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FOREWORD 

by the Director General

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

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

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

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

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

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

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

STATEMENT 

by the Senior Advisory Group

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

A Senior Advisory Group (SAG), set up by the Director General in September 
1974 to implement the programme, selected five topics to be covered by Codes of 
Practice and drew up a provisional list of subjects for Safety Guides supporting the 
five Codes. The SAG was entrusted with the task o f 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 o f experts from Member States, was created for each o f 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 o f Practice and Safety Guides, which are based on docu
mentation and experience from various national systems and practices, are first 
drafted by expert worjcing groups consisting o f 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 o f both published and 
unpublished material, such as answers to questionnaires, submitted by Member 
States.

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

The five Codes o f Practice cover the following topics:

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

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

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

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

Physical security o f fissile and radioactive materials and o f a nuclear power 
plant as a whole is mentioned where appropriate but is not treated in detail. 
Non-radiological aspects o f 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 o f the 
document and to have the same status as that assigned to the main text o f 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 o f 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 o f Practice and Safety Guides be taken into 
account.

NOTE

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

Safety Series No. 50-SG-G6
Safety Series No. 50-SG-S4
Safety Series No. 50-SG-S11
Safety Series No. 50-SG-06

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 considerations

The atmosphere is an important pathway for the transport o f radioactive 
releases from a nuclear power plant to the environment and thereby to man.

It is necessary therefore to have adequate information about this pathway 
in order to estimate the dispersion o f radioactive releases to the population in 
the region and thus be able to assess the radiological impact on man. The 
present Guide describes the meteorological phenomena and mechanisms involved 
in the dispersion o f the released effluents in the atmosphere, discusses the 
methods which may be used to calculate the concentration and deposition in the 
region, specifies the data needed for input to these models, states the characteristics 
o f the requisite instrumentation and data analysis systems and discusses certain 
related topics. Methods are presented for estimating concentration for short and 
long periods o f emission over a wide range o f types o f radioactive releases. The 
evaluation o f dose to individuals and population, given the concentration, is dealt 
with in national and international publications.

It has been customary in the safety analysis o f nuclear power plants to 
prepare dispersion estimates with different degrees o f emphasis and various 
accuracy requirements at the stages of (a) site survey, (b) site evaluation, and 
(c) operation o f the plant, and for accident contingency planning.

Recommendations given in the present Guide generally apply to a distance of 
up to about 10 km depending upon the complexity o f the terrain. The extension 
to longer distances may be made with caution and to the satisfaction o f the 
regulatory authority.

Extreme meteorological phenomena that could affect the plant are treated 
in another Safety Guide, IAEA Safety Guide No. 50-SG-l 1, which, like the 
present Guide, forms part o f the Agency’s programme, referred to as the NUSS 
programme, for establishing Codes o f Practice and Safety Guides relating to 
land-based stationary thermal neutron power plants. A Provisional List of NUSS 
Programme Titles will be found at the end o f this publication.

1.2. Meteorological investigations needed at different stages

1.2.1. Site survey

Meteorology is one o f the factors which shall be considered at the survey 
stage for site selection. The meteorological characteristics o f a site, when considered 
with other factors such as population density and land use in the region, are in 
many cases an important element in determining the suitability o f the site.

1
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At the stage o f site survey, usually no meteorological measurements are 
available. But often the climatology o f the region is to a certain extent known; 
for example, a synoptic station in the vicinity may help in. obtaining a rough 
estimate o f the climatology o f the region. This rough estimate may sometimes be 
compared to the known characteristics of nuclear sites already accepted by the 
regulatory body. If local measurements are available they should be taken into 
account and further evaluation carried out as additional data become available 
(see the Safety Guide on Site Selection and Evaluation for Nuclear Power Plants 
with respect to Population Distribution, IAEA Safety Series No. 50-SG-S4).

In a non-uniform terrain the local meteorological data may need to be 
supplemented by further investigations and data from other sources to permit 
an adequate assessment. Particularly adverse meteorological characteristics at a 
site, such as channelled flow, or unfavourable prevailing wind direction or 
stability conditions over long periods, should be studied in combination with 
population distribution, since they make for an unfavourable situation.

1.2.2. Site evaluation

During the design and licensing of a nuclear power plant, evaluations shall 
be made of the concentrations due to effluents which may be released from the 
plant in operational states and accident conditions. These evaluations should 
include estimates o f plume dispersion parameters. The significant meteorological 
variables are determined, for input into dispersion calculations and for statistical 
analysis. The data may be used to obtain the probability distribution of concentra
tion o f radioactive material released from the plant.

1.2.3. Meteorological data for normal operation and accident conditions

The amount of meteorological information needed during the routine 
operation of a nuclear power plant is not as extensive and detailed as that required 
at the preceding licensing stages. By the time a plant reaches its operational phase, 
the meteorological characteristics o f the site should be well understood as a result 
of studies and measurements conducted in the earlier stages. Meteorological 
information in the operational stage is needed to determine the actual impact of 
short- or long-term routine radioactive releases on the environment. Moreover, 
knowledge o f actual meteorological conditions will enable those responsible to 
take the most appropriate countermeasures after an accidental release. A 
programme o f meteorological measurements to be used in conjunction with an 
appropriate weather forecast is an essential component in the planning and 
implementing o f emergency measures (see also section 5).

2
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1.3. Limitations inherent in evaluation of meteorological measurements
While most meteorological data are o f an Eulerian character, i.e. measured 

at one or more fixed locations, often on a tower, the actual dispersion is o f a 
Lagrangian character where each parcel o f fluid may be subjected during its travel 
to conditions very different from those at the source. Terrain, the physical and 
chemical state of effluents, height, meteorological conditions, and variation with 
distance and time are all subject to change. It is important to appreciate the 
limitations associated with the use o f Eulerian data, and in particular the 
uncertainty o f the estimates derived. Such appreciation will permit a proper 
evaluation o f the validity o f arbitrary extensions o f dispersion models to distances 
beyond those which are strictly applicable. This matter is also discussed in 
section 3.

An understanding o f the degree o f validity to give to field measurements is 
also important. It is recognized that the type o f meteorological measurements 
undertaken is often determined by terrain. For example, a hillside meteorological 
tower would provide data that are applicable only to its immediate surroundings 
because of the localized nature o f the air flow and the temperature distribution 
in a non-uniform terrain. It should also be noted that plant structures, in 
particular cooling towers, may affect the atmospheric dispersion. In collecting 
meteorological data, care should be taken to ensure that such local effects do 
not unduly affect the values o f the variables to be measured.

When specifying the meteorological programme, the possible need for 
meteorological data for determining other environmental impacts than those 
discussed in this Guide should be considered.

2. ON-SITE AND OFF-SITE 
METEOROLOGICAL INVESTIGATION PROGRAMME

2.1. Required data

The programme for the collection of meteorological data for atmospheric 
dispersion will usually be needed in order to meet the various requirements of 
site selection, design, operation and contingency planning (see sub-sections 1.2.2 
and 1.2.3).

The precision, nature and scope o f the meteorological data to be collected 
should be compatible with the methods and models in which they will be used 
for evaluation o f the radiological impact on the environment.

3
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The bases of any such meteorological programme are:

(1) General meteorological data on the following parameters (to be 
obtained concurrently):

Air temperature
Air flow (wind directions, associated speeds and their durations) 
Thickness o f the mixing layer
Precipitation (for estimation o f deposition and depletion, see 

sub-section 2.2.5)
Humidity (see sub-section 2.2.5)

(2) Specific data required for indication o f turbulence; these will consist 
o f one or more of the following, depending on the model chosen:

Air temperature and temperature lapse rate 
Solar radiation or sky cover during the day, and sky cover or net 

radiation at night 
Wind direction fluctuations 
Wind speed at different heights.

2.2. Collection o f data

2.2.1. General

The collected data shall adequately represent local meteorological conditions. 
Data collection, processing and presentation should be performed in a consistent 
manner to allow an easy comparison o f the results and investigations with those 
performed for other sites, and as far as reasonably practicable these activities 
should be undertaken in accordance with the published guides of the World 
Meteorological Organization (WMO) [1,2]. At least one year’s data should be 
presented. Information should be provided to show to what extent these data 
represent the long-term meteorological characteristics o f the site. This information 
may be obtained by comparing the local data with concurrent and long-term data 
from surrounding synoptic stations.

2.2.2. Terrain, and the positioning o f  instruments

Before installing any meteorological equipment on the site, the site terrain 
should be examined to ensure that the position selected will provide data as 
representative as possible of the dispersion conditions o f the site. The terrain out 
to a distance o f several kilometres should be examined. Topographical features o f 
interest include valleys, principal ridges and their heights, and land/water interfaces. 
The presence o f isolated obstacles (e.g. hills), o f wooded and forested areas, and of 
large artificial structures should be noted. A visual inspection o f the site itself is

4

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



necessary but may be misleading, since even shallow valleys (less than 100 m deep 
and 5—10 km wide) affect the lower level winds considerably, and therefore 
reference to topographical maps is essential. The equipment should be well 
exposed and positioned far enough from obstacles for their effect on the value of 
the measured parameters to be appropriately small. The recommended distances 
o f equipment from elevated obstacles may be found in WMO guides [2 ,3] and 
other published documents, e.g. Ref. [4],

2.2.3. Wind characteristics

To obtain a complete understanding o f atmospheric behaviour at the site 
it is necessary not only to select correctly the position and exposure o f the 
equipment but also to obtain through the instruments a good representation o f 
the whole field o f the wind at least up to the height of possible releases.

At a site where the atmospheric conditions affecting dispersion have been 
shown not to be complex, i.e. where significant changes o f wind speed or direction 
within a limited space do not occur, wind speed and direction on site should be 
continuously recorded at the following levels measured at a single tower:

(1) At 10 metres for comparing and correlating wind data at the site with 
those o f the national meteorological station network; and

(2) At the height representative of the effective point o f release1 (to be 
evaluated on the basis o f the preliminary information).

In other cases measurements should be made at more than one location.
For example, where the effect o f sea breezes may be important, consideration 
should be given to an additional meteorological tower further inland for 
evaluating the diffusion regime characteristics o f the sea breeze over land.

Additionally, it is sometimes useful to have measurements o f wind speed 
and wind direction at a point somewhat higher than the most elevated point 
of release, to determine air flow after plume rise (see sub-section 3.5.3).

In general, the meteorological data should be obtained at least hourly, and 
the averaging time for the record should be at least ten minutes o f each hour 
(see also sub-section 2.4.1). However, instruments shall also be provided for 
continuous recording, to ensure a ready check on the data collection. They may 
include strip chart recorders. If a digital data logger is utilized to record the data, 
the minimum scanning rate should be once per minute.

1 The effective point of release is usually several metres above the point of release from 
the stack or vent.
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If complex site conditions require measurement of wind at additional stations 
in the region, these measurements should be made concurrently with the on-site 
data.

2.2.4. Turbulence o f  the atmosphere

Fluctuations o f wind direction are a direct indicator of turbulence.
The diffusion characteristics o f an atmospheric layer may also be partially 

determined by measuring the temperature difference between at least two levels. 
These levels should encompass the level at which the wind is measured (see sub
section 2.2.3). For rough or forested areas, the lowest level should be well above 
the roughness elements or the tree cover, except when a release occurring below 
this level may need consideration.

The frequency, duration and time o f the temperature gradient measurement 
should be the same as for the wind data. With complex meteorological situations 
related to, for instance, orography, the measurement o f these temperatures at the 
site alone may not be sufficient. Depending on the particular characteristics of 
the area, additional investigations, for example measurement o f temperature 
gradient, made a few kilometres away from the site may be necessary. In fact the 
turbulence indicator values introduced in the model must be appropriately 
selected to avoid erroneous classifications and, therefore, inaccurate estimates of 
the concentrations. In certain cases normal releases of effluents or the special 
release o f tracers are used for the development o f a ‘local diffusion model’ , which 
is often a general model with corrections associated with the values measured at 
the site (see, for example, Ref. [5]).

In every case, and particularly when developing local diffusion models, it 
would be useful to acquire a good knowledge of the space and time distribution 
o f such variables as wind and temperature to understand and determine the 
effluent trajectory. Such information could be obtained by an intensive field 
measurement programme o f several weeks in all, distributed in the various 
seasons. This may be done with balloons or remote-sensing equipment such as 
acoustic sounding.

In cases where the atmospheric stability classes (see sub-section 3.7) are 
determined by visual observations o f sky cover at various times o f the day, the 
observation o f the amount o f sky cover and o f the height o f the clouds may be 
combined with concurrently measured wind data at the site. As an alternative 
during daylight hours to the collection o f data on sky cover, an actinograph or 
pyrheliograph can be utilized. The instrumental measurement o f insolation in 
daytime may be preferable since, by using the quantitative recommendations of 
Turner [6], it allows the qualitative classification o f Pasquill made for the British 
Isles to be extended to other regions of the globe. In a similar way, at night, net 
radiometers have been used in some countries to obtain the stability classification 
(see sub-section 3.7.2.1 for further details).
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TABLE I. REQUIRED SENSITIVITY AND ACCURACY OF 
INSTRUMENTATION

Variable
measured

Characteristics of instrumentation systems

Required measurement 
threshold

Minimum accuracy

Wind direction (hourly 
value)

0.5 m -s"1 with 10° 
deflection

± 5°

Wind speed (hourly value) 0.5 m -s"1 ± 0.25 m s "1 when 
U <  1 m s"1, 10% when 
U >  1 m s

Temperature (hourly - ± 0.5K
value)

Temperature difference - ± 0.1K
(hourly value)

Humidity (hourly value) ± 5% relative humidity

Precipitation (hourly value) rate 0.25 mm-lT1 
total 0.1 mm

± 10% (resolution of gauge)

Solar radiation (insolation) — 0.1 langley-min"1
(hourly value)

Net radiation (hourly value) - ± 0.01 langley min 1

Time - ± 5 min

Note: 1 langley = 1 cal-cm 2 = 4.187 J-crrT2.

2.2.5. Precipitation and humidity

It is recommended that precipitation be measured at least hourly. However, 
this may not always be feasible. In such cases measurements taken over periods 
o f 24 hours may be used to obtain an average precipitation rate. The information 
obtained by measuring the intensity, the amount and the type o f precipitation, 
together with other data such as humidity levels, should be used when evaluating 
the impact o f precipitation and humidity on airborne concentrations and ground 
contamination. Data on humidity may help to determine the effects o f cooling 
towers (see sub-section 3.11).
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2.2.6. M ixing height

The existence o f a mixing layer should be determined, and its thickness 
evaluated, concurrently with atmospheric stability. For this purpose, soundings 
might be carried out.

This information is needed to determine the upper limit o f the vertical spread 
of the plume (see sub-section 3.10.7).

2.3. Instrumentation

Table I lists the minimum performance characteristics o f the instrumentation 
systems to be used in meteorological studies of atmospheric dispersion.

The meteorological instrumentation and systems should be protected, 
maintained, serviced and calibrated, with an eye to mitigating harmful environ
mental effects such as sun, lightning, ice, sandstorms and corrosive agents.

In Table I the accuracy includes system precision and allows for errors due 
to cabling, signal conditioning, recording, solar radiation, and the effects of 
environmental temperature variation.

The accuracy and reliability o f the equipment should be ensured through a 
programme o f regular maintenance and inspection.

2.4. Analysis and presentation o f data

There are two basic steps in the analysis o f the data.

(1) Determination o f average values o f the variables at regular intervals.
(2) Statistical analysis o f these average values.

2.4.1. Basic data set

Although, as has been stated, it is both suitable and customary to list the 
data every hour, many synoptic stations still summarize the data every 3 hours; 
the latter data are useful for certain statistical studies. Wind and temperature 
should be averaged over a period of at least 10 minutes and at least once per 
hour, while for other variables such as radiation and precipitation the period of 
integration should be 1 hour. The thickness o f any mixing layer is generally 
obtained with the help of routine soundings twice a day.

