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FOREWORD

Atmospheric dispersion models find application in many of the
procedures used for establishing the safety of nuclear installations. They
are a necessary part of studies concerned with siting, pre-operational
planning, licensing, and the establishment of operational control. For
this reason, recent Agency publications on the subject of atmospheric
dispersion have been in the context of both the siting of nuclear power
stations [IAEA, Safety Series No. 50-SG-53 (1980)] and radiological
protection/environmental impact assessment studies [IAEA, Safety Series
No. 57 (1982)]. The main interest in these applications is in dispersion
on a local scale, that is, out to about 10 km from the source. The
present review was started in the context of studies of radionuclides
which are of potential importance on both regional and global scales, for
example, tritium, carbon-14, krypton-85, and iodine-129. In the course of
the project, however, it was decided to broaden the scope of the review to
include the local scale, as many of the features to be considered in
modelling dispersion on a regional scale are also of relevance on a local
scale. The scope of the final document is, therefore, fairly broad; it
describes the principles and practical application of atmospheric
dispersion models on local, regional and global scales with particular
reference to radionuclide releases.

The report originated from a Technical Committee Meeting in
April 1982. Subsequently it was considerably modified by various drafting
groups following the decision to expand the scope. In these later stages
the Secretariat has had considerable assistance from V. V. Shirvaiker and
A. Jones in assimilating the comments of members of the Technical
Committee and in final revision and editing.

A full history of its development is given at the end of the report.
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1. INTRODUCTION

1.1. ATMOSPHERIC DISPERSION AND RADIONUCLIDE RELEASES

The term "atmospheric dispersion" is used in this document to imply
the transport of the effluent by winds and the concurrent diffusion by
atmospheric turbulence. An atmospheric dispersion model is a
mathematical relation between the quantity (or rate) of effluent release
and the distribution of its concentration in the atmosphere. Physically,
the relation arises through the properties of atmospheric motions (wind
and turbulence) which cause the dispersion and may therefore be
considered as a function of the meteorological parameters which control
them. In a broader context, a model may also include effects of other
processes besides diffusion which affect the concentration for example,
radioactive decay, depletion due to deposition and scavenging by rain,
and effects of flow modification due to horizontal inhomogeneity.

Since the pioneering papers of C.F.T. Roberts (1923) and G.I. Taylor
(1920), a considerable amount of theoretical and experimental work on
atmospheric dispersion and related topics has been published. Host of
the work has been motivated by military needs and the need to control
radiation hazards and air pollution. The work includes, besides a large
number of atmospheric dispersion models, studies on a wide range of
related topics for example, wind and temperature profiles, turbulence
spectra, instrumentation and measurement techniques, deposition,
precipitation scavenging and effect of terrain on flow. Methods of
solving the diffusion equation numerically have also been considered.

While there are a large number of dispersion models available in the
literature, not all of them are relevant to the particular problems
associated with radionuclide releases. The models appropriate to
radionuclide discharges must take account of the following considerations.

(1) Radionuclide releases are generally from point sources.
(2) The models developed especially for conventional air pollutants

give short term concentrations (averages of hours to days)
whereas because of the cumulative effect of radiation exposure,
the important quantity in the case of radionuclide releases is
the time-integrated concentration. Models are however required
for calculating concentrations from short releases such as
might occur in accident conditions.

(3) Quantification of the process of deposition on vegetation and
other surfaces is necessary for some radionuclides since the
deposited radionuclides are the input to several pathways to
man for example, via food consumption and external irradiation
from contaminated surfaces.

Other models developed for specific purposes and which are not
relevant to radionuclide discharges, for example, models for dense gases
and for concentration fluctuations (applicable to flammable gases) are
not considered in this report.

1.2. RADIOLOGICAL APPLICATIONS OF DISPERSION MODELS

Nuclear installations give rise to small releases of radionuclides
under controlled conditions, but they also have the potential to release
large quantities of radionuclides in the event of accidents. It is
therefore necessary for each nuclear plant



(1) to assess the radiological risk to individual members of the
public and to populations as a whole from predicted routine
releases at the design and licensing stage.

(2) to assess the consequences of accidents at the design stage for
the purpose of preparing off-site emergency plans.

(3) to assess radiation doses to the general public at the
operational stage using real data on actual releases and
meteorological conditions for ensuring compliance with the
off-site radiological limits. The dose rates due to routine
releases are small and cannot easily be measured directly
especially in the presence of the natural radiation background.
Reliance has normally to be placed on dose assessment using
dispersion and other transfer models supported, where possible,
by the results of environmental monitoring programmes.

(4) to have the capability for assessing off-site impacts in the
unlikely event of a real accident. In such situations,
emergency actions may have to be based on prognostic evaluation
of the dispersion of released radionuclides.

1.3. MODELS FOR DIFFERENT SCALES

The atmospheric eddies causing turbulent diffusion have a wide
spectrum spanning from near molecular scale to scales of several hundred
kilometers. Eddies which are much smaller than the cloud of dispersing
material simply redistribute the material within the cloud with little
impact on the overall concentration distribution. Conversely, eddies
which are much larger than the cloud of dispersing material simply move
the material bodily, again with little impact on the concentration
distribution within the cloud. Only those eddies whose size is comparable
to that of the dispersing material are effective in altering the
concentration distribution. As the plume of material expands it is
therefore continually affected by a different portion of the spectrum of
atmospheric eddies.

The important features of the atmosphere which must be considered in
a dispersion model also change with the distance from the source over
which the material has travelled. Within a few kilometers of the source
it is adequate to assume that atmospheric conditions have remained
constant. However for larger travel distances this assumption may not be
valid and suitable dispersion models need to allow for changes of wind
velocity and atmospheric conditions during the travel of the plume.
Different models may be needed to describe dispersion on different
distance scales. No firm classification of these scales is possible.
One may however consider very broadly the following nomenclature for
convenience

Local scale : Up to about 10 km
Mesoscale * : From about 10 km to about 200 km.
Regional scale : From about 200 km to a few thousand kilometers
Global scale : Covering distances beyond the cicumpolar

latitudinal circumferences and where meridional
mixing is more important than the zonal transport.

Many of the features of concern in the mesoscale are also important for
the regional scale and these two scales are considered together in this
report.

