy of
Bengal. Another U. S. Government model operated by the U. S. Navy
estimotes the probab11ity of sea states exceeding 15 feet. Also the U. S.
Nevy has recently developed a prototype model to estimate gole force wind
probabilities for extrotropicol cyclones based on e global primotive
equot ion mode 1 f orecost.
.
In summary, if we ore to evocuate the right ereos, we will hove to
evecuote some areas which are not forecBst to be seriously effected when
the evacuation order is given. We speBk of these areBs as being threatened
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because they are too close to where we think the tropical cyclone wi,ll
pass for us to feel certain as to their safety. Probability provides a
convenient means to quantify this threat. The following sections will
discuss the present state of the probability art. Some insight will be
provided into how probabllities are computed and what assumptions ere
made. We will discuss the limitations and deficiencies of the pr-esent
methods end by way of r-ecornmendat ions wi 11 suggest things that can and
should be done to take advontoge of the current capobi 1i ty and to improve
that capabi 1i ty.
2.0

TROPICAL CYCLONE PROBABILITY

The term probability is used to designate the likHhood of o single
event occurring. The. most common application of probability has been to
express the uncertoinity in ·objective forecasts. Figure 1 shows 50%
probability ellipses about forecast points created by the EPANALOG
objective forecast technique (Jorrell et. al.). There is utility to this
expression of probability to the forecaster, but this form is unsuitable to
the user because relevance to a particular point is lost.
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At this point it is useful to reca 11 that we a1ways estimate ,
probability in such a way as to minimize our error of estimation over the
long run. This rather technical statement is necessary when we reflect
that the real probability of an event occurring is either 1 or 0, the event
occurs or it doesn't. Therefore any other estimate of probability is sure to
result in an error.
Probabflities are often computed by applying a known probability
distribution. For example the toss of a coin and the throw of a die are
des cri bed nice 1y by bi nomi a1 probobil ity di stri but ions. Errors ore so often
described by the normal or Gaussian distribution that the classical bell
shaped curve is often referred to os the "normal curve of error" and its
mathemat i co 1 expression is referred to os on "error function". A bi vari ate
normal probability distribution was applied to residual forecast errors in
two dimensions to arrive at the probability ellipses shown in figure 1.
Virtually all tropical cyclone probobility work to dote hos opplied this
same distribution in one way or another. This doesn't mean that forecast
errors ore normally distributed, but they are usually close enough that
using that distribution provides reasonable estimates of probobility with
some reel computational advantages.
2.1
HISTORY OF TROPICAL CYCLONE PROBABILITIES ·
Early attempts to produce probabilities by Kimba11(1958) were
followed by Appleman( 1962). Both used graphical means to estimate wind
probabilities around U. S. Air Bases. These, as for os is known, were not
widely used perhaps for the some reasons that the present probobilit ies
ore not more widely used. What is known is that they, of necessity, mode
four simplifying assumptions which likely did not foster user confidence.
These were:
1) They used a circular normal error distribution. In general error
patterns are not circular but ore elongated east-west with a typical
ENE-WSW (WNW-ESE in the southern hemisphere) major axis orientation.
2) They used a unimodol distribution. Recent studies (see for
example Crutcher et. al. 1982) have shown that a unimodal distribution is
not a good fit to the actual pattern of tropical cyclone forecast errors.
3) They used a "shadow" concept for time integration which
becomes invalid if either the actual or forecast track has curvoture. .
4) Their wind probability algorithm assumed o perfect wind radius
forecast when in fact this is probably the weakest element of the
forecast.
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With modern computers available just about everywhere, none,of
these si mp 1ifyi ng ossumpt ions is necessary. This means that present
probabilities ore more realistic, but we must keep in mind that we are
still estimating the real probability (0 or 1) and that either may be valid
for a particular case.
The assumptions thot ore inherent in todoys models ore:
1) Errors ore adequately described by a multimodal biveriote
normal probobi 1i ty di stri but ion.
2) That winds and damage are greater on the right side (left side in
the southern hemisphere) of the hurricone.
3) For the purpose of strike probability, that hurricane conditions
cover a ci rcul or aree out to 140 km on the right end 95 km on the 1eft.
This assumption is not necessery when wind probebilities ore used to
est i mete the probability of hurri cene conditions.
4) Wind speeds decreese outward from the tropicel cyclone radius
of me xi mum winds exponent i e11 y.
5) For the purpose of time integretion, that probabilities
represented by the non-overlap portion of probabi1 i ty e11 i pses at
consecutive time steps ere independent of each other. A circular normal
distribution is used to compute the overlap.
2.2 RECOMMENDATIONS
2.2.1 IMPROVE THE PROBABILITY BASIS
One of the known limitations on the distribution of errors used is
that the distribution is conditioned solely on some simple factors relating
to the forecest and initiel conditions. This mey indirectly include aspects
of climatology and the synoptic situation, but the link is indirect and
week. It is recommended that probobil ity di stri but ions be direct 1y
conditioned on the forecast relative to climotology and on the forecast
relative to the synoptic pattern. Presently e forecast at the high extreme
of the climotologicel speed range is treated os being equally likely to be
faster than forecast or to be slower than forecast. Intuitively it is for
more likely that the actual speed will be slower than forecast. Also a
forecast forward motion which is inconsistent with synoptic steering will
present 1y be treated the some os o consistent case whereas the scatter: of
actual motions will be much larger for the inconsistent cases.
2.2.2 USE WIND PROBABILITY VERSUS STRIKE PROBABILITY
The underlying reason for using probabillty con be simply stated os