2.4.2. Analysis o f  basic data set

Two kinds of statistical analysis are needed: those for evaluating the effects 
o f (1) routine releases and (2) accidental releases.
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TABLE II. A TYPICAL EXAMPLE OF CLASSIFICATION OF 
METEOROLOGICAL DATA
The speed classes, direction sectors, averaging time and other details vary from 
country to country and with climatic conditions. The twenty degree sectors are 
used and centred about the values shown. Similarly for speed classes, the central 
value o f each class is shown

Station
Latitude
Longitude
Altitude

Thickness o f  air layer for  stability
L o w e r_______________ U p p er_______
Averaging time 10 min
Sampling frequency 1 per hour

Joint frequency distribution 
o f  wind speed 

and wind direction 
(in  per 1000) 

with stability and precipitation

Period:

Criteria for the table 
Sub-period or season 

(spring, winter, etc.) _
S ta b ility_______________
Precipitation ----------------

Number of observations
Total for the p eriod_____
Total for this ta b le______

Degrees Undefined
directions

All
directions

20 

15 

14 

13 

12 

11 

10 

. 9

6
5

4

3

2

Calms

All
speeds

The first kind o f analysis requires a joint frequency distribution o f wind 
direction and wind speed for each stability class. For effluents subject to washout 
it will also be necessary to take into account precipitation classes. Although 
precipitation classes are not generally established, they can be defined on the 
basis o f local precipitation characteristics for calculating the washout effects. 
Table II is an example o f such an analysis, giving the details o f wind speed classes,
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stability and wind direction sectors. These may vary from model to model 
depending on national practices.

The second kind of analysis involves the probability of occurrence of 
different sets o f meteorological conditions over different periods o f time t
(t = 1 h, 2 h , .........), where t may correspond to the period of accidental release
of radioactivity or to the period of exposure. Details o f such calculations are 
given in sub-section 4.2.

It is convenient to tabulate or show graphically the data of persistence for 
different sets o f meteorological conditions, e.g. according to the wind direction. 
A thorough knowledge of the persistence of inversion situations is necessary, in 
particular for determining adverse dispersion characteristics at the site.

The reliability o f the data acquisition and processing systems, including 
their sensors, should be such as to achieve at least an annual 90% joint data 
recovery for the variables chosen to be introduced into the model. In any case, 
extended periods of system outages should be avoided to maintain statistical 
representativeness of the data.

2.5. Terrain complexity

It was recommended in sub-section 2.2.2 that the site terrain should be 
examined before starting the site meteorological measurements, and when the 
terrain is complex the atmospheric dispersion should be calculated as discussed 
in the relevant sub-sections of section 3. The present sub-section gives some 
advice for carrying out meteorological measurements in such complex terrain.

Wind and air temperatures are affected by terrain irregularities and the 
presence of large water bodies. Thus there are two types of complex terrain:

(1) Uneven terrain, e.g. ridges and valleys
(2) Coastal areas, or an area near a large water body.

2.5.1. Uneven terrain

In uneven terrain, the mean atmospheric flow comprises two regimes:

(1) A lower regime where winds are locally affected by structures, hills, 
valleys and other obstacles

(2) An upper regime where winds are not so affected.

The stability conditions will usually be different in the two regimes. The 
dispersion of pollutants will therefore differ in rate and direction in each regime 
Where, owing to orography or to diffusion, part o f the plume crosses over from 
one regime to another, that part will follow the dispersion characteristics o f the 
latter.
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Because o f the variety of possible terrain configurations, only broad guide
lines for meteorological measurements in uneven terrain can be given.

Where a valley is present the boundary of the lower regime may be taken 
as the height of the ridge. Generally, preferential directions o f wind will be 
observed along the valley axis due to a channelling effect. Even valleys as wide 
as 10 km and less than 100 m deep may show strong channelling. On the other 
hand, the air flow in the upper regime will be governed by large-scale pressure 
gradients, friction and Coriolis forces.

Another phenomenon occurring in valleys is the valley breeze [7]; here it 
is useful to know the general characteristics o f the circulation within the valley. 
Another important effect is the enhancement o f the influence of terrain by the 
presence o f strong ground-based inversions.

If the plant is to be located in the lower regime, the main meteorological 
installation as described in sub-section 2.2.3 should be situated near the 
proposed location o f the plant. If the effluents from the plant are expected to 
rise out o f the lower regime and enter the upper regime in the region o f interest 
for diffusion calculations, some additional wind stations on the ridges, with 
towers or poles o f suitable heights, should be established. Where this is not 
possible, data may be obtained from nearby meteorological stations or from 
synoptic charts. For meandering valleys, or valleys which branch into other 
valleys, or end in plains within a short distance, additional wind stations may be 
installed at appropriate locations to determine the air flows, care being taken 
that the local features do not unduly influence the exposure o f the instruments. 
The use o f tracer techniques or fluid flow modelling may also be considered, 
but these may involve special studies as discussed in sub-section 2.2.4. Examples 
o f such studies are: correlations in space and time between wind direction at 
different places, use o f tracers to obtain concentration, o f constant level balloons 
to obtain mean trajectories, of pilot or sounding balloons to estimate dispersion 
in the second regime. During stable conditions and particularly during inversions, 
smoke releases and aerial photography correlated with turbulence indicator data 
have been found very useful in some Member States.

2.5.2. Coastal sites

Sites near large water bodies are subject to distinct local wind systems. In 
fair weather, wind has a typical diurnal variation; the wind direction depends on 
the position o f the sun, mainly being towards land during the day and towards 
water during the night. The on-shore and off-shore winds experience a change 
o f surface roughness and temperature gradient patterns which under appropriate 
conditions may result in recirculation or fumigation (see sub-sections 3.9.4 
and 3.10.5).
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For shoreline sites, data on on-shore winds are required to define the thickness 
of the wind layer and its depth of penetration inland. The former may be deter
mined by the use o f soundings at the hottest and coolest times o f the day, while 
the depth o f inland penetration may be obtained by an appropriately validated 
model or using data from an appropriately sited station.

2.6. Additional studies applicable to large distances

The methods o f calculating the concentrations described in section 3 give 
reasonable estimates up to a few kilometres and in some cases tens o f kilometres 
depending upon the nature o f the terrain. Concentration levels sometimes need 
to be evaluated for larger distances. This requires additional off-site investigation 
o f the atmosphere which could for the mean flow include the use o f special 
methods such as constant level balloons. Synoptic information, as appears on 
meteorological maps for different levels, may be sufficient to give on a case-by- 
case basis the mean flow of potential effluents and is in general only applicable to 
flat or gently rolling terrains. However, the problem of very long distance transport 
and dispersion is beyond the scope of this Guide.

3. ATMOSPHERIC DISPERSION MODELS

3.1. General

A considerable body o f theoretical and experimental work is available on 
the dispersion o f pollutants released into the atmosphere, and on the basis of 
meteorological measurements pollutant concentrations in the neighbourhood of 
a nuclear power plant can now be reasonably estimated. In this section, calculational 
models are presented for describing the behaviour o f effluents in the atmosphere up 
to distances o f some 10 km downwind from the source. Beyond this distance the 
methods discussed here are considered to be less applicable and, as just stated, the 
problem o f transport and dispersion at very large distances is beyond the scope of 
this Guide. As the distance increases, the vertical spread o f the effluent becomes 
comparable in dimensions to the planetary boundary layer thickness and the 
usual assumptions of homogeneity make the model increasingly inapplicable.
Also discussed in this section are the conditions under which the models are 
applicable, the modifications required for applying the models to specific practical 
situations, and the meteorological data required for input to the models.

In general, the models described in this section have been derived from 
experimental data and have been used in nuclear power plant siting and design.
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FIG.l. Behaviour o f  effluents released to the atmosphere.

However, the selection of input parameters and the adjustment of models to fit 
specific situations depend upon the characteristics of the site and its region and 
conditions o f release. Thus the choice o f an appropriate model or combination 
of models for a particular site and particular release conditions shall be based on 
a careful examination o f the site and of the characteristics o f the source that are 
important to dispersion.

Some typical uses o f atmospheric dispersion models at nuclear power 
plants are:

To derive short-term (a few hours) normalized concentration2 and deposi
tion values and to assess the probability o f occurrence o f high normalized 
concentration and contamination levels

To derive long-term (e.g. one year) time-integrated normalized concentration 
and deposition values.

Guidelines are given on the use o f specific models to fit various circumstances 
and on the limitations o f each model. In addition, an indication is given o f those

2 The term ‘normalized concentration’ as used here is the ratio of the actual concentration 
to the release rate.
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areas where ongoing or future work is likely to yield changes in the models. It is 
particularly important that the limitations of these models be recognized.

The models presented here are applicable in situations where the meteorological 
parameters, such as wind characteristics and temperature lapse rate, are reasonably 
uniform in time and space. However, situations may arise where the meteorological 
parameters are changing rapidly in time or space. General models to cover all such 
situations do not exist. Specific models representing the most suitable solution 
should be developed for these situations, with use being made whenever possible 
o f the increasing number o f site-specific models described in the literature.

Whatever model is used, it should be justified by the applicant to the 
regulatory body reviewing the analysis.

3.2. Behaviour o f effluent released to the atmosphere

Once a radioactive gas or aerosol becomes airborne it travels and disperses 
in a manner governed by its own physical properties and those o f the ambient 
atmosphere into which it is released. To visualize the nature o f this motion it is 
useful to consider the general behaviour o f effluent once it has been released 
(see Fig. 1). The effluent enters the atmosphere with a certain velocity and 
temperature which are generally different from those o f the ambient atmosphere. 
The effluent motion has a vertical component due to the effects o f vertical 
velocity and difference o f temperature until they are dissipated. This upward rise 
o f the effluents is called plume rise (Ah, see sub-section 3.5) and changes the 
effective height H of the release point. The path o f the effluent is also affected 
by flow modifications near obstacles such as buildings and structures.

The movement o f the effluent with the wind during and after plume rise 
is called in this Guide transport. The turbulent motion o f the atmosphere causes 
random movement o f the effluent resulting in a progressive lateral and vertical 
spreading by mixing with the air; this process is called in this Guide atmospheric 
diffusion. The combination o f transport and diffusion is called atmospheric 
dispersion.

Additional information on turbulence and stability is provided in Annexes I 
and II.

The effluent, while undergoing plume rise, transport and diffusion, may also 
be subject to processes such as:

(1) Radioactive decay and buildup o f  daugh ter products
(2) Wet deposition

Rainout/snowout (vapour or aerosol is scavenged by water droplets 
or snowflakes in cloud and falls out as precipitation)
Washout (vapour or aerosol is scavenged below the rain cloud by 
falling precipitation)
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Fogging (vapour or aerosol is scavenged by the water droplets present 
in the fog)

(3) Dry deposition
Sedimentation o f aerosols or gravitational settling (for particulate 
diameter larger than about 10 jum)
Impaction o f aerosols and adsorption o f vapours and gases on obstacles 
in the path of the wind

(4) Formation o f  aerosols and coalescence o f  aerosols
(5) Re-suspension o f  materials deposited on surfaces.

Most o f these effects can be expressed mathematically and included in the 
calculational models, if necessary.

Techniques for estimating re-suspension o f deposited materials are available 
in the literature [8] but are not discussed in this Guide; the topic is still at an 
early stage o f development.

3.3. Indicators o f turbulence

In using the models for atmospheric dispersion discussed in sub-section 3.4, 
it is necessary to specify atmospheric stability in terms o f or as a function of 
meteorological parameters [9] such as the following:

(1) Temperature lapse rate. This is the rate o f decrease of temperature 
with height in the ambient atmosphere and is equal to

_  dT 
dZ

where T is the temperature (K)
Z is the height above ground.

The bulk value is obtained by measuring the temperature at two levels, 
sufficiently separated in height. Sometimes the potential temperature 
lapse rate is used; it is effectively equal to

where T is the adiabatic lapse rate and is equal to 0.0098 K m-1 (see 
Annex II).

(2) Wind direction fluctuation. The magnitude and periods o f the wind 
direction fluctuation are functions o f the intensity o f turbulence 
(size o f eddies, etc.). Consequently the wind direction fluctuation is
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used in practice to characterize atmospheric stability. The standard 
deviation of the wind direction fluctuation is obtained by means of 
electronic devices. The fluctuation can also be seen on wind direction 
records, which show different widths of trace for different stability 
conditions.

(3) Insolation, cloudiness, and wind speed. Thermal turbulence is related 
to heat flux. The cloud cover lessens heat loss or heat gain, tending
to make stability neutral. Strong winds, causing increased mixing, also 
lead to neutral stability. Clear skies at night with low winds make for 
a stable atmosphere, whereas similar conditions in daytime make for an 
unstable atmosphere. During the day solar radiation measurements 
or estimates are useful in determining the stability classes while at night 
net radiometers may be used; net radiometer measurements may also 
be preferable in daytime, when short-wave albedo o f the surface is high.

(4) Richardson n u m b e r This reflects the imbalance between thermal, 
or convective, turbulence and mechanical turbulence. It is a function 
of height, and is a dimensionless parameter defined by:

where g is the acceleration due to gravity (m • s“2)
T is the temperature (K)
T is the adiabatic lapse rate (K -m_1)
U is the mean wind speed (m s-1)
Z is the height above ground (m)

This is one of the basic parameters used in several atmospheric dispersion 
experiments. However, in general, the measurement o f 9U/9Z needs 
accurate and sensitive instruments and hence it may be difficult to 
evaluate 0 t i  on a routine basis.

(5) Bulk Richardson number This is defined by

where Uz is the wind speed at the geometrical mean o f the heights at 
which temperature is measured to obtain the temperature profile. 
The parameter can be measured more easily than since it 
does not involve wind speed gradients [10]. In practice, Uz may be 
obtained from an anemometer on the meteorological tower.

(1)

(2)
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The calculational models described later in this section may utilize one or 
more o f these turbulence indicators together with parameters such as wind speed.
It is necessary to use the turbulence indicator appropriate to the calculational 
model. Additional information concerning turbulence and stability are given in 
Annexes I and II.

3.4. Formulae for atmospheric dispersion calculations

The problem of atmospheric dispersion has been treated theoretically by 
three approaches:

The gradient transfer or K-theory approach
The statistical theory approach
The dimensional analysis approach.

Each approach has certain limitations. The advent o f computers has brought 
the possibility of using numerical methods, mainly based on the K-theory. Such 
methods can take into account the space-time variations o f the wind and stability 
field, including effects o f terrain complexity (see, for example, Refs [11 — 14]) as 
well as the various factors that affect the concentration (e.g. deposition, radio
active decay). While these models are promising, they cannot as yet be fully 
exploited, largely because of the lack of a unified theory o f diffusion from which 
diffusion coefficients can be obtained. The methods also require a large computer 
facility to handle large data input, and much computer time. In practice a double 
Gaussian dispersion equation has been assumed (see sub-section 3.4.2), the dispersion 
parameters o f which are obtained by conducting field diffusion experiments and 
relating them to observed meteorological parameters, e.g.wind speed, turbulence, 
lapse rate. The models used in this Guide belong to this latter approach.

3.4.1. Nature o f  the sources

In atmospheric dispersion calculations, the different kinds o f sources are 
usually classified in terms of spatial configuration and duration of release.

Spatial configurations o f interest are point sources, line sources, area sources 
and volume sources. Line and area sources are not generally encountered in the 
analysis o f radioactive releases from nuclear power plants but, if encountered, 
they can be treated by subdivision into a number o f effective point sources.

Actual sources o f radioactive effluents are not point sources in the strict 
sense, but may be so considered for mathematical simplicity. Where large volume 
sources are encountered, a virtual point source may be defined as indicated in 
sub-section 3.10.3. The discussion in the present sub-section (3.4) is limited to 
ideal point sources.
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The important release time-scales are as follows: puff (i.e. a release time 
o f a few seconds up to a few minutes for a travel time o f a few hours); short- 
period (i.e. a release time o f up to a few hours); and continuous.