The mesoscale defined here is slightly different from the usual
definition of 1 km to a few tens of kilometers.



All gases and particulates released to atmosphere are progressively
diluted in the course of travel downwind as a result of diffusion and
deposition processes. Radionuclides are subject additionally to
radioactive decay and for short-lived nuclides airborne concentrations
decline rapidly with distance from the source. For this reason
short-lived radionuclides, with half-lives of a few hours or less, are
not radiologically important at large distances . With typical windspeeds
of about 10ms"1 , the noble gas 135Xe, which has a half-life of 9.2h,
decays to about one eighth of its original activity in the time taken to
travel 1000 km. Thus, radionuclides with half-lives of less than a few
hours are relatively unimportant on regional and global scales. On the
other hand some radionuclides commonly found in airborne effluents from
nuclear facilities have extremely long radioactive half-lives and in
addition, because they are gases or tend to form gaseous compounds, are
not efficiently removed from the plume by other processes, such as wet
and dry deposition, which are effective in depleting the plume of
particulates. Such nuclides are radiologically
important on .regional and global scales. The most well-known and
important radionuclides in this category are ^H (t̂ /2 = 12.3y),

(t1/2 = 5,690y), 85Kr (t1/2 = 10.7y) and
<t1/2= 1.57.!07y).
Chapters 3 to 5 of this report describe a number of models for

calculating atmospheric dispersion on local, mesoscale and regional, and
global scales respectively. The theoretical basis of the models is
described in Chapter 2, while the uncertainty inherent in model
predictions is considered in Chapter 6. An understanding of the
theoretical material presented in Chapter 2 is, however, not necessary in
order to use and apply the models described in the other chapters.

1.4 SCOPE OF THIS DOCUMENT

In this document, a state-of-art review of dispersion models
relevant to local, regional and global scales and applicable to
radionuclide discharges of a continuous and discontinuous nature is
presented with a view to aquaint the reader with the various models
available for use under different circumstances. The circumstances as
regards site and source characteristics vary so widely that the final
choice of model must contain some elements of subjective judgement . It
is hoped that this document will aid in such judgement. This report does
not attempt to recommend a particular model for a specific application.
It indicates the features of atmospheric dispersion which need to be
considered in carrying out calculations for a given application and
identifies a range of models which can be used.

Other IAEA documents dealing with atmospheric dispersion have been
published. [IAEA Safety Series No.50-SG-53 (1980) and IAEA Safety Series
No.57 (1982)). The scope of the present report, in relation to
atmospheric dispersion, is broader than that of the two previous reports
since the 1980 report was prepared in the context of nuclear power plant
siting and is concerned only with local scale phenomena, and the
1982 report is concerned with the calculation of annual exposures to
critical groups in the population and it too deals only with the local
scale and is concerned only with routine releases of a continuous
nature. The section of this report dealing with global circulation
models is confined to the description of the atmosphere. Models for
global circulation including descriptions of other parts of the
environment are given in IAEA Technical Report 250 (1985).



2. THEORETICAL AND PHYSICAL BASIS OP DISPERSION MODELS

2.1. INTRODUCTION

This chapter gives a brief description of those features of the
atmosphere which affect the dispersion of material released to
atmosphere. It also gives a brief outline of the theoretical background
to atmospheric dispersion models.

2.1.1. Short review of the main processes affecting dispersion

An atmospheric dispersion model, which basically relates the rate or
quantity of release of a radionuclide to its concentration in air at some
specified location and time, must describe the properties of the
atmosphere through which the dispersion occurs.

Processes contributing to dispersion may be classified into:
(i) Transport and trajectory processes (advection)
(ii) Diffusion by turbulent eddies
(iii) Modifying processes e.g. depletion.

These are schematically shown in Fig. 2.1.
(a) Kinematic behaviour of effluents released from a point source

Most models consider the source to be an ideal point source
unaccompanied by energy release and not interfering with ambient
conditions. However real sources such as those from stack releases are of
finite size and have momentum and buoyancy. This causes the plume to
rise above its release point while simultaneously dispersing. This
process is usually modelled by adding the plume rise to the stack height
to obtain an effective height of release (see section 3.6.5). The
correction for the finite size is done empirically. These effects are
important in regions near to the source. For longer distances, the ideal
point source assumption is more appropriate.

A puff of an inert tracer gas (which will be called a pollutant)
released to the atmosphere travels with the wind and develops into a
progressively expanding cloud due to turbulent eddies. Its trajectory is
determined by the wind field and its variation with time.

A continuous release may be considered as a consecutive series of
puffs. The contiguous set of clouds from consecutive puffs at a given
instant define a continuous plume. Fig. 2.2 [taken from Start and
Wendell (1974)] shows the development of a plume from sequential puffs.

During a period of time with a persistent wind direction, one may
consider the puff or plume centreline trajectory to be a straight line in
the downwind direction. Changes in wind direction will cause the puff or
plume to change its direction of motion correspondingly. Note that once
the travel direction of a plume changes it may not be possible to
represent the concentration distribution by a simple model.

Though the current centres of a series of contiguous puffs define a
plume trajectory the individual puffs themselves will not, in general,
have reached their current position by following that plume trajectory.
Therefore the trajectory of individual puffs will not normally coincide
with that of the instantaneous plume.

As the cloud continues to travel it will circumnavigate the globe.
The time taken for the circumnavigation depends on the wind field and

10
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FIR. 2.1. Behaviour of effluents released to the atmosphere.
Three aspects: Transport by winds, diffusion by eddies
and modifying processes (depletion) are shown
schematically. Plume rise occurs for sources released
with initial vertical momentum or buoyancy, (from
IAEA 1980)

latitude. In middle latitudes, this is about 3 weeks. Theoretically the
trajectory of the puff can continue ad infinitum. However, progressive
crosswind spread of the cloud and meandering of the trajectories will
result in a uniform mixing of the pollutant in the hemisphere of
release. Ultimately, interhemispheric mixing will cause the pollutant to
spread uniformly throughout the atmosphere. A non-inert pollutant will
be continuously subject to depletion processes during its dispersion and
may never become spread throughout a hemisphere.

