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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 of 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 of 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 of safety associated with 

thermal neutron nuclear power reactors. The programme, at present involving the 

preparation and publication of about 50 books in the form of Codes of 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 of 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 of 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 of the Codes of 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 of 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 of ensuring an adequate and safe supply of energy for coming 

generations, and thereby contributing to their well-being and standard of life, is a 

matter of 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 of 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 of 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 of subjects for Safety Guides supporting the 

five Codes. The SAG was entrusted with 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 of Practice.
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In accordance with the procedure outlined in the above-mentioned IAEA 

document, the Codes of Practice and Safety Guides, which are based on docu

mentation and experience from various national systems and practices, are first 

drafted by expert worjdng 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 of Governors for approval before final 

publication.

The five Codes of Practice cover the following topics:

Governmental organization for the regulation of 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 of the relevant Codes 

of 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 of 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 of fissile and radioactive materials and of 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 that might be help

ful to the user. Lists of 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-C-S 
Safety Series No. 50-SG-S3 
Safety Series No. 50-SG-S10A 
Safety Series No. 50-SG-S10B 
Safety Series No. 50-SG-S11B 
Safety Series No. 50-SG-D6

The titles are given in the Provisional 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

1.1. General

The atm osphere is a very complex system which, for the purpose of assessing 
its im pact on a nuclear power plant, may be approxim ately characterized by 
meteorological variables such as wind speed, air tem perature, precipitation, and 
moisture content. Some o f  these variables could attain  values having significant 
implications for safety, and this should be taken into account in the design by 
establishing appropriate design bases. Such values may be derived from  routine 
m eteorological observations, or from the analysis o f rarely occurring phenom ena 
such as the to rnado1 or cyclone.

In this Safety Guide, m ethods are provided for determ ining extrem e values 
for meteorological variables such as wind speed and tem perature, and for determ in
ing the design basis events for specific meteorological phenom ena such as 
tornadoes. The Guide recomm ends procedures and provides inform ation 
for use in implementing a part o f the Code of Practice on Safety in Nuclear Power Plant 
Siting (IAEA Safety Series No. 50-C-S), hereinafter referred to  as the Code. Like 
the Code, the Guide forms part o f the IAEA’s programme, referred to  as the NUSS 
programme, for establishing Codes of Practice and Safety Guides relating to  land- 
based stationary therm al neutron power plants (see the Provisional List o f NUSS 
Programme Titles printed at the end o f this publication).

The practice of defining extrem e values characterizing rare discrete events 
has been extended in this Guide to  include the determ ination of the extrem e 
values of variables which are continuous functions o f time; in this way the 
extrem e value o f the time series is treated as if it were an event for which design 
bases are to  be established.

The procedure to  be followed for establishing design bases is tha t recommended 
in the Code.

1.2. Scope

This Safety Guide deals with the extrem es o f meteorological variables and 
the extrem e m eteorological phenom ena in accordance with the general criteria 
o f the Code. The Guide outlines a procedure based on the following steps:

(1) The meteorological phenom ena and variables are described and 
classified, according to  their effects on safety.

(2) Data sources are identified, and data are collected.

1 The generic family for the tornado is the spout. However, in this Guide the terms 
tornado and spout are considered to be interchangeable, and the term tornado will be used.

1
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(3) Meteorological variables such as air tem perature are analysed to 
determ ine their design bases; and the design basis event in case of 
phenom ena such as the design basis tornado is identified.

(4) As appropriate, the design basis value for the variable, or the design 
basis for the phenom ena (such as pressure drop and maximum wind 
speed of the design basis tornado), is defined.

In the following sections, the general procedure for evaluating the design 
bases o f extrem e m eteorological variables and phenom ena is outlined. The 
procedure is then presented in detail for each variable or phenom enon considered.

The variables characterizing the meteorological environm ent dealt with in 
this Guide are wind speed, atmospheric precipitation, and tem perature. The 
extrem e meteorological phenom ena discussed here are the tornado and, briefly, 
the tropical cyclone, which is discussed more extensively in the Safety Guide on 
Design Basis Tropical Cyclone for Nuclear Power Plants (IAEA Safety Series 
No. 50-SG-S 1 IB).

Extreme meteorological phenom ena and variables not treated in this Guide 
bu t which may require assessment for design bases include phenom ena such as 
blizzards, dust storms, drought and lightning [1] and variables such as ice cover, 
frost, fog and hail.

1.3. Design basis for extrem e meteorological variables and phenomena

Design bases should be derived from  extrem e values of meteorological 
variables and from  values of parameters associated with extrem e meteorological 
phenom ena having a sufficiently low probability of being exceeded. The 
evaluation should be based in each case on the implication for safety.

2. GENERAL METHODS
2.1. Descrip tion and classification

For the purpose of determ ining the design bases, the following classification 
will be used in this Guide:

(1) Extreme meteorological variables. These are extrem e values o f variables 
characterizing the meteorological environm ent, such as air tem perature 
and wind speed. They are measured routinely over a netw ork of fixed 
stations by international, national, local or private meteorological 
services. These measurements are usually normalized (e.g. data 
collected on wind speed are converted to  a given height; data 
collected on the am ount of precipitation are converted to a given 
time period).

2
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(2) Extreme meteorological phenomena. These are extrem e phenom ena 
which occur infrequently. Thus at any particular station, the instru
m ents used for routinely measured variables would rarely have registered 
characteristics o f these phenomena. Extrem e meteorological phenomena, 
which are very complex, are usually scaled in term s o f their intensity. 
These intensity values may be expressed in term s o f either a qualitative 
characteristic such as damage, or a quantitive physical param eter such 
as wind speed. In the case o f the tornado, the physical param eter is the 
estim ated maxim um  wind speed.

2.2. Data sources and selection

2.2.1. Extreme meteorological variables

2.2.1.1. Off-site meteorological data source

For evaluating extrem e meteorological variables, data collected over a long 
period o f tim e and o f an appropriate frequency are needed for each proposed 
site. Since locally measured data are no t normally available for m ost proposed 
sites, an assessment should be made o f the data available from  24-hour-manned 
or continuously recording m eteorological stations or sub-stations in the region, J  
to select those which provide long-term data m ost representative o f the site 
conditions for the variable. This can generally be accomplished by making 
com parisons w ith similar data obtained as a result o f an on-site short-term  
meteorological data collection programme.

In general, it is preferable to  choose a beginning date for the yearly time 
interval for data collection at the tim e o f the year when the m eteorological 
variable under consideration is no t at its extrem e value; such a yearly cycle is 
term ed the “meteorological year” . This approach should be applied particularly 
to extrem e precipitation and tem perature.2

The appropriate averaging tim e scale o f the param eter should be related to 
the time duration on which the design characteristics o f interest for the structure 
depend.

The one extrem e event for the year should be identified and tabulated 
for each year in order to  perform  the extrem e statistics calculation. The long
term  data should preferably cover a m inimum period of 30 years or more. In 
some cases it may be necessary to accept a data set measured over a shorter 
period; however, the resulting extrem e value estim ate could have a larger 
uncertainty.

2 When considering extreme maximum temperature, it is most appropriate to evaluate 
the meteorological year beginning in the winter season; conversely, in considering extreme 
minimum temperature, the year should begin in the summer season.

3
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A catalogue tha t itemizes the specific m eteorological and climatological 
data collected world-wide is available in the three parts o f Ref. [2], This details 
the type of data collected as well as their storage and retrieval media, e.g. paper 
tape, punched card, or magnetic tape. Similarly, the m eteorological service of 
each Member State generally publishes the parameters for which data are collected 
and their form at, together w ith an inventory of the available data. Data collected 
at government-supervised meteorological stations normally include, at the least, 
inform ation on wind, tem perature and precipitation. Measurements and observations 
made at m eteorological stations are usually published m onthly and annually. 
Summarized inform ation and raw data are generally available from national 
meteorological services or the World Meteorological Organization.

A report on the results o f the analyses should include a description o f each 
meteorological station and its geographical location and setting. Any adjustm ent 
to the data should be reported.

2.2.1.2. On-site m eteorological programme

Unless it can be dem onstrated that long-term measurements collected at an 
adjacent meteorological station are sufficiently representative of the proposed 
site, a program me of standard meteorological observations lasting for at least 
one year, b u t preferably longer, should be undertaken at the site. Any data 
collected on the site and from  other meteorological stations should be examined 
to  identify those stations which have meteorological conditions similar to  those 
of the site. I f  no clearly representative long-term station can be identified, then 
the m ost appropriate long-term off-site data are adjusted conservatively; they 
may be used to  approxim ate conditions for the site, provided tha t the adjustm ent 
is based on a statistical comparison o f short-term  on-site and off-site data. The 
description o f a comprehensive and appropriate on-site programme is given in 
the Safety Guide on Atm ospheric Dispersion in Relation to Nuclear Power Plant 
Siting (IAEA Safety Series No. 50-SG-S3).

2.2.2. Extreme meteorological phenomena

Events characterized as extrem e meteorological phenom ena are unlikely to 
be recorded by a standard instrum ent network, owing to  their low probability of 
occurrence at any one point, their random distribution in a region, and the 
destructive nature o f the phenom ena, which may damage or produce unreliable 
recordings on standard instruments.

Two types o f data should be collected for extrem e m eteorological phenomena:
(1) Data systematically assembled by specialized organizations in recent 

years. The data in this group will include more events of lower 
intensity and be more reliable than historical data.

4
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(2) Historical data, obtained from a thorough search of inform ation sources 
such as newspaper and local records. From  this type o f data, and by 
using a qualitative scaling system for each phenom enon, a set o f events 
and their associated intensities may be collected for the region. These 
data are likely to  be:
(a) very scarce in the range of the low severity events;
(b) relatively dependent on population density at the time;
(c) subjectively classified at the time of their occurrence, thus making 

it difficult to assign the appropriate intensity level in each case.
On occasion a comprehensive collection o f data may have been made soon 

after the event occurred. These data could include measured values of variables, 
eyewitness accounts, photographs, descriptions o f damage and other qualitative 
inform ation which was available shortly after the event. Such detailed studies of 
rare events help in constructing a model o f the occurrence and, in conjunction 
with a known climatology for a particular region, may contribute to  determining 
the design basis event for that region.

Often the actual area affected by an extrem e m eteorological phenom enon is 
comparatively small, which makes accum ulation of relevant and adequate data 
extrem ely difficult to  achieve in practice.

A means by which the quality and completeness o f the data may be 
enhanced is to  request the appropriate meteorological services to look system ati
cally for phenom ena relevant to  the region. In time this would generate some 
relevant data, bu t even after several years might provide only a limited data set 
which may not adequately represent the phenom enon. In this case it may be 
necessary to identify another region for which the phenom ena and the general 
climatology exhibit characteristics similar to those for the site under consideration. 
Data from such regions may provide the additional inform ation needed to perform  
the study. However, caution should be exercised when dealing with any short
term  or qualitative data base.

2.3. Evaluation o f design basis

The procedure for evaluating the design basis for extrem e m eteorological 
variables is presented in general term s in this sub-section; greater detail 
concerning the individual variables is given in section 3. A set o f data collected 
according to  the procedure outlined in 2.2.1 should be available.

The procedure for analysing the design basis for an extrem e m eteorological 
variable will consist o f the following steps:

(1) A study of the representative data series available for the region under 
analysis, and evaluation o f its completeness and quality

(2) Selection o f the most appropriate statistical distribution for the data set
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(3) Processing o f the data to  evaluate the mean recurrence interval (MRI) 
values and associated confidence limits (see Annex I for definition).

The procedure for evaluating extrem e meteorological phenom ena is presented 
in general terms; greater detail is given in section 5 and in Safety Guide 
No. 50-SG-S 1 IB. From  the data referred to  in sub-section 2.2.2 and from  known 
climatological characteristics, an appropriate model of the phenom ena for the 
region should be constructed.

To determ ine a design basis for extrem e m eteorological variables, a reference 
time interval and an acceptable probability that this design basis will be exceeded 
within tha t tim e interval shall be established. These parameters are determ ined on 
the basis of:

(a) the implication for safety of the m eteorological variable, and
(b) the margin o f safety adopted for this variable in the design.
There are two approaches tha t may be used to arrive at a design basis which 

satisfies these concepts. One or bo th  of these may be used, depending on the 
special environm ental conditions in the region.

In the first approach a value o f the m eteorological variable having a chosen 
MRI3 is evaluated (e.g. w ith the m ethodology presented in Annex I). The chosen 
MRI is the reference time interval and the associated value o f the meteorological 
variable will, for purposes o f this Guide, be called the “expected extrem e”.4 The 
margin o f safety in designing for the “expected extrem e” should be based on the 
allowable design limits for normal operation and anticipated operational 
occurrences.

In the second approach a value of the m eteorological variable is determ ined 
which has a selected low probability of being exceeded during the reference time 
interval. (The interval is generally o f the order o f the lifetime o f the plant.) These 
values of the meteorological variable will be called in this Guide the “low probability 
extrem e” . An equivalent mean recurrence interval may be determ ined by the use 
of Table A2 o f Annex I and, as in the first approach, the extrem e value correspond
ing to this mean recurrence interval can be evaluated with the m ethodology 
presented in the o ther parts of tha t Annex. The margin of safety in the design 
should be based on design limits for accident conditions.

In bo th  m ethods the extrem e may be increased by a quantity  related to 
the standard deviation, in order to take into account the sampling error in the 
estim ation as outlined in Annex I.