The present Guide discusses in some detail short-period and continuous 
releases. Apart from the short discussion in the present sub-section (3.4.1), 
puff releases are not given consideration in this Guide (see, for example, Ref. [15] 
fore more details).

A theoretical solution for atmospheric dispersion of a puff, given in Ref. [16], 
based on analogy with molecular diffusion, is

where X is the concentration at point (x', y', z') and time t, where x', y', z' 
refer to a co-ordinate system at the centre o f the moving cloud, 
with the x', y', z' in downwind, crosswind and vertical directions 
respectively (time is reckoned from the instant o f release)

Q0 is the ‘source strength’3 (total quantity released, Ci)
Kj (i = x', y', z') are diffusion coefficients in the respective directions.

This implies that the standard deviations ffi in a Gaussian distribution are 
given by dff?/dt -  2Kj. If K; are constant in time, a\ = 2Kjt. For convenience, 
it is preferable to transfer the origin of the co-ordinates to the source. The above 
relation can be written as

where te is the time of release
U and Q0 are as in Eq. (1)
oi (i = x, y, z) are the plume dispersion parameters (standard deviation 

o f distribution o f concentration) in the x, y and z directions.

3 Note that in the literature the term ‘source strength’ is used for both total release 
and rate of release (emission rate).

X (x ', y', z\ t) = Q0(47Tt)-3/2 (Kx- Ky', Kz')‘ 1/2

(3)

X (x, y, z, t) = Q0(27t) 3/2 (ffx oy az) 1

(4)
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( a)
W IN D

Co-ordinata system 
for X ,Y  and Z

(b)

FIG.2, Schematic representation o f  (aj the co-ordinate systems and (b) the plume dispersion 
parameters ay and az.

With this equation any plume (continuous or discontinuous) may be considered 
as consisting o f an infinite number of instantaneous or puff releases sequentially 
arranged, with a vanishingly small time interval between puffs, and can be described, 
with Q0 replaced by (dQ0/dte) dte, by an integration over the time interval o f 
release te. For practical information on this method, especially on the numerical 
integration, see, for example, Refs [17—20].

3.4.2. Continuous point source — basic dispersion equation

There are many theoretical formulae for atmospheric dispersion (see, 
for example, the summary in Chapter 3 o f Ref. [21]). The most common 
expression for concentration from a continuous point source o f strength Q,
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without interference from the ground, at a mean wind speed U measured at plume 
level, is obtained from the assumption o f a double Gaussian expression:

X ( x , y ,  z) = Q
2 (5)

where x is the mean concentration of the effluent at a point (x, y, z)
Q is the ‘source strength’ (see Footnote 3, p. 18), i.e. the rate at which 

the effluents are released, sometimes called the emission rate (Ci • s"1)
U is as in Eq. (1).

For Eq. (5) the origin is at the source; the x-axis is in the mean downwind 
direction, the y-axis is in the horizontal crosswind direction, and the z-axis is 
in the vertical direction; and the parameters ay and az are the standard deviations 
o f distributions o f concentrations at x in horizontal crosswind and vertical 
directions respectively. The complete co-ordinate system is shown in Fig. 2.

Equation (5) assumes a straight line plume in the direction of the wind and 
does not take into account wind direction changes in space and time. Such effects 
have been introduced indirectly (for example, in Refs [18, 22, 23]. Equation (5) 
may also be used along a long plume trajectory provided that the curvature is not 
too large.

Parameters cry and az in Eq. (5) increase with distance x. The rates at which 
they increase with distance depend upon the turbulence intensity and hence the 
stability o f the atmosphere. For practical use, expressions for ay and az as 
functions of distance have been determined from experimental data under various 
field conditions. These are described together with the associated models in sub
section 3.9.

It is important to remember that the Gaussian formula is only an approxima
tion. In practice departures from this approximation may be encountered, 
especially in the vertical direction (z) in strong wind shear and at large distances. 
However, this is a very convenient hypothesis for the basic equation (Eq. (5)).

3.4.3. Dispersion formulae for a point source on or above the ground

For many applications the concentrations resulting from a point source 
above the ground need to be calculated. As shown in Fig. 1, the release may be 
at a height hs (e.g. from a stack o f height hs) but owing to a plume rise Ah the 
effective height H of the release equals hs + Ah. Plume rises are discussed in sub
section 3.5.

The dispersion formula for continuous release from a point source at an 
effective height H is derived from the basic equation (5) by assuming perfect 
reflection at the ground surface. Taking the origin on the ground vertically
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below the source (e.g. at the base of the stack) and adding the effect o f the 
mirror-image source gives

X(X, Y, Z) =

+ exp

2nOy oz U 

(Z+H)2

exp V 2o\)
(Z -H )2

exp
2oi

2 a\
( 6 )

where the second o f the exponential terms within the curly brackets is the term 
due to reflection.

The mean concentration for a ground-level source with no plume is given by 
setting H = 0 in Eq. (6):

X(X, Y, Z)=
7T Oy Oz U

exp
_ i  ( V + t f \

2 \Oy a \ )
(7)

The mean ground-level concentration for an elevated release is given by 
setting Z = 0 in Eq. (6):

X (X, Y, 0) =
7TOy oz U

exp
Y2 H2
2ffy 2 o\

(8)

Often one is interested only in the ground-level concentration below the 
centreline o f the plume. This is obtained by setting Y = 0 in Eq. (8):

X(X, 0, 0) =
7T Oy Oz U

exp
2oz

(9)

The value o f x obtained from Eq. (9) for an elevated release initially increases 
with distance, then reaches a maximum, and thereafter decreases. If it is assumed 
that Oy/oz does not vary rapidly, the maximum ground-level concentration may 
be obtained from Eq. (9) and is approximately given by

Xmax
2 Q oz

ireUH2 av (10)

where e is the base of natural logarithms =2.718.
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The downwind distance at which Xmax occurs is where

(11)

3.4.4. Dispersion factor

The normalized concentration x/Q (s-irT3) obtained from the above 
expressions is often called the dispersion factor (or dilution factor). Note that 
because it is not a dimensionless quantity it is not a real dilution factor. The 
term however is in common use.

3.4.5. Depletion and decay corrections

Decay or build-up o f radioactive isotopes in the effluent and depletion o f 
the effluent by other processes should be taken into account where necessary. 
How to do this is discussed in the following sub-sections.

3.4.5.1. Radioactive transformation

The process o f the decay or build-up o f radioisotopes with time may be 
expressed as a function f(x/U) o f travel time. Corrected concentrations at a 
downwind distance x may be obtained by multiplying the uncorrected concentra
tion by f(x/U). For the case of simple radioactive decay with decay constant X

For the case when daughter products build up with time, an appropriate 
build-up function should be introduced into the right-hand side o f Eq. (12) (see 
Chapter 7 o f Ref. [21].

3.4.5.2. Depletion by precipitation (see Fig. 1)

Precipitation (rain, snow or hail) passing through the effluent cloud or plume 
will collect particulates. Soluble gases or vapours will also be scavenged by 
precipitation. This will deplete the plume. In-cloud scavenging, i.e. rainout, can 
also have a similar effect. The following general correction factor should be used 
to account for such effects:

( 12)

(13)
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FIG.3. Washout coefficients for unit density particles versus rainfall rate and a2p, where a is 
the particle radius and p is the density o f  particle material. (Taken from Ref. [24]).

where A is a washout coefficient which is a function o f precipitation rate, 
precipitation drop or particle size spectrum, radioactive particle size distribution, 
and solubility of the effluent in water. Scavenging efficiencies (washout coefficients) 
may be obtained from generalized charts such as Fig. 3, based on the work of 
Chamberlain [24]. The effective value o f A can be calculated by integrating over 
the particle size distribution. Additional information may be found in the 
literature [8, 25—27],

Rainfall is not always widespread; very often it occurs only in patches. The 
washout depletion correction should therefore be made only in those areas where 
precipitation has actually occurred. As an illustration, suppose the precipitation 
area is 2 km downwind o f the source. The plume will be undepleted for this 
distance and if depletion correction were applied over this whole distance, it 
would give estimates o f concentration level downwind and o f contamination 
levels in the actual precipitation area that are lower than the actual value.

Depletion by wet deposition (rainout and washout) and by dry deposition 
(sub-section 3.4.5.3) results in ground and soil contamination. For negligible 
runoffs with small rainfall rates (a few millimetres per hour), the contamination 
by rainout can be calculated by the following expression:

(14)
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where ojp, the concentration by rainout, is in Ci-m-2 -s-1 if the emission rate Q is 
used,or in Ci-m-2 if Q0, the total quantity released, is used; the term x l is the 
downwind distance at which the plume first encounters precipitation.

For high rainfall rates and large runoffs, such as occur in monsoonal regions 
like India, the results from Eq. (14) should be modified to account for the fact 
that a considerable part o f the radioactive material will be redistributed by the 
runoff. Similar considerations apply to regions affected by snow drift.

3.4.5.3. Depletion by deposition on surfaces

The plume can be progressively depleted along the downwind direction as 
a result o f removal o f particles by impaction on surfaces, such as walls, leaves 
and ground. If the particles are heavy, the vertical distribution will be distorted 
from the pure Gaussian distribution by gravitational settling [28].

The correction for impaction or adsorption may be made in terms o f a 
deposition velocity Vg defined as:

y ______ Rate o f deposition______  ^
g Concentration near the surface

It should be noted that this is not a real velocity in the kinematic sense.
For the double Gaussian case o f Eq. (8) the deposition rate can be calculated 

from the following (see, for example, Ref. [24]):

« d(X, Y) = ~ ^ Qxti exp
7T (J y  (7^ U

X!
al ct| (16)

where is the deposition rate in Ci-m-2 -s_1 and Qxin Ci-s-1 is the effective 
depleted source at distance X. The effective depleted source can be calculated 
by the expression (see Section 5.3 o f Ref. [21]):

Qx = Q exp / dx

0 °z exp
H2

2 a?

VJ u
(17)

For a conservative evaluation of doses, Qx in Eq. (16) is often replaced by Q.
Values o f Vg vary widely with atmospheric stability, wind speed, and surface 

conditions, even for the same vapour or aerosol. The velocity Vg also depends 
on the physical and chemical properties o f the vapour or aerosol. Measurements 
taken at Harwell and Idaho graphically illustrate these effects (see Section 5.4 of 
Ref. [21]).

24

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



Expressions (16) and (17) are based upon what is called a. source depletion 
model, where the loss due to deposition is accounted for by reducing appropriately 
the source strength. The effect of the loss due to deposition is therefore effectively 
distributed instantly throughout the vertical extent o f the plume.

Another model, called the surface depletion model, has been developed [29] 
with an improved physical interpretation of the phenomena; the expression given 
by this model is in the form o f an integral equation. A two-dimensional surface 
depletion model, taking into account also the wind profile, has been developed [30], 
The surface and source depletion models might give results that are significantly 
different. Correction factors based on these models are not yet available for general 
application; nevertheless for each case they may be computed by numerical 
methods.

In all cases attention should be given to the fact that conditions are rarely 
homogeneous over large distances, so Vg may, as just stated, vary widely. Thus the 
correction for depletion may not be conservative.

3.5. Plume rise and effective stack height

3.5.1. In troduction

The discussion o f plume rise Ah and effective stack height H in this section 
(see Fig. 1) is applicable only to routine stack releases o f gaseous effluents at 
near-ambient temperature. The Ah due to a release that does not occur from 
stacks but might occur in accident conditions is the subject o f continuing study 
and an evolving body of literature. For general guidance there is still insufficient 
information, but some indications may be bound in Chapter 5 o f Ref. [21].

The plume rise model developed in Refs [31, 32] and given in detail 
in Ref. [33] is described in the rest o f the present sub-section (3.5) (see also 
Annex III). It may be generally used for the rise o f radioactive effluent from 
stacks, therefore it is applicable to non-buoyant plumes such as would generally 
exist at nuclear power plants. Additional information may be found in Ref. [34].

Buoyant plumes from stacks are nevertheless o f interest in some cases, 
e.g. associated with steam effluents from power plants, and with high-temperature 
radioactive releases. Buoyancy of plumes is not generally taken into account in 
the safety analysis o f water-cooled reactors but the subject is studied in some 
Member States in connection with gas-cooled reactors and is in general receiving 
continuing attention. Case-by-case analysis o f the need to consider buoyancy in 
plume-rise calculations is recommended. For further details see also Ref. [35].

The motion o f the effluents near bluff bodies, such as buildings, is affected 
by distortion o f the wind field. In general, bluff bodies cause a downwash o f the 
effluents. When a bluff body is near the effluent discharge point, the resulting 
downwash results in a decrease in effective discharge height H. For this reason
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stacks o f height hs at least 2—2\ times that o f the tallest adjacent building are 
usually necessary, except when the discharges are insignificant [36],

The body o f the stack itself may act as a bluff body and cause a downwash. 
The decrease in H due to this effect depends upon the ratio o f the effluent discharge 
speed to the wind speed. To avoid this effect the ratio o f discharge speed to wind 
speed should be as high as practicable. In some countries the recommended lower 
limit o f the ratio to avoid downwash is 1.5 (see Ref. [37]). The effect o f stack 
downwash has been avoided in some cases by using a horizontal annular disc of 
width equal to the diameter o f the stack and fitted at the top o f the stack [38]. 
Where such measures are used and found effective, the correction for downwash 
is not necessary.

3.5.2. Plume rise Ah from tall stacks

For effluents released from stacks which are at least 2—2^ times the height 
o f adjacent solid structures, Ah can be reasonably estimated for neutral or 
unstable conditions [33] by using the following equation:

is a downwash correction factor [39] for W0 <  1.5 U; here De is the external 
stack diameter (m).

When estimating Ah from Eq.( 18) one should also estimate it by using the 
following expression:

(18)

where

W0 is the exit velocity (m-s-1) 
x is the downwind distance (m)
U is the wind speed (m s-1) at stack height 
Df is the internal stack diameter (m)

and

(19)

Ah = 3 —— • Dj 
U 1

W,
( 2 0 )
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The lower value calculated from the two equations (18) and (20) should be 
used as the more suitable estimate o f plume rise. Caution should be exercised 
if the downwash correction brings the plume to less than 2—2j-times the height 
o f any adjacent building.

For stable conditions the result from Eq.( 18) is compared with the results 
from the following two equations:

Ah = 4 ^ )  4 (21)-(W‘
fr)A h = 1 .5 S _1/6 I'TT- ) 3 (22)

and the smallest o f the three values o f Ah is used. In these equations Fm is a 
momentum flux parameter and S is a stability parameter, defined as:

(23)

g /  di?\ ^or ® stability class,S = 8.7 X 10 
\ 9z /T \ 3z /  ForF stability class,S = 1.75 X 10

4

(24)
-3

where

g is the acceleration due to gravity (m-s-2)
T is the ambient air temperature (K)
— 9t?/0z  is the potential temperature lapse rate (K-m-1), which may be 
approximated by — (9T/3z + T).

The stability classes are defined in sub-section 3.7.

3.5.3. Plume rise Ah from short stacks

Short stacks are defined here as those o f height hs less than 2—2̂ - times 
the height of adjacent solid structures. The model presented here for short stacks 
is based on the only data at present available, and it was developed from tests 
at a single site; it should thus be used with caution.

For effluents released from short stacks the effluent plume can be considered 
as an elevated release whenever the vertical exit velocity o f the plume, W0, is 
at least five times the horizontal windspeed U at the height o f release. In this 
case, the release should be evaluated as described above using Eq.(18) (see Ref.[40]).
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If W0/U is less than one or unknown, a ground-level release should be 
assumed in order to obtain a conservative estimate o f concentration.