(b) Atmospheric turbulence
Wind speed and wind direction change continuously with time in three

dimensions. A long-term wind direction record shows a conglommeration of
rapid fluctuations. This continuous fluctuation is called turbulence and
is a basic characteristic of the atmospheric motions responsible for eddy
diffusion. The turbulence can be considered to be made up of a
superposition of eddies with a wide range of sizes.

While the trajectories in all models are obtained from routine
meteorological observations, the incorporation of eddy diffusion in a
model needs to be done through either special observations or through
expressions relating observations to the spread of the cloud.
Atmospheric diffusion has been investigated extensively and the models
available today are the outcome of this research in various aspects of
eddy diffusion e.g. atmospheric turbulence, wind profiles, radiative
transfer.

11
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FIR. 2.2. Plots of sequentially released puffs for a continuous
release through a period in which there is much
spatial and time variation in the transporting flow
(from Start and Wendell (1974)

The part of the eddy size spectrum taking part in the diffusion
process depends upon the size of the cloud of dispersing material.
Eddies much smaller than the cloud or plume size cause a minor
redistribution of the effluent within the plume, while eddies much larger
than the plume or cloud cause it to be bodily shifted without altering
the concentration distribution inside the plume. Eddy sizes of the order
of the plume size deform it and are the most effective in the diffusion
process. As the cloud travels downwind, the scale of eddy motion
responsible for atmospheric diffusion increases continuously.
(c) Inclusion of the processes in models

In some models such as local scale models it is often reasonable to
assume that the puff or plume trajectory is a straight line in the
downwind direction which can be indicated or recorded on a wind

12



recorder. A model in this case is purely a "diffusion" model. Modifying
processes are usually incorporated in such models by time or distance
dependent correction factors.

In others, especially regional scale models, trajectories are
computed separately using synoptic meteorological data and the
"diffusion" is superposed on it, thus giving first the location of the
puff or plume centre and then the cloud spread around the centre from
which the concentration can be computed. Modifying processes are usually
incorporated as time or distance dependent functions which include and
integrate the effects along the trajectory. In a third kind of model,
based on a numerical solution of the diffusion equation, the entire
transport-diffusion-modification processes are considered simultaneously
in the evaluation scheme as a differential equation. The "diffusion" in
this case is parameterized in terms of a coefficient, which in simple
models is assumed to be a constant while in more sophisticated models its
time and space dependence is considered.

2.2. SHORT REVIEW OF THE STRUCTURE OF THE ATMOSPHERE

Before proceeding to discuss the theoretical basis of dispersion
models, the temperature and wind structure of the atmosphere which
profoundly influence dispersion will be discussed.

As a dispersing cloud increases in size vertically with increasing
downwind travel distances, progressively greater depths of the atmosphere
control the dispersion process. Wind and temperature structure of
progressively deeper layers commensurate with the vertical cloud
dimensions have therefore to be considered.

Although the atmosphere extends vertically to more than 200 km, only
the first few kilometres above the ground need to be considered even for
global scale dispersion. The effects of the temperature structure and
wind profile are discussed in the following sub-sections:

2.2.1. The effects of the temperature profile on dispersion
The effect of a vertical temperature gradient on the stability of

the atmosphere can be illustrated by considering a parcel of air
ascending vertically, say due to eddy motion, rapidly enough for the
process to be considered adiabatic. The parcel will cool, because of the
decrease of pressure with height, at the rate of cooling for adiabatic
movement. A descending parcel of 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~^ denoted by F.
The corresponding value in saturated air where condensation or
evaporation occurs with change of height, is about 0.006 K.m . 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. An atmosphere in this
condition 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 become warmer and hence less dense than its
surroundings. In this case the parcel will be subjected to a buoyant
acceleration acting to itensify the vertical motion. Such a situation is

13



characteristic of an unstable atmosphere where the level of turbulence is
high.

When the temperature decreases with height at a rate less than
adiabatic, or when it increases with height , a vertically rising parcel
becomes colder and denser than its surroundings. Therefore, its vertical
motions are damped and the turbulence is low or absent.

In the early stages of its downwind travel, material released near
the ground is confined to the part of the atmosphere below the first
inversion. This area is referred to as the boundary layer or mixing
layer.

Different atmospheric layers can show different stabilities. In
the context of dispersion, the atmosphere needs to be examined with
respect to the lapse rates.

A typical vertical temperature structure of the atmosphere is shown
in Fig. 2.3. Average temperature decreases with height up to about 10
km. This layer, the troposphere, is the layer in which convective
activity is strong and in which most of the weather phenomena occur.
Above the troposphere lies the stratosphere where the temperature is very
nearly independent of height. This is a stable layer with relatively
little vertical diffusion. The layer of separation between the two
layers is called the tropopause. The height of the tropopause changes
with season and with latitude. Since the stratosphere is stably
stratified, the tropopause acts as a lid to vertical diffusion at large
distances (> 1000 tan) . Measured temperature structure at any time
differs from the average. The vertical temperature profiles on a typical
day and night are schematically shown in Fig. 2.3 along with the
reference dry adiabatic lapse rate. The temperature variations during a
typical fair weather day are largest in the lowest parts of the
atmosphere near the ground, where the diurnal cycle of heating by
sunlight introduces a corresponding cycle of change in the temperature
and temperature lapse rate.

The amplitude of the diurnal variation of the air temperature
decreases with height and is negligible above a few hundred meters where
the temperature changes are mainly due to advection of air masses, and
sometimes due to radiative heating/cooling.

During the insolation period, the ground and consequently the air
layers near it get warmer than the upper layers, causing strong negative
(superadiabatic) lapse rates. At night, if the sky is clear the ground
cools rapidly due to radiative loss. The lower layers of the atmosphere
therefore cool faster than the upper layers. Lapse rate tends towards
positive gradients i.e. temperature increases with height. This is called
an inversion. The height up to which the inversion extends can be from
tens of meters to hundreds of meters.

The vertical movement of air and hence its diffusion is strongly
influenced by the temperature lapse rate i.e. the rate of change of
temperature with height.

The diurnal changes in stability cause corresponding changes in the
turbulence intensity. Though atmospheric stability is defined for
vertical motions, transfer of energy to other directions occurs and the
intensity of turbulence in y- and z-directions also changes to some
extent.