3 Usually this MRI is o f the order o f 50 years or more, depending on the adequacy of 
the data base.

4 The average probability that the value o f the meteorological variable will be exceeded 
during an interval equal to the MRI is 63%.
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To evaluate the design basis for the extrem e meteorological phenom ena, 
two basic m ethodologies are available. One is based on the knowledge o f the 
fundam ental physical characteristics o f the phenom ena (the determ inistic 
m ethod), and the o ther is based on a statistical analysis o f the historical data 
(the probabilistic m ethod). The choice o f which m ethod to  use depends on the 
degree of developm ent o f the physical model for the relevant phenom ena and 
on the com pleteness of the historical data, bo th  in quality and quantity . If 
sufficient inform ation exists to  enable use o f bo th  m ethods, it would be prudent 
to  cross-check the results o f one with the other.

Deterministic m ethods are based on the use of models to  describe the system. 
These may either be empirical or based on physical relationships. F or a given input 
or a set o f initial and boundary conditions, the model will predict a single value 
or a set of values to  describe a state o f the system. To obtain “conservative” 
estimates o f the state o f the system, either appropriate extrem e values or 
appropriately selected conservative values o f the input param eters have to be 
used. An application of this m ethod to  tropical cyclones is given in Safety 
Guide No. 50-SG-S 11B.

Probabilistic m ethods use a statistical analysis o f historical events to  evaluate 
an extrem e event that has a given probability o f not being exceeded. An application 
of this m ethod to  tornadoes is discussed in sub-section 5.1.

3. EXTREME METEOROLOGICAL VARIABLES
The m ethods for deriving extrem e values of meteorological variables used in the 

design of nuclear power plants are outlined in section 2. Section 3 gives details 
for specific variables on:

(1) data sources and collection
(2) procedures for selecting the data set and for perform ing the statistical 

analysis required to  obtain the extrem e values
(3) evaluation o f design basis values.

The m eteorological considerations needed as input for the design o f the ultim ate 
heat sink (UHS) systems are discussed in section 4.

3.1. Extrem e winds

3.1.1. Data source and collection

Wind speeds are generally measured and recorded routinely at meteorological 
stations tha t are m anned at all times or that have devices which are continuously
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recording. The principal data concerning extrem e winds are obtained from these 
stations.

Measurement techniques for recording maximum wind vary from country 
to country. The general tendency is to record maximum values for a given 
constant duration, e.g. maximum 3-second gust [3], maximum 60-second sustained 
wind speed [4], Alternatively, in some countries a “wind run system” is used 
which gives the shortest time for the wind to traverse a fixed distance, i.e. fastest 
mile [5] or fastest kilometre. Special processing o f the data may be necessary for 
evaluation of extrem e wind statistics. It may also be necessary to standardize 
the data set to uniform  averaging time periods and to uniform  heights.

3.1.2. Selection o f  the data set

An on-site measurement programme for wind speed and direction should be 
established to allow comparison between the proposed nuclear power plant site 
and surrounding meteorological stations for which long-term records are available. 
This measurement programme should cover all seasons. It should be at least one 
year in duration, preferably longer. Guidelines for a comprehensive, on-site 
meteorological programmfc are presented in Safety Guide No. 50-SG-S3.

The aim of such a programme is to identify nearby m eteorological stations 
that have long-term records which are representative of the meteorological 
conditions o f the propose'd site. To establish representativeness, a comparison 
should be made between the site data and the data from  the m eteorological 
stations in the region to identify a station which exhibits wind patterns and 
climatological and physical characteristics similar to those o f the site.

All reliable data available from  the representative stations should be employed 
in the extrem e statistics analysis. It is desirable to have a data set for a climatological 
period o f 30 years or more.

Where it is not possible to identify a representative station, a conservative 
interpretation of available data from  the m ore representative stations should be 
perform ed by an experienced meteorologist, allowing for the physical characteristics 
of the site.

3.1.2.1. Norm alization to  standard height and to  standard duration

Not all wind data are collected at the same height above the ground; the 
height may vary from  station to station; even for one station, data may be 
collected at different heights during different periods. In these cases the data 
should be normalized to a standard height (usually 10 m above ground level), 
using a m ethod of the type discussed in Annex II. The same m ethod can be 
used to  evaluate wind speeds at different heights, if required, for the design of 
various structures.
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If parts o f the wind data set have been derived with different averaging times 
(fastest mile, 3-second gust, etc.), the data can be normalized to  a constant 
averaging tim e (duration). In certain cases, the appropriate wind speed values to 
be used for the design should be those associated with the time durations 
determ ined to be critical for the structures.

Studies have shown that wind speed values can be statistically correlated 
with the averaging time, utilizing a gust factor relationship (see A nnex II).

3.1.3. Statistical analysis

This section provides guidance on the selection o f the type of statistical 
distribution (see Annex I) tha t m ost suitably fits the data set. The following 
are to be considered:

(1) The magnitude and general variability o f the data
(2) The nature of the physical processes producing the maxima or minima 

o f the data set
(3) The possible use o f a nonhomogeneous (m ixed) distribution (when it 

is apparent that the data set does not com pletely fit only one 
distribution).

In some cases, the data set will have to be analysed for the Fisher T ippett 
distribution Type I (Gumbel), Fisher T ippett Type II (particularly the Frechet 
distribution) and for a mixed version (see Annex I). This requires that sufficient 
data be available for each part o f the distribution to  determ ine which distribution 
m ost appropriately fits the data at the upper quantile levels, the m ost relevant 
region for the evaluation o f extremes. If there is inform ation which suggests a 
potential for extrem e events such as extrem e tropical or extrem e extra-tropical 
storms, an appropriate design basis event for these phenom ena should be evaluated. 
Studies have indicated that, in a m ajority o f locations, the Gumbel distribution 
will generally fit the data [6 ,7 ]. However, in coastal areas that experience high 
winds from  tropical systems as well as m oderate winds from  extra-tropical systems, 
the Gumbel, Frechet, and mixed Frechet distributions have been used successfully 
[5 ,6],

3.1.4. Design basis wind

This section outlines procedures for establishing design basis wind speed. 
Wind data shall be normalized to a height and averaging period appropriate for 
the plant design, as described in Annex II.
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In the first o f the two m ethods used (see sub-section 2.3) the “expected 
extrem e wind speed” associated with a defined reference time interval5 is deter
mined and the usual allowable design limits for normal operation and anticipated 
operational occurrences are used in the design.

In the second m ethod an evaluation is made o f a “low probability extrem e 
wind speed”, e.g. one which has a defined probability o f being exceeded in the 
reference time interval.6 The design limits used are those adopted for accident 
conditions.

If  the design basis values are evaluated by extrapolating over very long 
periods of tim e by means o f a statistical technique, due regard should be given 
to  the physical limits o f the variable that can be experienced in the area o f 
interest. One should also use care in extrapolating to  time intervals well beyond 
the period of record utilized to determ ine the estimate.

3.2. Extrem e precipitation

For the evaluation of extrem e precipitation, the variable to  be considered is 
the depth  o f the precipitation during varying periods o f time. This sub-section 
deals in general w ith precipitation in the liquid state, or with the liquid equivalent 
o f solid precipitation, and does not discriminate between the solid and liquid states.

Two distinct approaches are used to  evaluate extrem e precipitation. The 
first, dealt with in this sub-section, evaluates by probabilistic m ethods the extrem e 
precipitation for a particular site, and is associated with a specific mean recurrence 
interval. This m ethod may be used to provide inform ation on the precipitation 
at the nuclear pow er plant site, as it affects particular aspects o f the design, such 
as to tal depth  o f accum ulation, site drainage, roo f run-off, water loading and 
snow pack. The second is a determ inistic approach involving the modelling of 
an event, the probable maximum precipitation. This is the am ount of precipitation 
that would result in an estim ated depth o f water which, for a given duration, 
drainage area, and time of year, has virtually no risk of being exceeded. It is 
used mainly in the evaluation of the design basis flood. (See the Safety Guide 
on Design Basis Flood for Nuclear Power Plants on River Sites (IAEA Safety 
Series No. 50-SG-S 10A).)

3.2.1. Data source and collection

Data routinely collected for extrem e precipitation analyses generally include 
the maxim um  24-hour precipitation depth. It should be noted tha t this variable

5 Usually o f the order o f 50 years or more, depending on the adequacy o f the data base.
6 In some countries the reference time interval is taken to be of the order of the lifetime 

o f the plant, and the defined probability is 10 2 to 10 3.
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should be the running 24-hour total, rather than a daily total. Therefore, the 
analysis should preferably use data from those stations equipped with a continuously 
recording rain gauge, such as a weighting- or tipping-bucket type [8 ,9 ]. However, 
if the network o f continuously recording stations is too sparse, the use o f data 
from  a netw ork of non-recording stations should be considered.

When the results o f the extrem e precipitation analyses are reported, a 
description o f the m eteorological stations and the geographical setting should 
be included. Any adjustm ent to the data should be presented with the results 
o f the analyses.

3.2.2. Selection o f  the data set

A regional assessment o f the precipitation regime should be made to 
ascertain w hether the site is climatologically homogeneous with surrounding 
meteorological stations. This assessment is made in order to select the stations 
most appropriate to  provide the long-term data series needed for analysis. The 
selection process should consider — but not be limited to — m icrometeoro- 
logical characteristics, mesoscale systems, and topographic influences; 
consideration should be given also to  the supplemental data collected during 
an on-site m easurement programme. The on-site programme to  supplem ent data 
should be undertaken unless it can be dem onstrated to the satisfaction o f the 
regulatory body tha t a sufficiently dense network of m eteorological stations 
which measure the parameters exists in the region, and tha t the site has no 
peculiar micrometeorological characteristics.

In cases where there is no continuously recording network in the site 
vicinity, bu t where precipitation totals for fixed intervals exist for stations 
climatologically not different from the site, similarity concepts may be employed. 
With this m ethod a general statistical relationship is applied to  estim ate the 
maximum event that will occur in a specified averaging period, e.g. 24 hours, 
from a know n set o f sequential measurements made over another averaging 
interval, e.g. 3 hours, 6 hours, 24 hours (see Annex III).

3.2.3. Statistical analysis

In general, analyses o f maximum precipitation for longer periods (o f the 
order o f 24 hours or m ore) have resulted in good fitting of the data with the 
Gumbel distribution [10]. Analyses o f maxim um  precipitation for shorter 
periods (of the order o f 24 hours or less), however, have resulted in good fitting 
o f the data with the Frechet distribution [11]. The tim e period for which it is 
appropriate to  change from one type o f distribution to  the o ther can vary from 
location to  location as a function of the climatology. Multiple analyses for 
varying tim e periods would allow for construction o f precipitation intensity- 
duration curves.

11

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



For short sampling periods, excessive precipitation can be observed from 
intense systems, and this can invalidate the resulting statistics [12]. This difficulty 
will arise particularly in areas that experience extrem e rainfall because of 
orographic conditions.

For a time interval o f the order of 12 to  48 hours, an evaluation m ust be 
made to  determ ine which distribution (Gumbel or Frechet) best fits the data.
Few guidelines are available, and experience is the general rule, but item s to be 
considered are:

(1) the range of values of data points within the data
(2) the nature of the system producing the maxima o f the data set
(3) the possible use o f a mixed distribution when one distribution does 

no t fit the data well.
The mixed distribution can be useful in treating those subsets o f events within 
the same data set which can be identified as being caused by different m eteoro
logical situations.

Extrem e caution should be exercised when considering the outliers in a 
data set. These points represent extremes o f the events in the data set, bu t may 
be significantly greater in magnitude than the o ther values. In such a case another 
distribution may be more appropriate to  describe the data; e.g. Pearson Type III, 
log Pearson Type II [13], log probability [14, 15], In some cases it may be 
necessary to abandon the statistical approach [12] and consider only the probable 
maximum precipitation, as described in section 6 and dealt with in detail in 
Ref. [16], a manual published by the World Meteorological Organization (WMO).

3.2.4. Design basis precipitation

This section outlines the procedures for establishing design basis precipitation 
values to  be used in the design o f the drainage system o f the site and the roofs of 
the nuclear power plant structures.

The “expected extrem e precipitation” associated w ith an appropriate 
reference time interval7 is used in designing the roofs o f structures. The “low 
probability extrem e precipitation” is evaluated for design o f o ther item s such 
as drainage systems. The associated probability level and the reference time 
interval are selected on the basis o f the relevance o f the precipitation to  safety.

3.3. Extrem e snow pack

The load on a structure due to  snow pack depends on both  snow depth  and 
packing density. These two parameters can be combined conveniently by 
expressing snow depth  in term s of a water-equivalent depth.

7 In some Member States a reference time interval o f the order o f 50 years or more is 
used, depending on the adequacy o f the data base.
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3.3.1. Data source and collection

The water equivalent [8 ,9 ] is routinely recorded at most 24-hour-manned 
national or WMO m eteorological stations. The variable is defined as the water- 
equivalent depth o f freshly fallen snow. Data on such variables can be obtained 
from  national m eteorological data centres or from  the WMO in Geneva.

3.3.2. Selection o f  the data set

If snowfall occurs in the region in such an am ount tha t its load may be 
im portant for the structural design, a regional assessment should be m ade of 
the snowfall d istribution to determ ine the meteorological station that best 
represents the site. The variables to be considered for such an evaluation should 
include w intertim e precipitation, snowfall and snow cover. The data set selected 
should represent the summer-to-summer year, in order to include each annual 
maximum event.

3.3.3. Statistical analysis

For the evaluation of the design basis snow pack, the Gumbel or Frechet 
distribution [17] or the log-normal distribution [18, 19] may be used. To allow 
for the occurrence o f non-snow years the analysis should be perform ed by 
weighting the frequency o f snow years for the period o f record. In areas where 
snow is not an annual event, it is unlikely tha t the snow load would have a 
significant bearing on the design load.