G
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o11owinq for error. There ore three interreloted errors in o tropicol
cyclone ~forecost: 1) Trock including course emd speed, 2) maximum wind
or central pressure ond 3) size, eg. radius of moximum wind or the rodius
of some porticulor isotach. These three ore listed in descending order of
forecasting skill. The present strike probobility model ignores the lost
two errors and si mp 1y a11 ows for the first. This is unf ortunote si nee it
leaves to the user, almost ElhYays the leflst qufllified, the tosk of allowing
for the most difficult errors. The wind probability models, on the other
hond . simultaneously ollow for all three types of errors. lt is strongly
recommended thot wher-e probobility models ore used that it be the wind
probobility models. This may require independent volidotion of their
reliobility if the existing validation is not consider-ed adequate.
2.2.3 STANDARD IZED FORECASTS
Certoin porometers ore required in the forecast to compute the full
ronge of wind ond strike probobilities. For this reason it is important that
tropical cwclone
forecasts be standardized in content to include the
...
following os a minimum: position forecasts (lotitude,longitude), maximum
wind forecosts ond the rodius of go le (>27 kt or 51 kph) and/or whole-gale
winds (>47 kt or 88 kph) oll out to 72 hours. If one organization creates
the probabilities and another makes the forecast, the two will only be
consistent if the fore cost contoi ns all the information required by the
probability models. Inconsistency is likely where one country has a WMO
forecast responsibility but users in ~:mother country apply these forecasts
to create probabilities.
2.2.4 STANDARDIZE PROBABILITV FORMAT
Mathematically there ore two types of probobilities, those valid ot
on instant of time (instantaneous) and those volld over a period of time
(time integrt:~ted). Instantaneous probabilities hove the advantage of
s~1owi ng how H1e probobi 1ity changes over time, this is almost toto 11 y
masked in the time integrated form. On the other hand the time integrated
form has the edvontege of being usably larger and applying to e period of
time. Trying to provide both involves so many numbers thot it is
confusing. Probobly the best sttJnderd format would be time integroted
probabilities, integroted over 12 hour periods (0-12, 12-24.... 60-72) ond El
total probobi 1ity integroted over 72 hours.
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TECHNICAL DEVELOPMENTS THAT MAY BE IMPORTANT FOR FORECASTING
AND WARNING IMPROVEMENTS FOR TROPICAL CYCLONES.
Rapporteur:

Robert C. Sheets (US)

ABSTRACT
The technical developments that may be important for tropical cyclone
and warning improvements vary widely from location to location largely
dependent upon present technology levels in the particular area.

In

most developing countries, the primary step might be to apply existing
technology.