Where W0/U is between one and five, a mixed mode should be assumed, in 
which the plume is considered to be an elevated release during a part o f the time 
and a ground-level release for the remainder o f the time. In this case an entrain- 
ment coefficient Et should be determined as follows [37, 40]:

Et = 2 .5 8 - 1.58 (W0/U) for 1 <  W0/U <  1.5 (25)

Et = 0.3 -  0.06 (W0/U) for 1.5 <  W0/U <  5.0 (26)

The release should be considered elevated for 100 (1 -  Et) per cent of the 
time and at ground level for the rest of the time. For each of these cases, the 
concentrations should be weighted according to the fraction of time that each 
type of release occurs, and these weighted concentrations should be added 
together. Wind speeds representative of conditions at the actual release heights 
hs should be used for the times when the release is considered to be an elevated 
one. Wind speeds measured at the 10-m level should be used for those times when 
the effluent plume is considered to be a ground-level release. The particular 
constants appearing in Eqs (25) and (26) are based on one limited series of 
experiments involving a single building/stack situation. Other geometries may 
lead to different expressions for Et- The expressions given are believed to be 
reasonably conservative, but this should be verified by experiment, where 
the situation differs from that described in Refs [37, 40], Study is continuing 
on this topic.

3.6. Time-integrated concentrations

The quantity most often needed in the dose calculation is the time- 
integrated concentration (T.I.C.) (\p) at a given point in space, since the dose 
is proportional to it. For the release of radioactive material the T.I.C. is 
expressed in units o f Ci-s-irT3.

3.6.1. T. I. C. for short-term release

For a short-term release the plume is finite in length. If the meteorological 
conditions (wind direction, wind speed and stability) remain effectively 
unchanged over the duration o f release and travel, then the plume length is 
approximately equal to UTr, where Tr is the duration o f the release, and at 
any point P the T.I.C. for complete passage o f the plume, i//c, can be obtained 
from Eq.(6) for x simply by replacing Q by Q0.

28

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



3.6.1.1. Partial-passage T.I.C.
If the complete passage is not considered and the T.I.C. up to a time t is 

desired, this can be obtained from simple kinematic aspects of the phenomenon 
by taking into account the fact that the front end o f the plume first reaches 
point P at the downwind distance x only at a time x/U after the release has 
started. At time t the exposure at P is due to the activity released at an instant 
(t -  x/U) (ignoring the end effects due to spread o f the plume in the x direction). 
The exposure up to time t is therefore [22]:

x
t ------

U
Tr

(27)

where ipc is the T.I.C. at P for complete passage o f the plume released during the 
period Tr, calculated as in sub-section 3.6.1.

3.6.1.2. T.I.C. under changing meteorological conditions

For release periods of a few hours or days the wind speed, wind direction 
and stability generally change and Q is also likely to change. When these changes 
occur the entire time-interval over which the T.I.C. is to be computed should 
first be divided into periods over which the meteorological conditions may be 
taken to be constant.

For each o f these periods, the T.I.C. should be calculated as shown in 
sub-sections 3.6.1 or 3.6.1.1 and finally all T.I.C.s calculated at the point of 
interest should be added together to obtain the total T.I.C. at that point.

Alternatively, the entire period may be divided into basic one-hour intervals, 
the T.I.C. for each hour calculated at the point o f interest, and the results added 
together to obtain the total T.I.C. (see Refs [18, 22]).

3.6.2. Long-term T.I.C.

A quantity often needed to obtain the design parameters for the stack 
and the plant operational limits and conditions for gaseous discharges is the 
T.I.C. over one calendar year determined on the assumption that Q is constant.
This quantity, which will be denoted by i//a, may be obtained from the joint 
frequency distribution o f wind speed, stability class and wind direction for 
one year. It is customary to divide the complete range o f horizontal wind direction 
from 0° to 360° into a finite number o f equal angular sectors. In some Member 
States 16 sectors each o f angular width © equal to n/8 radians (22.5°) are used; 
others use sectors of 20° or even 30°. With the 22.5° sectors the centrelines 
o f the sectors point in the directions N, NNE, NE and so on clockwise to NNW,
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and each sector is denoted by the direction o f its centreline. Any direction 
falling within 11.25° on either side of the centreline is denoted by the centreline 
direction. Thus a direction of NE does not necessarily mean that the direction 
is exactly NE but only implies that it falls within that particular 22.5° sector.
It may be reasonably assumed that the probability distribution o f a direction 
within any given sector is constant. With this assumption, the plume has an even 
chance o f having any direction within a sector. If N p is the number of hours 
during the year when the stability class is i, the wind direction is within sector j 
and the wind speed class is k, the T.I.C. at a distance x may be obtained by the 
following process:

(1) For a given stability class i, direction sector j and wind speed class k, 
the concentration is given, for example, by Eq.(6), integrated horizontally 
over the sector. For all practical purposes, the limits of integration for y may be 
taken as ± °°. The T.I.C. is then given by

Qo Nijk
exp

(Z -H jk )2
2 a,

+ exp (Z+ Hfc)2
2 a:

(28)

where the product of X and © is the width o f the sector at distance X. 

(2) The result is summed over wind speed classes to give

Qo
*«(X,Z)=

v ^ x e
y  j i t .
L j  a zi

(Z - H n )1
+ exp

(Z + Hfc)2
exp I' | 2 azi2

.

(29)

where i//jj is the T.I.C.
When only ground-level concentration is required, Eq.(29) reduces to

, n rm  2Q 0 r -  Njjk /  H i \&j(X,0)= — ------  )  -----2—  exp I -------- )?  V ^ T x ©  L> f f z i U k  V  2 o2ziJ
(30)

where (X,0) is the T.I.C. at distance X for the effective stack height in 
sector j under the stability class i.
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In Eqs (28) to (30) the source height term is shown to be dependent upon 
stability and wind speed because o f the plume rise (see sub-section 3.5). If, for 
the sake of conservatism, the plume rise is ignored, or if the plume rise is assumed 
constant, the calculations are simplified, for one can then write:

Qo l
exp

( Z - H )2 
2 al

+ exp
(Z + H)2

L  uk 
k

(31)

where now (see Fig. 1)

H = hs if plume rise is ignored 
or H = hs + Ah.

The ground-level T.I.C. is then given by

2 Qo
H2 1

exp
2 al\

sj'l-n X 0 L  uk 
k

(32)

The term ^  (Njjk/Uk) is very simple to calculate from the triple joint frequency

distribution o f stability class, wind speed class and wind direction sector.

(3) The T.I.C. in the time interval o f a year for wind direction sector j, 
i//aj, is obtained by summing over the stability classes as follows:

i//aj (X,Z) = ^  \pg (X,Z) for the z level (33)

and

i/'aj (X,0) ~ ^  (X,0) for the ground level (34)
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In the above calculation, it is possible to use individual values o f if a 
computer is used. For hand calculations, the arithmetic or harmonic mean of 
the end points of the wind speed class interval may be used. Each o f these 
means, however, will give slightly different results which, nevertheless, agree 
within reasonable limits.

A conservative estimate of the ground-level T.I.C. can be obtained by using 
the following simple relation [41]:

2 Q0 fj
*j max ( X ,0 ) = -  ----- 0 } (35)

(2 ir e) X 0  Uj H

where

fj is the frequency o f the wind direction in sector j

Nijk Uk
i k

—  , the mean wind speed in wind direction sector j 
over the whole period

i j k

e is the base o f natural logarithms = 2.718.

Another method called the IFDM method (Immission Frequency 
Distribution Model) [42] uses the double Gaussian model, Eq.(5), with appropriate 
corrections for plume rise and wind speed variation with height. In this method 
the hourly concentrations at grid points o f a rectangular grid are statistically 
analysed to obtain the cumulative frequency distribution.

3.6.2.1. Correction for calms

The question arises as to how to account for the periods during which calm 
conditions exist. Basically, this depends upon the specific application as well as 
site characteristics. For example, in calm conditions plume rise for stack effluent 
can be very high, resulting in very low ground-level concentrations. On the 
other hand, for not so elevated releases the effluents accumulated around the 
site during calm conditions are likely to give high exposures in the downwind 
direction immediately after calm conditions. In valleys, preferred wind directions 
may exist.
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As a first approximation it is recommended that the occurrence o f calms 
should be distributed in the different direction sectors in proportion to the 
frequency of the lowest measurable wind speed class.

The T.I.C. i//aj in any sector j should therefore be multiplied by a factor

to obtain the T.I.C. adjusted for calms. In this expression

N0 is the number of hours o f calms 
Nj is the number o f hours with wind direction j 
Njl is the number o f hours in the lowest measurable wind speed class 

in direction j
Nl is the number o f hours in the lowest wind speed class in all directions.

A second approach to be preferred when the percentage o f calms is high 
is to distribute the number o f hours o f calms into the lowest measurable wind 
speed class in combination with the associated stability class.

3.7. Methods for evaluating dispersion

The general procedure for evaluating the concentration or dispersion factors 
for both long and short-time periods for a given site is the following:

(1) For the given site and situation the appropriate model is selected, 
taking into account terrain roughness and height o f release

(2) By using the appropriate measured or observed parameters the stability 
(turbulence) classes are determined for each particular condition
(see Table VIII)

(3) The wind speed at the required level (in general the release level) is 
determined by measurement at that level or computed using 
logarithmic or power function relationships as appropriate from 
measurements at other levels

(4) The effective release height is determined, from the plume rise 
expressions (see sub-section 3.5)

(5) Parameters ay and az at the given distance are determined from the 
graphs or formulae appropriate to the model (the graphs are given in 
Annex VIII)

(6) Concentrations or dispersion factors are computed from appropriate 
formulae

Nj Nl
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(7) Corrections are made for factors such as:
(i) Sampling time
(ii) Decay or build-up
(iii) Depletion due to dry deposition
(iv) Depletion due to wet deposition.

3.7.1. Simplified methods

In certain cases, simplified methods may be used for evaluating dispersion.
It may be possible to use a relationship which assumes homogeneity of the 
atmospheric dispersion characteristics in the region (see Annex IV). This is 
particularly useful when there is no site-specific meteorological information for 
the site, and comparisons with other variables such as population distribution 
have to be made (preliminary site survey), or when one is only dealing with 
small releases.

Even for the more complex methods, although it is known that concentrations 
are more or less correlated with different stability indicators, very little information 
is available on the scattering of results within a specific stability class.

3. 7.2. Pasquill-Gifford type methods

In the Pasquill-Gifford (P-G) scheme, six stability classes from A to F are 
used (see Table III). The ay and az are obtained from graphs as functions of 
the downwind distance x for each stability class. These graphs are based upon 
experiments performed over smooth terrain with a ground-level source. Several 
methods of determining the stability classes from different meteorological 
variables are in use; these are described in sub-section 3.7.2.1.

The division of ay and az into discrete classes A — F does not imply that 
the concentrations obtained are quantized exactly into only six values at a given 
distance. It implies that the distance between the centres o f the classes and 
therefore the width of the class intervals are an indication o f the error band 
of estimates.

Since the curves are obtained from data with large scatter, the concentrations 
calculated are only to be taken as the best estimates at a given location.

3.7.2.1. Turbulence indicator

The basic parameters used for classifying stability in the P-G model were 
originally [43]:

(1) Wind speed at 10 m level
(2) A qualitative estimate o f insolation during the day and cloud cover 

during the night (night refers to the period from 1 hour before sunset 
to 1 hour after sunrise, see Table III)
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TABLE III. ASSIGNMENT OF PASQUILL STABILITY CLASSES 
A Extremely unstable D Neutral
B Moderately unstable E Slightly stable
C Slightly unstable F Moderately stable

Wind speed 
U (m s_1) 
at 10 m

Stability class, day, 
with insolation:

Stability class, night, 
with sky conditions:

strong moderate slight thinly overcast 
or >  4/8 
cloud cover

< 3 / 8
cloud
cover

U <  2 A A -  B B * *

2 < U < 3 A -  B B C E F

3 < U < 5 B B -  C C D E

5 < U < 6 C C -  D D D D

6 < U C D D D D

* In some Member States stability class F is extended to night time conditions with wind 
speed less than 2 m-s-1.

Notes: (1) ‘Moderate’ insolation implies the amount of incoming solar radiation when the 
sky is clear and the solar elevation is between 35° and 60°. The terms ‘strong’ and 
‘slight’ insolation refer to solar elevations of more than 60° and less than 35° 
respectively.

(2) Solar elevation may be obtained for a given date, time and latitude from 
astronomical tables. Since cloudiness reduces insolation, it should be considered 
along with solar elevation in determining the Pasquill stability class. Insolation that 
would be ‘strong’ may be expected to be reduced to ‘moderate’ with broken middle 
clouds (cloud cover 5/8 to 7/8) and to ‘slight' with broken low cloud cover.

(3) Where data from solar radiation measuring instruments are available, the 
values of insolation corresponding to 35 and 60 on clear days may be obtained and 
used as a limit in classification irrespective of cloudiness data.

(4) Neutral class D should be assumed for overcast conditions during day or night. 
‘Night’ refers to a period from 1 hour before sunset to 1 hour after sunrise.

(5) To obtain ay and az for (A — B), etc. use is made of the average of those for 
A and B, etc.

As given in Table III, the stability conditions are divided into six classes 
designated A (extremely unstable) to F (moderately stable). The terms strong, 
moderate and slight insolation refer to typical conditions in the British Isles. 
Methods for obtaining stability classes from synoptic observations have been 
developed [44-46] and these are similar to those o f Pasquill [43], also used 
by Turner [6],
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TABLE IV. MODIFIED STABILITY CLASSIFICATION TABLE, USING SOLAR RADIATION AND NIGHT 
NET RADIATION, WITH WIND SPEED 
Letters A -  F refer to the definitions in Table III

Wind speed 
U(m-s_1) 
at 10 m

Stability class, day, 
with solar radiation RD 

(langleysh-1):

Stability class, night, 
with net radiation RN 

(langleysh-1):
Rd >  50 50 >  RD >  25 25 > R D > 1 2 .5 12.5 > R d Rjsi ^  1.8 —1.8 >  Rn > - 3 .6 -3 .6  >  Rn

U <  2 A A -  B B D D - -

2 <  U <  3 A -  B B C D D E F

3 < U < 4 B B -  C C D D D E

4 <  U <  6 C C -  D D D D D D

6 < U C D D D D D D

Note: 1 langley = 1 calcm  2 = 4.187 J-cm 2.
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Insolation can be estimated from the solar angle (using latitude, longitude, 
time and date), and the values o f the angle given by Turner [6] may be used for 
obtaining the stability. These angles are also shown in the notes o f Table III, 
which may be useful in generalizing the designated classes.

Incoming solar radiation may also be measured, by a pyrheliometer or 
other similar instrument. Where such measurements are available, the relevant 
values in Table IV may be used for daytime conditions. At night the net 
radiation flux is measured by a net radiometer to determine the stability 
classification as shown in Table IV. An outline of a method recently developed 
is given in Annex V.

3.7.2.2. Plume dispersion parameters

The values o f oy and az with distance for the six stability classes may be 
obtained from the curves o f Figs A2 and A3. These values are based on data 
obtained for a smooth terrain and a sampling time o f 3 min and 10 min respectively. 
The curves were provided by Gifford [47, 48] and are modified versions o f the 
graphs and tables o f Pasquill [43]. Other curves which could be used with the 
P-G model are available [49—52]; these curves have been developed for different 
terrains.

3.7.2.3. Sampling time corrections

The concentrations based on the curves mentioned in sub-section 3.7.2.2 
should be corrected up to a few hours to allow for difference in the sampling 
time. The corrected concentration may be obtained by multiplying the 
uncorrected concentrations by the following factors:

where Ts is the sampling time in minutes. The exponents 0.4 and 0.5 are based 
on the measurements reported in Ref.[53], and other values of the exponent 
are given in the tables in Annex VI.