3.3.4. Design basis snow pack

In regions where snow may represent a significant load factor in the design 
of plant structures, a design basis snow pack should be determ ined. The total 
snow pack in water equivalent is the variable to be considered. For the design 
basis snow pack, the “expected extrem e snow pack” with an appropriate reference 
time interval8 is normally used, and in the design the usual allowable design limits 
for normal operation and anticipated operational occurrences are used.

In developing a design basis snow pack, another factor to  be considered is 
the additional weight o f the rain which can be incorporated into the snow pack; 
therefore, the water-equivalent weight o f the design basis snow pack should be 
supplem ented by a rainfall which has a low probability o f being exceeded.9

8 In some Member States a reference time interval o f the order o f 50 years or more is 
used, depending on the adequacy o f  the data base.

9 In one Member State, the 48-hour winter probable maximum precipitation is added 
to the snow pack [20].
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It should be noted that in cold regions where snow on the ground may 
persist for long periods, caution should be exercised in estimating the design 
basis snow since snow com paction varies from  place to place. The meteorological 
station selected should be one that has a comparable topographical position to 
that o f the proposed site (e.g. data from a m eteorological station on a south- 
facing slope should not be used when considering a nuclear power plant on a 
north-facing slope).

In m ountainous regions where the density of a meteorological network is 
such that the values measured at the station may be significantly different from 
the values at the site, a site-specific evaluation is necessary. The problem s of 
wind-induced drifts and blizzard conditions cannot be treated in a statistical 
manner. They should be evaluated on a case-by-case basis, taking into account 
any local factors (such as neighbouring structures and topography) which may 
possibly have a major influence on the snow load.

3.4. Extrem e tem peratures

3.4.1. Data source and collection

Tem peratures are recorded continuously at some recording stations, and at 
frequent intervals at 24-hour-manned stations. At o ther locations, at least daily 
maximum and minimum tem peratures are recorded. Such routinely collected data 
provide long-term records for analysis to  determ ine extrem e tem peratures. The 
specifications for the instrum entation and the requirem ents for its installation 
are given in detail in WMO publications [8 ,9].

A description of each meteorological station from which data are obtained, 
and its geographical setting, should be included in the report o f the analysis.

3.4.2. Selection o f  the data set

An on-site measurement programme shall be conducted for obtaining the 
site data to  be compared w ith data from existing m eteorological stations o f the 
region. By means o f such a comparison, it is possible to  identify stations which 
have m eteorological conditions similar to  those o f the site, and for which long
term  records are available. An on-site programme may not be necessary if it can 
be dem onstrated (to  the satisfaction of the regulatory body if required) that 
there is a sufficiently dense network of meteorological stations measuring the 
tem perature in the region, and that the site has no peculiar micrometeorological 
characteristics.

The daily maximum and minimum tem peratures for an entire year represent 
the data subset from  which the extreme annual values should be selected to 
characterize the annual maxim um  and minimum daily tem peratures. These
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values form the data sets which should be analysed following the procedure 
given in Annex I.

As is done when analysing o ther m eteorological phenomena, the beginning 
of the meteorological year should be selected so as no t to  coincide w ith a season 
during which the tem perature attains the extrem e value. This will avoid arbitrary 
assignment to  different years o f the data from  a single such season.

3.4.3. Statistical analysis

Extrem e tem peratures generally follow the Gumbel distribution [21 ,22], 
However, caution should be exercised in attem pting to  fit the extrem e value 
distribution to  a data set representing a season or less, since for periods o f less 
than a year the hypotheses on which the extrem e value distribution is based 
may no t apply [23].

3.4.4. Design basis temperature

The design should incorporate the effect o f  tem perature extrem es, and the 
statistical analyses should provide the data in forms usable for such purposes.
The persistence of very high or low tem peratures is a factor which may need 
to  be taken into consideration.

4. METEOROLOGICAL ASPECTS OF 
THE DESIGN BASIS OF THE ULTIMATE 

HEAT SINK AND ITS ASSOCIATED SYSTEMS
4.1. General description

The ultim ate heat sink (UHS) is the atm osphere, or a body o f water, or the 
ground water to  any or all o f which residual heat is transferred during normal 
operation, anticipated operational occurrences or accident conditions. (See the 
Safety Guide on U ltim ate Heat Sink and Directly Associated H eat Transport 
Systems for Nuclear Power Plants (IAEA Safety Series No. 50-SG-D6).)

This section deals w ith the m eteorological conditions to be considered for 
the design o f the UHS and its associated heat transport systems. In selecting 
these conditions, the controlling param eters and critical time periods o f each 
specific UHS should be taken into account [24].

15

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



For the purposes o f this section, critical environm ental variables and their 
values are only those that are crucial to the heat exchange or water loss aspects.
The evaluation o f the critical values may require a special treatm ent including 
consideration o f com binations o f events.

Design criteria for the systems associated with a UHS for a given com bination 
of site and plant are given in Safety Guide SG-D6. That Guide points ou t that, to 
ensure adequate safety, the following requirem ents shall be met:

(1) Means shall be provided to  safely shut down the reactor and maintain 
it in the safe shutdow n condition during and after appropriate 
operational states and accident conditions.

(2) Means shall be provided to  remove residual heat from  the core after 
reactor shutdown, and during and after appropriate operational states 
and accident conditions.

(3) Means shall be provided to  reduce the potential for the release of 
radioactive materials and to  ensure that any releases are within 
prescribed limits during and after operational states and within 
acceptable limits during and after accident conditions.

For guidance concerning protection o f the structure, systems and com ponents 
related to  the UHS from  external extrem e events, reference shall be m ade to the 
appropriate IAEA Safety Guides and to the appropriate sections of this Guide.

4.2. Critical environmental variables for transport and absorption o f residual heat
in the ultimate heat sink

The critical environm ental variables to  be considered for design o f the UHS 
should be evaluated taking into account the critical time periods, which depend 
on the specific characteristics o f the UHS systems.

4.2.1. Determination o f  critical time periods

A m odel o f the UHS system should be constructed to  evaluate the time 
period which is critical for possible loss o f function o f the UHS system following 
an accident. For the m eteorological variables which appear in the m odel, the 
worst case values are then selected among those which occurred over a period 
which is representative o f the climatology o f the region.10 The worst case values 
o f the different variables will not necessarily be concurrent. The set from  which 
the selection is made should be reasonably com plete, and the data should be 
measured at regular short intervals o f the order o f hours.

10 This period may be o f  the order o f  30 years.

16

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



Using these worst case values of the variables, an estim ate should be made 
of the minimum time period (critical tim e period) during which, or at the end of 
which, the UHS could still provide acceptable cooling efficiency.

If it is possible to  define for a particular variable, e.g. solar radiation, a very 
conservative diurnal time function, this may be used in the calculation.

4.2.2. Selection o f  the values for minimum heat dissipation

Critical values of environm ental variables (e.g. air tem perature, vapour 
pressure, wind speed and solar radiation) which result in minimum heat dissipation 
should be selected as an input to the design o f the UHS systems. The worst value 
o f each of these variables should be evaluated from  running averages over each 
of the three reference tim e periods:

t ! , the critical time period (see sub-section 4.2.1)
t 2 , one day
t 3 , the accident recovery tim e.11

The running time should be the to tal period over which records are available 
(preferably o f the order o f the lifetime of the plant). The perform ance of the 
UHS should rem ain acceptable for each o f the three sets o f worst values evaluated 
as above.

However, it is very likely that representative m eteorological records will not 
be available over a time period tha t is long enough to perm it an evaluation o f the 
UHS perform ance. A com parison of data, similar to  tha t discussed in sub
section 2.2.1, may have to be perform ed to  develop a statistical relationship from 
which the long-term data may be conservatively interpreted. A simplified 
m ethodology in use in one Member State provides a screening procedure for 
the meteorological records (see Annex IV).

Annex V gives an example o f UHS modelling.

4.2.3. Calculation for maximum water loss from systems associated with the UHS

The critical variables for maxim um  water loss from the heat transport 
systems directly associated with the UHS should be selected. For each variable, 
appropriate averages should then be evaluated. The m ethod o f running averages 
should be used. The running time should be equal to  the period for which m ake
up water m ust be guaranteed ( t3). The tim e span over which the running average 
should be perform ed is the to tal period o f tim e for which records are available, 
preferably at least 30 years.

11 In some Member States, t3 is assumed to be 30 days.
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The perform ance o f the ultim ate heat sink should be evaluated by using as 
input to  an appropriate model each coincident set of the environm ental variables 
occurring over the climatologically representative period. This should be done 
for the reference tim e periods ( t , ,  t 2 and t 3 ). It should be dem onstrated that 
the design is adequate to  ensure that the ultim ate heat sink perform ance is still 
acceptable:

(1) in an impaired situation caused by the extrem e events or phenomena, 
and

(2) under conditions represented by a set o f severe values o f environmental 
variables. (The set should be composed o f those which will be exceeded 
only during a small fraction o f the to tal tim e span.)12

4.2.4. Low temperature and ice effects

The effects o f low tem perature and freezing phenom ena on safe functioning 
o f the UHS and its directly associated systems (for example, the effects o f icing 
phenom ena, including frazil ice, on safety-related cooling systems) should be 
properly considered.

5. EXTREME METEOROLOGICAL PHENOMENA
Sub-sections 5.1 and 5.2 and section 6 o f this Guide describe m ethods for 

establishing the design bases for extrem e meteorological phenom ena such as 
tornadoes and waterspouts, and events that result in flooding. The m ethods can 
be summarized as follows:

(1) The existence of a potential in the region for each phenom enon is 
assessed. If a potential exists, the regional climatology is evaluated, 
and the intensity and the frequency o f occurrence o f the phenom enon 
under consideration are determ ined.

(2) The relevant physical parameters associated w ith different severities of 
the phenom enon are identified.

(3) The strike probability o f the phenom ena at the specific site is determined 
as a function o f the severity o f the phenomena, or a model appropriate 
for the phenom ena in the region is constructed.

(4) The design basis phenom enon corresponding to  the design basis 
probability value is evaluated.

12 In some countries the fraction used is around l% -5 % .
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(5) The design basis param eters for the phenom enon are evaluated. (For 
the tornado they are the maximum wind speed, pressure drop and 
missile impact; for the tropical storm  they are the maximum wind 
and wind pressure fields (see Safety Guide No. 50-SG-S 1 IB).)

M ethods of evaluation and the resulting design bases for extrem e m eteorolo
gical phenom ena should be described in the application, for review by the 
regulatory body. These design bases should be approved by the regulatory body 
before the construction o f the relevant parts o f the nuclear power plant is begun.

5.1. Design basis tornado

5.1.1. General description

Tornadoes are generally described as violently rotating columns o f air, 
usually associated with a storm. W aterspouts are similar to  tornadoes bu t they 
generally form over large w ater bodies under more hom ogeneous atmospheric 
conditions.

If tornadoes or w aterspouts strike buildings or structures o f a nuclear power 
plant, damage may be caused by the following:

(1) The battering effect o f very high winds.
(2) The sudden pressure drop which accompanies the passage of the centre 

o f a tornado. (This may be as high as 20 kPa and may cause explosive 
action if the building is no t sufficiently vented to  allow rapid equaliza
tion of the internal and external pressures.)

(3) The im pact o f tornado-generated missiles on structures and equipm ent 
o f the plant.

5 .1.2. Collection o f  informationI\
Inform ation shall be collected to  determ ine w hether a potential exists for 

the occurrence o f tornadoes in the region.
Tornadic phenom ena, identified by appropriate local names, have been 

docum ented all around the world. It would be useful to  have an inventory of 
tornado occurrences around the world for a fixed period o f time; no such 
inventory, however, has yet been undertaken by an appropriate international 
body. A summary o f tornado incidence has been compiled for a 4-year period 
(1 9 6 3 -1 9 6 6 ) from  available reports and other literature [25]. From  this, a 
tentative identification o f tornado-prone areas can be made. However, the 
remaining areas should not be considered as tornado risk-free, until this can be 
substantiated by local inform ation. It should be noted that those areas 
associated with tornadic incidence are generally areas for which a m eteorological
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monitoring network, which has developed a consistent data set, exists. Where 
sufficient inform ation is not available, another approach, described in sub
section 2.2.2, may be followed.

If the possibility that tornadoes may occur in the region is confirmed, a 
more detailed investigation shall be perform ed to obtain suitable data for the 
evaluation and the assessment o f a design basis tornado.

5.1.3. Preparation o f  a regional inventory

5.1.3.1. Selection of a classification scheme

An intensity classification scheme similar to  tha t developed by Fujita- 
Pearson should be selected. This system is a com bination o f the Fujita F-scale 
rating for wind speed, the Pearson-scale for path  length, and the Pearson-scale 
for path width. The classification of each tornado is based on the type and 
extent o f damage. Descriptions and photographs of damaged areas provide 
additional guidance for the categorization of the tornado (see Annex VI).

5.1.3.2. Com pilation of tornado inventory

Reports o f tornadoes occurring in the region should be collected and the 
tornadoes categorized. From  this a regional tornado inventory should be 
compiled.

The classification of each tornado should include the intensity (F-scale), 
path length, and the path width. Inform ation is generally available only for 
that portion  o f the occurrence where the tornado was in contact w ith the 
ground. It is difficult to  take into account those tornadoes which do no t come 
in contact with the ground at all, or to assign an effective damage for the 
lifted portion  of a tornado which touches the ground interm ittently . This may 
result in an underestim ate of the probability o f interaction with tall structures.
In one case of a skipping tornado, a path  length o f V4  of the to tal path  length 
was adopted, and for tornadoes reported as having only “touched dow n” , a 
value o f 1 mile (ca. 1.6 km ) was conservatively assumed for the path length [26].

