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FOREWORD 
by the Director General

The demand for energy is continually growing, both in the developed and 
the developing countries. Traditional sources o f energy such as oil and gas will 
probably be exhausted within a few decades, and present world-wide energy 
demands are already overstraining present capacity. Of the new sources nuclear 
energy, with its proven technology, is the most significant single reliable source 
available for closing the energy gap that is likely, according to the experts, to be 
upon us by the turn of the century.

During the past 25 years, 19 countries have constructed nuclear power plants. 
More than 200 power reactors are now in operation, a further 150 are planned, 
and, in the longer term, nuclear energy is expected to play an increasingly 
important role in the development of energy programmes throughout the world.

Since its inception the nuclear energy industry has maintained a safety 
record second to none. Recognizing the importance of this aspect o f nuclear 
power and wishing to ensure the continuation of this record, the International 
Atomic Energy Agency established a wide-ranging programme to provide the 
Member States with guidance on the many aspects o f safety associated with 
thermal neutron nuclear power reactors. The programme, at present involving the 
preparation and publication o f about 50 books in the form of Codes o f Practice 
and Safety Guides, has become known as the NUSS programme (the letters being 
an acronym for Nuclear Safety Standards). The publications are being produced 
in the Agency’s Safety Series and each one will be made available in separate 
English, French, Russian and Spanish versions. They will be revised as necessary in 
the light of experience to keep their contents up to date.

The task envisaged in this programme is a considerable and taxing one, 
entailing numerous meetings for drafting, reviewing, amending, consolidating and 
approving the documents. The Agency wishes to thank all those Member States 
that have so generously provided experts and material, and those many individuals, 
named in the published Lists o f Participants, who have given their time and efforts 
to help in implementing the programme. Sincere gratitude is also expressed to the 
international organizations that have participated in the work.

The Codes of Practice and Safety Guides are recommendations issued by the 
Agency for use by Member States in the context o f their own nuclear safety 
requirements. A Member State wishing to enter into an agreement with the 
Agency for the Agency’s assistance in connection with the siting, construction,
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commissioning, operation or decommissioning of a nuclear power plant will be 
required to follow those parts o f the Codes o f Practice and Safety Guides that 
pertain to the activities covered by the agreement. However, it is recognized that 
the final decisions and legal responsibilities in any licensing procedures always rest 
with the Member State.

The NUSS publications presuppose a single national framework within which 
the various parties, such as the regulatory body, the applicant/licensee and the 
supplier or manufacturer, perform their tasks. Where more than one Member 
State is involved, however, it is understood that certain modifications to the 
procedures described may be necessary in accordance with national practice and 
with the relevant agreements concluded between the States and between the 
various organizations concerned.

The Codes and Guides are written in such a form as would enable a Member 
State, should it so decide, to make the contents o f such documents directly 
applicable to activities under its jurisdiction. Therefore, consistent with accepted 
practice for codes and guides, and in accordance with a proposal of the Senior 
Advisory Group, “ shall”  and “ should”  are used to distinguish for the potential 
user between a firm requirement and a desirable option.

The task o f ensuring an adequate and safe supply of energy for coming 
generations, and thereby contributing to their well-being and standard o f life, is a 
matter o f concern to us all. It is hoped that the publication presented here, 
together with the others being produced under the aegis of the NUSS programme, 
will be o f use in this task.

STATEMENT 
by the Senior Advisory Group

The Agency’s plans for establishing Codes of Practice and Safety Guides for 
nuclear power plants have been set out in IAEA document GC(XVIII)/526/Mod.l. 
The programme, referred to as the NUSS programme, deals with radiological safety 
and is at present limited to land-based stationary plants with thermal neutron 
reactors designed for the production o f power. The present publication is brought 
out within this framework.

A Senior Advisory Group (SAG), set up by the Director General in September 
1974 to implement the programme, selected five topics to be covered by Codes of 
Practice and drew up a provisional list o f subjects for Safety Guides supporting the 
five Codes. The SAG was entrusted witli the task of supervising, reviewing and 
advising on the project at all stages and approving draft documents for onward 
transmission to the Director General. One Technical Review Committee (TRC), 
composed of experts from Member States, was created for each of the topics 
covered by the Codes o f Practice.
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In accordance with the procedure outlined in the above-mentioned IAEA 
document, the Codes o f Practice and Safety Guides, which are based on docu
mentation and experience from various national systems and practices, are first 
drafted by expert working groups consisting of two or three experts from Member 
States together with Agency staff members. They are then reviewed and revised 
by the appropriate TRC. In this undertaking use is made of both published and 
unpublished material, such as answers to questionnaires, submitted by Member 
States.

The draft documents, as revised by the TRCs, are placed before the SAG. 
After acceptance by the SAG, English, French, Russian and Spanish versions are 
sent to Member States for comments. When changes and additions have been 
made by the TRCs in the light of these comments, and after further review by the 
SAG, the drafts are transmitted to the Director General, who submits them, as 
and when appropriate, to the Board o f Governors for approval before final 
publication.

The.five Codes o f Practice cover the following topics:

Governmental organization for the regulation o f nuclear power plants
Safety in nuclear power plant siting
Design for safety of nuclear power plants
Safety in nuclear power plant operation
Quality assurance for safety in nuclear power plants.

These five Codes establish the objectives and minimum requirements that should 
be fulfilled to provide adequate safety in the operation of nuclear power plants.

The Safety Guides are issued to describe and make available to Member 
States acceptable methods of implementing specific parts o f the relevant Codes 
o f Practice. Methods and solutions varying from those set out in these Guides 
may be acceptable, if they provide at least comparable assurance that nuclear 
power plants can be operated without undue risk to the health and safety of the 
general public and site personnel. Although these Codes o f Practice and Safety 
Guides establish an essential basis for safety, they may not be sufficient or 
entirely applicable. Other safety documents published by the Agency should be 
consulted as necessary.

In some cases, in response to particular circumstances, additional require
ments may need to be met. Moreover, there will be special aspects which have 
to be assessed by experts on a case-by-case basis.

Physical security o f fissile and radioactive materials and o f a nuclear power 
plant as a whole is mentioned where appropriate but is not treated in detail. 
Non-radiological aspects of industrial safety and environmental protection are not 
explicitly considered.
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When an appendix is included it is considered to be an integral part of the 
document and to have the same status as that assigned to the main text of the 
document.

On the other hand annexes, footnotes, lists o f  participants and bibliographies 
are only included to provide information or practical examples Jhat might be help
ful to the user. Lists o f additional bibliographical material may in some cases be 
available at the Agency.

A list of relevant definitions appears in each book.
These publications are intended for use, as appropriate, by regulatory bodies 

and others concerned in Member States. To fully comprehend their contents, it is 
essential that the other relevant Codes of Practice and Safety Guides be taken into 
account.

NOTE

The following publications o f  the NUSS programme are referred to in the 
text o f  the present Safety Guide:

Safety Series No. 50-SG-S10A
Safety Series No. 50-SG-S10B
Safety Series No. 50-SG-S11A

The titles are given in the List o f  NUSS Programme Titles printed at the end 
o f  this Guide, together with information about their publication date. Instructions 
on how to order them will be found on the last page o f  this Guide.
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1. INTRODUCTION

The general characteristics of tropical cyclones are discussed in this Safety 
Guide, with particular emphasis on their pressure and wind structures in the light 
of available data.

General methods are given for the evaluation of the relevant parameters of a 
Probable Maximum Tropical Cyclone (PMTC), which can be used as the Design 
Basis Tropical Cyclone (DBTC); these parameters then serve as inputs for the 
derivation of a design basis surge and a design basis wind. A possible method is 
also given for the evaluation of the PMTC pressure and wind field based on an 
approach valid primarily for a particular region. This method depends on the 
results of a theoretical study on the tropical cyclone structure and makes use o f a 
large amount of data, including aircraft reconnaissance observations for 170 most 
intense tropical cyclones near the coast of Japan, Taiwan and the Philippines 
for the period 1960—1974, as well as detailed analyses of all the extreme storms 
along the Gulf of Mexico and the east coast o f the USA during 1900-1978, for 
the determination o f the necessary parameters.

The distribution and estimation o f heavy rains in tropical cyclones and their 
effects on flooding are, however, not discussed, since these aspects are considered 
in the IAEA Safety Guides 50-SG-S10A, 50-SG-S10B and 50-SG-S 11 A.

Examples of the application of the various methods are given in the Annexes. 
Generally, these examples are based on data for the Gulf of Mexico, the east coast 
of North America and the western North Pacific.

It is possible that the methods based on a particular physical model developed 
for a certain region cannot be transposed to another one without proper modifi
cation. Therefore, these methods should not be used for evaluating the PMTC 
in other regions prone to tropical cyclones without first checking the validity of 
the application to such regions by performing meteorological studies of the 
available data. Because o f the rarity o f very severe tropical cyclones, coupled 
with the scarcity o f observations in the intense portion o f tropical cyclones, the 
physical characteristics o f cyclones in different regions are not completely known.