( W

(I

for 15 < T S < 6 0
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TABLE V. RELATIONSHIP BETWEEN PASQUILL STABILITY CLASS 
AND TEMPERATURE LAPSE RATE 
Letters A — F refer to definitions in Table III

AT/AZ (K /100 m)- •< -1 .9 -1 .9  to -1 .7 -1 .7  to -1 .5 -1 .5  to -0 .5 -0 .5  to 1.5 >1.5

Pasquill class............ A B C D E F

3. 7.3. Temperature lapse rate method

3.7.3.1. Turbulence indicator

The temperature lapse rate method uses the bulk vertical temperature 
gradient between two levels in the atmosphere to characterize both the horizontal 
and vertical turbulence.

Many dispersion experiments have been conducted over a period o f years 
which have resulted in the correlation o f temperature lapse rate with measured 
tracer concentrations (see Ref.[54]). Based on these studies, a correspondence 
between the temperature lapse rate and the Pasquill stability class has been 
evolved [55]. The relationship is presented in Table V, where it has been obtained 
with a temperature gradient measured between 10 m and 60 m. The method 
may be applied when the gradient is measured between 10 m and another height 
greater than 50 m, e.g. 100 m as used in Table V. The relationship is generally 
applicable in smooth and even terrain. Note that it may require some modification 
if the climatic zone is different.

3.7.3.2. Plume dispersion parameters

The stability class obtained from Table V is then used to obtain the 
appropriate ay and az values from the P-G curves presented in Figs A2 and A3 
o f Annex VIII, or from other appropriate curves, such as in Figs A4 and A5 
(see Ref.[51]).

3.7.3.3. Consideration o f the method

The temperature lapse rate method, based on a long period o f operational 
experience, has proved to be a reliable turbulence indicator for stable atmospheric 
conditions when dispersion conditions are most adverse for low-level releases.
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The method is not very reliable under unstable conditions or for elevated 
releases, and is known to greatly under-predict Oy under very light wind speed 
and stable conditions, when the plume meanders [56], see also sub-sections 3.7.5, 
3.8 and 3.10.6). However, dispersion test results (see Figs A4 and A5) can 
provide information needed to account for enhanced lateral plume spread under 
these conditions.

The primary advantage o f the temperature lapse rate method is that it is 
based on measurements which can be taken reliably during all meteorological 
conditions and especially during those adverse for low-level dispersion. The 
method gives conservative results for the conditions which may produce the 
highest concentration in the case o f short-term effluent release from a low- 
level source.

3.7.4. Wind fluctuation method

3.7.4.1. Turbulence indicator — measurement o f wind fluctuation

Fluctuation o f wind direction is the indicator which directly reflects the 
degree o f atmospheric turbulence. Values of ay and oz can be obtained from 
the quantity oe(T, x/U/3) and the quantity O0(r, x/U/3) respectively [43]. These 
quantities are, respectively, the standard deviation o f wind direction fluctuations 
in the lateral and vertical directions. They are obtained by forming averages of 
the wind direction over intervals x/U/3 (averaging time) moved over the time r, 
which is equal to the duration of release o f the radioactive material or to the 
duration o f sampling at the receptor point (sampling time), whichever is shorter; 
in this way it is possible to take into account the duration o f the release. Here 
/3 is the ratio o f Lagrangian to Eulerian length scale, varying from 1 to 8 and 
usually taken as 4.

The above evaluation o f oq and 00 should be done at the plume height 
level, which for elevated releases may be above 100 m. Measurement of o$ 
and 00 may present some difficulties but, when it is done, the relationship 
given in sub-section 3.7.4.2 may be used.

Where the wind fluctuations are used to identify the stability class, it is 
to be understood that the measured fluctuations have built into them the 
immediate history o f the wind flow over the terrain. Thus the a values can be 
extremely local, whereas the stability obtained from insolation and wind speed 
is associated with a larger area. Studies on dispersion past obstacles show that 
the effect o f the wake is usually not significant beyond about 20 times the 
size of the obstacle. Thus the ‘effective’ stability class for a short-distance 
dispersion and for one over a larger area can be different.
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3.7.4.2. Plume dispersion parameters

For elevated release, Ref.[57] gives the following relations, which refer 
to hourly averages of og and :

Stable Unstable

oy =  0.15 ogx0 7 1  O y  =  0.045 o q x 0 8 6

az = 0.15 a0X071 az = 0.045 a^x086

where og and are expressed in degrees and x is in meters. In a particular case 
Islitzer has found slightly different results [54].

3.7.4.3. Modified methods

Routine measurement o f O0 is generally difficult and hence stability is 
determined by means o f og alone.

An alternative method often used is to obtain a relation between intervals 
o f og values and the Pasquill stability classes. This has been done in various ways 
by comparing the concentrations actually measured with those obtained by 
P-G curves (see Table VI and Ref.[58]), by comparing oy values with those 
given by P-G curves [59] or from observations of og and Pasquill stability 
classes simultaneously [60—62].

TABLE VI. TYPICAL RELATIONSHIP BETWEEN STABILITY CLASS AND oe 
(for open rural terrain, derived from Ref.[58])
Letters A — F refer to definitions in Table III

O g ..........................  25° 20° 15° 10° 5° 2.5°
Pasquill class . . . .  A B C D E F

The need to obtain og easily without cumbersome calculations has led to 
a search for a simple evaluation. A method which is often used consists in 
evaluating an approximate value o f og by determining the wind direction 
fluctuation for the desired rup to one hour, from a chart recorder, and dividing 
it by six. It may be advisable to use, instead of six, a factor specific to the 
measuring installation by running the chart at high speed under different stability 
and wind conditions [58, 63]. At many sites, this method has been used on a 
routine basis. Note that the variation o f og with height and roughness o f the 
upwind surfaces should be taken into account and applied with care (see also 
sub-section 3.7.5.3).
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3 .7. 5. ‘Split-sigma ’ m ethod

3.7.5.1. Turbulence indicator

The so-called ‘split-sigma’ method uses the temperature change per unit 
height, AT/AZ, to characterize vertical turbulence in the atmosphere, and o q  

to characterize the lateral turbulence. The basic concept o f this method is that 
AT/AZ responds to thermal turbulence effects only and that o q  characterizes 
mechanical turbulence.

In conclusion, for this method, in addition to the measurements required 
for the temperature lapse rate (see sub-section 3.7.3), o q  are needed.

3.1. S.2. Plume dispersion parameters

The quantity AT/AZ is used to obtain the appropriate stability class from 
Table V and the corresponding oz values are obtained from Fig.A3 or other 
similar graphs. The ay value is obtained as follows: using the appropriate 
o q  value get the stability class from Table VI (or a similar table), then determine 
the appropriate ay value from Fig.A2 (or a similar figure).

3.7.5.3. Consideration o f the method

This method has been tested by comparing concurrent ground-level 
dispersion tracer tests and estimates made with the AT/AZ method [64]. Results 
obtained from this split-sigma method have been as good as or better than those 
obtained from the temperature lapse rate method for stable, light-wind-speed 
conditions where the plume meanders laterally. The split-sigma method would 
also be expected to be better than the temperature lapse rate method for 
unstable conditions.

The split-sigma method has the disadvantage that at very low wind speeds 
it is difficult to measure and interpret o q  values which, in these conditions, are 
affected by many errors, in particular those due to the influence of the turbulence 
induced by the meteorological tower; this influence becomes greatest at the 
lower wind speeds. This disadvantage may be important in the evaluation o f the 
consequences o f short-term ground-level effluent releases for site evaluation studies.

3.7.6. Methods based on both temperature lapse rate and wind speed

3.7.6.1. Turbulence indicator

The atmospheric turbulence may be o f mechanical as well as thermal origin. 
Thus, turbulence indicators such as Bulk Richardson number may be expected
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TABLE VII. DETERMINATION OF THE STABILITY CLASSES FROM LAPSE RATE AND WIND SPEED [65]

Stability class with AT/AZ (K/100 m), measured between 20 m and 120 m height, of:
Wind speed U 
(m-s-1)

AT
A ^ < - 1'5

AT
-1 .4  < = ^ - < —1.2 

AZ
AT

- 1 1 < A ^ < - ° - 9
AT

-0 .8  < — < -0 .7 -0 .6  < ^ < 0 . 0
AT

0 . K  — < 2 . 0
AT
t z >2-°

U < 1 A A B C D F F

1 < U < 2 A B B c D F F

2 < U < 3 A B C D D E F

3 < U < 5 B B C D D D E

5 <  U <  7 C C D D D D E

7 < U D D D D D D D

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



to represent the phenomenon better than others like temperature lapse rate.
There are two methods in use based on the dependence o f stability classes on 
both lapse rate and wind speed. These are described in sub-sections 3.7.6.2 
and 3.7.6.3.

3.7.6.2. Determination o f the plume dimensions from temperature lapse rate 
and wind speed

The stability classes may be determined from temperature lapse rate and 
wind speed as shown in Table VII.

It has been shown that the stability classes determined by this method are 
in good agreement with those obtained by using the properly adapted synoptic 
method [66] and the wind fluctuation method [65].

The Oy and oz to be adopted for this method may be
(1) Pasquill-Gifford values, particularly for smooth terrain (see Annex VIII, 

Figs A2 and A3)
(2) Those calculated by Vogt, particularly for terrain o f major roughness. 

The sampling time associated with Pasquill-Gifford curves is different 
from that associated with Vogt curves, and this fact has to be taken 
into accoung in calculating concentrations (see also Table IX).

3.7.6.3. Modified Bulk Richardson number method

A Modified Bulk Richardson number method has been developed [5, 67], 
The basic parameters classifying stability originally were:

(1) The potential temperature lapse rate at the level o f the plume centre 
line: — A0/AZ

(2) Wind speed above the friction layer, i.e. at some 500 m above ground 
(Uf in m-s-1)

The unstable (A0/AZ <  0) and neutral cases (A0/AZ = 0) are determined 
by temperature profile alone. The stability classes are determined by the 
parameter

The parameter mo<j is not exactly the same as the Bulk Richardson 
number since the wind speed at 500 m height is adopted.

For this method, hourly values o f A0/AZ, o f Uf, and o f wind speed and 
direction at plume height must be recorded. In addition, the roughness para
meter Z0 is also needed (see Refs [21, 68, 69]). In practice Uf is replaced by 
a value which is a simple site-dependent empirical function of U measured at 
the top o f the tower.

(36)
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The method, the formulae for which are given in Annex VII, gives ay and 
az for a sampling time o f one hour, and has been validated only in high latitudes.

3.8. Comparison o f the different models

In this sub-section the different methods for evaluating dispersion are 
reviewed from the aspect o f (a) measuring devices for input parameters, and 
(b) reliability of classification o f stable and unstable conditions.

(1) Simplified methods

As would be clear from the examples o f simplified models given in Annex IV, 
some utilize certain assumed stability conditions and gross statistics of wind 
data such as wind rose, while others use average data from tracer experiments.
The reliability o f dispersion estimates from such models is not good but may be 
used in preliminary site survey.

(2) Pasquill-Gifford type methods (Insolation — cloud cover, and wind speed 
type methods)

(a) The basic instrument required for stability classification is an anemometer, 
and the other required parameters, insolation and cloud amount, may be obtained 
visually or by pyrheliometer or by net radiometer [70, 71 ]. The instruments 
required for this method are fairly reliable. One o f its principal advantages is 
that insolation data from a nearby weather station may be considered to be 
acceptable for the site.

(b) The characteristics o f the classes are only approximate. In many cases there 
are substantial uncertainties, and atmospheric conditions classified as stable may 
be unstable and vice versa. The model seems to give less precision in the classifi
cation o f a stable situation than an unstable one.

(3) Temperature lapse rate method

(a) The parameter AT/AZ is reasonably simple to measure, even in very low 
wind speed conditions. Discrimination between some classes may be difficult.

(b) Under convective unstable conditions (classes A and B) a lapse rate 
corresponding to neutral and stable condition can often be observed. So this 
model, while categorizing the stable conditions reasonably well, is not so reliable 
in unstable conditions.
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(4) Wind fluctuation m ethod

There are two ways in which oq can be used for obtaining dispersion 
estimates. The one given by Hay and Pasquill [43, 57] uses agand CT0 computed 
from the measurements of horizontal and vertical wind direction fluctuation 
for an appropriate averaging time, (x/U/3), over the time r (see sub-section 3.7.4.1) 
to obtain ay and az. In the second approach, as, evaluated from the measurement 
o f the horizontal wind fluctuation, is used through site-specific correlations to 
obtain the appropriate Pasquill stability class. The parameters ay and az 
corresponding to this class are then used to estimate dispersion characteristics.

(a) The first method uses a bivane, which is a delicate instrument. It is difficult 
to design a bivane sensitive enough to give good indication at low wind speeds 
and yet rugged enough to withstand harsh field conditions. The bivane is sensitive 
to precipitation, birds, etc., which tend to cause inaccuracies in the values.

(b) In the second method only a windvane is used, which is generally a 
rugged instrument.

The classification o f atmospheric stability by the wind fluctuation method for 
wind speeds less than 2 m s -1 is not reliable because o f meandering. The intervals 
defining the stability classes under stable conditions (E and F) are often narrow 
and distinction of one from another may be difficult. Nevertheless, this method 
has the advantages that it is a direct indication of dispersion and that the changes 
in stability conditions can be continuously seen on a strip chart recorder.

(5) Split-sigma method

(a) As this method requires instruments to measure both AT/AZ and ag, it 
has'the same advantages and disadvantages as are mentioned under items 3(a) 
and 4(a) above.

(b) See remarks under items (3 b) and (4b) above. The split-sigma method has 
been tested under low wind speed stable atmospheric conditions. Also, this 
method gives better estimates because it takes separate account o f the stability 
for horizontal and for vertical dispersion.

(6) Methods based on temperature lapse rate and wind speed

(a) See remarks under item (3a) above.

(b) See remarks under item (3 b) above. Stability is better classified in this 
method than simple lapse rate method because o f including wind speed as an 
additional variable.
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TABLE VIII. CONDITIONS UNDER WHICH STABILITY PARAMETERS 
HAVE BEEN DEVELOPED

Height of release Terrain
Method Near ground Elevated Smooth Rough

Pasquill-Gifford « «

Wind fluctuation « e

Temperature lapse rate e e

Temperature lapse rate 
and wind speed e e

Modified Bulk Richardson 
number o 0

Split-sigma e e o

( 7) Modified Bulk Richardson number method

(a) See remarks under item (3a) above. Note that wind speed in this method 
refers to a height where measurements are normally not available.

(b) In this method atmospheric stability is divided into only three classes based 
on measurement of lapse rate. An advantage of the method is that it takes into 
account wind shear and site roughness in dispersion estimates.

The stability parameters o f the different methods were developed under various 
conditions o f release height and ground roughness. Table VIII briefly summarizes 
these conditions.

3.9. How to take various terrain conditions into account in determining 
Oy and az

Such factors as height o f release, building wake effects and surface roughness 
play a role in the determination or correction of ay and oz.

In all the methods presented in this sub-section (3.9), after the stability 
classes have been obtained, ay and az are evaluated in order to introduce them 
into the formulae for x/Q calculations. There exist several sets o f ay and az, 
some o f which are associated with particular sets o f turbulence indicators, while 
others can be used in many o f the methods discussed. However, these sets of 
parameters originated under certain definite circumstances. Actual on-site
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TABLE IX. DETERMINATION OF oy AND az FOR DIFFERENT STABILITY 
CLASSES, FOR EMISSION HEIGHTS OF 50 m and 100 m, FOR DISTANCES 
OF UP TO 10 km MAXIMUM, AND FOR MAJOR GROUND ROUGHNESS 
Modified from Ref. [76] with values rounded up to two decimal figures

Emission
height

Stability
class

Coefficients p and q for the calculation of a7 and ctv
Py qy Pz qz

50 m A 0.87 0.81 0.22 0.97

50 m B 0.87 0.81 0.22 0.97

50 m C 0.72 0.78 0.21 0.94

50 m D 0.62 0.77 0.20 0.94

50 m E 1.69 0.62 0.16 0.81

50 m F 5.38 0.58 0.40 0.62

100 m A 0.23 1.00 0.10 1.16

100 m B 0.23 0.97 0.16 1.02

100 m C 0.22 0.94 0.25 0.89

100 m D 0.22 0.91 0.40 0.76

100 m E 1.69 0.62 0.16 0.81

100 m F 5.38 0.58 0.40 0.62

circumstances should in general be compared with these and the set o f parameters 
which best approximates to on-site circumstances should be used.