The proper interpretation o f tornado reports collected from  the public has 
always presented a problem. If the tornado description is vague, it is recom 
mended tha t the F-scale intensity class (see Annex VI) should be assigned 
conservatively. For the evaluation o f the design basis tornado described in 
this section, the path area (path width and path length) and the intensity 
(F-scale) are very im portant.

For evaluation of the design basis tornado, a region which is climatologically 
homogeneous [27] and which exhibits uniform  tornado characteristics should be 
selected. Taking these factors into account, a typical region may be 3° longitude
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by 3° latitude. The region may be divided into sub-regions, and for each sub- 
region the frequency of occurrence of tornadoes may be evaluated and compared, 
in order to  assess the hom ogeneity o f the zone and the conservatism of the choice 
of the frequency for the region.

Some conservatism is inherent in this m ethod; for example, one factor 
contributing to  over-estimation arises from the practice o f assuming the greatest 
intensity along the entire trajectory and assigning the related w idth value to the 
entire path length.

5.1.4. Evaluation o f  the design basis tornado

The m ethods to  be used for evaluating the design basis tornado should be 
based on the concept o f an assigned design basis probability value. This means 
that for a given site, the probability per annum  of occurrence of a tornado having 
a greater severity than the design basis tornado should be less than a given 
probability level.

The probability per annum  that a particular site will experience tornado 
wind speeds in excess o f a specified value can be derived by a study o f the 
tornado inventory. Tornadoes are classified in terms o f their occurrence 
probability and related physical characteristics, such as maxim um  wind speed 
(intensity) and damage area (path length and path width). M ethodologies for 
this evaluation are discussed elsewhere in detail.13 The scope and detailed 
specification of the tornado inventory will depend on the m ethod adopted.

5.1.5. Design bases for the tornado

5.1.5.1. Tornado model

To evaluate the o ther parameters (rate of pressure drop and to tal pressure 
drop) for the design basis tornado, a tornado model should be selected.

The simplest model which may be used to  describe the rate o f pressure 
drop associated with tornadoes is given in Annex VI, Section AVI-4.

13 A method which was developed for comparative purposes has been presented [28] 
in which the design basis wind speed is defined in terms o f  a design basis probability value 
o f  10’ 7 per year. It should be noted that although this method employs a simplifying non
conservative assumption (that strike probability and intensity are independent variables), it 
also makes the conservative assumption that the tornado has the maximum path width along 
its entire length.

A more realistic method, developed by McDonald, makes allowance for the relationship 
between strike probability and intensity, for tornadoes affecting a given site [26]. For this 
procedure, it is particularly important to establish that the tornado sample is representative 
o f the tornado population o f the region. This method is briefly outlined in Annex VI,
Section AVI-3.
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5.1 .5 .2 . Tornado-generated missiles

The safety-related items of the plant shall be designed for protection against 
damage by missiles which might be generated by the design basis tornado for 
th a t plant. Protection should be provided against at least three types o f such 
missiles, namely:

(1) a massive missile, w ith a high kinetic energy, which deform s on impact
(2) a large rigid missile (to  provide for penetration resistance)
(3) a small, rigid missile o f a size sufficient to  pass through openings in 

protective barriers [29].
See Annex VI, Section AVI-5, for examples o f  tornado-generated missiles.

5.2. Design basis tropical cyclone

5.2.1. General description

A tropical cyclone is characterized by a vast, rotating mass o f warm, humid 
air tha t is 100 or m ore km  in diameter, with a well-marked pressure difference 
between its centre and its periphery. Since the source of energy for tropical 
cyclones is the warm sea, which provides water vapour that releases latent heat 
while it is condensing and forming rain, they are generally formed, and their 
energy is m ostly expended, on the surface of the sea. The damage caused by 
tropical cyclones is usually from the flooding th a t results from  heavy rain and/or 
surges, and from  battering by extrem e winds.

The effect o f the cyclone on the nuclear power plant is, therefore, a m atter 
o f concern for coastal and near-coastal sites. Sub-section 3.2 of this Guide 
discusses the principles of the methodologies for evaluating extrem e precipitation. 
Details o f evaluation o f the design basis flood are presented in Safety Guides 
50-SG-S 10A and SI OB.

Safety Guide 50-SG-S 1 IB provides a detailed description o f the origin of 
the cyclone, its properties and regions o f occurrence.

5.2.2. Design basis

For planning, and for designing the protection of a nuclear pow er plant at 
a site where there is a potential for tropical cyclones, it is necessary to  derive 
design values pertaining to  the extrem e winds and precipitation which may 
result from  those cyclones. For this purpose, a probable maximum tropical 
cyclone is constructed. It has a com bination of m eteorological parameters 
tha t gives the highest sustained wind speed which can occur at the specified 
location. The m ost im portant m eteorological factor in determining the maximum
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winds is the central pressure, or the lowest pressure in the eye of the cyclone.
The difference between the sea-level pressure at the storm centre and th a t at the 
periphery o f the cyclone is usually used as an index for characterizing the cyclone 
intensity or the severity o f the wind. O ther factors that are needed in determ ining 
the wind field are the radius of the maximum wind, the translational speed and 
the direction of movement o f the cyclone relative to  the coastline.

Two m ethods for determ ining the central pressure are in use, a probabilistic 
m ethod based on the statistical analysis o f historical records, and a determ inistic 
m ethod based on fundam ental physical laws applied to  observed data.

Safety Guide 50-SG-S 1 IB provides detailed discussions on these methods.

6. METEOROLOGICAL ASPECTS OF 

THE PROBABLE MAXIMUM FLOOD

6.1. General description

The probable maximum precipitation (PMP) is the estim ated precipitation 
depth, for a given duration and drainage area, which has virtually no probability 
o f being exceeded. Within the limits o f hydrom eteorological knowledge and 
techniques, the PMP for a given duration and drainage area approxim ates that 
maximum which is physically possible.

The m ethodology for determ ining the probable maximum flood on rivers 
for a given PMP is detailed in Safety Guide SG-S10A. The m eteorological 
considerations relevant to  the evaluation o f the PMP as input to  the probable 
maximum flood are given in detail in the literature [16, 30—33].

6.2. Preparation of precipitation data inventory

The meteorological data to  be collected and examined concerning the 
probable maxim um  flood should include:

(1) historical data on precipitation over the drainage basins o f the 
relevant water bodies

(2) storm  precipitation records, depth-area-duration data and any available 
isohyetal maps for severe historical storms which have affected the 
drainage basin o f the site

(3) historical data on snow cover and snow melt.
A scheme for checking for system atic and transcription errors should be 

established.
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6.3. Evaluation of the probable maximum precipitation

Procedures for evaluating PMP depend on num erous factors, such as the 
m eteorological characteristics responsible for heavy rainfall at any particular site; 
the am ount, type and quality o f meteorological data; the topographic features; 
and the possible effects of these factors on the duration of rainfall and on selection 
o f the critical drainage area. Because the factors involved are practically unique 
for each site under consideration, no single, detailed, step-by-step general procedure 
can be given for evaluating PMP. Meteorologists familiar with extrem e rainstorm 
climatology should carry out the necessary studies. A publication o f the World 
Meteorological Organization [16] provides some guidance in the form of detailed 
examples and summaries concerning various procedures and m ethods tha t have 
been used in a num ber of countries to  determ ine the PMP.

24

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



Annex I

STATISTICS OF EXTREMES

This Annex gives examples o f m ethods to be used in the statistical evaluation 
of the extrem e values of meteorological param eters im portant to  the safety of 
nuclear power plants. It presents practical procedures w ithout any a ttem pt to 
dem onstrate the underlying theories. Comprehensive theoretical discussions of 
the statistical techniques are available elsewhere [34—36], and the user requiring 
additional inform ation is directed to them.

AI-2. Extrem e value probability distributions

The “extrem e value d istribution” is based on the following: Let X ,, X 2.......
Xp be a random  sample set of data from a normal distribution; if several such 
sets are taken, the average values o f each set also follow a normal distribution. 
Each set has two extrem e values: a minimum value and a maxim um  value. These 
extrem es do no t follow a normal distribution. The distributions they follow are 
called extrem e value distributions. An extrem e value distribution may be applied 
to  the extrem es of any random  data set (i.e. no t necessarily to  those o f a normal 
distribution), bu t the set m ust be stationary, i.e. the data should not exhibit any 
long-term trend or periodicity.

Two functions which have been used to  represent data sets o f extrem e values 
o f m eteorological param eters are the Gumbel (or Fisher-Tippett Type I) distribu
tion [37], and the Fisher-Tippett Type II distribution. When the Type II 
distribution has a location param eter equal to  zero, it is know n as the Frechet 
distribution.

Form ulas for these distributions are as follows:

The Gumbel distribution

AI-1. Introduction

The Frechet distribution (the Fisher-Tippett Type II distribution w ith the 
location param eter equal to  zero)

Pg (Xg ) = exP f~ exp [ -  (XG -  a G )//3G ]} (A l)

The Fisher-Tippett Type II distribution

PII(X „) = exp [ - ( X n - a u y p u p n (A2)

PF (XF ) = exp [ -X f /0f H f (A3)
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F1G.A1. Plot o f  data set from Table A 7, on Extreme Probability Paper.
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In Eqs (A l), (A2) and (A3):

X is the variate for the distribution
P(X ) is the probability that X is no t exceeded
a  is a location param eter
/} is a scale param eter
7  is a shape parameter.

It is useful for m any purposes to  replace X by a non-dimensional reduced variate Y:

(A4)

XG -  OgYg = — - ------  (for the Gumbel distribution)
»G

/ X F\Yp =  -  7 F In ( —  ) (for the FrSchet distribution)
V Pf '

The Frechet distribution is a logarithmic transform ation o f the Gumbel 
distribution, tha t is:

If In j3p =  cxq , 'Yf^g =  1 ^nd In Xp =  XG (A 5)

then

PF(XF ) = PG(XG ) (A6 )

The data set and the results o f the extrem e probability analysis are usually 
presented in graphical form  using the appropriate extrem e probability graph 
paper. 14

There are differences between the two distributions. In particular, in the 
Frechet distribution, the variate X increases m uch more w ith the mean 
recurrence interval than it does in the Gumbel distribution.

Types of extrem e distributions recom m ended for some meteorological 
variables are presented in Table A l.

14 The scales o f an extreme probability graph paper for a particular distribution are 
constructed in such a way that if a data set fits that distribution, the resulting plot will be 
a straight line. On the extreme probability paper for a Gumbel distribution the variate X q 
is expressed as a function o f the reduced variate Y q (see Fig. A l) ,  and on the extreme 
probability paper for a Frechet distribution, the variate X F is expressed as a function o f 
the reduced variate Y F. The probability Pg (Y g ) or PF(Y F) and the mean recurrence 
interval are also represented for each corresponding value o f  Y G or Y F.
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TABLE A l. PROBABILITY DISTRIBUTION TYPES FOR METEOROLOGICAL 
VARIABLES

Meteorological variables Probability distribution type

Extreme winds Gumbel, Frechet, or mixed3

Extreme precipitation, long-term Gumbel

Extreme precipitation, short-term Frechet or mixed

Extreme temperature Gumbel

Extreme snow Gumbel, Frechet or log-normal

a For the mixed distribution see section AI-8.

AI-3. Concept o f mean recurrence interval

The mean recurrence interval (MRI) is defined as the mean tim e between 
the occurrences of two events that are equal to or greater than a given magnitude. 
It is frequently called the “return period”. However, since the term  “return 
period” is somewhat ambiguous, and does not imply any averaging, it can be 
interpreted incorrectly. Thus, the mean recurrence interval concept is used in 
this Annex.

The relationship betw een the probability (Q) tha t an event o f m agnitude X 
is no t exceeded in a year, and its mean recurrence interval (N) is defined [34] as:

1N = ---------------  (A7)1 - Q ( X n )

An event with a mean recurrence interval o f N years (i.e. on the average it 
will be exceeded every N years), is often referred to  as an N-year event. It is 
possible to  evaluate the probability that a given N-year event will be exceeded 
w ithin a given num ber of years (V) on the average [21, 38 ,39]. Thus:

P(X N,V ) =  1 - Q ( X n )v (A8)

where:

P(Xj^, V) is the probability o f occurrence o f an event greater than or equal 
to  XN within V years.

Q (X n ) is the probability tha t XN will not be exceeded during one year.
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For example, the probabilities that an event o f a given m angitude, and with 
a mean recurrence interval o f 100 years (X 100), will occur within 50, 100 or 
1000 years, may be found in Table A2. The probabilities o f occurrence o f the 
100-year event X 100 in 50, 100 and 1000 years are 39.5%, 63.4% and 99.9% 
respectively.

From  equations (A6) and (A7) the following relation can be obtained:

This means tha t there is an average probability o f 63% that an event which has 
a mean recurrence interval o f N years will be exceeded during a period of N 
years.

It is im portant to  note the distinction between the hypotheses for the two 
distributions:

Gumbel — The distribution of the severity of events around the mean is 
normal for a given recurrence interval.
Frechet — The distribution of the severity o f events around the mean is 
log normal for a given recurrence interval.