14



TEMPERATURE°C

-56 16

STANDARD ATMOSPHERE

100

2 -

1 -

-56 -50

Fig. 2.3.

-200

_300

-400

-500

-600

-700

-800

-900

1000

TEMPERATURE C

Schematic temperature structure of the atmosphere.

The turbulence intensity increases with increasing instability,
while the damping of the motion under stable conditions decreases the
intensity. The diffusion rate in a particular direction increases or
decreases with the increase or decrease of turbulence intensity.
2.2.2. The effect of the wind profile on dispersion

The wind speed generally increases with height above the ground.
This is because the friction forces occurring at the ground are not

15



transmitted throughout the whole of the atmosphere. At a sufficiently
large height the effects of the frictional forces are negligible and the
wind velocity is determined by the atmospheric pressure field and the
earth's rotation. This free stream veleocity is known as the geostrophic
wind. A further effect of these frictional forces and the rotation of
the earth is to cause the wind direction to change with height. Thus as a
plume disperses it is gradually advected with a wind speed and direction
other than that at ground level. The variation of wind speed and
direction with height is often called the Etanan spiral, and the layer
over which the change occurs is called the Ekman layer. Strong winds, by
causing mixing, destroy inversions. Strong winds as well as overcast sky
lead to adiabatic lapse rates. Sometimes, only the lower part of a deep
inversion layer may be destroyed by the insolation, causing an elevated
inversion layer to persist throughout the day. These are called capping
inversion lids which since they inhibit vertical mixing play an important
role in dispersion modelling on the mesoscale and beyond. Capping
inversion lids are known to occur at levels between about 0.5 km to 5 km.

A further aspect of the wind velocity relevant to disperson is the
fluctuation in the velocity. The wind velocity fluctuates rapidly as a
result of the wide range of sizes of atmospheric eddies. This
fluctuating component of wind velocity is largely responsible for the
growth of a cloud of pollutant as it is transported by the mean wind.

There has been a considerable amount of work on the mathematical
description of the wind field, which is summarized in Annex 1. However,
a detailed understanding of this work is not needed to follow the more
general description of dispersion modelling given in the main text of
this report.

2.3. THE MATHEMATICAL TREATMENT OF DISPERSION

Three approaches have been used in the theoretical study of
dispersion:

- The statistical theory in which the spread of a pollutant is
described in terms of statistical properties of turbulent
motion on time scales of hours
The similarity theory in which controlling parameters are
postulated and the behaviour of the effluents is derived from
dimensional analysis and is also applicable to short "time scales
The gradient or K- theory in which an analogy is made between
molecular diffusion and turbulent mixing leading to
differential equations describing advection-diffusion which are
solved for the appropriate situation. This approach is
applicable to all time scales.

In addition, empirical models are often used, especially over
limited distances. These are based on theoretical models but use
parameters whose values have been obtained through diffusion experiments,
using tracers. The parameter values are related to meteorological
observables.

These approaches are described in subsequent sections. K-theory has
been widely used in practice with many models based on analytical or
numerical solutions of the diffusion equation. Statistical models are
also used in some applications. Similarity theory, however, is not often
used in practice.
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2.3.1. Models based on statistical theory

This approach was introduced by Taylor (1920) in a now classic
paper.

Consider a number of particles released from a point. The
distribution of the particles at time T, due to turbulent fluctuations
may be denoted by

a2(T) = (2.1)
where X is the distance from the centre of the cluster; the bar shows an
average. The rate of change of X^ is

= 2 X -at dt

= 2 Xu'
(2.2)

where u' is the turbulent fluctuation of wind acting on the particles
which take up the fluid speed immediately. This rate of spread may be
expressed in terms of the wind speed at successive time intervals

= 2 u'(t) u'
(2.3)

where u' is always measured at the particle position in a Lagrangian
system. Under conditions of homogeneity and stationarity the average
properties are uniform in space and steady in time, and the above
expression may be written in terms of a Lagrangian type correlation
coefficient,

u(t) u'(t+Q (2.4)
,'2

giving

o-2(T) = 2 (2.5)

The concentration X is obtained assuming a triple Gaussian expression
for a puff release and a double Gaussian expression for a plume.

Puff model

X(x,y,z,t) = J/„ • «*p
(2n) ' 2 o a a

x y z

1

2
(x2
^^ +v° 2
\ x

v2

a 2

v

(2.6)

where ax, ay, az are the standard deviations [Eq. (2.5)] and
x, y, z are measured with respect to a moving coordinate system with
origin at the cloud centre. The x-axis is in the downwind direction,
y-axis in the horizontal cross wind direction and z-axis in the
vertical. Q is the source strength (in Bq).

17



Plume model

X(x,y,z)
2n u a a (2.7)

where the origin is now fixed at the source of strength Q(Bq.s~M.
Equation (2.7) can be obtained from Eq. (2.6) under steady state
conditions by assuming the continuous source to be made up of serially
released instantaneous point sources, and integrating Eq. (2.6) for the
contribution from each such puff, using the transformation x = ut. A
further assumption that the downwind diffusion is negligible compared
with advection is also made.

Models based on the statistical theory have not found wide
application. The homogeneity and steady state assumed in the development
of the models are not generally found in the atmosphere especially over
large distances and times of travel. However the theoretical treatment
has assisted considerably towards understanding of the diffusion process.

2.3.2. Models based on similarity theories
In this approach, dispersion is expressed in terms of

characteristic lengths and velocities.
The principles are well discussed by Batchelor (1959, 1964) for

neutral flow and by Gifford (1962) for diabatic conditions and have been
applied to study certain aspects of dispersion in the planetary boundary
layer (see e.g. Csanady 1969, Sitaraman and Shirvaikar, 1974). Studies
for large distances are not available. Models based on similarity theory
have not been widely used because of the lack of a scaling factor in the
horizontal direction.