In more developed nations, there are lags in applying

existing technology, but technological advances are also taking place.
Desired/required developments include: 1. Identifying the tropical cyclone
problem in terms of vulnerabilities for areas at risk;

2. Providing means

of communicating information to meteorological warning offices and from
warning offices to the user community; and 3. Improving tropical cyclone
forecasts.
Item 1. needs to be accomplished in all nations at risk to tropical
cyclones through use of such tools as storm surge models, population
concentration studies, building and community planning practices, etc.
Item 2. includes such things as insuring the availability of at least
hourly geosychronus satellite imagery to all warning centers; communication
of synoptic scale predications and tropical cyclone and track and strength
predictions from advanced centers to all warning centers; and in developed
countries, utilization of existing personal computer technology to provide
access to guidance materials such as graphical displays of potential
stormsurge, probabilities of various degrees of effects, etc. for more
sophisticated users.

Item 3. includes improving tropical region synoptic

scale analyses and prediction through improved remote sensing techniques
and four-dimensional data assimilation and analysis models using
(1)

1.-+

1.+
man/computer interactive techniques for all basins and making these outputs
available in real time to all warning centers.

The degree of implementa-

tion of this technology would depend upon the sophistication of the warning
centers and of the associated user communities.
1.

Introduction
The first step in trying to improve tropical cyclone forecast and

warning programs for a given basin is to assess the existing problem •.
The meteorological community should look at the total problem to see
how best to meet the needs of their respective areas for the minimizing
of loss of life and property within the constraints of the meteorological
capabilities and the societies and communities involved.

For instance,

in many developing countries, the primary problem may be communication
of information and the establishment of some orderly means of reacting
to impending tropical cyclone occurrences.

This same factor may be irue

in developed countries where vulnerable population growths and community
planning are not consistent with meteorological forecasting and warning
capabilites.

This process would lead to definitions of required meteoro-

logical warnings and the means for using that information to generate the
desired response.
The second step in this process is the meteorological one.

Here,

conditions will vary widely from country to country and basin to basin.
Probably the most important step in this area, particularly for warning
centers in developing countries, is to provide real time access and displays of observations such as geostationary satellite imagery in real
time on an hourly basis.

The next step would be to improve

synoptic scale analyses and

predic~ions

with the final step being improved

tropical cyclone track and strength predictions.
( 2)

tropical
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State of the Science Review
A•. Defining the problem.
Tropical cyclone storm surge models presently exist which have been or

are being adapted to various locations (Crawford, 1979; Lawrence, 1984).
These studies define areas subject to inundation under specified tropical
cyclone conditions.

Local communities can use outputs from these models

to determine actions which must be taken under specified tropical cyclone
conditions such as evacuations; what areas to evacuate to; lead times required, etc.

This infomation then tells the warning service what lead

times are required.

In addition, community leaders can develop plans to

respond to warnings or perhaps use in planning the community itself.

Due

to economic reasons in many under developed communities, it is unlikely
that reasonable building codes, etc., can be established.

However, these

communities might be able to use various economic assistance funds to
build places of refuge from tropical cyclones which would also be used for
other purposes (perhaps economic or governmental).
B.

Communications of information.

This factor covers two areas.

The first is the communication of in-

formation to the meteorological community and the second is communication
of information in an effective manner to the user community.
B.l.

Communication of information to the meteorological community.

Various meetings (WMO/ESCAP, etc.) that the primary data desired is
hourly geosynchronous satellite imagery.
or better capability, but many do not.

Many nations already have this
Present technology exists to

provide this capability to all warning centers.
are also not alway available in a timely fashion.

Other meteorological data
Again, technology exists

to provide such information by satellite communications systems.

These

data may consist of surface observations from land stations, ships, buoys,
( 3)
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drifting buoys, reconnaissance aircraft, etc.
problem of raw data to be used in analyses.
dictive information is also needed.
be discussed in section C. below.

The above addresses the
Processed, analyzed,

an~

pre-

Some of these types of products will
However, it is not likely or perhaps

reasonable that all warning centers will have in house capabilities to
generate the analyses and predictive products described below.

A means

must be provided to communicate this information to all warning centers
for their use.
B.2.

Communication of information to the user community.

There are many examples measured in lives lost where forecasts and
associated "warnings" were adequate, but because of lack of communication
(either in hearing the warning or in understanding its implication) many
lives and much property has been lost.

The best forecast and warning does

no good unless the user community takes the appropriate action.

The

problem ranges from one of education to one of actual physical contact by
electronic media (voice).

Also, in highly developed countries, as well as

for some industrial users in developing countries, more quantified guidance
information is desired for use in the decision making process.

Again,

technology presently exists to solve this problem.
The first step in this process is to educate the user community as to
their vulnerability as determined A. above.