AI-4. Plotting position formulas

The results obtained from using the extrem e value statistics technique are 
generally presented in graph form, using extrem e probability paper. Various 
plotting procedures have been used, but the m ethod most often em ployed starts 
from the data in their observed order Xr(r = 1 ,2 , . . . . ,  N'). These are then ranked 
according to their relative magnitude (lowest to highest for a maximum analysis 
and the reverse for a minimum analysis) to  obtain a new set X ^ (M = 1 ,2 ,...., N') 
Finally the associated probability plotting positions $(M ) are com puted using 
the following equation15:

(A9)

If V is equal to  N, equation (A8) may be approxim ated by:

P(N, N) = 1 - e ' 1 = 0 .6 3 2 (A 10)

( A l l )

15 The probability plotting position is an observed probability that, for a maximum 
analysis, the value will not be exceeded.
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TABLE A l. PROBABILITY P(XN, V) THAT AN EVENT EQUAL TO OR GREATER THAN THE N-YEAR EVENT 
WILL OCCUR IN V YEARS

Number 
of years Mean recurrence interval

2 5 10 20 50 100 200 500 1000 2000 5000 10 000 100 000

2 0.750 0.360 0.190 0.097 0.040 0.020 0.010 0.004 0.002 0.001 0.000 0.000 0.000
5 0.969 0.672 0.409 0.226 0.096 0.049 0.025 0.010 0.005 0.002 0.001 0.000 0.000

10 0.999 0.893 0.651 0.401 0.183 0.096 0.049 0.020 0.010 0.005 0.002 0.001 0.000
20 - 0.999 0.878 0.641 0.332 0.182 0.095 0.039 0.020 0.010 0.004 0.002 0.000
SO - - 0.995 0.923 0.636 0.395 0.222 0.095 0.049 0.025 0.010 0.005 0.000

100 - - 0.999 0.994 0.867 0.634 0.394 0.181 0.095 0.049 0.020 0.010 0.001
200 - - - 0.999 0.982 0.866 0.633 0.330 0.181 0.095 0.039 0.020 0.002
500 - - - - 0.999 0.993 0.918 0.632 0.394 0.221 0.095 0.049 0.005

1 000 - - - - - 0.999 0.993 0.865 0.632 0.394 0.181 0.095 0.010
2 000 - - - - - - 0.999 0.982 0.865 0.632 0.330 0.181 0.020
5 000 - - - - - - - 0.999 0.993 0.918 0.632 0.393 0.049

10 000 - - - - - - - - 0.999 0.993 0.865 0.632 0.095

Note: An N-year event is an event which has a mean recurrence interval o f  N years.
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where:

<£(M) is the probability p lotting position of an X with the rank M
N' is the sample size of the data set
M is the rank o f the data (in order of m agnitude)

Each data point o f the observed data may now be plo tted  on the suitable 
extrem e probability paper (Gumbel or Fr6chet) as a function of the associated 
probability plotting position 3>(M) (see example in sub-section AI-6.4).

AI-5. Data processing with order statistics approach

The order statistics approach treats the property of the ordered data sets 
tha t is obtained by ranking the data in increasing or decreasing order o f relative 
magnitude for a maximum and m inimum calculation, respectively. This m ethod 
has been recomm ended for use by the World Meteorological Organization and by 
various national agencies for climatological analyses of extrem e events [40], The 
bulk of the discussions in this and the following sections is derived from the 
WMO publication and from the original work [36].

The purpose of data processing with an order statistics m ethod as presented 
here is to  evaluate:

(1) a particular extrem e value distribution (PG(XG ), if Gumbel; Pp(X p), 
if Frechet) having parameters called estim ators (aG and j3G or 7 p and 
0P) which best fit the data set

(2) the confidence interval as a function o f the variate XG or Xp.
The evaluation o f this theoretical extrem e probability distribution should 

be perform ed in such a way that the resulting standard deviation for all the 
data points is minimized. A numerical value which expresses how well each 
point o f the theoretical curve’fits the data is the Efficiency E (see sub-section 
AI-6.3). In this Annex, although no attem pt is made to  explain the theory 
systematically, a procedure which could be followed (Lieblein technique) is 
presented with practical examples.

AI-5.1. The time period and the time sequence

A I-5.1.1. Time period related to  each data point

Each data point to be used for the analysis is the maxim um  or the minimum 
of the set o f data observed in a particular tim e period; e.g. the one maxim um  or 
minimum of the daily tem peratures observed in a year. The data set o f the 
extrem es o f N' years is used for the analysis. The underlying assum ption for
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the subsets is that the maximum or minimum event in the period during which 
the subset is collected (e.g. 1 year for the example given) does indeed represent 
the extrem e of large samples [34—36]. In m eteorology the natural cycle of a 
year for the subsets is generally sufficient for consideration of a given variable. 
However, extrem e caution should be taken in considering variables such as 
extrem e 24-hour snowfalls for regions that do not experience snowfall every 
year. A ttem pts to consider data collection periods of less than a year tend to 
decrease the size of the subsets to the point that the extrem e distributions no 
longer apply; this is due to the use of unsuitable data sets, rather than to failure 
o f extrem e value theory.

AI-5.1.2. Time sequence of the data points

For the Lieblein technique the data set should be m aintained in the 
original time order of the climatological series, because reordering of the set 
could inject an artificial trend or periodicity. However, if the data are not 
available in the original order of occurrence, they should be randomized by 
some acceptable, unbiased m ethod. This technique can employ an accepted 
random  num ber generator or table, to  assign a random identifier to each num ber 
within the data set. The procedure then followed is to rank the random num ber 
identifiers in increasing or decreasing order. By this means, the data are sufficiently 
randomized. An analysis perform ed on the same data set differently randomized 
or grouped does not produce identical results.

AI-6. Evaluation of the estim ators and the standard deviation for the Gumbel 
distribution

This section provides guidance on the approach for applying the order 
statistics to variables that follow the Gumbel distribution of extrem e values.

AI-6.1. Selection o f  sub-groups

The N' elements of the basic data set are divided into k sub-groups of m 
elements each. If N' is no t a multiple o f k, there will be a rem ainder of m ’. (For 
example, if a data set consists of 23 elements and it is divided into 3 groups of 
6 elements each, the rem ainder group includes 5 elements and m ' = 5. See 
Table A3.)

The efficiency E (see sub-section AI-6.3) is the main param eter which 
expresses the degree of optim ization of the partition and the degree of minimi
zation of the variance. It depends upon the choice o f k. Com binations of k, m 
and m ' which give the maximum efficiency for sample sizes o f up to  50 are 
given in Table A3.
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TABLE A3. GROUPING PROCEDURE FO R MAXIMUM EFFICIENCY 
(FROM REF. [36])

Sample
size
N'

Partition 
(k) (m) + m’

Efficiency for 
l’ (x ) = 0.01 
(Probability that 
the variate will be 
exceeded)

Sample
size
N'

Partition 
(k) (m ) + m’

Efficiency for 
P (x )=  0.01 
(Probability that 
the variate will be 
exceeded)

1 - - 26 (4) 6) + 2 0.799

2 (1) 2 + 0 0.540 27 (4) 6) + 3 0.813

3 (1) 3 + 0 0.687 28 (4) 6) + 4 0.819

4 (1) 4 + 0 0.759 29 (4) 6) + 5 0.827

5 (1) 5 + 0 0.803 30 (5) 6) + 0 0.832

6 (1) 6 + 0 0.832 31 (5) 5) + 6 0.808

7 (1) 4 + 3 0.727 32 (5) 6) + 2 0.805

8 (2) 4 + 0 0.759 33 (5) 6) + 3 0.816

9 (1) 6 + 3 0.777 34 (5) 6 )+  4 0.823

10 (2) 5 + 0 0.803 35 (5) 6) + 5 0.828

11 (1) 6 + 5 0.819 36 (6) 6) + 0 0.832

12 (2) 6 + 0 0.832 37 (7) 5) + 2 0.782

13 (2) 5 + 3 0.773 38 (6) 6 )+  2 0.809

14 (2) 5 + 4 0.791 39 (6) 6) + 3 0.819

15 (3) 5 + 0 0.803 40 (6) 6) + 4 0.824

16 (2) 6 + 4 0.813 ■ 41 (6) 6) + 5 0.829

17 (2) 6 + 5 0.823 42 (7) 6) + 0 0.832

18 (3) 6 + 0 0.832 43 (8) 5 )+  3 0.793
19 (3) 5 + 4 0.793 44 (7) 6) + 2 0.812

20 (4) 5 + 0 0.803 45 (7) 6) + 3 0.821

21 (3) 6 + 3 0.808 46 (7) 6) + 4 0.825
22 (3) 6 + 4 0.818 47 (7) 6 )+  5 0.828

23 (3) 6 + 5 0.826 48 (8) 6) + 0 0.832

24 (.4) 6 + 0 0.832 49 (9) 5) + 4 0.799

25 (5) 5 + 0 0.803 50 (8) 6) + 2 0.814
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TABLE A4. EXAMPLE OF THE ORDERING 
OF THE k SUB-GROUPS

AI-6.2. Evaluation o f  the estimators

A set o f proportionality factors can be obtained from the selected values 
of k, m and m ' as follows:

t = km (N ')-1 (A 12)

t ' = m '(N ')"1 (A13)

q = (t)2k _1 (A 14)

q '= ( t ' ) 2 (A l 5)

where the t values are the proportionality  factors to be used in the estim ator 
(chq and 0q ) determ ination and the q values are the proportionality factors to 
be used in the determ ination of the variance and the standard deviation.

Here, the k sub-groups of m elements are called the main sub-group and 
the m ' elements are called the rem ainder sub-group.

The next step is to array the elements o f the main sub-group in a matrix. In 
this m atrix the elements in each individual row are rearranged from the original 
tim e order in to  an increasing order (X y <  X y+  \ ) as shown in Table A4.

k
Each column of the rearranged m atrix Sj = ^  X ,j (where i=  1 , 2 , m)  

is then summed. j = 1
The distribution param eters S q  and j3 g  can now be calculated with the 

following formula:
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aG “ k ^  ami Si
i= 1

(A16)
m

Pg = ~ ^  bmi Si 

i = 1

where ami and bmi are given in Table A5.
If a rem ainder group exists (m ' ¥= 0), a similar procedure is followed to 

obtain a G and |3G , using k = 1 in Eq. (A16). The values for the estim ators oiq 
and Pq for the whole group are then obtained from the following relations:

aG = t a G + t ' a G
( A 1 7 )

Pg = t Pg + * P'g
In the absence of a rem ainder group, a G = aG and Pq =Pg -

Now that a G and Pq are known, it is possible to evaluate the probability 
according to  the Gumbel distribution for a specified value o f a variate XG or of 
the reduced variate YG .

PG(YG ) = e x p [ -e x p ( -Y G )]

The mean recurrence interval may be evaluated by Eq. (A7).

AI-6.3. Evaluation o f  variance, efficiency and standard deviation

The variance associated with a specific value of XG can be determ ined by:

var(X G ) = q Q m + q 'Q m' (A18)

where q and q ' are defined by Eqs (A14) and (A l 5), and Qm and Qm' are 
defined by:

Q n = (A n Y G + B nYG + C n) ^  (A19)

and An , Bn and Cn are given in Table A6.

35

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



TABLE A5. VALUES OF THE WEIGHTS aml AND bmi (FROM REF. [7])

1 2 3 4 5 6

2 0.916373 0.083627 - — — —

3 0.656320 0.255714 0.087965 - - -

4 0.510998 0.263943 0.153680 0.071380 - -

5 0.418934 0.246282 0.167609 0.108824 0.058350 -

6 0.355450 0.225488 0.165620 0.121054 0.083522 0.048867

bmi

2 -0.721348 0.721348 - — - —

3 -0.630541 0.255816 0.374725 - - -

4 -0.558619 0.085903 0.223919 0.248797 - -

5 -0 .503127 0.006534 0.130455 0.181656 0.184483 -

6 -0 .459273 -0.035992 0.073199 0.126724 0.149534 0.145807

TABLE A6. VALUES OF An , Bn AND Cn (n = 2 ,3 ,. .. ,  m or m ') USED IN 
DETERMINATION OF THE VARIANCE (FROM REF. [36])

n An c n

2 0.71186 -0 .12864 0.65955

3 0.34472 0.04954 0.40286

4 0.22528 0.06938 0.29346

5 0.16665 0.06798 0.23140

6 0.13196 0.06275 0.19117
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All variances may be related to a theoretically specified lower bound known 
as the Cramer-Rao, QLB. The ratio between QLB and var (XG ) is the efficiency E. 
Thus:

E = QLB(var(X G) r 1 (A20)

where

Q lb = Q o ( N ' r 1

and

Qo = (0 .60793 Y 2 + 0 .51404 Y G + 1.10566)0;£ (A21)

The standard deviation aG for each data point XG can be obtained from 
the following equation:

The standard deviation aG may now be p lo tted  for each XG on extrem e 
probability paper to obtain the shape of the confidence limit.

Then if the sampling distribution of XG is approxim ately normal:

(1) the XG ± 1 Oq confidence interval will represent the limits within which 
the 68.27% of the events having a particular mean recurrence interval 
will fall;

and for the maximum analysis case:

(2) the XG + 1 a G upper confidence limit will represent the value which 
will no t be exceeded by 84.13% of the events having a particular mean 
recurrence interval;

(3) the XG + 2 ctg upper confidence limit will represent the value which 
will not be exceeded by the 97.72% of the events having a particular 
mean recurrence interval (for XG + 3 a G the percentage will be 99.87).