2.3.3. Models based on gradient or K-theory
Gradient or K-theory refers to those models in which the diffusion

equation is solved explicitly, either analytically or numerically. The
diffusion equation is based on an analogy with molecular diffusion. It
is important to note that the equation represents an approximation to
atmospheric dispersion. The equation, for which the derivation is given
in Annex 2 , can be expressed as

S (x ,y , z , t )
(2 .8 )

where dx/dt is the total derivative rdt 8t 3x ay 3 z

Kx, Ky, Kz are the eddy diffusion coefficients in x-, y-, and
z- directions respectively and may vary in space and time. The \-term
is the depletion term due to radioactive decay, wet deposition or other
processes acting throughout the plume. The term S (x, y, z t) is a
source or sink term to account for production or loss of pollutant
affecting the total inventory. The losses at surfaces e.g. those due to
dry deposition on the ground can be introduced as a surface boundary
condition.
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The concentration distribution may be obtained from the solution of
the dispersion equation with appropriate initial and boundary
conditions. Though analytical solutions of the dispersion equation (2.8)
have been obtained under some particular conditions, a general analytical
solution has not been possible. Numerical solutions are possible with
large computers and this approach is generally adopted nowadays.

Some of the analytical solutions obtained for simplified conditions
are discussed in Annex 2. These solutions may be used under certain
restricted conditions. Under some conditions the Gaussian formula is
obtained as the solution of the diffusion equation. The functional forms
of the solutions have been guiding factors in the formulation of
empirical models.
2.3.3.1. Comments_on models_ba.sed_on gradlent_or K-t.heory
(a) Concept of K

Many models, especially for regional and global scales use the
K-theory approach, wholly or partially. The physical basis of the
K-theory therefore should be well understood.

The concept of the eddy diffusivity K is a generalisation of the
molecular diffusivity concept from the kinetic theory of gases. In the
latter, the transfer of an entity E (momentum, heat or matter) occurs by
molecular motions and is expressed through coefficients of viscosity,
conductivity and diffusivity respectively. In the case of turbulent
transfer of the same entitities, the transfer is supposed to occur by
eddies which may be considered as parcels of air. The parcels break away
from the mean motion and travel across the flow for a distance 1, before
they deposit the entity and dissipate. In this way, the process of
continuous dissipation (which was the basis for statistical theory) is
reduced to a process of discrete steps equivalent to the mean free path
in the kinetic theory. The distance I has been called the "mixing
length" by Prandtl and is related to K by the relation

(2.9)

where w'^ is the mean square turbulent velocity. An important point
which must be appreciated with K-theory is the limitation of the
analogy. The distance scale involved in molecular diffusion is several
orders of magnitude larger than the mean free path (~ 10~6 cm in
air) and the number of collisions of air molecules per second is very
large (~ 10^ collisions per second for a given molecule). Thus,
for a time period of interest of even as low as a few seconds, the
transfer parameters can be statistically stable. In contrast, in
turbulent transfer, the eddy sizes most effective for transfer from a
location A to location B are of the order of the separation distance
between A and B. Thus, the eddy size most effective for diffusion
depends upon cloud size and hence on the time after release or distance
from the source. This has some important repercussions on statistical
stability and sampling time.

A further point is concerned with the increasing anisotropy of K.
The transfer rates in the vertical and horizontal directions are
generally different in the atmosphere. The transfer in the vertical
direction is strongly influenced by the thermal structure of the
atmosphere. Since different layers of the atmosphere can have different
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stabilities, and the structure may change with time, Kz cannot always
be determined from the surface layer measurements.

(b) Determination of Ky

While, though under restricted conditions, Kz can be determined
from the surface measurements, lack of scaling parameters in the
horizontal direction makes determination of Ky very difficult except by
tracer studies. Richardson (1926) observed horizontal eddy diffusivities
of particle clusters with widely divergent sizes (Table 2.1) and obtained

Table 2.1
Values of horizontal eddy diffusivities at

various scales [from DOURY (1980)]

Scale
(weters)

5 x
15
1.4
5 x

2 x

5 x
1 x

10 *

2x 10
102

10*

10*
io6

Time
Scale
(sec)

< 1
3
300
100

105
(~ 1 day)
3 days
-

K (m2/sec)

1.7 x 10~
0.32
12
6

1 x IO4

5 x IO4

1 x IO7

Source of Data

Molecular Diffusion
Low- level wind shear
Low- level wind shear
Pilot Balloons,

100 - 800 m
Manned and unmanned

balloons
Volcanic ash
Cyclonic storms

a relation Ky = 0.2 I4/3 where 1 is a length scale corresponding to
the size of the diffusing cloud. A formal explanation based on
dimensional arguments was given by Obukhov (1961) who obtained
Ka 14/3 on the assumption that in the inertial range the strucuture
of eddies governing cloud spreading is controlled by the rate of eddy
energy dissipation.

Figure 2.4 gives a summary of experimental data on horizontal
dispersion, originally given by Hage et al (1966) (see also Hage and
Church, 1967) and updated by Doury (1980). In this graph lateral
standard deviation of puffs and corresponding values of Ky are plotted
against travel time. The slant lines show the lateral spread for the
indicated (constant) value of Ky. The observations show a progressive

Kv until a travel time Ty. . . .. . ~ , .. j ,_;, __.. ._ promincrease in Ky until a travel time T ~ iu" seconds (~ 2 weeks)
corresponding to a travel distance of several thousand kilometers.
this figure we may ascribe the following approximate ringes of Ky to
the various scales defined in this report.

Local 0 < T < 103 sec.

Regional) 103 < T < 104 sec
) 104 < T < 106 sec

Global T > 10' sec

102 < Ky < 106 cm2 sec"1

106 < Ky < 107 cm2 sec"1
107 < Ky < 109 cm2 sec-1

cm2 sec-
There is however no known technique for determining of
meteorological data.

from
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(c) Determination of Kz
Within the surface layer Kz may be obtained from measurement of

winds. The expression for Kz for transfer of matter may be written as
K = ku z/<3 ., in.z * m (2.10)

where 0 may be taken as
Unstable 0m= (1 - 16 z/L)~1/4

Neutral 0m= 1 (2.11)

Stable 0m= 1 + 5 z/L
The Monin-Obukhov length L is defined as

PC 4 0
L = - ——-———— (2.12)

k g H
where
p = the density of air
Cp = specific heat of air at constant pressure (cal/gm)
9 = potential temperature (°K)
H = sensitible heat flux in the vertical direction
u* = the friction velocity
k = von Karman's constant
g = the acceleration due to gravity

The Monin Obukhov length indicates the height below which mechanically
generated turbulence is greater than thermally generated turbulence.