Although tropical cyclones occur much more rarely than severe extra-tropical 
cyclones, their impact is sufficiently important to most countries to merit a 
continual reassessment o f their threat to coastal areas. The major damages from 
most of these storms result from inundations by tide surges accompanying the 
disturbances and generally occur some distance away from cyclone centres.
At open exposed shorelines, destruction normally begins with the erosive scour 
and battering from large breaking waves, the effects o f which may extend inland 
with a rising tide to attack foundations and to cause structural damage to the 
lower floors of buildings.

The damaging effects o f the winds in a tropical cyclone are produced by a 
combination of their strength, their gustiness and their persistence. The dynamic

1

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



forces exerted by the wind may cause roof failures and, at times, the collapse 
o f curtain walls and glass openings.

In this Safety Guide the Systeme International d’Unites (the SI 
System o f Units) has been adopted, except in connection with a few topics for 
which current literature or observational practice still use the earlier forms of 
English or metric units for effective communication.

Most o f the tropical cyclone data used for the development of the PMTC 
are associated with storms over open waters and, strictly speaking, the methods 
are only applicable to open coastal sites. For inland locations, the effects of 
topography and ground friction need to be examined or quantified. In addition, 
it is known that polewards moving storms generally lose their quasi-symmetrical 
tropical characteristics and assume the structure of extra-tropical depressions 
with well-marked thermal contrasts. It is therefore clear that, in considering the 
siting o f installations at higher latitudes, modifications of the criteria developed 
for coastal sites will have to be made. Finally, it may be pointed out that, in spite 
of the availability o f aircraft reconnaissance data accumulated over the past 
20 years, the time variations of a few o f the pertinent tropical cyclone parameters 
over a period of a few hours are still little known so that it is necessary to assume 
the PMTC in a steady state. Substantial changes in the inner core region from 
hour to hour have been noted in some matured tropical cyclones [1 ].

1.1. General description of a tropical cyclone

A tropical cyclone consists of a rotating mass o f warm humid air, 100 km 
or several hundreds of kilometres in diameter. The atmospheric pressure is lowest 
near the centre and could be less than 90 kPa (900 mbar) in a well-developed 
severe tropical cyclone. In the northern hemisphere the winds of a cyclone spiral 
inwards towards the centre in an anticlockwise direction, whereas in the southern 
hemisphere the rotation is clockwise. A typical pattern of the wind field associated 
with a tropical cyclone in the northern hemisphere is shown in Fig. 1. Well- 
developed tropical cyclones have widespred areas o f thick cloud cover, extending 
to great heights, together with bands o f torrential rain and violent winds. The 
strongest winds (which may reach 100 ms-1) blow in a tight band around the eye 
of a tropical cyclone. The eye is a region of light winds and lightly clouded sky, 
usually circular or elliptical in shape and ranging from a few kilometres to over 
150 km in dimension. The winds increase abruptly near the outer edges of the 
eye, called the eye wall, and then diminish gradually with distance from the wall.

Although the winds in a tropical cyclone frequently exceed 50 ms-1, the 
cyclone’s translational movement is much slower. For example, in the western 
North Pacific, the movement would typically be towards the west or west-northwest 
at about 4—5 ms-1, but other directions and speeds up to and above 15 ms-1 are 
not uncommon.

2
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(nautical miles)

FIG.l. Over-water PMTC (radius = 15 nautical miles) wind field in the northern hemisphere, 
computed for  the deterministic method (Section 3.2). I f  desired, this wind field may be rotated, 
keeping the point o f  maximum wind within 0—180° clockwise from  6.

The physical processes and energy transformations occurring in tropical 
cyclones are extremely complex and are not yet fully understood. Essentially, 
a tropical cyclone is a vast heat engine where the source of energy is the warm 
sea providing water vapour which releases latent heat when it condenses and forms 
rain [2].

Tropical cyclones are warm core storms. Since the warm air in the core is 
lighter than its surroundings, the surface pressure there is lower and such differences 
in the surface pressure produce the familiar pattern of circular isobars. Air starting

3
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FIG.2a. Cyclone origin locations fo r  20 years (1958-1977).
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FIG.2b. Regions o f  cyclone origin (number fo r  20 years/percentage o f  global total). (Adapted from  Refs [4, 5 ].)
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to move towards the low-pressure centre is deflected because of the rotation of 
the earth and spirals inwards. It should be noted that tropical cyclones do not form 
near the equator (5°N latitude to 5°S latitude).

It is generally known that for a tropical cyclone to form and persist, three 
conditions must be fulfilled:

(a) The sea must be warm, with a surface temperature of over 26°C
(b) Air at low levels must converge inwards over a large area
(c) The air flow at very high levels must be outwards so that circulation 

can be sustained.

1.2. Nomenclature

Tropical cyclones have a variety of names, depending on their severity and 
the regions in which they occur (see Annex I). It is important to bear in mind 
that what is described as a hurricane in the Atlantic is essentially the same phe
nomenon as that which is called a severe cyclone in the Bay of Bengal, the Arabian 
Sea and the south-west Indian Ocean or a typhoon in the western North Pacific.

1.3. Probable maximum tropical cyclone (PMTC)

For the application of the methods discussed in this Safety Guide, a PMTC 
is a hypothetical steady-state tropical cyclone having a combination of values of 
meteorological parameters chosen to give the highest sustained wind speed that 
can reasonably occur at a specified coastal location. From the values o f the 
meteorological parameters a PMTC can be derived and used to compute the 
maximum surge at coastal points, assuming that the PMTC approaches along the 
most critical track.

1.4. Regions of occurrence

The regions o f occurrence o f tropical cyclones are depicted in Figs 2a, 2b.
In general, tropical cyclones occur most frequently in the western Pacific, but 
they also form in the North Indian Ocean (Bay o f Bengal and Arabian Sea), 
the South Indian Ocean, the South Pacific, the West Atlantic and also off the 
north-west coast of Australia. The south-east Atlantic and the central Pacific 
are not affected by these disturbances.

2. COLLECTION OF INFORMATION
Considering the available data as a whole, it may be said that a great deal 

is known about the movement characteristics o f tropical cyclones and their effects
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on land and sea, but surface and upper-air meteorological measurements within 
tropical cyclones are still inadequate either in area coverage or record period.

2.1. Data sources

As stated above, studies o f tropical cyclones have been generally handicapped 
by a lack o f data. Early developments in establishing international observation 
networks have been slow and stations on islands in the ocean areas are few and 
far apart. Tropical cyclones form and spend most o f their life over the ocean, 
and it is a particularly difficult task to obtain sufficient data to enable a detailed 
analysis to be made o f their thermal and dynamic features. When a tropical 
cyclone moves over land, it is usually in a weakening stage and observations even 
from a relatively dense land observation network may not be representative of 
the characteristics o f an intensifying or intense steady-state tropical cyclone.

In recent years, high-resolution pictures from orbiting and geo-stationary 
meteorological satellites have become readily available to many national meteoro
logical services and provide valuable information for the detection and tracking 
of tropical disturbances, the estimation o f their intensity and the derivation o f 
the wind field at cloud level. Nevertheless, the number of tropical cyclone para
meters that can be measured accurately are still too few to enable reliable 
descriptions to be given o f the basic physical processes involved.

Reports from reconnaissance aircraft provide important information about 
tropical cyclones. These data have been used extensively, in conjunction with 
conventional synoptic data and autographic records, to throw light on the three- 
dimensional structure of the core regions of tropical cyclones. Reconnaissance 
flights, however, are carried out only in some areas of the Pacific and Atlantic 
Oceans.

2.2. Data requirements

For the evaluation of the PMTC at a particular site, the following informations 
are required:

2.2.1. Data on storm parameters

The following data on storm parameters for tropical cyclones have to be 
collected:

— minimum central pressure
— maximum wind
— horizontal surface wind profile
— shape and size o f the eye
— vertical temperature and humidity profiles within the eye
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— characteristics o f the tropopause over the eye
— positions o f the tropical cyclone at regular, preferably six-hourly intervals
— sea-surface temperature.

Values of some o f these parameters are generally available in published 
reports, summaries or papers by national or international meteorological services 
or by research institutes. However, some of the data may not be available for a 
specific region and recourse has to be made to other sources such as radar 
observations, satellite imagery, special reconnaissance reports, case studies and 
press reports.