AI-6.4. Example o f  application o f  Gumbel distribution to extreme values

An illustration of the application of the Gumbel distribution to extrem e 
values is shown in Table A7. In this example, a data set o f 26 elements is used. 
Part (a) o f the table shows the original time sequence.

a G = (var (XG))1/2 (A22)
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u>00 TABLE A7. TABULATIONS FOR A DATA SET OF 26 OBSERVED EXTREMES

(a) Original time sequence (b) Partitioning: Data partitioned for 
k = 4, m = 6, m’ = 2 and ranked 
within the k sub-groups

(c) Data ordered according to increasing magnitude

r
(time sequence)

x r
(data)

j i 
(j = 1, 2, k) ( i=  1, 2 , m)

Xji M
(ranking order)

x M
(M = 1, 2, N') * (m ) = i “ n '

(probability plotting position)

1 23 1 1 23 1 23 0.037
2 33 2 26 2 26 0.074
3 26 3 33 3 26 0.1 11
4 35 4 35 4 27 0.148
5 39 5 39 5 27 0.185
6 47 6 47 6 27 0.222
7 27 2 1 27 7 27 0.259
8 36 2 30 8 27 0.296
9 31 3 31 9 29 0.333

10 33 4 33 10 29 0.370
11 36 5 36 11 30 0.407
12 30 6 36 12 30 0.444
13 30 3 1 29 13 31 0.481
14 38 2 30 14 32 0.519
15 36 3 36 15 33 0.556
16 41 4 38 16 33 0.593
17 29 5 41 17 34 0.630
18 45 6 45 18 35 0.667
19 34 4 1 27 19 36 0.704
20 29 2 27 20 36 0.741
21 27 3 27 21 36 0.778
22 32 4 29 22 38 0.815
23 27 5 32 23 39 0.852
24 2-7 6 34 24 41 0.889
25 27 Remainder group 1 26 25 45 0.926
26 26 2 27 26 47 0.963
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Partitioning. In part (b) o f the table, the data are partitioned in to  sub-groups, 
as described in A I-6.1. There are four sub-groups of 6 elements each, and the 
rem ainder group has 2 elements.

Plotting. In Part (c) o f the table, the observed extrem es are ranked in order of 
magnitude, and the probability positions are calculated. From Eqs (A 12) to 
(A15) the proportionality  factors are then calculated:

t = 0.923 
t ' = 0.077 
q = 0.213 
q ' = 0.006

Calculation o f  the estimators. The main sub-group is arrayed in a m atrix, and 
olq and are evaluated.

1 2 3 4 5 6

1 23 26 33 35 39 47
2 27 30 31 33 36 36
3 29 30 36 38 41 45
4 27 27 27 29 32 34

Sum(Sj) 106 113 127 135 148 162

Using Sj from  this m atrix, and the weights ami and bmj from  Table A5, the 
estim ators a G and j3q can be calculated from Eq. (A16):

Oq = 30.20 0G = 4.85

For the rem ainder sub-group, a G and (3q are calculated from:
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where X; is ranked within the rem ainder sub-group m ' (Xj = 26 and X2 = 27), and
am'j and b m'j are obtained from Table A5. Thus:

oq = 26.08 0 g = 0.72

Now the estim ators a G and (SG can be calculated from Eq. (A17):

a G = 29.88 /3g = 4.53

Calculation o f  the variance, efficiency and standard deviation. Using Eqs (A l 8), 
(A20) and (A22), the variance, efficiency and standard deviation can be 
calculated. The results are shown in Table A8. In Fig. A l , the related distribution 
is plo tted  on extrem e probability paper.

AI-7. Evaluation of the estim ators for Frechet distribution

The relationship between the Gumbel and the Frechet distributions is 
presented in Section AI-2, Eqs (A l)  to (A6). To evaluate the estim ators related 
to  a Frechet distribution for a given data set (XFr, r = 1,2, ..., N '), the natural 
logarithm of each value (XGr = In Xpr) should first be taken for all the data 
points (X pr). All the subsequent steps in handling these XGr values are identical 
to those outlined in Section AI-6 for obtaining the estim ators clq and |3G of the 
Gumbel distribution function XG (YG ) o f the transform ed data set. By using 
Eqs (A5) and (A6), the location and scale param eters for the Frechet distribution 
can be obtained. The confidence band width o f 1 a can be evaluated for each 
Yp, using the equation valid for the Gumbel distribution:

XG (± 1 a) = a G +j3g  (Yg  ± 1 a) (A23)

Now the XG must be transform ed back to the actual Xp value

XF = exp XG and YG = Yp (A24)

obtaining

XF (± 1 a) = exp [a<3 +/3g  (Yp ± 1 a)] (A25)

In the case o f the Gumbel distribution, the upper and lower confidence 
limits are equidistant from the mean recurrence interval value. However, in the
case o f the Frechet distribution, these limits are not equidistant, because it is the
logarithms of the confidence limits tha t are equidistant from  the natural logarithms 
of the mean recurrence interval value.
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TABLE A8. VARIANCE, EFFICIENCY AND STANDARD DEVIATION

PG(X G) Y G x G var(X o) E ° G

0.500 0.3665 31.54 1.10077 0.98856 1.04918

0.800 1.4999 36.67 2.79922 0.90152 1.67309

0.900 2.2504 40.07 4.86331 0.86731 2.20529

0.950 2.9702 43.33 7.54515 0.83659 2.74703

0.980 3.9019 47.56 12.04117 0.81082 3.47004

0.990 4.6002 50.72 16.16642 0.79766 4.02075

0.995 5.2958 33.87 20.91946 0.78778 4.57383

0.998 6.2136 58.03 28.17584 0.77801 5.30809

0.999 6.9073 61.17 34.40282 0.77232 5.86539

AI-8. Mixed distribution

Some meteorological variables and corresponding extrem e value data are 
generated by two or m ore different phenomena. A typical example would be 
the winds generated by tropical and extra-tropical storm s [41 ] and/or by 
convection phenomena. A nother example is precipitation generated by various 
phenom ena, which may also be appropriately treated as a “m ixed” distribution. 
The m ethod for analysis o f such data sets is to  isolate each subset according to 
its generating phenomena, then weight the mean recurrence interval and the 
confidence band for each quantile probability level Yp by the relative data 
population. For example, if in a 30-year data set, 20 o f the extrem e events are 
generated by an “A”-type mechanism and the remaining 10 by a “B”-type 
mechanism, then two different calculations are made. The results are then 
com bined, taking into account that “A” results are twice as frequent as “B” 
results.
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Annex II 
NORMALIZATION OF MAXIMUM WIND SPEED DATA 

TO ALLOW FOR AVERAGING PERIOD, 
REFERENCE HEIGHTS AND TERRAIN CHARACTERISTICS

The reference averaging period and the height above ground level for gust 
speeds to  be used in design calculations depend on the size and height o f the 
structure. M ethods of normalizing over different time periods are discussed by 
various authors [3, 42—44], Data are often presented in term s of an hourly or 
short-term  (e.g. 3 or 5 seconds) averaging time. The ratios between gusts of 
different averaging periods (gust factors) are related to  terrain roughness, for 
which standard categories have been specified [39, 42]. Maximum gust values 
may need to  be adjusted to take account of topographical factors such as sheltering 
w ithin valleys, or winds on exposed hill tops.

Variation o f wind speed with height m ay be expressed in the form of a 
pow er law.

where
h is the reference height
z is the m easurem ent height
Vh , Vz are corresponding wind speeds.

The exponent a  can vary w ith averaging period and surface roughness and 
w hether the profile relates to  average or extrem e winds [4 5 -4 7 ],

Gust factors are com bined in various ways to establish building code require
m ents. (See for example Refs [41, 42, 48].) In the situation where a long-term 
record is being analysed, bu t the characteristics o f the measuring system (e.g. 
exposure height, instrum ent response tim e) have changed, it will be necessary to  
adjust the data, and the basic relationships of the type o f Eq.(A26) can be used to 
do this.

(A26)
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Annex III 
PRECIPITATION ADJUSTMENT FROM 

FIXED INTERVAL DATA
Data collected in the form  of precipitation totals for fixed, sequential 

intervals may be used to  estim ate the maximum for a given running interval. The 
relationship is shown graphically in Fig.A2. Using this m ethod, a maximum 
24-hour precipitation, for example, would be 1.01 tim es the value calculated on 
the basis o f data measured hourly (i.e. 24 observational units w ithin the interval), 
or 1.13 tim es the value calculated on the basis o f data measured at daily intervals 
(i.e. one observational unit w ithin the interval).

The curve in Fig.A2 was obtained by combining results for a wide variety of 
locations; no allowance was made fo r the magnitude of discrete events nor for 
the variance in the statistics. It may be possible to  acquire sufficient data to 
generate a similar curve for the area o f  interest, or m ultiple curves for various 
ranges of precipitation.

In all cases, however, this m ethod introduces a bias, obtained by statistical 
analysis, in to  observed data. This fundam ental lim itation o f the procedure 
should no t be overlooked.

NUMBER OF O BSERVAT IO N AL 
UNITS W ITHIN THE IN TERVAL

FIG.A2. Adjustment o f  fixed  interval precipitation amounts for  number o f  observational 
units within the interval (after Ref. [49]).
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Annex IV 
SCREENING OF METEOROLOGICAL INFORMATION, 

AND ITS USE FOR COOLING POND 
(ULTIMATE HEAT SINK) EVALUATION

An abbreviated m ethod has been developed by which a conservative 
evaluation o f the perform ance of the ultim ate heat sink (UHS) can be made from 
a long-term meteorological data set. The m ethod is generally applicable for a 
cooling reservoir and consists of the following steps:

(1) A “norm ” is developed which relates UHS perform ance to m eteorology 
by a “running sim ulation” of the perform ance o f the UHS, properly accounting 
for all pertinent m eteorological variables simultaneously, bu t w ithout heat input 
from the nuclear plant. For example, if the cooling device is a pond, a simple 
m athem atical m odel o f the pond’s response to  meteorological inputs would 
represent the norm.

(2) The long-term off-site m eteorological data set is related to the short
term on-site data set in terms of the norm, by simulating the perform ance of the 
cooling device, using the on-site and off-site data for the same time period, and 
making a side-by-side comparison. For example, if there is a 1-year data base 
available on site, the m odel should be run for those data and also for the 
corresponding period of the off-site data. Direct statistical comparisons o f the 
resultant simulated perform ances can then be made to  establish the correlation 
of the two results, and to  assess if there is a bias indicative of real differences in 
the m eteorology o f the two sites.

(3) Employing the long-term record, the simple m odel can be used to 
establish the periods of highest am bient tem perature and worst evaporation. Since 
the norm  may not be a com plete, accurate m odel, this procedure should serve 
only to indicate the approxim ate period of worst perform ance w ithin the record.

(4) In a separate calculation similar to  that in step (3), the maximum 
am bient water tem perature and evaporation are calculated for each year o f the 
data set (or for some o ther period). The resultant tables o f maxima can then 
serve as a basis for determ ining recurrence intervals o f the m ost adverse ambient 
conditions. By plotting peak am bient yearly tem perature or evaporation against 
recurrence interval, and comparing these qualities to the peak tem perature or 
evaporation observed in the entire record, a second bias may be detected for 
whatever recurrence interval is chosen.

(5) Using the desired UHS model and the m eteorological record deter
mined in step (3), the maxim um  tem perature, including heat rejection from the 
nuclear plant, is calculated. The starting time of the simulation has to  be adjusted 
so tha t the peak am bient tem perature roughly corresponds in phase to the peak
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which would be induced by the plant heat rejection alone. Some experim entation 
w ith this phasing is useful to  determ ine a starting time.

(6) The biases determ ined in steps (2) and (4) are added to the peak 
tem perature determ ined, to  correct for the chosen recurrence interval, and for 
meteorological differences between on-site and off-site data.

(7) Water consum ption does no t usually require as detailed a simulation as 
peak tem perature determ ination. H eat and m aterial balances for plant heat 
rejection and other losses can simply be added to  the consum ption rates deter
mined in the screening procedure o f step (3). The bias from steps (2) and (4) for 
water consum ption m ust also be added.

Annex V 
HEAT TRANSFER AND EVAPORATION CALCULATIONS 

FOR A COOLING RESERVOIR ASSOCIATED 
WITH THE ULTIMATE HEAT SINK

A V-l. In troduction

This Annex outlines m ethods for calculating the behaviour o f a reservoir 
which transfers heat to  the atm osphere (i.e. to  the ultim ate heat sink). The 
reservoir is required to dissipate residual and decay heat, w ithout make-up, for a 
specified minimum  time (typically 30 days), under extrem ely unfavourable 
environm ental conditions. The m ethods may be used for:

(1) The screening of the meteorological data discussed in Annex IV
(2) The establishm ent of the unfavourable periods in the long-term 

m eteorological data applicable to  the site
(3) The calculation o f the worst cooling condition (i.e. the highest water 

tem perature) and the m ost evaporative condition tha t can be anticipated 
over a long interval (e.g. 30 years, 100 years) and their application to 
the three time periods specified in sub-section 4.2.2. o f this Guide.

AV-2. Models

Modelling of the reservoir for steps (1) and (2) o f AV-l may be very simple, 
because these steps are used only for purposes of comparison; bu t for step (3) 
a m ore sophisticated m odel may be preferred, since these results are intended to 
be absolute values.
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4>

WATER TEMPERATURE T

FIG. A3. Variation o f  surface heat transfer rate with water temperature.

In this A nnex only the basis o f the modelling is indicated. Com puter 
programmes for the analyses have been published or are available. However, 
before these are used, the associated reports should be studied in detail.

The simplest m odel for the reservoir is the “fully m ixed” m odel which 
assumes th a t the plant heat ou tpu t is mixed instantaneously throughout the 
reservoir. A som ewhat b etter representation is the “plug-flow” model in which 
it is assumed th a t the w ater moves from the plant outlet to  the intake in the 
form of a plug. For the purpose o f this calculation, the m ovem ent o f the water 
in the reservoir is assumed to  be like that in a channel. This channel is divided 
into a sequence o f volumes (or elements) in each of which there is uniform  mixing. 
A third m odel takes stratification into account, and assumes that the ho t water 
lies on top o f cooler water.

The simpler m odels are the more conservative, i.e. they have higher intake 
tem peratures and evaporation; they are acceptable for preliminary surveys.

For references tha t present detailed form ulations, see Refs [50, 51 ].