In fact, much of the information on Kz is obtained through study
of the diffusion coefficient for momentum KM and often the three eddy
coefficients for heat, momentum and matter are equated. It is therefore
relevant to mention here that KM is known to decrease with height
progressively in the Ekman layer until it reaches a small constant value
in the free atmosphere above the planetary boundary layer. A value of
50 m^/sec. has been suggested for Kz in the free atmosphere.

The fact that the stability can change with height drastically above
the surface layer should also be realised. Often stable inversion layers
which inhibit vertical turbulent transfer may be observed at heights as
low as 500 m . Thus, on a distance scale where such capping inversions
are important, use of a K-theory model requires the effects of these
boundaries to be incorporated.

Eddy transfer coefficients show strong diurnal variations sometimes
by an order of magnitude in the lower layers. (Jehn and Gerhardt 1950,
Wong and Brundidge 1966, Sato 1981). The results of work done by Sato
(1981)(shown in Fig. 2.5) may be considered as typical of the variation
of Kz with height and time.

Doury (1980) has given vertical spreads in a manner similar to that
for Ky (Fig. 2.6) which suggests Kz increasing with time of
travel > 1 hr, Kz = 10^ cm^ sec~* (constant) for neutral orunstable conditions and 10-* cm^ sec~l (also constant), for stable
conditions; however, this figure should be used only after the absence
of effects of a lid to the boundary layer is ascertained.
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2.3.4. Empirical and semi-empirical models
In the nuclear fuel cycle programme, the interest has mainly

centered on the local scale. On this scale, in spite of the extensive
theoretical developments in K-theory and statistical theory, the
empirical models have been more widely used.

The Gaussian type expression is probably the most widely used form
amongst empirical models for estimating local range dispersion. The
expressions describing the model for puffs (applicable to instaneous
releases) and the plume (applicable to continuous releases) are given by
Gaussian expressions (2.6) & (2.7) respectively. The equations are
identical to those obtained from similarity theory or from K-theory if
the diffusion coefficient is assumed to be independent of position.
However, the parameters determining plume size are usually obtained
experimentally.

The cr's (or plume spread parameters) are given as functions of the
downwind distance x for each of a group of atmospheric stability
classes. The stability class is defined in terms of a suitable set of
meteorological parameters as stability indicators, such as the wind speed
and insolation (day time) or cloudiness (night time). Other stability
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indicators used are temperature lapse rate, standard deviation of wind
direction fluctuations, Richardson number and Monin-Obukov length scale
L. The a functions have been obtained through tracer studies supported
by measurements of turbulence and other meteorological parameters.

It should be remenbered that the Gaussian models are of practical
approximation, and other, more general expressions of the type

X = A exp [- (ajx|P+b|y|q + c|z|r) (2.13)
may be more descriptive of the data from the tracer experiments.

2.3.5. Time scale

Time scale enters the dispersion process in two ways: (i) as related
to the distance scale through transport rate u (i.e. the wind speed) and
(ii) as related to the frequency spectrum of eddies. Since, as has been
observed eaclier, the eddy sizes most effective in the diffusion process
depend upon the size of the cloud (and hence the distance from the
source) the two are to some extent related.

The relation to distance scale is through the usual transformation
x = ut which is valid for uniform steady state conditions. For curved
paths of the cloud, x may be considered to imply the distance from the
source along the curved trajectory and will naturally be longer than the
direct distance from the source.
(a) Spectral considerations

The spectra of vertical eddies differ from those of horizontal
eddies. If n is the frequency then the spectra of the vertical component
of wind at heights in a wide range of 0.2 - 300 m have rather flat maxima
centred near f = nz/u = 1/4 in most cases (Pasquill 1974, ch. 2, p. 55)
with a shift to lower frequencies with instability. Taking typical
values of z = 100 m, u = 10 m/s, n ~ 0.025 s""1 corresponding to a
period of 40 seconds. Most of the energy of turbulence seems to be
within periods of up to 10 min in the surface layer. For travel times of
more than 10 minutes therefore, most of the eddy sizes would have taken
part in dispersion process.

This may also be examined from the viewpoint of statistical theory.
From Annex 1 it may be seen that for small T, <J varies in proportion to
T, whereas at large T, a varies as T̂ '̂  This deduction from the
statistical theory may be compared with the K-theory solution (see Annex 2)
where

a- (2 KT)e (Z

if K is constant, and more generally if d(a^) = 2 K(t)
dt

Thus it appears that K-theory gives the simpler behaviour of a with
time only at large distances i.e. when a substantial spectrum of eddies
has had time to participate in the diffusion process.

On an intermediate scale, the variation of a^ with respect totime may be empirically given as tn, where the power exponent 11 should
lie between two and one tending progressively to unity when at large
scales K(t) becomes constant. It is in this scale that the empirical
models have been used most frequently over the years.
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APPEARANCE OF THE PLUME
AT THREE INSTANTS t,. t2 AND t3

'3

h

CONCENTRATION
DISTRIBUTIONS-

Fig. 2.7.

INSTANTANEOUS
.PLUME CONCENTRATION

AVERAGE PLUME
CONCENTRATION

Instantaneous and average plumes. The figure shows
the effect of 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.

(b) Sampling time
A receptor or sampler will register pollutant concentration as long

as it is in the cloud or plume. Even while it is in the cloud or plume,
the instantaneous concentration will fluctuate due to fluctuation of the
cloud or plume position by large eddies (see Fig. 2.7). Changes in the
wind direction may result in the sampler being out of the cloud or plume
path altogether. As a consequence of this, the average concentration
tends to decrease as sampling time increases. This implies an increase
of (Jy and Oz with sampling time. Another repercussion of this is
that even if a plume may be considered as an integration of sequential
puffs, the a's for plume would be larger than those for an individual
puff, since at a given downwind distance, the centres of the individual
puffs will show a crosswind spread. This feature can be well illustrated
with a meandering plume (Gifford 1959) which is shown in Fig. 2.7. From
spectral considerations the effect of a given sampling time T is that
of a low pass filter which filters out the effects of eddies of periods
of the order T.

For long periods of averaging (from several hours to one year) the
concentration at a given location will also be governed by the diurnal
cycle of atmospheric stability, wind direction persistence and frequency
covering the sector from the source to the sampling point.