For the determination o f the ‘extreme’ values of some of the variables, it is 
necessary to ascertain the ‘highest’ and ‘lowest’ values of the pertinent elements 
that have been recorded. Since synoptic observations are made at discrete time 
intervals, some of these values may be determined by the use of autographic 
records from land-based locations or ships at sea. If autographic data are insufficient, 
some of the parameters, such as the maximum winds or the peripheral pressure of a 
tropical cyclone, may have to be estimated from synoptic maps.

2.2.2. Analyses o f  non-cyclonic conditions

For the purpose o f applying certain methods, it is necessary to obtain an 
overall picture of the normal or ‘undisturbed’ conditions prevailing in the region 
when no?cyclone occurs. To this end, climatological charts or analyses depicting 
the following fields need to be examined:

— sea-level pressure
— sea-surface temperature
— temperature, height and moisture (dew points) at standard pressure levels

and at the tropopause.

These climatological studies are usually published in printed form (for instance,
Ref. [3]) or stored in the form of microfiche or magnetic tape.

2.2.3. Supplementary data for model validation

To determine the applicability of a PMTC model for a particular site, 
a careful evaluation of the local conditions, the peculiarities o f the site and 
historical data is essential and this may be supplemented by measurements with 
suitable instrumentation installed at the site so that comparisons with surrounding 
areas may be made. Whenever possible, case studies should also be made in order 
to determine the characteristics of tropical cyclones which have traversed the 
vicinity. These comparisons and studies will enable necessary adjustments to the 
model to be made.

All known tropical cyclones which have passed within 300—400 km of the 
site should be included in the study.
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The methods for evaluating the PMTC are still undergoing development and 
considerable caution needs to be exercised in carrying out the evaluation. In 
particular, modern techniques of determining some of the tropical cyclone 
parameters on the basis of aircraft and satellite observations have constantly been 
evolved. Sufficiently well-proven methods should be closely examined for their 
suitability of application, to replace some of the existing recommended procedures. 
As an example, the studies of Gray [4, 5], Kidder [6] and Rosenkranz [7] on 
estimating tropical cyclone intensity using upper tropospheric temperature 
anomalies may lead to a more reliable method for assessing the maximum winds 
than that based on surface pressure difference.

3. PROCEDURES FOR EVALUATING THE PMTC

3.1. Introduction

The wind velocity in a tropical cyclone has been found to be related to the 
difference between the pressures at the periphery (pw) and at the eye of a tropical 
cyclone (p0). The periphery pressure, pw, in most cases is a much more stable 
parameter than p0.

The general procedure recommended in this Safety Guide is therefore to 
estimate extreme values of p0. Several methods of estimation have been developed; 
they may be classified into two groups: (1) deterministic or physical methods, 
and (2) probabilistic methods. For a particular site, the methods to be used may 
be limited by what data are available. If the data permit, however, both groups 
of methods should be considered. The deterministic and probabilistic methods 
are discussed in Sections 3.2 and 3.3.

The evaluation o f other factors required for determining the wind field of 
the PMTC is discussed in Section 4. These factors include:

— radius o f the maximum wind wall, R
— speed of cyclone movement or translational speed, T (also important for 

estimating the resulting surge severity on coastal sites)
— direction of cyclone movement relative to the orientation o f the coast, Qc
— inflow angle, i.e. angle between the wind direction and the tangent to the 

circles of equal pressure surrounding the tropical cyclone centre.

A particular location may have topographic features (both above and below 
the mean water level) which could make certain R and T values more critical 
than others for surges. A range of values for each o f these two factors is therefore 
given in this Guide. In other words, for a given pressure difference, Ap = pw - p 0,
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a range of values for the independent R and T variables should be considered in 
order to select the combination that gives the most severe surge for a specific site.

3.2. Deterministic approach to evaluating p0

In this method the conditions in the vertical air column over the eye o f a 
tropical cyclone that will produce the lowest pressure at the sea surface have to 
be evaluated first. The surface pressure can then be computed by means o f the 
hydrostatic approximation o f the balance between the pressure gradient force 
and the force o f gravity. This approach has been used by a Member State [8] for 
determining the p0 for the probable maximum hurricane along the Gulf o f Mexico 
and the east coast o f the USA. Annex II gives the background for the develop
ment of the deterministic method.

Annex III describes the selection o f required parameter values (height of 
tropopause, temperature of tropopause, vertical moisture distribution) and the 
computations o f p0. It also gives two examples o f computations of p0 for the 
PMTC for the South China Sea and North Atlantic regions.

3.3. Probabilistic approach to evaluating p0

The most direct determination of p0 for the PMTC for a great number of 
tropical cyclones would be from the analysis of central pressures observed at land 
stations or on the open sea in the vicinity of the site. However, at no single 
location is such information sufficient. With a small sample o f storms, subjective 
judgement is often necessary in the determination o f extreme p0 values by the 
probabilistic method. In order to obtain more prudent estimates, in some cases 
the computed extremes o f p0 may need to be adjusted by the use o f a confidence 
limit1, depending on the sample size. However, if there is a sufficiently long 
tropical coast-line which can be considered geographically homogeneous with 
respect to tropical cyclones, the information on all the cyclones which have 
occurred along this coast may be sufficient2. It is, however, important to check 
that the difference, Ap, between the values o f the peripheral pressure pw (see 
Section 4.1) and p0 gives a resultant wind speed in excess o f any observation on 
record for the locality concerned.

Various extreme value frequency distributions can be tested and the one 
which best fits the data should be selected for determining the p0 for the PMTC.

1 A confidence limit o f  95% has been used.
2 Such a practice has been adopted in a Member State to maximize cyclone samples 

and to determine p 0 values for return periods o f  up to 1000 years.

10

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Annex IV gives an example o f such a computation for the South China Sea region 
based on a Gumbel distribution [9]. To provide a check on the representativeness 
of the p0 values selected for the PMTC, computations o f this parameter for areas 
adjacent to the sampling regions should also be carried out whenever possible.
This will enable a real variation to be examined in order to ensure consistency 
and to avoid the adoption o f unrealistic values.

3.3.1. Relations o f  central pressure, p0, to potential temperature and geopotential 
heights o f  isobaric surface

Several other simpler statistical methods based on correlation analysis are 
also available for the approximate determination o f p0. These may be o f use as a 
tool or guidance in regions where tropical cyclone data are sparse. For example, 
p0 can be correlated with other variables for which better statistics are available. 
Malkus and Riehl [10] assumed a moist adiabatic ascent with equivalent potential 
temperature, 0e(K), in the eye-wall region and established the following relationship

p0 = —2.50e + C (1)

where p0 and C are in millibars, and C is a constant depending on the environmental 
conditions. This relationship was confirmed by Riehl [11] using eye-wall measure
ments at the 235—250 mbar level taken by aircraft. To derive the probable 
minimum sea-level pressure in the eye o f a tropical cyclone, it is necessary to 
evaluate the probable maximum value o f de which characterizes the vertical 
temperature and humidity profiles in an extreme tropical cyclone. In the absence 
o f sufficient upper-air data, a reasonable procedure would be to maximize the 
sea-surface temperature field in the tropical cyclone region in the vicinity o f the 
selected site. This can be carried out either by a deterministic technique or by a 
probabilistic technique, depending on the size and nature o f the data. The extreme 
value so obtained is then taken as 6e.

Jordan [12] has proposed relations between p0 and the geopotential heights 
o f isobaric surfaces determined from aircraft observations. Bell and Tsui [13] 
examined more than 100 radiosonde soundings made within 185 km o f cyclone 
centres and found that the mean sounding values are characterized by an approxi
mate saturated lapse rate up to 250 mbar, which is similar to the profile postulated 
by Malkus and Riehl [10] in deriving Eq.(l). Annex V shows the relations derived 
by Jordan and presents a comparison o f the computed and observed value o f p0 
in six tropical cyclones. In general, errors are least for the relations with the 
850 mbar heights for both sets o f equations. The relation o f Bell and Tsui resulted 
in an average error o f a little more than 2 mbar, while Jordan’s relation gave an 
average error o f about 3 mbar.
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4. EVALUATION OF OTHER PARAMETERS 
NEEDED TO DEFINE THE PMTC WIND FIELD

4.1. Sea-level pressure at the periphery o f the cyclone

The periphery sea-level pressure of a tropical cyclone, pw, may be defined 
as the average sea-level pressure at the outer limits o f the cyclone. This parameter 
is computed by taking the average pressure in the four directions (north, south, 
east and west from the centre o f the tropical cyclone) at the points where the 
isobars change in curvature from cyclonic to non-cyclonic. The evaluation o f pw 
for each cyclone is made from daily weather charts, thus obtaining a data set for 
the pw values for the cyclones of the region.

Several other methods have been used for the computation of this parameter, 
including a method using the value of the outermost closed isobar. No appreciable 
differences have been found between this method and the one described above.