A V-2.1. Heat transfer calculations

Two regimes in the reservoir are considered:

(1) The equilibrium condition w ithout input from the plant (water 
tem perature =  TE ).

(2) The condition when the reservoir is receiving heat from  the plant 
(water tem perature =  Tw ).
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The principal environm ental heat inputs to  the reservoir are direct solar 
radiation and radiation from the atmosphere. The reservoir loses heat by radiation, 
evaporation, conduction and convection. Semi-empirical formulas are used to 
evaluate these contributions, and the tem perature Tg is found by equating the 
environm ental heat inputs to  the heat losses and solving for the tem perature.

The heat loss terms are functions o f water tem perature (see Fig.A3), wind 
speed, cloud cover, hum idity, air tem perature, etc., and together they constitute 
the surface heat transfer. A surface heat transfer coefficient can be defined as

4> is the surface heat transfer rate per unit area 
T is the w ater tem perature.

As indicated in Fig.A3, K increases with T. A linear approxim ation, essentially 
treating K as constant, is used for the reservoir analysis. This takes the form

$ p is the surface heat loss rate per unit area, which depends on the plant 
heat input to the reservoir.

Using the value o f K evaluated at T =  Tg simplifies the calculations and is 
conservative. The values of Tg and K depend on the m eteorological variables 
and are obtained as functions o f time from calculations using long-term 
m eteorological data sets.

A V-2.2. Plug-flow model

As an example, the m ethodology of the plug-flow m odel will be outlined. 
The w ater “plug” between the plant outlet and intake is divided into n fully
mixed elem ents denoted by i, i = 1 , 2 ...... n.
Notation:

Tw j is the w ater tem perature o f the ith  elem ent
Tw o is the tem perature of w ater entering the reservoir from the plant
Vi is the volume of the ith  element
Hp is the heat ou tpu t from the plant to  the reservoir
m is the mass flow rate '
a is the specific heat o f w ater
p is the density of water
Aj is the surface area of the ith element
Cj is the therm al capacity of the ith element =  apVi
t is the time

(A27)
where

<Dp = K(TW-T g ) (A28)

where
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The rise in w ater tem perature in passage through the plant is

H P
TW,0 T W,n “  m(J (A29)

The net addition o f heat to the ith element by advection is

m a(TYy j_  j - T ^  j) (A30)

The rate o f heat loss from the surface is

AiK(TW|i-T E) (A31)

The rate o f accum ulation o f heat in the ith  elem ent, A$>j, is given by 

3TW j
A ^  =  q  =  m a (Tw>i_ 1-T Wfi)-K A ia w, r T E ) (A32)

For a time step At

A T W,i -

t+ At 

A4>:
Ci ■ dt (A33)

Equations (A 29—A33) can be solved for the values of Tw.i, and then the 
rate of evaporation from the elements can be calculated by applying the semi- 
empirical form ula used for the evaporative heat loss.

AV-3. Conclusion

The overall reservoir perform ance (water tem peratures and loss of water by 
evaporation) can be evaluated for recorded or estim ated meteorological data, 
plant operating characteristics, reservoir geometry and appropriate time- 
dependent reservoir boundary characteristics, by the m ethod described in this 
Annex. If  pessimistic (worst-of-record) meteorological data and water level 
conditions are used, a conservative analysis o f reservoir response under loss-of- 
coolant accident shutdow n conditions can be made. A more sophisticated model 
may be preferred for the final analysis.

Com binations of less severe meteorological conditions relative to reservoir 
perform ance should be evaluated. Such evaluations would be perform ed in a 
m anner similar to tha t described above, but would consider the perform ance of
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the reservoir over a short period of time. The short-term  estim ates o f heat and 
w ater losses would then be evaluated, using running averages for the three reference 
time periods described in sub-section 4.2.2. o f this Guide. From  the three sets 
of results, the worst values of environm ental variables and the set o f values 
exceeded only in 5% or 10% o f the to tal time span are determ ined.

Annex VI 
TORNADOES

A VI-l. General description

The tornado is visible as a condensation funnel th a t extends downwards 
from a cloud base, or as a rotating dust cloud tha t rises from the ground. As the 
storm moves, one or m ore tornadoes may form at intervals along the path , travel 
a few kilom etres, lift and then reappear further along the track.

A tornado vortex may be described in term s of its tangential, radial, and 
vertical air flow and the associated atmospheric pressure drop. In this Annex, 
the three wind com ponents are assumed to be axisymmetric.

Tornadoes can be characterized by a m utually consistent set o f parameters 
including maxim um  horizontal wind speed, radius of maximum horizontal wind 
speed, vertical wind speed, radial wind speed, translation speed of the tornado 
as a whole and atm ospheric pressure change.

It is usual to  categorize a tornado primarily according to  its maximum damage 
to  shrubbery, trees and structures. The Fujita F-scale defines categories o f damage 
(see Table A9), and designates classes as F0, F I ,  F2, etc. This scale is used for 
defining the intensity o f damage level to  which each point along the tornado path 
is subjected, as well as for categorizing a tornado according to its maximum 
intensity.

Dimensions of visible portions of the tornado vary considerably; the vertical 
extent is generally dependent on the altitude of the base o f the cloud and may 
be of the order o f 300—3000 metres, or even greater, extending somewhat into 
the cloud. The w idth of the path  o f destruction produced by a tornado touching 
the ground can vary from several m etres to  m ore than 5 km. The length o f the 
path o f destruction can vary from several m etres to  several hundred kilometres. 
Tornado wind speeds have been estim ated from 30 m /s to  m ore than 140 m/s.

W aterspouts are similar to  tornadoes, bu t they generally form under more 
hom ogeneous atm ospheric conditions. They form over w ater bodies and, on 
occasion, cross the coastline and penetrate several kilom etres inland. Character
istically, they are similar to tornadoes, having a high-speed air vortex and a
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TABLE A9. TORNADO INTENSITY CLASSIFICATION ON THE FUJITA 
F-SCALE (after Ref.[55])

Class Associated Damage

FO < 33  m/s, LIGHT DAMAGE

Some damage to chimneys and TV antennae; twigs 
broken o f f  trees; shallow-rooted trees pushed over.

FI 3 3 -4 9  m/s, MODERATE DAMAGE

Surface peeled o f f  roofs; windows broken; light trailer 
houses pushed or overturned; some trees uprooted or 
snapped; moving automobiles pushed o f f  the road. 
(32.6 m/s is the beginning o f  hurricane wind speed.)

F2 5 0 -6 9  m/s, CONSIDERABLE DAMAGE

Roofs torn o f f  frame houses, leaving strong upright 
walls; weak buildings in rural areas demolished; trailer 
houses destroyed; large trees snapped or uprooted; 
railroad boxcars pushed over; light object missiles 
generated; cars blown o ff  highway.

F3 7 0 -9 2  m/s, SEVERE DAMAGE

Roofs and some walls torn o f f  frame houses; some rural 
buildings completely demolished; trains overturned; 
steel-framed hangar- and warehouse-type structures torn; 
cars lifted o f f  the ground; most trees in a forest uprooted, 
snapped, or levelled.

F4 9 3 -1 1 6  m/s, DEVASTATING DAMAGE

Whole frame houses levelled, leaving piles o f  debris; steel 
structures badly damaged; trees debarked by small, 
flying debris; cars and trains thrown some distances or 
rolled considerable distances; large missiles generated.

F5 117 -140  m/s, INCREDIBLE DAMAGE

Whole frame houses tossed o f f  foundations; steel- 
reinforced concrete structures badly damaged; automobile- 
sized missiles generated; incredible phenomena can occur.

F 6 -F 1 2 141 m/s to sonic speed (330 m /s), INCONCEIVABLE 
DAMAGE

Should a tornado with the maximum wind speed in excess 
o f  F6 occur, the extent and types o f  damage may not be 
conceived. A number o f missiles, such as ice boxes, water 
heaters, storage tanks, and automobiles, would create 
serious secondary damage on structures.
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structure descending from the cloud base; occasionally they are destructive. 
W aterspouts tend to  be less intense than tornadoes and small in dimensions 
[52—54], Inform ation regarding their frequencies and characteristics is sparse.

AVI-2. Fujita Pearson Classification

A VI-2.1. Tornado wind speed

The Fujita F-scale is a classification of the intensity o f a tornado, based on 
the damage it causes. The maxim um  damage occurring within its path  is taken 
as the overall rating for that tornado.

The following relationship is used for the lower limit o f the maximum wind 
speed (V p), in m /s, associated w ith a tornado o f a given F-scale, FX

VFX = 6.30 (X +  2 )1S, X =  1 ,2 ,. . . ,  5 (A34)

Such a relationship yields an increasing increm ent as the class number 
increases. The wind speed increm ents between F classes are sufficiently large to 
allow the estim ation o f damage to be made w ithin a possible error o f one class.

A characterization o f F-scale ranges and descriptions o f potential damage 
are given in Table A9. Damage scenes shown in Fig.A4 are illustrative o f the range 
of damage (in the m ore com mon Fujita classes, F I to  F5) caused by a tornado.

A VI-2.2. Path length

The path  length o f a tornado is tha t part o f the tornado’s pa th  during which 
the tornado is in contact w ith the ground. The Pearson path-length scale assigns 
classes to  tornadoes on the basis o f the actual path  length of a tornado.
Equation (A35) is used to  calculate the lower limit (in m etres) of the path length, 
Lpx, associated with a given Pearson-scale class, PX.

LPX = 1609 X io°-5(x _ 1 \  X =  1 ,2 , . . . ,  5 (A35)

AVI-2.3. Path width

The path w idth of a tornado is the mean w idth o f the damage area measured 
in the direction perpendicular to the path. The lifted portions of the path are 
thus excluded from  the averaging. The Pearson path-w idth scale class is based on 
the average w idth o f the tornado. The following relationship is used to  calculate
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FIG.A4. F-scale damage chart, applicable to relatively new suburban structures. Damage 
scenes were selected from  colour pictures o f  Lubbock tornado, May 11, 1970, taken by Fujita 
from  an altitude o f  about 165 m [55].
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TABLE A10. THE FUJITA PEARSON TORNADO SCALE (based on Ref.[56])

Range o f  Range o f  Range o f
maximum wind speeds, VF path lengths, Lpx path widths, Wpx
(m/s) (km) (m)

FO less than 33 P0 less than 1.6 P0 less than 16

FI 3 3 -  49 PI 1 .6 -  5.0 PI 1 6 -  50

F2 5 0 -  69 P2 5 .1 -  16.0 P2 5 1 -  160

F3 7 0 -  92 P3 1 6 .1 - 50.9 P3 1 6 1 - 509

F4 9 3 -1 1 6 P4 51 -1 6 0 P4 5 1 0 -1 6 0 0

P5 117 -1 4 0 P5 161 -5 0 7 P5 1601-5070

Note: Values o f wind speed, path length and path width are computed from Eqs (A 34—A36). 
Most tornadoes fall within the range o f  classes shown in this table.

the lower limit (in metres) o f the path width, WpX , associated with a given 
Pearson-scale class, PX:

WPX = 1609 X 10°'5 (x “ 5), X =  1 ,2 , ..., 5 (A36)

The Fujita Pearson Tornado Scale and associated values o f velocity, path 
length and path  w idth are presented in Table A 10.

AVI-3. A tornado risk m ethod

One of the available tornado risk models was developed by McDonald et al. 
[27], and presented by Abbey and Fujita [26]. This m odel is considered to be 
m ore realistic than others, because it accounts for gradations of damage across 
the damage swath. The four basic steps involved in the m ethodology are as follows:

(1) An area-intensity relationship for a “global” (i.e. large) region surrounding 
the site is determ ined.

(2) An Occurrence-intensity relationship for a local region surrounding the 
site is determ ined.

(3) The probability that a point within the local region experiences a wind 
speed w ithin a given wind speed interval is calculated.

(4) The probability o f wind speeds greater than a given threshold in the local 
region is determ ined.

Details on use o f this model are presented in Ref.[57],
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AVI-3.1. Area-intensity relationship

To perm it the assessment of a mean damage area by intensity relationship, 
a global region, selected on the basis of meteorological and physiographical 
hom ogeneity, is defined. Mean damage area and wind speed can be used to obtain 
the area-intensity relationship, based on the tornado inventory of damage 
characteristics for the region. This relationship can take the form:

log (a;) =  c log (Vj)—k (A37)
where

a; is the mean damage area for the Fujita intensity class i
Vj is the median wind speed for the Fujita intensity class i
c, k are the constants based on least squares linear regression analysis.

AVI-3.2. Occurrence-intensity relationship

A local region in which the site lies and which is wholly w ithin the global 
region is defined, to  perm it an assessment o f the frequency o f occurrence of 
tornadoes o f a given intensity class. The aggregate frequency of occurrence of 
events above each intensity class (i.e. having wind speeds in excess of a given 
value) is determ ined from a tornado inventory o f the local region. These elements 
provide a functional relationship of the form:

log (nj) =  c' Uj +  k ' (A38)
where

nj is the cumulative frequency of occurrence o f tornadoes having maximum 
wind speeds in excess of a threshold wind speed Uj

Uj is the threshold wind speed for the Fujita intensity class i
c , k ' are the constants based on a least squares linear regression analysis.

To develop this relationship, the tornado inventory need no t be tabulated by 
characteristics o ther than maximum wind speed. It is likely that for this single 
param eter (wind speed), a longer period of record would be available (e.g. in the 
form o f F-scale) than for the m ultiple param eters which characterize the damage 
area. Therefore, because of this longer period o f record, the local region should 
provide a sufficient data set for the occurrence-intensity relationship.