The methods of making sampling time corrections will be discussed at
appropriate places in later chapters.
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3. GAUSSIAN MODELS FOR THE LOCAL SCALE

3.1 INTRODUCTION

Historically, the most extensively used model for local scale
dispersion is the Gaussian model. Other models have been used but they
contain features which may be more appropriate when considering
dispersion over longer distances. These other models are discussed in
Chapter 4, together with models derived primarily for longer range
dispersion. This chapter is concerned only with the Gaussian model.

3.2. THE GAUSSIAN MODEL FOR IDEALIZED CONDITIONS

The Gaussian model can be obtained as a solution of the diffusion
equation (2.8) for the situation when the wind velocity and the diffusion
coefficient are independent of distance or from statistical theory. The
model can be expressed in two ways, namely the Gaussian Puff model which
gives the instantaneous concentration from a single release or the
Gaussian Plume model which gives the time integral of concentration from
a release or the standing concentration from a continuous release. Both
models relate to an inert pollutant released from a point source under
idealized conditions of horizontal uniformity and terrain. Practical
situations however differ from these ideals, creating a need to modify
the basic formulae for application to the situation considered. Table
3.1 summarizes the areas where corrections are needed.
3.2.1. The Gaussian models for a point source

The concentration distribution from a single release is given by the
Gaussian Puff model as

_ 2 2
X(x,y,z,t) = ——— ————— exp [- (X " ° ] exp

(2,) axayaz 2 a 2 CTy
2

2 2

2a 2az z
where X is the concentration

x, y, z are rectilinear axes
t is the travel time
Q is the total amount of material

released at time t = o
cfx, a«, az are the standard deviations of the Gaussian

distributions in the x, y and z direction
ü is the mean wind speed

and H is the effective release height, equal to
the actual release height, h, plus the plume
rise Ah.

The time integrated concentration is given by the Gaussian Plume
model as

2 2
] + e x p [- - ^ - ± _ > (3 .2)

2 a 2 az z
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In both cases the mean wind direction is taken to be the x-axis and
the origin of the co-ordinate system is assumed to be at the release
point or the base of the release point for releases from a stack. The
second exponential term within the curly brackets is the term due to
reflection at the ground.

The Gaussian Plume model is perhaps more widely used than the
Gaussian Puff model. The extensions of the model considered in this
chapter are described in terms of the plume model, though they are
equally applicable to the puff model.

It should be noted that the puff model gives the concentration as a
function of time. Time integrated concentrations must be obtained by a
suitable integration of the concentration predicted from Eq. (3.1). This
integration is not required for the plume model which is therefore
somewhat easier to use. However, changes of wind direction and source
strength are more easily incorporated into the Puff model.

From the expression for concentration (3.2), we get the ground level
concentration (GLC) by setting z = o

Ground level concentration (GLC)

Q i ,,y2 +H*o-u 6XP l * (—2 —2)] (3.3)

Centreline GLC
y z a ay z

X(X'°'0) =^Vu-exp I-«2/2",2] (3.4,y z
The maximum GLC is given by

= ' N (3.5)

where a and az are to be taken for a distance xmax where the
maximum occurs. This equation is valid only if ay/o*z is
constant. The distance xmax is such that

"2 = 2 °z Xax' _ <3'6>

3.2.2. Summary of the models developed

A large number of models based on the Gaussian distribution have
been developed. Some are summarized in Table 3.2. The differences
between the models are due to (i) the manner in which a and az
are expressed as functions of distance and stability category, (ii) the
stability categorization scheme and the parameters used as stability
indicators, (iii) height of release for which the model was intended,
(iv) roughness characteristics of the site for which the model was
developed. Intercomparison of the models vis-a-vis their accuracy is not
a meaningful exercise since each model is developed for a different set
of site and release conditions. A model must be chosen so as to be most
appropriate to the situation. If this is not possible, then suitable
adjustments have to be made to account for the departure of the chosen
model from actual conditions. Some of the more widely used models are
considered in the next section.
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Table 3.1

Situations and conditions for which modification/correction
to ideal equations are needed

1. Source

Finite size of the source
Time dependent source strength
Plume rise (including time dependence)

2. Atmosphere

Changing atmospheric conditions, with time
(changes in wind direction speed and stability)
Differing atmospheric conditions at different heights
(fumigation, inversion cap)

3. Depletion processes

Radioactive decay
Dry deposition
Washout and rainout
Resuspension

A. Terrain

Wake effects of buildings, etc.
Effects of rough terrain
Dispersion over water

5. Sampling time
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U)o Table 3.2
Summary of the Local Scale Empirical Gaussian Models

Model Name Functions Stability Indicators Limitations and Remarks

Pasquill-Gifford* Given graphically
for 0.1 - 100 tan for
each stability
category

Original:
(day-time) and cloud cover

(night time)
correlated; AT/Az (between
10 m and 60 m).ae netradiation

Smooth Terrain, surface release,
based on data up to 0.8 km
Sampling time - 3 min for a

10 min for <*z
Extensively used because of
simplicity.

ASME/BNL**

McElroy (1969)

y = a xP
Z = b X<î

a, b, p and z are
constants varying
with stability

Same as above with
different sets of
constants

Original: Gustiness
characteristics
Correlated: AT/AZ ,o,u

Original: Ri
Correlated: o6

Rural terrain, elevated
release, data up to 50 tan,
hourly averages.
Not reliable for low winds

(< 2 ms'1)

High roughness, near
surface release, data up to
25 tan. Hourly averages.
Generally used for urban
locations.

Vogt (1977) Same as above with
different set of
constants

Original: wind speed +
AT/AZ (between 20 m and

100 m)

Major surface roughness
Elevated releases, up to
10 km.

Doury (1976) a - O (A, t)Kh

for t,wo stabilities
AT/AZ A puff model, as functions

of travel time. Parameters
given only for two
stability classes defined by
AT/AZ. A & K vary with
travel time.

* Pasquill (1961), Gif ford (1959), Luna and Church (1972).
** ASME (1968), Singer and Smith (1966).