An examination o f the variation o f pw with latitude in the western Atlantic 
region indicated that although there appears to be a tendency for low pw to occur 
at higher latitudes, the extreme cyclones showed no variation. Thus a constant 
value o f pw (1020 mbar) was used for the east coast o f the USA and the Gulf of 
Mexico. This is the highest recorded value for the cyclones studied. These 
cyclones were all located within 280 km of the coast and included those with 
central pressures (p0) below 982 mbar. Figure 3 is an example of peripheral 
pressures (pw) for hurricanes at the east coast o f the USA, plotted against latitude 
and grouped by storm intensity.

4.2. Radius o f maximum wind

As described earlier, the eye o f a cyclone is a relatively calm region. Winds 
at a great distance outside the cyclone are also generally light to moderate, 
depending on the pressure gradient prevailing at the time. Between these two 
areas there are very strong winds. Therefore, at some distance (R) from the cyclone 
centre, winds are at a maximum.

In surge studies, it is noted that the larger the value o f R, the greater the 
resultant peak surge, all other parameters being kept constant until a critical value 
o f R is reached [14]. This critical value o f R is a function o f the direction and 
speed o f cyclone movement, the underwater topography and the orientation of 
the coast, and probably depends on the surge computation method used. For this 
reason the use o f a range o f R values is recommended in the following sections.

4.2.1. Determination o f  R for a particular tropical cyclone

For a particular cyclone, the best measures o f R can be obtained from 
anemometer records at coastal stations. From a knowledge of the location o f the
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FIG.3. Latitude (\p) versus peripheral pressure (pwj for  hurricanes at the east coast o f  the USA, 
given in three intensity groupings.

cyclone centre at the time when maximum winds are measured, R can be estimated. 
Reports from reconnaissance aircraft usually give an estimate o f R at flight level.

Newspaper or eye-witness accounts on the times o f maximum and minimum 
winds during the passage o f a cyclone are also helpful. Details o f various compu
tational procedures are given by Ho et al. [ 15].

Another method which is sometimes used is to fit a profile to the pressure 
field o f the cyclone (see Section 5.1, Eq. (2)). This method is useful if there are 
sufficient data to define the pressure profile. However, the determined R value 
may be unrepresentative when the storm is undergoing modification and decay 
over land or cool waters. As noted before, the direction and velocity o f the storm 
centre also exert a modifying influence on R. The observed winds may be used 
in conjunction with pressure observations to delineate the pressure profile.

It appears that the more intense the cyclone, the smaller the value o f R.
This feature is typical for tropical cyclones on the east coast o f the USA and in 
the western North Pacific, as shown in studies by Sheets [16] and Shea and 
Gray [17], In a particular region it has been found that the value o f R generally 
increases with latitude [8],
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4.2.2. Lower limit o f  R

A lower limit o f R should be established. This may be done on the basis 
of the method presented by Kuo [18] who showed that the dynamics o f the 
tropical cyclone eye set a limit to the extent to which the surface converging 
currents can penetrate. These results are in agreement with the general observation 
o f a calm region near the cyclone centre and maximum winds at some distance 
away from it. The lower limit o f R defines the position o f the eye wall where 
converging currents turn upwards and then diverge at upper levels. Kuo presented 
a formula for computing the lowest limit o f R and showed that it is dependent 
on the magnitude o f the maximum wind.

These limiting values are in close agreement with the lower bound of the 
smallest R-values observed in western North Pacific typhoons. The application 
o f Kuo’s findings in the derivation o f limiting R-values for hurricanes is summarized 
in Annex VI.

Figure 4 (adapted from Schwerdt et al. [8]) shows the theoretical minimum R 
from Kuo that was adopted for the east coast o f the USA. It also gives tropical 
cyclones with minimum R-values for the USA and for the western North Pacific. 
Considering the extremes o f several parameters that are combined in the extreme 
tropical cyclone, it is believed that Kuo’s theoretical values o f Rmin are o f the 
correct order o f magnitude.

4.2.3. Upper limit o f  R

An upper limit o f R should also be established. This can be based on the 
upper bound o f observed data points plotted against central pressure values (p0), 
as done by Schwerdt et al. [8] for a particular region. A comparison of the 
determined estimates with those for other regions can be helpful.

4.3. Translational speed

An important factor for the maximum wind-speed field in tropical cyclones 
is the component T, the translational speed o f the cyclone. This is one of the 
parameters easiest to quantify for a particular cyclone and is usually determined 
by measuring the time and the distance between observation points on track maps 
for the cyclones in the region.

Limits on T should also be established. One consideration in setting such 
limits is the generally faster movement of tropical cyclones at higher latitudes 
where sea temperatures are relatively low and where all cyclones must have come 
from warmer seas at lower latitudes. This is well substantiated by tropical cyclone 
data which indicate generally higher speeds in northern latitudes in the northern 
hemisphere. An explanation may be the acceleration in translational speed of
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cyclones after their recurvature. When the data for the western North Atlantic 
and western North Pacific were categorized by p0 it was found that the more 
intense cyclones showed a smaller range in speeds than the less intense ones.

The above considerations may be used to identify the variation of T within 
a given geographic location and to select the values for a particular region [8].

4.4. Direction o f the movement of tropical cyclones

In this Safety Guide, the direction of the movement o f tropical cyclones,
6, is defined as the direction (in degrees measured clockwise from the north) in 
which the cyclone is moving (according to this definition, the direction o f a 
cyclone moving from south to north will be 0 = 0). The importance o f this para
meter lies in the fact that, for a particular coastal site, the angle between the 
coast-line and the direction o f movement o f the cyclone has a strong bearing on 
the height of the resultant surge.
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The tracks of tropical cyclones over the various ocean areas show a wide 
variety of directions and it may appear at first glance that any direction of move
ment is possible or reasonable for an extreme cyclone. However, when cyclones 
over the North Atlantic and along the east coast o f the USA were categorized by 
intensity, a somewhat different picture resulted, since certain directions are not 
represented for cyclones of a certain intensity range; for example, none o f these 
intense tropical cyclones were found to move from north to south (0 = 180°).

It is generally known that tropical cyclones will weaken as they move over 
increasingly cooler sea surfaces. This therefore sets limits to the critical direction 
o f approach o f the probable maximum tropical cyclone since, by definition, Ap 
should remain constant with time in a steady-state cyclone.

A systematic approach [8] to designating generalized physically permissible 
directions of movement for extreme cyclones has been used in one country and 
may serve as a guidance for similar analyses in other regions prone to tropical 
cyclones. An outline o f this approach is given below.

(a) From a study o f the climatology o f tropical cyclone tracks, for several 
areas over the open ocean in the vicinity o f  the site, all the possible or 
allowable directions o f an extreme cyclone which may later affect the 
site location are selected for consideration. The exclusion o f the other 
directions may be due to the presence o f exceptionally cool waters
in a particular sector or quarter which inhibit the movement of cyclones 
into the designated area or due to other meteorological factors which 
restrict these movements.

(b) The coast-line is divided into straight-line segments the size of which 
will depend on the irregularities o f the coast. Each segment should be 
o f the order o f 100 km or longer.

(c) The approach o f the extreme tropical cyclone to a segment should 
be selected so that a great part o f the cyclone circulation will not be 
over land since otherwise the conditions for the occurrence o f the 
maximum wind field would not be fulfilled because o f the weakening 
of the cyclone over land.

4.5. Inflow angle of surface air

4.5.1. Early studies

It is well known that the winds o f a tropical cyclone do not blow along 
isobars but spiral inwards towards its centre. The angle between the direction 
of the actual wind flow and the tangent to the isobar at a point is termed the 
inflow angle 0. This angle is also known in the literature as the deflection angle, 
crossing angle or angle o f incurvature.
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In an early study [19], 0 was specified as 20° from the cyclone centre to 
a distance equal to the radius o f maximum wind (R), then gradually increasing 
from 20° to 25° between R and 1.2 R, and finally remaining at 25° beyond 1.2 R. 
Some variations were made in later studies [20].

The inflow angle for the ‘mean hurricane’ constructed by Hughes [21 ] was 
10° —15°, which was the median o f all the values obtained from reconnaissance 
observations. Ausman [22] examined ship reports around six hurricanes and found 
<j> to range from —5° to 30°, with a median o f between 15° and 20°. Similar 
results were obtained by Frank [23] using radiosonde data.

In a study o f the physical processes in the inner core o f hurricanes, Malkus 
and Riehl [10] assumed <j> to be constant for distances greater than 100 km, but 
decreasing to 0° at the eye wall. It has been noted that for moderate hurricanes 
(p0 = 966 mbar or 96.6 kPa), <j> may reach a maximum value o f  20°, while for the 
more intense cyclones a maximum of 25° was observed. However, when plotting

17

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



0 against the distance from the cyclone centre in several recorded hurricanes, 
a wide scatter o f points was observed.