The next step is to provide

a means of communicating warning information to all vulnerable communities
in a timely fashion.

The third step is to determine the type of products

which will optimize the likelihood of the desired actions
Baker and Carter, 1984).

(Baker, 1984;

In developed countries, small computers have

become available to almost any industrial or governmental unit.

In these

areas, numerical and graphical guidance products can be generated at the

(4)

warning centers which could be accessed by the sophisticated user.

These

would include probability fields for given wind conditions, expected
storm surge, rainfall, etc.

In less sophisticated areas without direct

computer access, probabilities (Sheets, 1984) could be given in printed
message or verbal form.
C.

Improving tropical cyclone forecasts.

Many people in our profession would think that this item should head
the list.

Unfortunately, experience tells us that the payoffs from this

activity are likely to be much smaller, and certainly much slower to be
realized than efforts in the areas of warnings indicated above.

However,

there are significant advances that can be made in this area, much with.
application of existing technology and others with developing technology.
Many sophisticated tropical cyclone track prediction models have been
developed over the past two decades.

However, these numerical models have

generally provided little improvement over simple statistical models.

One

of the primary reasons is that data analyses and prediction capabililities
in the tropics are generally very poor.

Part of this reason is due to the

sparsity of data in many tropical regions.

Improvements are being made in

this area, often centered around remote sensing capabilities from satellites.

A significant effort is now under way in the United States to improve

tropical analyses using VAS (Veldon, et.al., 1984), satellite imagery,
and many other sources of data in a man/computer interactive four dimensional data assimilation scheme.

Output from this scheme will then be

utilized in synoptic and sub-synoptic scale prediction schemes for the
tropical regions.

In addition, recent advancements from the European

Center Medium Range Forecast Center have indicated considerable improvements in tropical region synoptic scale predictions.

Output from such

dynamically constrained products should provide an improved basis for
(5)

Cf.+

existing tropical cyclone models or for next generation models.

However,

much remains to be accomplished and evaluated in this area.
Advancements in other areas which may improve tropical cyclone forecasts include improved satellite imagery including microwave sounders,
water vapor imagery, etc., drifting buoys, Improved Weather Reconnaissance
Systems (IWRS) onboard aircraft which give detailed descriptions of wind
and pressure fields.

Interactive data access sys terns such as MciDAS type

systems (Veldon, et. al., 1984) are providing techniques for rainfall estimation, improvements in storm tracking, etc.

The IWRS data are provid.ing

information for improved tracking which appears to give improvements in
hurricane forecast tracks of 10 to 15 percent for tested cases (Sheets,

1985).
3.

C.onclusions and Recommendations
Improvements in tropical eye lone forecas.ts and warnings involve more

than. meteorology.

Much of the potential payoff in the near future may re-

sult from application of existing technology and improved communications
capabilities.
1.

Recommendations include:

Initiate or compile studies of vulnerabilities to define the pro-

blem in quantitative form for tropical regions around the world.
2.

Provide communications links through satellite systems to all

warning centers around the world.
3..

Where practical, provide satellite communications links with the

user co.mmunity or land lines which allow access to host computer
sys.tems at the various centers.
4.

Make a special effort to improve tropical region synoptic and

s.ub-synoptic scale analyses and predictions using four-dimensional
data assimilation techniques which incorporate the various of exist( 6)

CJ.+

ing and developing data sources such as remote sensing, drifting
buoys, IWRS, etc.
5.

Encourage continued research and evaluation in the areas listed

above.
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I.

located approximately twice the radius of the
Maximum winds from the center of the circulation,
A different MFE value can be chosen for each pass
through the storm.
The MFE center positions are
determined and then plotted in component form
(latitude and longitude versus time).
The components are used to construct the track.
The
r~sult would then be similar to the hypothetical
illustration in figure 1 where the diameter of
the MFE would be approximated by the heavy dotted
lines and the resultant track of the center of
the MFE would be represented by the dashed line.

lNTROUUCT!ON

Tracking of tropical cyclones over the
yeaofs has pdmad ly been focused upon the moverr.ent of the "eye" and/or the center of the low

level circulation and minimum sea level pressure.
This
center
often
goes
through
small
scale
oscillations (usually less than the diameter of
the Pye) which are not representative of the
hurrica~e scale system.
This factor can lead to
~rroneous

and

sometimes

serious

misinterpreta-

~..ions

of the hurricane's movement and resulatnt
f,>recast tracks.
Figure I shows the track (bold
·lolid line) of hurricane Carla (1961) derived
from land based radar observations which exhibit
oscillations of the type which cause considerable
problems for forecasters and coastal residents.
1his paper presents preliminary results of applicatio~ of a technique for determining the Jesir~d
~1,1rricanP scale motion.