The frequency distribution o f the tornado inventory may exhibit m ore than 
a m onotonic characteristic. In this case, it may be necessary to  segregate the 
inventory so tha t two or m ore functional relationships are evaluated. It should 
be recognized tha t for inventories collected in sparsely populated regions, low- 
intensity events may have gone unreported.
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FIG.A5. Rankine Vortex wind speed profile.

Ultim ately the relationship is expressed as an annualized frequency distribution 
by intensity class. The mean annual frequency by class, Xj, is used in the risk model.

A VI-3.3. Wind speed probability relationship

To obtain the probability o f experiencing a wind speed in the local region 
that is greater than some threshold speed, the area-intensity and occurrence-intensity 
relationships are considered jo in tly , with a combined Rankine V ortex scheme for 
the wind speed profile. This Rankine V ortex scheme provides a mechanism for 
taking into account the gradations of wind speed, and thus the damage, associated 
with a tornado.

Figures A5 and A6 illustrate the relationships o f the damage area exposed to 
wind speeds of m agnitude Vj, assuming that the profile outside the radius of 
m axim um  wind speed is of the combined Rankine V ortex type, tha t is
V X R = constant. The mean damage area in this risk m odel is assumed to be the 
area damaged by wind speeds equal to  or greater than 33.5 m/s.

Using the relation VR =  constant, then VR =  33.5 Rd , where Rd is the 
maximum radius for damage.

For a tornado of class i the area of damage swept ou t over the damage path 
length Lj is aj =  2LjRd. Therefore,

V R = 3 3 .5 —  (A39)
2Lj

where a; is obtained from the area-intensity relationship o f Eq.(A37). The radius 
in the tornado corresponding to  a wind speed V is

R =  33.5 — 1—  (A40)2L;V
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Tornado radius

F IG .A 6 . Rankine Vortex wind speed profile — damaged area: (a) wind speed vs tornado 
radius; (bj area damaged by the tornado o f  intensity i by wind speeds in the interval j 
(after R ef. [27] from  R ef. [58]J.
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The area w ithin the damage path  o f this tornado of maxim um  intensity i 
tha t corresponds to  the wind speed interval associated w ith Fujita class Fj (see 
Table A9), i.e. the interval Vj to Vj+ j , is

(A41)

where
Vj is the minimum windspeed for class Fj.16 

For the upper wind speed interval of a given tornado of class i the damage area 
extends from R =  0 t o R  =  R j,j =  i

The probability P(Vj, Vj + j) tha t a point in the local region will experience a 
wind speed in the class F: in one year is

n  -*

Xj is the annual frequency of occurrence of tornadoes o f class i in the local 
region (obtained from the occurrence-intensity relationship in Eq.(A 38)) 

A is the area of local region
n is the highest tornado class considered in the region

A VISA . Probability o f  exceeding the wind speed Vk

The probability tha t a point in the local region will experience a wind speed 
greater than or equal to  the winds in the F-scale intensity class k is

The spectrum of probabilities can easily be obtained for the risk model by 
a p lo t o f probability versus wind speed.

aii =  2Rj= jLj =  33.5 v j= i
(A42)

n

P(Vj,Vj+1) = 1 =  J

A (A43)

where

n
(A44)

j =  k

16 For example, for j equal to 3, the wind speed Vj =  70 m /s and V j+ j =  93 m/s.
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AVI-4. Tornado model

A simple m odel [28, 59] provides the means to evaluate o ther parameters 
(e.g. rate o f pressure drop and to tal pressure drop) associated with the design basis 
tornado. In this model:

dp V T
d T “  P ™ (A 45>

where
dp—  is the maximum rate o f pressure drop
VT is the translational speed of the tornado
Rm is the radius of maxim um  rotational wind speed
p is the density o f air
Vm is the maximum rotational wind speed

and

Ap «  pV 2m (A46)

where
Ap is the to tal pressure drop.
These relationships are obtained from the cyclostrophic wind equation which 

is used, in this case, to  describe the balance between the inward radial pressure 
force and the centrifugal force present in a tornado.

To evaluate the to tal pressure drop and the maximum rate o f pressure drop, 
both  the radius o f m axim um  rotational wind speed (Rm ) and the maximum trans
lational wind speed (VT ) have to be evaluated. In one Member State, Rm has been 
assumed to  be about 50 m for intense tornadoes; and the maximum rotational 
wind speed and the maxim um  translational wind speed have been derived on the 
hypothesis th a t for intense tornadoes the ratio remains constant and is given by:

v m 290—  = ------ (A47)VT 70

Using a similar procedure, bu t based on characteristics o f local tornadoes, 
the rate and the to tal pressure drop may be evaluated for the local region.
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AVI-5. Tornado-generated missiles

It is difficult to  calculate the im pact speeds for tornado-generated missiles 
because of the uncertainties regarding

(1) the type of missile injection (i.e. explosive, aerodynam ic or ramp) 
into  the tornado field

(2) the aerodynam ic coefficient of an object being accelerated in a tornadic 
wind

(3) the shape and velocity gradients of the tornado wind field.
One study [29] suggests that, pending the results o f current research, the 

following be used as interim  examples o f tornado-generated missiles:
an 1800-kg autom obile
a 125-kg, 20-cm armour-piercing artillery shell
a 2.5-cm solid steel sphere.
F or these missiles, the study concludes that speed of impact may be taken to 

be 35% o f the maximum horizontal wind speed o f the design basis tornado.
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DEFINITIONS

The following definitions are intended for use in the NUSS programme and 
may not necessarily conform to definitions adopted elsewhere for international use.

Accidental Conditions

Substantial deviations from Operational States which are expected to be 
infrequent, and which could lead to release of unacceptable quantities of radio
active materials if the relevant engineered safety features did not function as per 
design intent.1

Anticipated Operational Occurrences

All operational processes deviating from Normal Operation which are 
expected to occur once or several times during the operating life o f the plant and 
which, in view of appropriate design provisions, do not cause any significant 
damage to Items Important to Safety nor lead to Accident Conditions?

Construction3

The process o f manufacturing and assembling the components o f a Nuclear 
Power Plant, the erection of civil works and structures, the installation of 
components and equipment, and the performance of associated tests.

Items Important to Safety

The items which comprise:

(1) those structures, systems, and components whose malfunction or 
failure could lead to undue radiation exposure o f the site personnel 
or members o f the public;4

1 A  substantial deviation may be a major fuel failure, a Loss o f  Coolant Accident (LOCA), 
etc. Examples o f  engineered safety features are: an Emergency Core Cooling System (ECCS), 
and containment.

2 Examples o f  Anticipated Operational Occurrences are loss o f  normal electric power 
and faults such as a turbine trip, malfunction o f  individual items o f  a'normally running plant, 
failure to function o f  individual items o f  control equipment, loss o f  power to main coolant pump.

3 The terms Siting, Construction, Commissioning, Operation and Decommissioning are 
used to delineate the five major stages o f  the licensing process. Several o f  the stages may 
coexist; for example, Construction and Commissioning, or Commissioning and Operation.

4 This includes successive barriers set up against the release o f  radioactivity from nuclear 
facilities.

63

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



(2) those structures, systems and components which prevent Anticipated 
Operational Occurrences from leading to Accident Conditions;

(3) those features which are provided to mitigate the consequences of 
malfunction or failure o f structures, systems or components.

Normal Operation

Operation of a Nuclear Power Plant within specified Operational Limits 
and Conditions including shut-down, power operation, shutting down, starting 
up, maintenance, testing and refuelling.

Nuclear Power Plant

A thermal neutron reactor or reactors together with all structures, systems 
and components necessary for Safety and for the production of power, i.e. heat 
or electricity.

Operation (see Footnote 3)

All activities performed to achieve, in a safe manner, the purpose for which 
the plant was constructed, including maintenance, refuelling, in-service inspection 
and other associated activities.

Operational Limits and Conditions

A set of rules which set forth parameter limits, the functional capability and 
the performance levels o f equipment and personnel approved by the Regulatory 
Body for safe operation of the Nuclear Power Plant.

Potential

A possibility worthy of further consideration for Safety.

Region

A geographical area, surrounding and including the Site, sufficiently large to 
contain all the features related to a phenomenon or to the effects of a particular 
event.

Regulatory Body

A national authority or a system of authorities designated by a Member 
State, assisted by technical and other advisory bodies, and having the legal
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authority for conducting the licensing process, for issuing licences and thereby 
for regulating nuclear power plant Siting, Construction, Commissioning, Operation 
and Decommissioning or specific aspects thereof?

Safety

Protection of all persons from undue radiological hazard.

Site

The area containing the plant, defined by a boundary and under effective 
control o f the plant management.

Siting (see Footnote 3)

The process of selecting a suitable Site for a Nuclear Power Plant, including 
appropriate assessment and definition of the related design bases.

Ultimate Heat Sink

The atmosphere or a body of water or the groundwater to any or all of 
which residual heat is transferred during Normal Operation, Anticipated Operational 
Occurrences or Accident Conditions.

s This national authority could be either the government itself, or one or more depart
ments o f the government, or a body or bodies specially vested with appropriate legal authority.
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PROVISIONAL LIST 
OF NUSS PROGRAMME TITLES

Safety Series Provisional title Publication date
No. of English version

1. Governmental organization

Code o f  Practice
50-C-G Governmental organization for the

Safety Guides 
50-SG-G1

50-SG-G2

50-SG-G3

50-SG-G4

50-SG-G6

50-SG-G8

50-SG-G9

regulation o f nuclear power plants

Qualifications and training o f staff 
of the regulatory body for nuclear 
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Information to be submitted in 
support o f licensing applications 
for nuclear power plants

Conduct of regulatory review and 
assessment during the licensing 
process for nuclear power plants

Inspection and enforcement by the 
regulatory body for nuclear power 
plants

Preparedness o f public authorities for 
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Licences for nuclear power plants: 
content, format and legal considera
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guides by the regulatory body for 
nuclear power plants, and their 
purpose

Published 1978

Published 1979

Published 1979

Published 1980
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Safety Series Provisional title
No.

Publication date
of English version

Code o f  Practice 
50-C-S

Safety Guides 
50-SG-S 1

50-SG-S2

50-SG-S3

50-SG-S4

50-SG-S 5

50-SG-S6

50-SG-S7

50-SG-S9
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50-SG-S10B
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Safety in nuclear power plant siting Published 1978
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in relation to nuclear power plant 
siting

Seismic analysis and testing o f 
nuclear power plants

Atmospheric dispersion in 
nuclear power plant siting
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External man-induced events in 
relation to nuclear power plant 
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Hydrological dispersion o f radioactive 
material in relation to nuclear power 
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Nuclear power plant siting: 
hydrogeological aspects

Site survey for nuclear power plants

Design basis flood for nuclear 
power plants on river sites

Design basis flood for nuclear 
power plants on coastal sites

Published 1979

Published 1979 

Published 1980 
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides (cont.)

50-SG-S11A Extreme meteorological events in
nuclear power plant siting, 
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50-SG-S 11B Design basis tropical cyclone
for nuclear power plants
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Safety Guides
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classification for BWR, PWR 
and PTR

50-SG-D2 Fire protection in nuclear power Published 1979
plants

50-SG-D3 Protection system and related Published 1980
features in nuclear power plants

50-SG-D4 Protection against internally Published 1980
generated missiles and their 
secondary effects in nuclear 
power plants

50-SG-D5 Man-induced events in relation to
nuclear power plant design

50-SG-D6 Ultimate heat sink and directly Published 1981
associated heat transport systems for 
nuclear power plants
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides (cont.)

50-SG-D7 Emergency power systems at
nuclear power plants

50-SG-D8 Instrumentation and control of
nuclear power plants

50-SG-D9 Design aspects o f radiological
protection for nuclear power 
plants

50-SG-D10 Fuel handling and storage systems
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50-SG-D11 General design safety principles
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50-SG-D12 Design o f the reactor containment
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50-SG-D 13 Reactor cooling systems in
nuclear power plants

50-SG-D 14 Design for reactor core safety
in nuclear power plants

4. Operation

Code o f  Practice
50-C-0 Safety in nuclear power plant Published 1978

operation, including commissioning 
and decommissioning

Safety Guides
50-SG-01 Staffing o f nuclear.power plants Published 1979

and recruitment, training and 
authorization o f operating personnel
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides (cont.)

50-SG-02 In-service inspection for nuclear
power plants

50-SG-03 Operational limits and conditions
for nuclear power plants

50-SG-04 Commissioning procedures for
nuclear power plants

50-SG-05 Radiological protection during
operation of nuclear power plants

50-SG-06 Preparedness o f the operating
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50-SG-08 Surveillance of items important to
safety in nuclear power plants

50-SG-09 Management o f nuclear power
plants for safe operation

50-SG-010 Core management, fuel handling
and associated services for 
nuclear power plants

50-SG-011 Operational management of
radioactive effluents and wastes 
arising in nuclear power plants

Published 1980

Published 1979

Published 1980

5. Quality assurance

Code o f  Practice

50-C-QA Quality assurance for safety Published 1978
in nuclear power plants
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides 
50-SG-QA 1

50-SG-QA2

50-SG-QA3

50-SG-QA4

50-SG-QA5
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Preparation o f the quality assurance 
programme for nuclear power plants

Quality assurance records system for 
nuclear power plants

Quality assurance in the procurement 
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power plants

Quality assurance during site 
construction of nuclear power plants

Quality assurance during operation of 
nuclear power plants

Quality assurance in the design of 
nuclear power plants

Quality assurance organization for 
nuclear power plants

Quality assurance in the manufacture 
of items for nuclear power plants

Quality assurance auditing for 
nuclear power plants

Quality assurance in the procurement, 
design and manufacture of nuclear 
fuel assemblies

Published 1979 

Published 1979

Published 1981 

Published 1981 

Published 1981

Published 1981 

Published 1980
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