4.5.2. Values o f  4>

Figure 5 shows the relationship between 0 and the distance from the centre 
of a tropical cyclone for selected values of R based on an analysis o f limited 
data obtained by observation [24], In deriving this relationship, the following 
assumptions were made:

(a) 0 varies continuously, without any abrupt change across the cyclone 
circulation

(b) 0 is a maximum at a distance o f about 3 R; at the cyclone centre,
0 is zero

(c) 0 is independent o f the bearing from the cyclone centre for any given R
(d) 0 is independent o f latitude and translational speed, T, of the cyclone.

If data for the inflow angle based on observation are absent, Fig. 5 may be used 
to estimate 0 for the construction o f the PMTC model.

5. DETERMINATION OF THE PMTC WIND FIELD

In this section, a procedure is described which may be followed for computing 
the maximum wind at a point within the cyclone circulation. This is followed by 
an extension of this procedure to cover the evaluation o f the whole wind field.

5.1. Derivation o f maximum winds from a pressure profile equation

The change o f pressure with distance r from the centre o f a hurricane and 
outside its eye can be fairly well represented by the following equation:

= e - (R /r )  (2)
Pw -P o

The various parameters have already been explained in previous sections.
From Eq.(2) the following equation may be derived for the computation o f the 
maximum gradient wind speed (Annex VII):

Vgx = K(Pw -  p0) 1/2 -  ^  (3)

This equation may be tentatively used for probable maximum tropical cyclones.
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5.1.1. The K-factor

K is a function o f air density which has been found to vary with latitude 
because o f sea-surface temperature changes [8], Using the 99% probability level 
sea-surface temperatures near to the east coast o f the USA, which ranged between 
32 and 20°C, the K-factor was found to vary between 69.3 and 67.5. K may also 
change by about 4% when the pressure varies between 880 and 960 mbar. However, 
for practical purposes, these changes may be ignored and K may be assumed to be 
constant for a particular region.

5.1.2. Adjustment to 10 min maximum wind at 10 m level 
in a stationary tropical cyclone

Wind observations by land stations, normally at 10 m above ground, are 
considered as being representative o f  the air flow near the sea surface. In synoptic 
reports the readings are generally averaged over a time interval o f 10 min. It has 
been found [25] that these observations vary from about 75% to 100% of the 
maximum theoretical gradient wind speed (derived from Eq. (3)) in the more 
intense hurricanes. Therefore, an adjustment based on the findings of Myers [25] 
may be applied. A factor which can be used for reducing the theoretically 
computed maximum wind speed to a 10 min wind for the PMTC is 0.9. The 
resultant maximum wind speed is considered to occur at a distance R from the 
centre o f the stationary PMTC. Information on the existence o f super-gradient 
winds is still too meagre to be considered in the development o f the PMTC.

5.2. Derivation o f wind field for a stationary tropical cyclone

For most purposes, the use o f maximum wind speed is not sufficient. What 
is required is the wind field for the whole PMTC. One approach for developing 
such a wind field is to start with a wind profile extending from the centre o f a 
cyclone to its periphery. This profile can then be rotated through 360° to obtain 
a symmetrical wind field for a stationary cyclone.

Wind profiles in extreme cyclones with asymmetry due to the omission o f 
the forward cyclone movement have been studied [8] and were found to be 
significantly related to the magnitude o f R. Composite diagrams have also been 
constructed to fit the cyclone data. An example is given in Fig. 6 which may be 
used for the PMTC wind field. In this figure, the wind profile is shown as a plot 
of the relative wind speed (V stationary divided by Vmax stationary) versus the 
distance outward from R. Data for the variation o f winds from the cyclone centre 
to R are generally scarce; however, it has been attempted to study the inner core 
of tropical cyclones [17, 26]. A composite relative wind profile from available 
studies is shown in Fig. 7. It may be used for the PMTC wind field for a distance
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FIG. 6. A d op ted  standardized wind profiles outward from  R .

from the storm centre equal to R. This profile is not dependent on R and all wind 
determinations can be readily made with one single curve. The portion o f the 
curve near the relative distance value 1 has been modified to maintain a smooth 
transition to the profile outside R.

5.3. Adjustment of wind speed due to the forward cyclone movement

Because of the forward movement o f a cyclone, the symmetry of the wind 
field for a stationary cyclone is distorted and, as a result, the winds on one side 
of the cyclone will be increased by a component dependent upon its translational 
speed while those on the other side will be decreased by a similar component.
The asymmetry adjustment vector can be expressed as

1  = yTx (4)

where y and x are empirical constants and T is the translational speed o f the 
cyclone. Various experiments have led to the use o f 1.5 for y and 0.63 for x when 
T is expressed in knots.

To combine A with the stationary wind field, it has to be multiplied by 
cos where j3 is the angle between the direction of forward cyclone movement
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FIG . 7. Variation o f  relative wind speed with relative distance (r/R ) within the radius o f  
maximum winds.

(0) and that o f the surface wind as determined from the tangential wind direction 
and the inflow angle (0) and is measured counter-clockwise from 9 (see Fig. 8).
In a forward moving cyclone, the maximum wind occurs only at the particular 
point where j3 = 0 (cos (3 = 1) (see Fig. 9). To determine the wind profile along 
the radius through this point, A should be adjusted in accordance with the values 
o f cos (3. By definition, the direction of the maximum wind at the distance R 
from the cyclone centre must be parallel to the forward movement. By graphical 
means, it can be shown that /? has the following values along the radius through 
the point o f maximum wind:

(3 = 0°; cos /3 = 1 at r = R
(3 = 360° — (0R - 0 r) a t r < R  (5)
(3 = 0r — 0R at r >  R

To derive the wind profile for any other radius, the angle between this 
and the radius through the point o f  maximum winds, measured in degrees in the 
counter-clockwise direction, should first be determined. This is added to the 
(3-values at the various points along the radius to determine the asymmetry factors 
which may be used to compute the profile for this radius.
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F I G S . Relation o f  tangential and surface winds and variation o f  the angle (3 measured from  
the direction o f  storm  m otion (northern hemisphere).
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F IG .9. Relation o f  direction o f  storm  m otion, and tangential and surface winds along the 
radius through the point o f  maximum wind (northern hemisphere).
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5.4. General adjustment o f wind speed for land effects

The wind speeds for the PMTC described in the previous sections are for 
locations over water. For a site on the shore or inland, these wind speeds should 
be adjusted to take into account the following:

-  increase o f friction for land as compared with water (frictional effects)
— increase of pressure in the eye o f the cyclone as it crosses from water to land 

(filling over land).

5.4.1. Frictional effects

Observations have shown that wind speeds may be reduced by as much as 
60% as the storm centre migrates from over water to over adjacent land masses 
where the frictional drag over urban areas, mountain or forested regions is much 
greater. For relatively smooth terrain (partially inundated land) the reduction in 
wind speed may be of the order o f 15%. Such reductions generally take place 
within approximately 15 km from the shore line.

5.4.2. Filling effects

When the centre of a tropical cyclone crosses from a location over water to 
a location over land, the pressure within the circulation o f the storm, especially 
near its centre, rises. This increase is associated with the removal o f  the oceanic 
heat source. Analyses of p0 in intense tropical cyclones (passing inland from the 
Gulf of Mexico and the Atlantic coast) show that the reduction in wind speed is 
related to the length o f time for which the cyclone centre is over land. Reported 
adjustments of wind speeds, based on the increased p0, were, on the average, 
approximately 10% after 5 hours and 40% after 20 hours [8].
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TRO PICA L CYCLONE NOM ENCLATURE

Annex I

Maximum sustained wind speed
Region

17 ms"1 <  V <  32 ms-1 V >  33 ms-1

Western North Pacific Ocean tropical storm and severe 
tropical storm

typhoon

Bay o f  Bengal and Arabian Sea cyclone severe cyclone

Indian Ocean in southern 
hemisphere

tropical depression tropical cyclone

North Atlantic Ocean and 
eastern North Pacific Ocean

tropical storm hurricane

Western Australia tropical depression willy willy

A nnex II 

BACKGROUND FO R  THE DEVELOPM ENT O F THE  

DETERM INISTIC METHOD

Numerous studies of the different aspects o f tropical cyclones for design 
and planning purposes have been undertaken in various countries [27—31 ].
A discussion o f tropical cyclone parameters important to storm surge studies and 
a prediction for the Gulf o f Mexico and the east coast o f the USA have also been 
presented [15], Data for these parameters, such as central pressure, radius of 
maximum winds and movement o f storms approaching land, became generally 
available after 1900. The characteristics of tropical cyclones as revealed by these 
data provide an invaluable beginning for making tidal flooding analyses.