1.

RESULTS

The technique described above was applied
to an extensive set of data collected in hurricane Gcrt (1981).
The MFE generated track closeapproximated the "best track" with a considerably
smaller standard deviation from that track than

<>perational
2.

METHOD

~atellite

and reconnaissance aircraft

determined positions.
The period covered included the period of recurvature and the tropical

The method utilized involves the tracking
Gf the center of a Mass Field ~:nvelop (Mn:l ilo
·raeasured by Improved Weather Reconnaissance System (IWRS) data (presently only available from
NOAA's research aircraft).
assumptions in the
application of this technique are that the MFE is
"easurable and tractable in real time, is only
minimally affected by small scale oscillations,
and depicts the movement of the system on the
scale· that is attempting tp be forecast.
An arbitrary value for the MFE is chosen which is

storm

through

the

htJrricane

stages.

However,

Gert did not Hppear to exhibit the type of small
scale oscillations described above.
Hurricane
Alicia
(1983)
provided
the
first opportunity to test the scheme on a system
approaching land with excellent radar coverage.
The data sample was rnuch more limited than for
Gert and unfortunately,
optimum patterns
for
application of this technique were not flown.
In
spite of these data limitations, the individual
lfAUMONl
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MFE determined center points showed a rather

suiting from the operationally simulated MFE
inputs provided substantial
improvements over
the operational CLIPER forecast tracks during the
shorter forecast periods (31, i9 and 10 percent
at 12-, 24- and 36 hours, respectively), fading
to little difference for the 48 and 72 hour forecast periods (6 and 4 percent, respectively).

smooth track.
Figure 2 shows the. composite
Alicia HFE determined track versus radar "fixes".
Note the nearly stationary situation indicated by
the radar "fixes" for the period of about llZ to
l8Z
on 17
Ausust
(standard aircraft
reconnaissance and satellite positions also exhibited
this feature).
Although MFE data are limited
during this period, there is little indication of
this "looping" or stalling. Similar situations
can be shown for other periods.

A similar test was made using data obtained f<n five forecast periods during hurricane
Alicia.
A hurricane forecaster (different than
for Gert case), a visiting foriegn meteorologist,
anJ- a computer programmer provided independent
si.mulut ions.
These MFE operational simulation
inputs to CI.IPER produced substantial improvements over already good operational CLIPER values
lor the hurricane forecaster (31, 28, 18 and 8
percent, respectively, for 12-, 24-, 36-, and
48-hr forecasts} and the visiting meteorologist
<22, 17, 13 and 5 percent), comparable to those
obtained for the Gert Case.
The computer programmer, however, rigidly drew for every point
and obtaillt\d only a small improvement.

IMPACTS ON FORECASTS AND WARNINGS

4.

Apparent stalling or looping can cause
considerable consternation for forecasters and
other hurricane decision makers alike.
That is,
the timing and location of warnings and associated actions can critically be affected by such
apparent movements.
Extrapolation of these small
scale oscillations (some times seen on publically
displayed "dial up" radar and satellite loops)
may result in delaying .evacuation or evacuating
areas which might not need to be evacuated.
Often, as the "center" of the storm comes ou.t of
one of these small scale loops, it accelerates
torward.
The results cou.l.d be catastrophic if
preparation actions had been previously delayed
because o·f the apparent "stalling" of the storm.
The results from hurricane Alicia seem to support
the hypothesis that the MFE determined track
would only minimally be affected by these small
scale motions.

Figure 3 graphically illustrates the impact of these forecast improvements.
The locations of the hurricane at the initial forecast
times are depicted by the numbers l through
along the actual hurricane Alicia track.
The
points of forecast landfall for CLIPER forecasts
generated for these initial periods are illustrated by dashed lines (operational inputs) and
solid lines (hurricane forecaster MJIE generated
input) with the associated numbers corresponding
tt> the initial forecast periods.
The MFE associated
forecast
track displacement's along the
coast from the actual landfall point ranged from
6 to 21 miles for all forecasts for the 32 hour
period before landfall compared to good operatiLlll:tl illfltll ftlr0cast track displacements ranging
f rum 1 ) t () b) mi le s .