In particular, it should be ascertained that these sets o f parameters were 
obtained under the conditions o f ground roughness and for the release height 
that correspond as closely as possible to the case under consideration. Terrain 
characteristics have an effect on the atmospheric dispersion and should be taken 
into account by the selection o f the appropriate a values [52, 72—74]. Building 
wake effects should also be taken into consideration (see sub-section 3.10.4).

3.9.1. Parameters ay and az for smooth terrain and ground release

As has already been indicated, the classical ay and az as functions of 
distance were originally developed by Pasquill [43 ]. They were modified by 
Gifford [48] using data from various experiments. They have been presented in 
graphical form (see Annex VIII, Figs A 2 and A3) according to the original 
Pasquill classification and have been widely used in dispersion calculations.
These relations, however, are to be used with caution for tall stacks.
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TABLE X. PARAMETERS oy AND oz FOR AN URBAN LOCATION [10] 
Values rounded up to two decimal figures

°e
(degrees)

Stability 0y Oz
a P b q

> 2 4 ° < -0 .0 1 Very unstable 1.46 0.71 0.01 1.54O<N1o00 < -0 .0 1 Unstable 1.52 0.69 0.04 1.17oO1oI/"} -0 .01 Neutral 1.36 0.67 0.09 0.95

8°—13° > 0 . 1 Stable 0.79 0.70 0.40 0.67

3.9.2. Parameter set for determining ay and az for terrain o f  major surface 
roughness as a function o f  stability class

On the basis o f tracer experiments performed over a terrain o f major surface 
roughness, Vogt [75] developed a set o f values of ay and az, calculated from 
the formulae

ory =PyX qy (37)

°z = P zxqz (38>

where the values o f py, qy, pz, qz for the different classes are as given in 
Table IX, and x is the downwind distance in metres.

3.9.3. Parameters oy and az for urban locations

Another study was carried out for sites o f high roughness by McElroy [10] 
for an urban location. The four stability classes used, which differ from those 
of Pasquill, are correlated with the Bulk Richardson number the temperature,
the lapse rate and the Pasquill classes.

The values o f the Bulk Richardson number in McElroy’s correlation refer 
to the height o f measurements in his specific study. The results are presented 
in Table X. The values o f oy and az are to be derived from

Oy = axp oz = bxq 

where x is in metres.
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Examples o f other studies to determine oy and az in other urban locations 
will be found in Refs [39, 77, 78],

3.9.4. Modifications o f  oy and az due to a nearby water body

It has been known for many years that dispersion over water may be less 
than over land [79—81 ] since there is less mechanical turbulence over water 
because o f its smooth surface. Wind flows from the water towards the land 
(e.g. sea breeze) do not present a problem since the dispersion characteristics 
a long way inland will be modified to more generally continental characteristics 
by land-induced turbulence. However, if the flow o f air is from the plant across 
the body o f water (land breeze) to another land surface, the dilution factors 
calculated on this other land mass across the water may result in the under
prediction of concentrations. A theoretical method for estimating potential 
over-water dilution factors has been developed [50]. It was found [79] from 
dispersion measurements over cold water, that ay over water can be about a 
factor o f 2 less than that predicted by using the Pasquill F Category at a distance 
of 6 km. It should be noted that the relationship between air and water 
temperature is extremely important. If the water surface is warmer than the 
air flowing over it, dispersion can be enhanced owing to the destabilizing effect 
o f the air being heated from below.

It is important to note that the data of Michael et al. [79] cannot be directly 
applied at different site areas because the degree o f change o f dispersion 
characteristics from land to water regimes is dependent upon the length of fetch 
from the site, across the water, to other land surfaces. The transition from land 
regime to over-water regime is not immediate. Significant travel over water is 
required for the transition to take place [82, 83]. Also, dispersion over warm 
water would probably result in less drastic differences in ay and az, as between 
over-water and over-land, than those found in Ref.[79]. Hosker [84] compared 
estimates o f ay and az obtained by various methods from on-site data on wind 
speed and on og, with the work o f Michael et al. [79]. Hosker’s recommendations 
may be useful for such estimates of over-water dispersion. But they should be 
checked against additional data; if there are large numbers o f people some 
kilometres across a large body o f water from a nuclear plant it would be prudent 
to perform diffusion experiments between the nuclear plant and the other land 
mass as a basis for estimating the dispersion potential between the two land masses.

3.9.5. Modifications o f  oy and oz for a flat desert area

Variations o f oy and oz for a particular flat high-latitude desert area have 
been measured [51]. These are shown in Figs A4 and A5. Although similar 
to P-G curves, they differ in some important aspects. The most important
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difference is that the ay values for stable classes are greater than those for 
non-desert areas, while the az values are lower; this is ascribed to the effect of 
meandering o f the wind (see, for example, the fluctuating plume model of 
Gifford [23]). Such meandering is frequent when the atmosphere is stratified 
under very stable conditions. It should be noted that these curves have not been 
verified in low-latitude desert areas, for which they should be used with caution.

3.10. Other parameter adjustments in dispersion models
Dispersion models generally are represented by an ideal set o f equations 

which assume uniform conditions in space and time. Such situations are rare.
In practical applications, the models require adjustment. Some o f the common 
modifications are discussed in this sub-section.

3.10.1. Changing wind direction

Large changes in wind direction with height cause different layers o f the 
plume to travel in different directions. This vertical shear o f the horizontal wind 
direction causes effluents to fan out [5, 85], with the result that concentration 
and contamination at ground level may extend to much larger crosswind 
distances than would be indicated by the ay values related to a single layer.
This should be taken into account when accurate estimates of concentration 
are required and when the area o f contamination resulting from a radioactive 
release has to be determined.

Another common effect is the meander o f wind direction. A plume in such 
cases will have a serpentine appearance. This causes the effective ay for long 
travel distance to be increased. The topic has been discussed in detail in Ref.[23] 
and experimental results have been presented in Ref.[64].

3.10.2. Stability variation with height

In different layers of the atmosphere, the temperature lapse rate may be 
different. Where the effluent encounters a stable layer, the vertical component 
of dispersion is reduced. On the other hand, a convective (i.e. unstable) regime 
would enhance the vertical dispersion. Measurements aloft often show the existence 
o f an inversion lid at several hundred metres. If its existence is not taken into 
account the concentration may be underestimated at large distances (see sub
section 3.10.7).

3.10.3. Volume sources

The sources o f radioactive releases in many cases cannot be considered as 
ideal point sources. To apply the ideal point source models recommended in

50

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



this Guide to a volume source, one may, for the calculation o f the horizontal 
plume spread, shift the origin upwind by a distance x t , which defines the virtual 
source location, such that >/(27r) • ay corresponding to the travel distance x t 
equals the horizontal dimension o f the volume source. Similarly, for the 
calculation of the vertical plume spread the origin is shifted by a distance x2 
such that y/(2ir) ■ az corresponding to x2 equals the vertical dimension o f the 
volume source. The theoretical plume size then approximates the source size 
at the position o f the source. For travel distances larger than a few kilometres, 
this correction factor is not significant.

3.10.4. Building wake effects

Radioactive materials released through leaks in the buildings or from short 
stacks (sub-section 3.5.3) will be mixed in the turbulent wake created by the 
ambient air flow around these buildings. This effect creates a volume source.
A recommended method of correcting the normal dispersion equations for 
application to this case [5, 86] is based on studies o f experimental releases from 
buildings and on the assumption o f uniform mixing o f the effluent in the building 
wake.

The normal short-term, centreline, dispersion equation (Eq.(9)) with H = 0 
can be modified in the following manner:

(x/Q)a =  777------- 1 A \ (39)
U ( 7 T C T y a z  +  CWA)

where
(x /Q)a is x/Q  corrected for wake effect
A is the cross-sectional area o f the building normal to the wind
Cw ( is the fraction o f A over which the plume is dispersed by the wake

(building shape factor conservatively estimated to be \ by Gifford [21 ]).

However, one cannot decrease the value o f x/Q  to less than one-third o f the 
uncorrected value o f x/Q  (= l/(U 7ray az) for the same distance [87],

The effect o f the above procedure is to reduce X by a constant fraction for 
all crosswind locations at a given distance, thus in practice reducing source 
strength. Although this represents a valid procedure for calculating ground level 
concentration at, or close to, the centreline, it must be applied with care in other 
situations. In particular, when external gamma radiation dose from a cloud is 
calculated for short distances downwind from the source, the effective reduction 
o f source strength will lead to a significant underestimate o f the hazard [88]. 
Such effects should be corrected for as necessary. The virtual source method 
outlined in sub-section 3.10.3 may be useful in this connection [89],
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The normal long-term, sector-spread, dispersion equation (Eq.(29)) with 
H = 0 and z = 0 can be modified by changing the value o f ozi in the following 
manner:

°zi m o d W  = O l i W  + 0.5D|/7r)^2 < > / 3  azi(x) (40)

where
Dz is the maximum adjacent building height either up- or down-wind from

the release point
x is the distance from the release point to the receptor, measured from the

lee edge o f the complex o f adjacent buildings 
azi(x) is the vertical plume dispersion parameter at distance x, for atmospheric 

stability class i
°zi m o d W  's the vertical plume dispersion parameter as above, corrected for 

additional dispersion within the building wake cavity, restricted by 
the condition that azj m0<j(x) <y/3qzj(x).

It will be noted from Eq.(40) that the effect of the presence o f a building 
is to create an effective volume source. Using the principle described in sub
section 3.10.3, a virtual point source may be defined which can be used as an 
alternative method to that just described here.

3.10.5. Fumigation

Shortly after the sun comes up on a clear morning, any existing radiation 
inversion begins to dissipate and is slowly replaced by a neutral or unstable 
atmospheric layer that usually starts forming at ground level and works its way 
upward. At some time after sunrise, the inversion is present just above the top 
of the stack and acts as a lid while the newly developed convective eddies mix 
the effluent plume within the shallow unstable layer next to the ground. This 
condition, called fumigation, may also develop in a sea-breeze regime during late 
morning or early afternoon, though coastal fumigation is not restricted to these 
times o f the day.

Fumigation can give rise to high ground-level concentrations in the neighbour
hood o f a stack over periods o f a few tens o f minutes because the high concen
trations due to the inversion are rapidly transferred to the ground. A more severe 
situation occurs if the growth o f the neutral or unstable layer is slow or if it 
does not grow at all, as with the sea breeze, when fumigation conditions may 
persist for many hours along a considerable length o f the plume.

The following equation [6, 86] assumes uniform dispersion in the vertical 
and Gaussian dispersion in the lateral direction:

1 Y2
(x /Q)f = ~ — --------------------------------------------------------------------------------- e x p - (41)

\ /2 ir  O ypU H p 2cjypJ
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where
(x /Q)f <s x/Q  corrected for fumigation
Hp is the height o f the top o f the fumigated plume (m) determined from the 

temperature lapse rate 
ayF is the value o f ay associated with inversion conditions before fumigation 

occurs.

This equation should only be applied beyond the distance where H + 2az =  Hp.

Fumigation occurring in continental locations, further than a few kilometres 
inland from a large body o f water, should be assumed to last for a short period 
o f time only (a few tens o f minutes). If fumigation occurs at coastal locations 
within a few kilometres o f a large body of water, e.g. a large lake, a bay or an 
ocean, it should be assumed to last for several hours [80, 90],

3.10.6. Low-wind-speed dispersion

Investigations on low-wind-speed dispersion (i.e. less than 2 m-s-1) have 
recently been conducted in terrain varying from flat to gently rolling and to 
fairly rough [51, 64],

These studies indicate that the standard equations for ground-level concen
tration tend to under-predict dispersion during these low-wind-speed conditions 
when compared with the actual measured tracer test results. In low-wind-speed 
conditions the wind tends to meander more than in conditions o f higher wind 
speed. Conservative dispersion analyses have basically assumed steady straight- 
line flow even for low-wind-speed conditions.

These dispersion experiments justify an increase o f the normally estimated 
values o f ay for both smooth forested and hilly forested areas [64], A factor 
o f four when wind speed is less than 2 m -s-1 may be used. This plume meander 
may be so great as to completely mask the building wake effects. For this reason, 
the building wake term from sub-section 3.10.4 should be deleted from the 
dispersion equation when this ay modification is made. When wind speeds are 
less than 2 m-s-1 the following equation can be used for ground-level concentration.

(x/Q )lw s ~ ——-7-----  exp7T U ay az
Y2

2ffy
(42)

where ay = 4ay .
It should be noted that this modification o f ay can only be utilized for 

Eq.(9), the short-term centreline equation. This is because in the long-term T.I.C. 
equation (34) it is assumed that there is uniform lateral spread of the plume 
into the wind direction sector, thus removing ay from consideration.
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3 .1 0 .7. Mixing h eigh ts

The mixing layer is defined as that layer o f the lower atmosphere in which 
free vertical plume rise and growth is possible. Its thickness is called the mixing 
height Hm. An effluent plume grows vertically until the upper boundary is reached 
(mixing height). Quite often a stable layer occurring aloft, e.g. a temperature 
inversion, will present an upper boundary to free growth. The existence o f such 
a lid is o f great importance in any assessment o f medium and long distance dispersion 
within the friction layer. Hm may be estimated from temperature soundings.
A method o f estimating it from a morning sounding and surface temperature data 
has been developed [91 ].

Vertical dispersion will be arrested at Hm. The dispersion expressions 
may be applied only up to a distance at which H + 2az = Hm. Beyond about 
twice this distance, the vertical profile o f concentration will be nearly uniform 
and given by:

XHm(X’Y ) ~ V 2FayU H m exp
Y2

2ay
(43)

For intermediate distance, the concentrations may be obtained by inter
polation. Note that Eq.(43) is the same as for fumigation (Eq.(41)), and implies 
only horizontal Gaussian dispersion, with uniform mixing o f the vertical layers 
below the mixing height.

If detailed mixing height data are available from representative areas near 
the site, these should be used (see also the split-sigma method, sub-section 3.7.5).

Information on mixing height has been published for some countries [6, 
46 ,91-93 ].

For evaluating dispersion factors at large distances regional mixing heights 
in the various meteorological and stability conditions should be evaluated.

3.10.8. Irregular terrain configurations

Much of the early investigative work on atmospheric dispersion was carried 
out over relatively flat terrain. In regions o f uneven topography, the analysis of 
atmospheric dispersion becomes much more difficult. Because o f the great 
variety o f possible terrain conditions, a generalized treatment o f the effects of 
features such as hills or valleys is not feasible, since the exact flows will be 
extremely site-dependent. Hence only a qualitative discussion will be presented 
here (see also sub-section 2.5).
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3.10.8.1. Hilly terrain
The air flow near a hill will be deflected around it. For plumes passing over 

the hill, downwash may occur, causing H to be reduced in this direction. There 
may also be internal recirculation in the region between the stack and the hill.
For winds coming from hill to stack, there will be a downward component of 
the air flow, again causing reduction o f H. On the other hand, increase of 
turbulence in the wake o f the hill may increase the rate o f diffusion. Some of 
these effects, especially the reduction o f H, should be taken into account in 
dispersion calculations [94, 95],

Moreover the identification o f a trajectory is often difficult and a familiarity 
with flow modification around obstacles and the use o f fluid flow modelling 
may be o f some help in estimating it [96, 97],

3.10.8.2. Valleys

Winds in valleys tend to be channelled, predominating lengthwise up and 
down the valley [7, 98—102]. Up-valley and down-valley winds are generally 
associated with unstable and stable meteorological conditions, respectively. 
Ground-level releases will normally be confined to the valley and follow this 
pattern. However, above the ridge height, winds could be in the cross-valley 
direction (being influenced by macrometeorology), and hence extreme care should 
be exercised in predicting plume direction if an effluent is released above the 
height o f valley influence or if a release within the valley rises to the ridge height.