The first investigation on generalized meteorological specifications needed 
for computing extreme wind fields for hurricanes along the Gulf o f Mexico and the 
east coast o f the USA was carried out by Graham and Nunn [19]. In this study, 
recognized meteorological factors were analysed and smoothed curves were 
presented to enable a selection o f the optimum values for any coastal location.
For the purpose o f computing design values, a standard project hurricane (SPH) 
was postulated which is an extreme (but not the most extreme) hurricane with 
high sustained winds that are reasonably characteristic o f a particular location.
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In order to derive the most extreme winds possible for the planning and 
design o f hydrologic protective works, a probable maximum hurricane (PMH) was 
developed subsequently [20], The PMH is a hypothetical ‘hurricane’ having a 
combination o f values o f meteorological parameters chosen to give the highest 
sustained wind speed that can reasonably occur at any specified coastal location.

The most important meteorological factor in determining maximum winds 
is the central pressure, which is defined as the lowest pressure in the eye of a 
tropical cyclone. In previous studies by the U.S. Weather Bureau, the minimum 
central pressure was determined statistically by grouping the available data by 
homogeneous regions within which storms occurred. However, in a later study [20] 
the parameter p0 was also determined from theoretical computations of the 
lowest pressure that could reasonably exist in the eye o f a tropical cyclone.

In 1975, a concentrated effort was initiated by the United States National 
Weather Service [8] to re-examine the pertinent factors o f both the SPH and PMH 
with a view to refining these models in the light o f  the increased knowledge of 
tropical cyclones acquired over the past years. Minimum-pressure observations 
collected from many parts o f the tropical region were studied using a theoretical 
approach.

The data base used was largely confined to tropical cyclones along the Gulf 
of Mexico and the east coast o f the USA. Some analyses of tropical cyclones in 
the western North Pacific were made in order to give guidance especially for 
extreme storms. Since differences in the general structure have been found to 
exist between typhoons and hurricanes [32, 33], similar studies are needed for all 
other tropical cyclone-prone regions. At the present stage, such attempts are 
likely to be confronted by many difficulties because o f the lack o f adequate data 
and the large effort required for generalizing the derived estimates.

A nnex III 

DETERM INISTIC APPROACH TO p 0

AIII-l. Atmospheric conditions for minimum p0

Appropriate values for the following variables related to the eye o f a tropical 
cyclone and which contribute to minimum p0 have to be selected.

(a) Height o f  the tropopause

A tropical cyclone is essentially a system of inflow at low levels and outflow 
at high levels. The pressure gradient must be directed inward in the inflow layers 
and outward above these layers. The vertical extent o f this system is marked by
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the tropopause which varies in height from the cyclone centre to its periphery. 
Because of the relatively strong sinking motion o f air over the eye in the upper 
troposphere, the tropopause is usually ‘sucked’ downwards near the cyclone 
centre. Haurwitz [34] showed that subsidence o f upper tropospheric air o f high 
‘potential temperature’ is necessary to achieve the low hydrostatic surface pressure 
inside the eye. In extreme cyclones, warm and dry eyes are almost always present 
during their intensifying stage.

Malkus [35] and Kuo [18] suggested that subsidence inside the eye may be 
explained by the presence of supergradient winds in the vicinity o f the eye wall 
within the radius of the maximum winds. Shea and Gray [ 17] also studied the 
supergradient winds within the inner region o f hurricanes and considered that the 
acceleration resulting from these winds produces a mean outward radial acceleration 
and a compensating sinking o f air in the eye. On the basis o f these considerations, 
the lowest possible height o f the tropopause is used.

(b) Temperature o f  the tropopause

From the hydrostatic equation it may be deduced that the lower the sea- 
surface pressure, the warmer the tropopause. However, in the light o f the findings 
by Gentry [36] and Sheets [37], some uncertainty is introduced as to whether a 
higher or lower than normal temperature should be used for computation of p0. 
Therefore, the mean value o f this temperature may be used.

(c) Sea-surface temperature

At the sea surface, if other factors are kept equal, the higher the temperature, 
the lower the pressure. In the eye o f a tropical cyclone, the sea-level pressure also 
varies inversely with the depth o f isothermal layers at the lower levels for the 
month of cyclones. Therefore, the value of the sea-surface temperature used is 
that which, for a given confidence level, is not exceeded in an appropriate time 
interval.3

(cl) Temperature distribution in the eye

The temperature in the eye of a tropical cyclone should follow a lapse rate 
somewhere between the dry and moist adiabatics and probably closer to the latter. 
The warming o f descending air at the moist adiabatic lapse rate may be accounted 
for by its mixing with cool, moist and possibly supersaturated air originating from 
the convective eye wall. However, water evaporation tends to reduce the 
compression warming and to increase the humidity o f the subsiding air [35], On 
the basis o f local data and the aforementioned considerations, this temperature 
distribution should be conservatively constructed for the critical event.

3 In one country the value which was not exceeded in 99% o f  the historical time is used.
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(e) Moisture distribution

A relatively high moisture content is generally assumed for the air column 
in the eye o f a tropical cyclone, with a near 100% value at the surface. Hawkins 
and Imbembo [38] noted that the relative humidity decreased vertically to below 
65% at 650 mbar in the eye o f hurricane Inez (1966). On the basis o f these 
considerations, an appropriate moisture distribution should be conservatively 
assumed for the critical event.

AIII-2. Computation procedure for p0

The balance between the pressure gradient force and the force o f gravity 
may be represented by the hydrostatic equation

dp
—  = -Pg (A l)dz

where p is pressure, z is height, p is air density and g is acceleration due to gravity.

Equation (A l) may be written in the following form [39]:

Ah = 29 289 Tv In (A2a)
Pu

or

, Pi AhIn —  = ----------= -  (A 2b)
p„ 29 289 TvL V

where Ah is the difference in geopotential metres (gpm) between piand_pu, 
Tv is mean adjusted virtual temperature in Kelvin, Tv is T(1 + 0.61 m), T is 
temperature (average) in the air layer in Kelvin, p is average pressure in the air 
layer in millibar, and pu and p; are upper and lower pressure levels.

The m which occurs in the definition of Tv is given below: 

0.622 E
m =

p - E
(A3)

where E is vapour pressure (average) in the air layer in millibar.
From the guidance given in Section AIII-1, a plot o f the selected temperature 

and relative humidity values may be made. Ah is then computed from the tropo- 
pause downwards using Eq. (A2). The sum of the Ah values for the individual
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layers gives the height o f the pressure surface pu. Equation (A3) is used to compute 
the next lower level pj. For the lowest level, pj is equal to p0, i.e. the minimum 
pressure required.

T wo examples o f the evaluation o f the minimum p0 with the empirical and 
deterministic methods are given below. The examples refer to the tropical North 
Atlantic and the South China Sea region.

AIII-3. Conditions used for the tropical North Atlantic

(a) Height o f  the tropopause

A height of the tropopause o f 16 586 geopotential metres (gpm) has been 
used for the Probably Maximum ‘Hurricane’, which is the lowest average height 
for August recorded in this region. The August average rather than that of 
another month is used because the lowest p0 readings were recorded during two 
hurricanes in this month. In addition, the use of the ‘average’ instead o f the 
lowest tropopause height in the computations has been found necessary because 
of the conflicting evidence available at present regarding the temperature 
characteristics of the tropopause in tropical cyclones. It has been shown [36, 37] 
that, contrary to observations made by other workers, the temperature in the 
upper troposphere decreases with decreasing surface pressures. Thus tropical 
cyclones may be associated with either higher or lower tropopause heights than 
normal.

(b) Temperature o f  the tropopause

The mean value o f the August tropopause temperature of -79°C  was adopted 
in the region mentioned above, with lowest average tropopause heights.

(c) Sea-surface temperature

An isothermal air layer o f 33°C was assumed between the sea surface and the 
700 mbar level. This value is 3°C higher than the maximum temperature at the 
700 mbar level measured in an eye sounding, and is 1°C higher than the 99-percentile 
value of sea-surface temperature observations recorded for this coastal region.