MFE generated hurricane Gert and hurricane Alicia track information was us·ed in an
operational simulations to try to quantify potential forecast track improvements from this technique.
The CLIPER model (Neumann and Pelissier,
1981) was used as a basis for this testing.
In
the Gert case, a hurricane forecaster was given
MFE
determined
pos1t1ons
in
component
form
(latitude and longitude) available prior tu each
initial forecast period (8 periods available).
!'he forecaster then constructed a past and init i.al track, solely from the MFE data, for use as
inputs into the CLIPER model.
The forecasts re-
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SUMMARY

The Ma1s Field Envelope (MFE) approach to
hurricar1e tracking was first proposed by the
ntltltor several years ago with preliminary results
of testing during hurricane Gert presented at an
American Meteorological Society meeting in San
Uiego, California in 1982. Testing has been slow
s1nc~:."
then because of the lack of appropriate
IWRS typ" data.
How<•ver, data collected during
hurric;un• Alicia provided an excellent opportunity for testing the ,proposed technique.
The
results frum that testing are extr~mely encouraging with tl1e potential for substantial improverrh:.·nts in hurricane track forecasts, associated
warnings ·11ui resultant actions during critical
slorm situations.
This system will be used for
"1~H~rar ional testing whenever appropriate data are
av:Ji lahlt.>.
However, full operational implementat.iou will need"to await the fut'l acquisition of
IWRS ty~e systems for the standard U.S. Air Force
r~connaissance aircraft fleet .

..._

·~·

10
IC.Alf I.NMI

'>.

11

nuulbers).

J ~i

1.4

PRFVIOUS REPORTS PRINTED AS THE PRTM/TMP REPORT SERIES

1.

National Research Work in Tropical Meteorology
(18th report for 1979)

2.

Technical Report on "A<'Ivance in Tropical Cyclone Research"
(by Professor W.M. Gray)

3.

Informal Meeting of Experts on Semi-Arid Zone Meteorology and Tropical
Droughts (Geneva, December 1980)

4.

National Research Work in Tropical Meteorology
(19th report for 1980)

5.

Informal Meeting of Experts on Tropical Disturbances and the
Associated Rainfall (New Delhi, December 1981)

6.

A Technical Report on "Tropical Droughts - Meteorological Aspects and
Implications for Agriculture" (edited by Prof. R.P. Pearce)

7.

Extended Abstracts of Papers presented at the MSJ/JMA/liMO/AMS Regional
Scientific Conference on Tropical Meteorology
(Tsukuba, October 1982)

8.

National Research Wbrk in Tropical Meteorology
(20th report for 1981)

9.

Statistical methods for tropical drought analysis based on rainfall
data (prepared by Drs R.D. Stern and I.e. Dale)

10.

Technical Consultation of Experts on the PRTM Project AZ3 Pilot
Studies (Niamey, October 1982)

11.

National Research Work in Tropical Meteorology (21st Report of
Activities in 1982)

12.

Technical Consultation of the Steering committee on Tropical Limited
Area Prediction Modelling (New Delhi 12-13 D~ember 1983)

13.

First Meeting of the Steering Committee for Long Term Asian Monsoon
Studies (TMP Project M2) (New Delhi, 14-16 December 1983)

14.

Second Session of the CAS Working Group on Tropical Meteorology
(Geneva, 9-13 April 1984)

15.

Extended abstracts presented at the second WMO Symposium on
Meteorological Aspects of Tropical Droughts.
(Fortaleza, 24-28 September 1984)

16.

Extended abstracts of papers presented at the WMO Regional Scientific
Conference on GATE, WAMEX and Tropical Meteorology in Africa
(Dakar, 10-14 December 1984)

17.

Report of the Second Meeting of the Steering Committee for
Asian Monsoon Studies (TMP Project M2)
(Kuala Lurnpur, 17-20 December 1984)

18.

Topic chairman and Rapporteur Reports of the WMO/UNDP/OFDA
International Workshop on Tropical Cyclones (IWTC) (Bangkok,
25 November - 5 December 1985).

I~ng-term