The presence o f a valley often results in reduced wind speeds as compared 
with those that would be expected at the same location if it were a plain terrain. 
Conversely, phenomena occurring at the surfaces or at the side walls o f the valley, 
such as turbulent wakes from pronounced terrain irregularity, may enhance the 
mechanical turbulence within the valley atmosphere. These turbulence effects 
can be large, as demonstrated in Huntington Canyon [103].

In conclusion, one should be cautious o f generalized mathematical models 
for dispersion in a valley location. Reliance should be placed on detailed valley 
studies involving, for example, multiple meteorological towers and tracer studies.

3.11. Influence o f cooling towers on atmospheric dispersion

So far not much has been published on the influence o f cooling towers on 
the atmospheric dispersion o f potential radioactive releases from nuclear power 
plants. Some information, however, is available in Ref.[104],

The following general remarks can be made:

Cooling towers may have a significant effect on short-term radioactive 
emission within some 100 metres o f the plant. The source height compared 
with the height o f the cooling tower is very important [105],
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Even in the case o f forced-draft cooling towers, whose height is generally 
less than that o f natural-draft towers, the influence o f the buoyancy of the 
plume may be important.

The cooling towers may cause large modifications to certain aspects of 
local climatology, in particular they may increase fog formation and change 
the low-wind-speed pattern.

Special attention has to be paid to sites, where the principal wind direction 
is parallel to the line joining the cooling tower with the source. When the 
cooling tower is in operation, the source plume will mix with the plume 
of the cooling tower. Rogener and Klug [66] have proposed a method for 
calculating the pathway o f the cooling tower plume. When the tower is not 
in operation, the maximum of the ground-level concentration caused by the 
elevated source will increase and be shifted towards the source because of the 
additional turbulence generated by the tower [49, 105].

In stable conditions the effect o f a cooling tower is more important than in 
unstable conditions, when it becomes negligible [49].

4. AVERAGE SHORT-TERM 
CONCENTRATION ESTIMATES

4.1. Scope

Concentrations from long-term routine releases are estimated by means of 
the technique described in sub-section 3.7 (making use o f weighted means, long
term dilution factors, etc.) whereas for short-term releases the probabilistic 
methods given in sub-section 4.2 may be used for evaluating normalized con
centrations as a function of their frequency o f occurrence. It should be borne 
in mind that these methods are undergoing considerable development and should 
therefore be used with caution.

4.2. Concentrations from short-term releases
For other than routine discharges (i.e. ranging from hours to days) 

calculation o f the relative frequency of occurrence o f normalized concentrations 
for each discrete time period is required. These calculations may be performed 
as described here. In all cases meteorological data obtained during representative 
periods should be used.
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One direct way o f obtaining a frequency distribution of x/Q  over various 
averaging periods is to calculate it from moving averages as follows: The set of 
the hourly data is ordered in time sequence for a full year and x/Q  values for a 
given distance and direction are calculated for each hour using this data set. From 
this set another set o f x/Q values averaged over a time interval o f N hours can 
be obtained by taking first an average o f the x/Q values from 1 to N, then from
2 to (N + 1), 3 to (N + 2), etc. Frequency distributions can then be obtained 
from these averages by using standard statistical procedures. The procedure can 
be carried out for several distances in each direction and for various values o f N.

A modified approach to this technique o f obtaining dilution factor statistics 
is to perform an analysis o f time integrated concentrations using a given source 
term. This yields, for a stated distance from the source in all directions, the 
probability o f obtaining or o f exceeding a defined exposure limit for a fixed 
release [106],

Another method is to use a peak-to-mean ratio technique. Ratios o f average 
concentrations for various averaging periods to the annual average concentration 
for a unit source, are calculated for several distances in all directions. This 
analysis should be performed over at least one year’s data [107].

Another method o f obtaining short-term extreme exposure values is to use 
the persistence wind direction technique [108]. This is based on the principle 
that a point is affected as long as wind flows to that point from the source. It 
has also been established that a minimum wind speed is associated with each 
persistence period at a site. By using the minimum wind speed envelope to obtain 
the most stable associated Pasquill stability classes, x/Q values integrated for 
each persistence period may be plotted to show the maximum value. The 
analysis may be done for all directions. This approach should not be applied for 
long periods o f release (more than 24 hours) since the diurnal cycle may bring 
the winds back to the original direction.

5. METEOROLOGICAL ASPECTS 
OF EMERGENCY PLANNING 

AT NUCLEAR POWER PLANTS

If an accidental release occurs it will be necessary to know quickly the 
expected trajectory of the effluent in the neighbourhood o f the nuclear 
installations, and estimate expected concentrations and radiation levels down
wind. At the site the first indication o f the direction and speed o f wind and of 
atmospheric stability will be from locally deployed instruments. Other information 
on turbulence may also be obtained by available instruments or observation.

57

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



Each site should have well-placed meteorological measuring instruments at one 
or more suitable heights; they should remain in operation and be maintained 
during the life o f the plant and should provide a visual display in a control room.

The instrumentation and power source should be such that a data set of 
minimum meteorological parameters required for estimating atmospheric dis
persion is also available under accident conditions.

It would be advisable to have always available a set o f simple graphic aids 
(templates or map overlays) prepared in advance (if necessary in conjunction 
with meteorological advice preferably based on data obtained in previous studies 
o f the site conditions) to allow a very rapid first estimation to be made o f the 
expected radiological situation.

In the event o f a significant release (see IAEA Safety Series Nos 50-SG-G6 
and 50-SG-06) forecasts o f wind speed and direction at the surface and at an 
appropriate height, o f stability, o f the inversion height if possible, and o f the 
expected precipitation should be readily available from national meteorological 
services in order that the sectors o f interest and the probable pattern o f develop
ment with time may be determined. Particular attention should be given to any 
expected rapid and large-scale changes of these quantities, particularly those that 
might accompany fronts. It is very desirable for meteorological measurements 
and conditions observed at the site to be communicated rapidly and regularly 
to the forecaster during the emergency to help him provide the most accurate 
forecasts.

Knowledge o f the stability class, o f the height o f the plume and o f the 
released activity is highly desirable for predicting the concentration. In addition, 
actual radioactivity measurements, which are more reliable, should be used to 
confirm concentration prediction from meteorological data.

6. TRAINING

To be effective, any safety system must be well understood and well maintained. 
Meteorological data collection and utilization, as they have been discussed here, 
are primarily requirements o f safety. Those reactor operation personnel con
cerned should have at least an elementary knowledge o f meteorology. Usually 
it is the responsibility o f health and safety personnel to apply dispersion theories 
at their establishment to the design and operation o f environmental surveillance 
systems, to emergency planning, to emergency actions and to planned releases 
o f radioactivity. It is necessary for them to be well acquainted with and practised 
in the use o f diffusion, transport and deposition calculations. The advice o f a 
trained meteorologist should be available and he should familiarize himself with 
the details o f local conditions. Meteorological services should be encouraged to 
extend their expertise in the field o f micrometeorology and atmospheric dispersion.
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I

In general, a short course o f training in atmospheric dispersion with occasional 
refresher courses is necessary for reactor operation personnel. Particular emphasis 
should be placed on the detection o f instrument malfunction, on the accurate 
reading o f  instruments, on the reporting o f  weather information, and, where 
necessary, on the proper appreciation o f meteorological terminology and reports. 
The health and safety personnel will usually require more extensive training, and 
the personnel responsible for predicting concentrations should therefore have 
demonstrated their capability before they are assigned these responsibilities.

Appropriate liaison with national meteorological services should be maintained.
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Annex I

TURBULENCE AND ATMOSPHERIC DISPERSION

The purpose o f this annex is to describe briefly the link between turbulence 
and atmospheric dispersion.

Air motion near the ground is generally turbulent. In very stable conditions, 
which generally occur at night, turbulence of the atmosphere is low, particularly 
for the vertical component. The turbulence can be seen in the fluctuations of wind 
speed and direction on a conventional wind recorder chart. On such a chart one 
can also note the variation in the turbulence intensity with the time of day.

Turbulence is o f two origins, mechanical and thermal. Mechanical turbulence 
is caused by shear stresses due to the presence o f ground surface and obstacles. 
Thermal turbulence is due to buoyant forces.

Turbulent eddies cause an effluent to spread while being transported by 
the wind. This is called eddy diffusion, and the rate at which it occurs depends 
upon two factors:

(a) The intensity o f turbulence, i.e. the ratio o f root mean square 
fluctuation o f wind speed to mean wind speed

(b) The size or period o f the eddies with respect to the size o f the effluent 
plume or cloud.

Eddies much smaller than thesplume size will cause a minor redistribution 
of the effluent concentration, while eddies much larger than the plume size 
will cause it to be bodily shifted. Eddy sizes o f the order of the plume size are 
most effective in eddy diffusion. As the plume travels downwind, the scale of 
eddy motion responsible for atmospheric diffusion increases continuously.

From statistical considerations the length of time over which turbulent 
fluctuations are studied is very important. For a travel distance o f the order of 
kilometres this period (x/U(3, see sub-section 3.7.4.1) should range from about 
10 minutes to a few tens o f minutes for normal wind speeds. The rate o f diffusion 
can be evaluated by observations o f the intensity o f turbulence estimated from 
a wind chart record over a few tens o f minutes.

The intensity o f turbulence is known to increase during the day and decay 
during the night. It is strongly related to the vertical temperature gradient or 
lapse rate in the atmosphere.
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Annex II

ATMOSPHERIC STABILITY

Intensity o f turbulence and atmospheric diffusion are strongly dependent 
upon a property of the atmosphere called atmospheric stability. The physical 
and dynamic bases o f this property are explained in this annex.

The effect o f a vertical temperature gradient on the intensity of turbulence 
can be illustrated by considering a parcel o f air ascending vertically, say due to 
eddy motion, fast enough for the process to be considered adiabatic. The parcel 
will cool, because o f the decrease of pressure with height, at the rate o f cooling 
for adiabatic movement. A descending parcel o f air warms at the same rate. For 
an unsaturated atmosphere the adiabatic cooling rate is approximately equal to 
the dry adiabatic lapse rate, namely 0.0098 K-m-1. The corresponding value in 
saturated air where condensation or evaporation occurs with change o f height, 
is about 0.006 K-m-1. This is the wet adiabatic lapse rate.

Suppose the ambient atmosphere has a temperature gradient exactly equal 
to the dry adiabatic gradient. Under such conditions a rising air parcel will have 
the same temperature as its surroundings, and there will not be any acceleration 
due to buoyant effects. Such a condition of the atmosphere is called neutral.

If, on the other hand, ambient temperature decreases with height at a rate 
greater than the adiabatic gradient, the rising parcel will be warmer than its 
surroundings. In this case the parcel will be subjected to a buoyant acceleration 
acting to intensify the vertical motion. Such a situation is characteristic of an 
unstable atmosphere. This situation can occur as the sun rises and the ground is 
heated, causing the layer o f atmosphere near the ground to be heated more than 
the layers above. This explains the increase o f turbulence intensity from morning 
to afternoon.

Towards evening, as the surface layers cool more rapidly than those of the 
atmosphere above, the lapse rate rapidly falls to a rate less than adiabatic and 
during night with clear sky and low wind speeds the temperature increases with 
height. Such a situation is called a temperature inversion.

When the temperature decreases with height at a rate less than adiabatic, or 
when it increases with height, a vertically rising parcel becomes colder than its 
surroundings and its motion is decelerated owing to negative buoyancy. The 
motions are damped and the turbulence is low or absent.

61

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



Annex III 
EQUIVALENT HEIGHT OF PLUME RISE Ah 

(non-buoyant plume)

Tall stacks Short stacks

(hs >  2—2$ times the height o f the adjacent building) (hs <  2—2\ times the height o f the adjacent building)

Neutral and unstable conditions
Wo V /3  (  X V /3Ah, = 1.44D,V- ;  {-] - C

where /  w0\ W0
3 ( 1 . 5 - —  ) D„ for —  <  1.5

C =
u

l-o

u
W0 ^ 

for >  1.5

W„
Ah2 3 u  Dj

Take the smaller o f  M , and &h2

0 )
Wo
U

<  1 ground release

W0
(2) 1 <  - jj-  <  1.5 evaluate Et 

„ W°Et = 2 .5 8 -  1.58 —

Ground release 100Et percent o f the time

Elevated release 100 (1 —Et) percent of the time, 
calculate Ah as for tall stacks
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Annex III (cont.)

Stable conditions

(for S see Eq.(24))

Take the smallest o f  tShx, Ah3 and M 4

OsOJ

W0
(3) 1.5 <  -^y- <  5 evaluate Et

W
Et = 0.3 -  0.05 ~

Ground release 100Et percent o f the time
Elevated release 100 (1—Et) percent o f the time, 
calculate Ah as for tall stacks

W0
(4) —  <  5, calculate Ah as for tall stacks
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Annex IV

EXAMPLES OF SIMPLIFIED MODELS

Several simplified models for treating dispersion have been developed on 
the basis of very simple assumptions.

In one Member State, only average Pasquill C to D conditions are assumed to 
be relevant and a simple wind rose is adopted for the whole country.

In another Member State a model has been established from the data o f the 
main synoptic stations for calculating mean concentration values averaged over 
the year. Values o f the dispersion factor have been tabulated in 30° sectors as 
functions of the height o f the release. Therefore dispersion factors for a specific 
site may be obtained by weighting the tabulated values according to the 
frequencies for sectors, as obtained from the wind rose for the nearest synoptic 
station [49].

In yet another Member State the concentration/distance relationship was 
obtained by tracer experiments at about 20 sites. Graphs have been published 
for day-time and night-time conditions [109]. After the development of 
probabilistic methods in safety studies the measurements were re-analysed and 
made available in a probabilistic presentation o f concentration [110]. The 
concentration values are given for ground releases because, in all but one o f the 
sites where tracers were used, buildings or mountainous terrain gave sufficient 
perturbations to make the stack height irrelevant. In applying these published 
values, they are to be weighted according to the local wind rose. This model 
underestimates concentrations near the plant (due to building-induced turbulence 
and the particular duration of sampling o f tracer concentration used in the 
experiment), but far from the plant, up to 100 km, the results compare well 
with the few experiments that have been performed.

A method of estimating long-term concentrations by means of average wind 
roses corrected on the basis of the statistical behaviour o f the wind field has 
been proposed for preliminary calculations [ 111].
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Annex V 
A DIRECT METHOD FOR 

DETERMINING STABILITY CLASS 
(Pasquill method and modifications)

The Pasquill method o f determining stability class has been widely used in 
many countries because by it atmospheric stability can be classified easily with 
readily available weather data. Nevertheless, some modifications to improve the 
applicability o f the method may be desired.

For making hourly observations, around the clock, o f type and amount of 
cloud, at least three or more experienced observers are necessary at an observation 
point, but it may be very difficult to maintain an adequate frequency of 
observation for lack o f able observers. At present automatic systems are not 
available for this purpose.

Studies have been carried out to determine whether it is possible to use the 
net radiometer for stability classification in place o f visual observation o f type 
and amount o f cloud.

Accordingly the first stage o f the modification illustrated in Table A1 (taken 
from Ref. [112]) may be introduced into the Pasquill method as indicated in 
Ref.[l 13] in order to identify in a more suitable way the stability classification.

The Pasquill method may be modified so that for stability classification 
visual observation at night o f cloud type and amount may be replaced by net 
radiation measurement. For stability classification in daytime a new class of 
insolation ‘very weak’ (<12.5 langleys-h-1) may be added. Note that for 
insolation and night net radiation, the value should be averaged for a 10-min period 
before the hour.

Table A2 takes into account the above considerations so that automated 
observation can be used for the stability classification. It is identical to Table IV, 
but is repeated here, with notes, for the convenience o f the reader.