(d) Temperature distribution between the tropopause and the 700 mbar level

An approximate dry adiabatic lapse rate was assumed between the 100 and 
500 mbar levels and a near moist adiabatic lapse rate between the 500 and 
700 mbar levels.
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TABLE A l . VALUES OF PARAMETERS AND COMPUTATION OF p0 FOR 
THE PMTC IN THE TROPICAL NORTH ATLANTIC REGION BASED ON 
SWAN ISLAND DATA

Input data: assumed mean height o f 100 mbar level: 16 586 gpm
assumed mean temperature o f the 100 mbar surface: -79°C  
assumed extreme sea-surface temperature: 33°C

P u “ Pl
(mbar)

T
(°C)

Tv
(°C )

r H
(%)

Ah
(gpm)

Sum Ah 
(gpm)

1 0 0 -2 0 0 -5 6 .5 -5 6 .5 5 4398 4 398

2 0 0 -3 0 0 -2 8 .0 -2 8 .0 20 2911 7 309

3 0 0 -4 0 0 -0 6 .0 -0 5 .7 30 2254 9 563

4 0 0 -5 0 0 +14.0 + 15.6 40 1887 11 450

5 0 0 -7 0 0 +28.0 +31.7 50 3004 14 454

7 0 0 -8 5 0 +33.0 +38.4 70 1772 16226

>850 +33.0 +38.1 75 _ _

pu -  pressure at upper level o f specified layer 
Pj -  pressure at lower level o f  specified layer 
Tv — mean virtual temperature o f specified layer 
T — mean temperature o f  specified layer 
Rjj — mean relative humidity 
Ah -  difference in height between pu and pj

Assumption o f sounding:
isothermal from  surface to 700 mbar
moist adiabatic lapse rate from 700 to 500 mbar
approximately dry adiabatic from  500 to 100 mbar

Using Ah = 29.289 Tv In(p0/p u), A h =  16 586 -  16 226 = 360 gpm, 
Tv = 38.1°C; pu = 850 mbar 

we obtain: p 0 = 884 mbar
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The relative humidity was assumed to have average values of:

75% between the surface and the 850 mbar level 
70% between the 850 and 700 mbar levels 
50% between the 700 and 500 mbar levels 
40% between the 500 and 400 mbar levels 

5% between the 400 and 100 mbar levels

Table A l gives the pertinent information and computation data for the tropical 
North Atlantic.

(e) Moisture distribution

AIII-4. Conditions used for the South China Sea region and the North Pacific

(a) Height o f  the tropopause

Sounding performed in the eye o f a cyclone in Hong Kong shows that the 
tropopause presents large variations. It is difficult and arbitrary to fix a particular 
height. However, the height o f the 100 mbar level is less variable [13]. For the 
set o f depressions and cyclones the average is about 16 700 gpm. This height 
has been used for the calculation.

(b) Temperature o f  the 100 mbar level

The analysis o f the statistical data has indicated -70°C  for the temperature 
at the 100 mbar surface for the conditions associated with the most severe cyclone. 
This value corresponds to the average of the soundings decreased by a standard 
deviation. It has been selected for obtaining the minimum p0-

(c) Sea-surface temperature

Lacking precise statistical data, the maximum sea temperature has been 
selected arbitrarily as 32°C for the South China Sea region. This selection has 
been made on the basis of the experience of meteorologists familiar with the 
characteristics o f the region.

(d) Sounding model

Data from Hong Kong show a nearly constant value for the ‘potential 
temperature’ o f the pseudo-adiabatic between the ground-level and the 300 mbar 
level. This indicates that for the South China Sea region a model different from
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TABLE A 2. VALUES OF PARAMETERS AND COMPUTATION OF p0 FOR 
THE PMTC IN THE SOUTH CHINA SEA REGION BASED ON HONG KONG 
DATA

Input data: assumed mean height o f 100 mbar level: 16 700 gpm 
assumed temperature o f the 100 mbar surface: —70°C 
assumed sea-surface temperature: 32°C

P u - P l
(mbar)

T

(°C )
T v
(°C )

r H
(% )

Ah

(gpm)

Sum Ah  
(gpm )

1 0 0 - 2 0 0 - 5 0 . 0 - 5 0 .0 5 4 3 5 0 4  350

2 0 0 - 3 0 0 - 1 5 .0 - 1 4 .8 20 3 0 6 8 7 598

3 0 0  -  4 00 + 4 .0 +6 .5 100 2 356 9 9 54

4 0 0  -  5 00 +  12.0 +  15 .4 100 1886 11 840

5 0 0 - 7 0 0 + 2 0 .5 + 2 5 .0 100 2 9 3 8 14 778

7 0 0 - 8 5 0 + 2 8 .5 + 3 4 .3 100 1748 16 526

> 8 5 0 + 3 1 .0 + 3 7 .4 100 — _

pu — pressure at upper level o f  specified layer 
pj — pressure at lower level o f  specified layer 
T v -  mean virtual temperature o f specified layer 
T  — mean temperature o f specified layer 
R {1 — mean relative humidity 
Ah — difference in height between pu and pj

Assum ption o f sounding:

moist adiabatic from  surface to 3 0 0  mbar 
approximately dry adiabatic from  3 0 0  to 100  mbar

Using A h  =  29  2 89  T v ln (p 0 /p u), A h  = 16 7 0 0  -  16 526  =  174  gpm, 
T v = 3 7 .4 °C ; pu =  8 5 0  mbar 

we obtain: p0 = 86 6  mbar

the one used in the USA should be selected. We may suppose that the air is in 
this case saturated from the ground-level up to the 300 mbar level and therefore 
follows the moist adiabatic line. Between the levels o f 300 mbar and 100 mbar, 
a straight line on the tephigram (nearly a dry adiabatic) is adopted.

Table A2 gives pertinent information and computation data for the South 
China Sea region.
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Annex IV

EXAMPLES OF ESTIMATING p0 FOR 
THE SOUTH CHINA SEA REGION 

BY THE PROBABILISTIC METHOD

The values of annual minimum sea-level pressure associated with tropical 
cyclones over the South China Sea for the period 1951—1979 were extracted 
from published reports and reconnaissance observations; they are listed below 
in order of magnitude.

Year Annual minimi

1961 985
1956 980
1958 975
1976 975
1967 971
1951 970
1960 970
1969 969
1959 965
1978 965
1965 962
1977 962
1952 960
1953 960
1955 960
1957 960
1974 958
1973 957
1963 952
1964 950
1968 950
1962 944
1966 943
1972 942
1970 941
1979 927
1971 921
1954 920
1975 915
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FIG .A1. A  G um bel probability p lo t o f  annual m inim um  central pressure values associated 
with tropical cyclones over the Sou th  China Sea.
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Following the procedures given by Gumbel [40], the annual values were 
plotted on an extreme probability paper and an equation of best fit was then 
computed. The results are presented in Fig. A l, in which control points or 
confidence values corresponding to one standard deviation are indicated. It is 
seen that if a 1000 year return period is chosen for the p0 of the PMTC, the 
value is 853 mbar.

Note: Control bands may be presented instead of control points to determine 
the confidence limits if necessary.

Annex V 

p0 RELATIONS WITH HEIGHTS OF PRESSURE LEVELS

Jordan [12] proposed the following expressions for the determination of p0 
(mbar) for typhoons from the geopotential heights (gpm) of isobaric surfaces 
based on aircraft observations:

Po = 0.11 5 h850 + 837
Po = 0.115h 700 + 64 5 (A4)
Po = 0.148 hsoo + 141

where h850, h700 and h500 are the geopotential heights in gpm of the 850, 700 and
500 mbar surfaces, respectively, within the eye.

Bell and Tsui [13] presented the following expressions for evaluating the sea- 
level pressure:

Po = 0.115 h8s0 + 835 rc = 0.981 a =1 .69  mbar
P o  = 0.122 h700 + 624 rc = 0.961 a = 2.42 mbar (A5)
P o  = 0.120 h500 + 29 8 rc = 0.847 a = 4.69 mbar

where rc is the correlation coefficient, a the standard deviation and h850 , h700 

and h500 represent geopotential heights in gpm of the 850, 700 and 500 mbar 
surfaces, respectively, within the inner core region of a tropical cyclone (the data 
set for the equations is obtained from measurements made within 185 km from the 
cyclone centre). Since the observations required for the evaluation of p0 are no 
longer confined to those within the eye, it is likely that more data will be available 
for maximization purposes using Eqs (A4) and (A5). However, since these
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TABLE A3. ERRORS OF SEA-LEVEL PRESSURE ESTIMATES DERIVED 
BY JORDAN (J) [ 12] AND BY BELL AND TSUI (B&T) [13]

Name of 
tropical cyclone 
(date)

Actual sea-level
pressure
(mbar)

Errors in millibars derived from  height values at

850 mbar 
J B&T

700 mbar 
J B&T

500 mbar 
J B&T

Tampa (1944) 967 - 4 - 2 - 5 - 4 +3 - 1

Tampa (1946) 990 +8 + 10 + 10 +9 +9 + 15
Alice (1961) 981 - 2 0 - 1 - 1 +3 +3
Arlene (1963) 978 - 1 + 1 +3 +3 + 10 + 10

Inez (1966) 989 - 2 0 - 2 - 2 + 1 +2

Shirley (1968) 969 -1 + 1 0 +2 +5 +2

equations were derived from sounding of less intense tropical cyclones, they should 
be used only to provide preliminary guidance. A comparison of the errors of 
estimates of sea-level pressure derived by Jordan and by Bell and Tsui in six 
tropical cyclones is given in Table A3.