It has been found necessary to perform comparison tests of the net radiation 
measuring equipment with a reference instrument before, during, and after the 
year of the measurement programme.

If this method has to be applied when a reference instrument for radiation 
measurement is not available the net radiation ratio RN /R 0 may be used for 
evaluating stability classes at night as explained in Table A3.
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TABLE A l. MODIFIED STABILITY CLASSIFICATION TABLE, USING SOLAR RADIATION AND CLOUD AMOUNT 

Letters A -F  refer to the definitions in Table III

Wind speed U 
( m s -1) 
at 10 m

Stability class, day, with solar radiation RD(langleys-h_l): Stability class,
■ day and night, with 

low cloud 
(8 /10 to 10/10)

Stability class, night, with

RD > 5 0 50 >  RD >  25 25 >  Rd upper cloud 
(5 /10 to 10/10) 
middle, low cloud 
(5 /10 to 7/10)

cloudiness 
(0 /10 to 4/10)

U <  2 A A -B B D - -

2 <  U <  3 A -B B C D E F

3 < U < 4 B B- C C D D E

4 < U < 6 C C - D D D D D

6 < U C D D D D D

Notes: (1) In the original table by Pasquill (Table III), insolation is expressed qualitatively, but in this table modified equivalents are shown
quantitatively.

(2) ‘Night’ refers to a period from-1 hour before sunset to 1 hour after sunrise.
(3) Neutral class D is applied when lower cloudiness is 8/10 to 10/10 both in daytime and at night regardless of wind speed.
(4) Neutral class D is applied for a period of 1 hour before and after ‘Night’ regardless of cloud conditions.
(5) 1 langley =  1 cal-cm"2 =  4.187 J-cm-2
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TABLE A2. MODIFIED STABILITY CLASSIFICATION TABLE [114], USING SOLAR RADIATION AND NIGHT NET
RADIATION, WITH WIND SPEED
Letters A—F refer to the definitions in Table III

Wind speed U 
( m s '1) 
at 10 m

Stability class, day, with solar radiation RD (langleys h *) Stability class, night, with net radiation RN (langleys-h-1)
RD > 5 0 S0> RD > 2 5 25 >  RD >  12.5 12.5 > R D Rn >  —1.8 —1.8 >  Rn >  — 3.6 -3.6 >  Rn

U <  2 A A-B B D D - -
2 < U < 3 A-B B C D D E F
3 < U < 4 B B-C C D D D E
4 < U < 6 C C-D D D D D D
.6 <  U C D D D D D D
Notes: (1) Radiation from the ground upward is taken as negative in the calculation of net radiation RN. The value of RN is usually negative but sometimes it

is positive.
(2) The values of solar radiation and night net radiation are the average of a 10-min period before the observation time.
(3) ‘Day’ refers to the period from sunrise to sunset, and ‘night’ refers to sunset to sunrise.
(4) 1 langley.= 1 cal- cm"2 = 4.187 J em"2.
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TABLE A3. MODIFIED STABILITY CLASSIFICATION TABLE, USING SOLAR RADIATION AND NIGHT NET 
RADIATION RATIO
Letters A -F  refer to the definitions in Table III

Wind speed U 
( m s " ‘ ) 
at 10 m

Stability class, day, with solar radiation RD (langleys-h-1) Stability class, night, with net radiation ratio RN/R 0

RD > 5 0 5 0 > R D > 2 5 25 >  R d > 1 2 .5  12.5 >  Rd
R N ^-----< 0 .4
Ro

0.4 <  —  < 0 .8  
Ro

r n 
0.8 < —  

Ro

U <  2 A A B B D D - _

2 <  U <  3 A -B B C D D E F

3 <  U <  4 B B -C C D D D E

4 < U < 6 C C -D D D D D D

6 <  U C D D D D D D

Notes: (1) R0 net radiation in clear sky is the average of a period of 1 hour encompassing 9.00 p.m. on a clear day of the month (sky cover < 0 .2 ) . The clear day
of the month is selected from records of observations of type and amount of cloud and o f weather conditions, as well as from instrument charts, 
available at the nearest weather station. Readings of the net radiometer provide a clue forjudging whether the day was clear or not.

(2) The values of solar radiation and night net radiation ratio are the average of a 10-min period before the observation time.
(3) ‘Day’ refers to the period from sunrise to sunset, and night refers to sunset to sunrise.
(4) 1 langley =  1 cal cm "2 =  4.187 J-cm "2.

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



Annex VI 
DEPENDENCE OF CONCENTRATION 

ON SAMPLING TIME

The spectrum of atmospheric turbulence is a continuous one. A typical 
record o f wind direction or speed on a chart will often have a ‘thickness’ 
indicative o f fast fluctuations o f periods o f the order o f up to a few seconds; a 
meandering o f ‘mean’ wind direction can also be seen with periods of the order 
of 10 min and large wind direction changes diurnally and seasonally corresponding 
to periods o f a few hours to a few days. Bivanes recording vertical wind direction 
also show wind direction fluctuations o f periods ranging from up to a few seconds 
(corresponding to mechanical turbulence) to a few minutes (corresponding to 
convective motions). Thus, the spectrum of atmospheric turbulence contains 
periods covering a wide range. As a consequence o f this, the maximum concen
tration measured at a fixed distance from a continuous point source decreases 
with the duration o f sampling (sampling time) at receptor point P (see Fig.Al).

The spectrum calculated from measurements is limited on the high frequency 
side by the response o f the instrumentation, and on the low frequency side by 
the averaging time over which the variable is integrated.

In practice, however, one has to refer the measurement to some fixed sampling
time.

A P P E A R A N C E  O F  T H E  P LU M E  

A T  T H R E E  IN S T A N T S  t , , t2 A N D  t3

C O N C E N T R A T IO N

FIG.A1. Instantaneous and average plumes. The figure shows the effect o f  sampling time on 
concentration. Note: for short sampling times the resulting concentrations are similar to the 
instantaneous values; for larger sampling times they are similar to the average values. Q is the 
source; P is the receptor point.
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TABLE A4. VALUES OF EXPONENT n IN Xi /Xi = (Tsl /Ts2)“n FOR VARIOUS PERIODS ACCORDING TO
DIFFERENT AUTHORS: ELEVATED SOURCES [53]

Refs: [115] [57,116] [117]* [97] [86]*

Atmospheric
stability

Very Stable Neutral 
unstable

Unstable Stable

Va
lu

es
 

fo
r 

du
ra

tio
ns

 o
f 3 min to 15 min

0.12 0.65 0.52 0.35 0.4 0.25
0.3

0.7
15 min to 1 h

0.5
1 h to 4 h 0.43

4 h to 1 day 0.86

Influence of 
distance

Increase
with
distance

Decrease
with
distance

* Expressions of x — f (Ts) taken as a power law.
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TABLE A5. VALUES OF EXPONENT n IN XilXi =  (Tsi/T s2)"n FOR VARIOUS
PERIODS ACCORDING TO DIFFERENT AUTHORS: GROUND SOURCES [53]

Authors: [86]* [118]* [119] [110]

Atmospheric
stability

(4-H
O

3 min to 
15 min

0.2

0.35

C
. 2+-»cO<H3
T3

15 min to 
1 h 0.5

Vh
< 2
VI

3
1 h to 4 h 0.3 0.4

n
> 4 h to 1 day

Influence of No Increase None Slight increases
distance variation with

distance
between 
200 and 800 m

with distance 
between 1 km 
and 4 km

* Expressions of x =  f (Ts) taken as a power law.

To normalize the ay, az or x values obtained with a given sampling time 
Tsj to another, Ts2, it is convenient to use power laws

where A may be ay , az or x-
The exponent n, which depends upon the stability and may also be a function 

o f the time interval Ts2 over which the scaling is done, is positive for x and 
negative for ay and az.

Even for a period during which mean wind direction seems to be steady, 
the value o f  the exponent n will be governed by the contribution o f those eddies 
in the turbulence spectrum that have a period o f the order o f the sampling time. 
Therefore x may also be expected to be dependent on stability and height of 
release (see Ref.[53] for a summary). Tables A4 and A5, taken from Ref.[53], 
indicate n to be between 0.2 and 0.5 for concentration from a ground-level 
release and 0.12 to 0.7 from an elevated source. This was mostly evaluated by 
direct measurement.
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For long periods o f averaging (from several hours to one year) the concen
tration at a given location will also be governed by the diurnal cycle o f atmospheric 
stability, wind direction persistence and frequency covering the sector from the 
source to the sampling point. The value o f the exponent may therefore be site- 
specific and direction-dependent [107]. For a particular site values of n varying 
from 0.4 for periods o f up to 2 weeks, to 0.9 for periods o f up to 1 year have been 
found [107],

In practical application, it is recommended that the exponents be obtained 
from the basic 1-hour meteorological data as given in Ref.[107], This is especially 
necessary in uneven terrain.
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Annex VII 
MODIFIED BULK RICHARDSON NUMBER 

METHOD FOR oy AND az

The Modified Bulk Richardson number method is based on a large number 
o f smoke puff experiments made at two hilly, partly forested sites (z0 «  0.6 m) 
and at three heights. For strongly unstable conditions data from Pasquill [ 120] 
are also used in the method. The quantities ay and az are given as functions o f 
distance from the source, o f ground roughness, o f stability and o f height h above 
ground.

(1) Evaluation o f  ay

The wind direction shear with height is accounted for in computing the 
effective ay by using the following expression:

where
ffyd is the variance due to turbulent diffusion
a„. is the variance due to shear (this gives a significant contribution only at yb

larger distances)
The quantities ayd and ays are obtained from the following empirical relations:

ayd = 122 S-y/2[exp(-C0x) + C0x~l] 

where C0 = 10-3

(A3)

S =
0.8 + ------------ :-------— —

1 +  3 . 4  X  1 0 _2^ B
for stable and neutral conditions

1.4 for unstable conditions

and^tg has been defined earlier (see sub-section 3.3, item (5))

x

(A4)

0
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where 
C = for a7 <  — 

z 2
h

2 for ctz >  2 h

i// is the vertical wind direction shear (radians/m)
oz is the vertical plume dispersion parameter as a function o f distance
x is the distance from the source (m)
h is the plume height above ground

(2) Evaluation o f  az

(a) Neutral conditions

where Npa is the ratio o f coefficients o f eddy exchange o f matter and momentum

The following values for Npa, which is related to the roughness length, have 
been used:

( 0.5 for z0 >  0.6 m 
pa — I

I 1 for z0 <  0.1 m

In the absence o f data, interpolation may be necessary to obtain Npa for 
intermediate values o f z0.

(b) Stable conditions

The o7 for stable conditions may be evaluated by dividing the ctz value for

°z neutral = °-4h Npa V 2[exp(-a0x) + a0x -  1] (A5)

a0 = [1.72 hN pa log —  T 1

neutral conditions by the quantity (1 + a^VB m0(j) i-e.

°z neutral (A6)
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where a = 6 X 10-6h°-62C~2
and Ca is obtained by iteration using the relation

0.104
C = -------------------------------a log Ca + 2.18- lo g  z0

(c) Unstable conditions

The evaluation for unstable conditions is more complicated. The procedure 
is as follows:

For h = 50 m, let

/  50V 1 /  U \ E
i50= ( 4 '31 l0g^ )  + 0 '°3 \ ~ 1 6  )  = D _ 50

For h = 500 m, let

/  500V1 /  U V  Eisoo = ( 4-3 1 i°e — ;  + 0 . 3 3 ( 1 - - ) - D - —

where the U refers to the 50 m level.
D and E are evaluated from the system of equations above.
Calculate i for the appropriate plume height h by

From this, az is obtained as follows:

°z unstable =  T~ V 2[exp(-b0 x) +  b0 x-1 J (A7)
bo

b0 -( l .7 2 h Np,log£ f  ( iC T

The unstable ^ us obtained is valid for well developed convection conditions 
occurring when the insolation is sufficient. In high latitudes, during the winter 
half year, while the insolation is often high enough to give a slightly super- 
adiabatic gradient in the lowest 100 m or so, the convection is not very intense
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and does not penetrate through very deep layers. The effective az is then 
smaller than the value calculated above.

The following rough method may be applied to obtain the final az :
From az neutral and o z unstable obtained from the above formulae,

°z  — °z  neutral 0  ~  Pw) az unstablePw (A 8 )

where pw is a weighting coefficient depending upon the time o f year.
The following values o f pw have been used in central and southern Sweden 

and can be used in similar latitudes:

Month Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
pw 0 0.25 0.5 0.75 1.0 1.0 1.0 1.0 0.75 0.5 0.25 0

In low latitudes pw will be equal to 1 and no correction will be needed.
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Annex VIII 
ADDITIONAL GRAPHS 

FOR Oy AND ctz

In this annex, consisting o f Figs A2 to A13, the parameters ay and az for 
various models discussed in the Guide are presented graphically in a standardized 
form for distances up to 10 km; conditions under which the curves are valid 
are also indicated (e.g. sampling time, height o f release and terrain).

DO W N W IN D  D IST A N C E  

FIG.A2
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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.

Accident 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 of 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 Conditions2 (see 

Operational States).

Applicant

The organization that applies for formal granting of a Licence to perform 

specified activities related to the Siting, Construction, Commissioning, Operation 

and Decommissioning of a Nuclear Power Plant.

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 (see Operational States).

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.

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

2 Examples of Anticipated Operational Occurrences are loss of normal electric power and 
faults such as a turbine trip, malfunction of individual items of a normally running plant, failure 
to function of individual items of control equipment, loss of power to main coolant pump.
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Operation3

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 o f rules which set forth parameter limits, the functional capability and 

the performance levels of equipment and personnel approved by the Regulatory 

Body for safe operation of the Nuclear Power Plant.

Operational States

The states defined under Normal Operation and Anticipated Operational 

Occurrences (see Normal Operation and Anticipated Operational Occurrences).

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 

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.4

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

4 This national authority could be either the government itself, or one or more departments 
of the government, or a body or bodies specially vested with appropriate legal authority.
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Reliability

The probability that a device, system or facility will perform its intended 

function satisfactorily for a specified time under stated operating conditions.

Safety

Protection of all persons from undue radiological hazard.

Safety Systems

Systems important to Safety, provided to assure, in any conditions, the safe 

shut-down of the reactor and the heat removal from the core, and/or to limit the 

consequences of Anticipated Operational Occurrences and Accident Conditions 

(see Anticipated Operational Occurrences and Accident Conditions).

Site

The area containing the plant, defined by a boundary and under effective 

control of 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.
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PROVISIONAL LIST 
OF NUSS PROGRAMME TITLES

Safety Series 

No.

Provisional title Publication date 

of English version

1. Governmental organization

Code o f  Practice
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Safety Guides
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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-S1

50-SG-S2

50-SG-S3

50-SG-S4

50-SG-S5
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2. Siting
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Atmospheric dispersion in relation 

to nuclear power plant siting
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Hydrological dispersion of radioactive 

material in relation to nuclear power 
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Safety Series Provisional title
No.

Publication date
of English version

Safety Guides (cont.)

50-SG-S 11 Evaluation of extreme meteorological

events for nuclear power plant siting

3. Design

Code o f Practice

50-C-D Design for safety of nuclear power

plants

Safety Guides

50-SG-D 1 Safety functions and component

classification for BWR, PWR 

and PTR

50-SG-D2 Fire protection in nuclear power

plants

50-SG-D3 Protection systems and related
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50-SG-D 5 Man-induced events in relation to

nuclear power plant design

50-SG-D6 Ultimate heat sink and directly

associated heat transport systems for 

nuclear power plants

50-SG-D7A Emergency electrical power systems

at nuclear power plants

50-SG-D8 Instrumentation and control of

nuclear power plants

Published 1978

Published 1979

Published 1979  

Planned for 1980  
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Safety Series Provisional title
No.

Publication date
of English version
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4. Operation
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50-SG-03 Operational limits and conditions
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S. Quality assurance

Quality assurance for safety Published 1978
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