Annex VI

EXAMPLE FOR EVALUATION OF LIMITS FOR MINIMUM R 
FOR THE PROBABLE MAXIMUM HURRICANE (PMH)

FOR THE TROPICAL NORTH ATLANTIC 
(Abstract from Schwerdt et al. [8])

Because there are few extreme hurricanes among the historical data for this 
region on which to base the allowable ranges of R, some additional theoretical 
guidance was needed. Kuo [18] gave a theoretical limit to R, denoted by Rmin 
as a function of the intensity (expressed by the maximum wind Vmax), of the 
Coriolis parameter (f), of the frictional dissipation of momentum of the wind in 
the inflow layer by surface stress (|3k, 0^) and of the outer radius (r0) where inflow 
is assumed to start with negligible momentum relative to the earth. His formula is:

_  1

^  " A !  f r(2-0k)\ ,
^m in 2 — Pk f f° /  ' Vmax (A6)
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L A T I T U D E  l ° W

F1G.A2. Variation o f  m inim um  R  with latitude com puted  from  Eq. (A6).
(Adapted from  K uo  [18 ].y

where is minimum radius of maximum wind, f is the Coriolis parameter, 
r0 is radius from which inflow air starts with negligible momentum relative to earth, 
Vmax is maximum wind at Rmin, (3k is the fraction of the tangential component 
of momentum generated in the inflow layer between r0 and Rmin that is dissipated 
by surface stress, and j3k' is a coefficient similar to ]3k for stress acting in opposition 
to Coriolis force.

Kuo made computations to show the effects of various friction factors.
A |3k of 0.5 and a |3k' of 0.4 give the smallest R ^ .  The j3k value of 0.5 is compa
rable to the magnitude of frictional effects implicitly expressed in the gradient 
wind equation (A9). These small Rmin values are comparable to small R values 
observed in western North Pacific typhoons. If values of 295, 256 and 217 km -IT1 
at latitudes of 20°, 30° and 40°N, respectively, are assumed for Vmax, the variations 
of Rmin with latitude for r0 ’s of 500 km and 400 km are obtained. These variations 
are shown in Fig. A2. The two curves indicate the combined effects of Vmax and
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FIG.A3. Variation o f  Vmax with R m (n (after Kuo  [2 8\). The dashed line joins the m inim um  
R 's com puted fo r  the hurricane intensities indicated a t selected latitudes.

latitude on Rmin. The diagram reveals that Rmin varies with the extent of the 
hurricane circulation, i.e. a storm of low circulation would have a smaller R m jn 

than a stronger storm.
In estimating Rmin for the PMH, whose intensity is defined in terms of p0, 

one needs to establish the variation of R with respect to p0. This can be
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accomplished by applying a wind-pressure relation at various latitudes. Since the 
Coriolis parameter (f) is a constant at a given latitude, and r0, |3k and 0k' may be 
assumed, R min in Eq. (A 6) can be expressed as a function of V max:

constant
(A 7)

Since Vmax varies with Ap, we have

constant 
min "  Ap

The relation of Ap and Vmax is obtained from the gradient wind speed (see 
Annex VII)

A small R of 18 km was used in the computations of Vgx and pw = 1020 mbar. 
Values of K are given in Section 5.1.1.

Figure A3 shows computed points relating Vmax, latitude, p0 and Rmin as 
obtained using Eqs (A6) and (A9). An r0 of 400 km was used. The smoothed 
curve (dashed line) joining these points gives the variation of Rmm with latitude 
for the PMH. This was adopted as the R mjn for the PMH for the east coast of 
the USA.

Vgx =  K (Pw -  Po) 1/2 -  —  =  V,max (A9)
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Annex VII

DERIVATION OF EQUATIONS FOR COMPUTING 
THE MAXIMUM GRADIENT WIND SPEED

AVII-l. Introduction

The meteorological parameters pw, p0 and R discussed in this Safety Guide 
are used in determining the maximum theoretical gradient wind speed (Vgx). In 
this case, the gradient wind is defined as a wind blowing under conditions of 
circular motion parallel to the isobars, with a balance among centrifugal, Coriolis 
and pressure gradient forces per unit mass. The maximum gradient wind speed 
in a hurricane occurs at the radius of maximum winds. The larger the pressure 
drop (Ap = pw — p0), the higher the gradient wind speed, everything else being 
equal.

In this Annex, the maximum gradient wind speed is computed from the 
equation:

Rf
Vgx = K(pw — Po)1/2 “  (A 10)

where pw is peripheral pressure obtained from weather maps (mbar), p0 is central 
pressure (mbar), R is radius of maximum winds (km), f is Coriolis parameter =
2 co sin (latitude); co = 0.262 radians per hour; K = (1 /pe)1/2, p being the density 
of air in kg-m'3 and e the base of the Naperian logarithms.

AVII-2. Derivation of the maximum gradient wind speed equation

In order to derive Eq.(AlO), it is useful to first define the cyclostrophic 
wind. The cyclostrophic wind is that horizontal wind velocity for which the 
centripetal acceleration exactly balances the horizontal pressure. It can be shown 
that in tropical cyclones the cyclostrophic wind approximates the gradient wind 
best under conditions where R is small (curvature of the wind path around the 
eye is great) and f is small (lower latitudes). Under these conditions,

Vcx = K(pw — p0)1/2 (A ll)

where Vcx is maximum cyclostrophic wind speed.

A standard formula for the cyclostrophic wind speed is
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where Vc is cyclostrophic wind speed, p is pressure at radius r, and p is air density. 

A standard formula for the gradient wind speed, Vg, is

Vg 1 dp
— +fV  -------- - (A 13)
r 6 p dr

Equating the left-hand parts of Eqs (A12) and (A13), we obtain

V g  V c—  +fV  = —  (A 14)
r 6 r

which may be solved for Vc -  Vg

Vc - V g =rfV g

(Vc + V g)(V c -  Vg)= rfV g (A 15)

rf V„
y  _  v  = ------- —
V C v g  v  + y

v c T v g

Over the range of tropical cyclone speeds observed, the difference between the 
quantities Vc and Vg is small compared with the quantities themselves. Then, 
putting Vg = Vc yields:

Vc - V g = y  (A 16)

and

Rf
V c x - V g x  = y  (Al 7)

The pressure profile formula is given by:

P - P o  -R /r  
--------- = e
?w “  Po

or p -  po = (Pw -  P o )e‘
-R/r

(A 18)
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Equation (Al 8) may be solved for the pressure gradient by taking derivations 
so that

dP , ^  - R/r , AI(h—  = (Pw- P o ) ^ e  (Al 9)
dr rl

From Eq. (A 12),

dp = P Vg 
dr r

Therefore,

p V2 _ R _ R/r
- p -  -  (P w  - P o )

and

V 2 = Pw  -  Po R  e -R /r

for Vcx, r = R; then,

(A20)

V2 = ^ — —  (A21)
c pe

and

v  = (Pw ~ g°)1/2 (A22)
Vcx (pe)1/2 (A22)

With K = (l/p e)1/2, Eq. (A22) becomes Eq.(Al 1) and, similarly, Eq. (A10) may 
be derived from Eq. (Al 7).
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LIST OF ABBREVIATIONS 
AND SYMBOLS USED

A asymmetry adjustment vector
c constant
e 2.71828 (base of theNaperian logarithms)
E vapour pressure
f Coriolis parameter

g acceleration due to gravity

h x geopotential at the x (millibar) level of pressure
K (l/pe)1/2
( ° K ) temperature in eye-wall region
m mixing ratio

P pressure

Po pressure in the eye of the cyclone

Pu upper level of pressure

Pi lower level of pressure

Pw pressure at periphery of tropical cyclone
P M T C probable maximum tropical cyclone

ro outer radius from which inflow air originates with negligible 
momentum relative to earth

rc correlation coefficient
r distance from the centre of tropical cyclone
R radius of maximum wind

R h relative humidity

Rmin minimum radius of maximum wind
T translational speed
T*v mean adjusted virtual temperature
V sustained wind speed
V c cyclostropic wind speed

V cx maximum cyclostrophic wind speed

Vg gradient wind speed
V g x maximum gradient wind speed
Vv max maximum wind speed at R m jn

vs wind speed associated with the steady-state tropical cyclone
z height
CO angular velocity of the earth = 0.262 radians per hour
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|3 angle between cyclone movement and wind direction
|3k fraction of the tangential component of momentum generated in the

inflow layer between r0 and Rmin that is dissipated by surface stress
coefficient similar to j3k for stress acting in opposition to Coriolis force 

90 angle of cyclone movement relative to shoreline
9 angle of cyclone movement relative to north

AP Pw -  Po
a standard deviation
p air density
<t> inflow angle
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Safety Guides 
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Qualifications and training of staff 
of the regulatory body for nuclear 
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Inspection and enforcement by the 
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