It should be noted that the derivation of the Gaussian model from
the diffusion equation requires the assumption that wind speed and
diffusion coefficients are constant. This leads to the prediction that
a increases as the square root of travel distance. The structure of
the atmosphere was described in Chapter 2. Clearly as a plume disperses
and grows it is affected by the average turbulence over the depth of the
plume. Therefore the diffusion coefficient is not constant in most
situations. However, the Gaussian models in use are based on empirical
determinations of a and these do not in general have this relation
between O and travel distance.
3.3. STABILITY TYPING AND VALUES OF DISPERSION PARAMETERS

Once a model is selected, the determination of the plume spread
parameters oy and oz is usually carried out by a two step
process, determination of the atmospheric stability and the determination
of Oy and az appropriate to the selected stability. The
principal merit of the empirical models is that the stability typing can
be done from simple meteorological observables.

The available schemes for determining the stability and plume
dimensions have been discussed in detail by Gifford (1976) and in
IAEA (1980). The main schemes are briefly mentioned here.

The stability classification scheme put forward by Pasquill (1961)
defines 6 discrete classes A to F (see Table 3.3) on the basis of wind
speed at 10 m and either incoming solar radiation during the day or cloud
cover at night. Thus, routine meteorological data can be used. However,
the insolation and cloudiness are not generally continuously recorded.
Alternative indicators for determining the Pasquill stability class on a
continuous basis have therefore been suggested and used. Pasquill also
suggested values of oy and az for use with his suggested
stability categories. Gifford (1976) has suggested modified values of
Oy for use with the original Pasquill stability categories and az
values. This combination of Pasquill and Gifford parameter values is
often called the Pasquill-Gifford model, referred to as the P-G model in
the remainder of the report.

Mention must be made here of an additional Pasquill-Gifford class G
sometimes used to represent the very stable case, a values for these
class are often obtained as Oy(G) = (2/3) cry (F) and az (G)
= (3/5) az(F).

The Vogt model (1974) also follows the Pasquill-Gifford
classification for stability typing but combines these stability classes
with a different set of values for Ov and o„.j *•

The Doury model is basically a puff model with O's given as
function of travel time rather than travel distance, viz

khHorizontal a = a = a = (Ar)
X y ^ ^ (3.7)

k
Vertical a = (A t) /o g>—————— z z * '

where, as can be seen, the K-theory type of solution has been used.
The coefficients An, AZ and exponents kn, kz have been

tabulated for five to six time scales of travel and for only two
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Table 3.3
Pasquill stability classes

A - Extremely unstable
B - Moderately unstable
C - Slightly unstable

D - Neutral
E - Slightly stable

F - Moderately stable

Surface wind Day time insolation
speed m/sec

(at 10 m) Strong Moderate Slight

Less than 2 A A-B B
2-3 A-B B C
3-5 B B - C C
5-6 C C-D D

More than 6 D D D

Night time

Thinly
overcast
or > 4/8
cloud cover

E
D
D
D

conditions

< 3/8
cloud
cover

F
E
D
D

N.B. "Moderate" insolation implies the amount of incoming solar radiation
when sky is clear and 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.
Solar elevation may be obtained for a given data, time and latitude
from astronomical tables. Since cloudiness reduces insolation it
should be considered along with solar elevation in determining the
Pasquill category. Insolation what would be "Strong" may be
expected to be reduced to "moderate" with broken (5/8 to 7/8) cloud
cover middle and to "slight" at the broken low cloud cover
respectively.
Where data from solar radiation measuring instruments are available,
the values of Insolation corresponding to 35i and 60i on clear days
may be obtained and used in classification irrespective of
cloudiness data.
Neutral class D should be assumed for overcast conditions during day
or night. night refers to a period from 1 hr before sunset to 1 hr
after sunrise.
To obtain cf„ and 0Z for (A-B), use the average of those for
A and B, etc.

stability classes defined by vertical temperature gradient of <_ - 0.005
knr1 (normal diffusion) and > - 0.005 km-1 (weak diffusion).

The ASME and McElroy (1969) models classify the stability range into
four classes, very unstable, unstable, neutral and stable.

The values of the plume dimensions ay and az for use with
these models are given in Tables 3.4 to 3.7 and Figs 3.1 and 3.2.
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Table 3.4
Summary of plume spread functions

for local models
HORIZONTAL oy= px**

MODEL

PASQUILL-GIFFORD

McELROY (URBAN)

ASME
*

VOGT 50m
release

100m
release

UNSTABLE NEUTRAL STABLE

P

(See Fig.
VU* 1.46
U* 1.52

VU* 0.359
U* 0.328

A 0.87
B 0.87
C 0.72

A 0.23
B 0.23
C 0.22

q P

3.1)

0.71 1.36
0.69

0.93 0.346
0.87

0.81 D 0.62
0.81
0.78

1.0 D 0.22
0.97
0.94

q P q

0.67 0.79 0.70

0.77 0.304 0.71

0.77 E 1.69 0.62
F 5.38 0.58

0.91 E 1.69 0.62
F 5.38 0.58

DOURY
(see Table 3.7)

* VU indicates very unstable
U indicates unstable

3.3.1. A Model with continuous stability scale
The discrete stability classification introduces an intrinsic error

band in the concentration estimates from the discrete cry - az
relations since it is reasonable to expect that the dispersion rate may
lie anywhere on the stability scale.

The models also do not consider the site roughness length ZQ as an
external parameter. In the extension of the Pasquill model made by Smith
(1972) these deficiencies have been overcome. Taking guidance from the
numerical solution of the diffusion equation from K-theory, Smith has
prepared a set of curves from which az can be computed for given
atmospheric conditions and ground roughness ZQ. The complete set of
curves includes (see Figs 3.3-3.6).

(1) Curves to determine a continuous stability parameter P (0 - 7)
from wind speed (10 m) and sensible heat flux. If this is not
available, insolation (w/m̂ ) in daytime or cloud amount (in
Oktas, i.e. eighths of sky covered by cloud) at night may be
used. 10 cm is implied in the curves.
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Table 3 . 5
Summary of plume spread functions

VERTICAL SPREAD dz = px^

MODEL UNSTABLE

P

PASQUILL-GIFFORD

McELROY VU*
U*

ASME VU*
U*

VOGT 50m A
release B

C

100m A
release B

C

DOURY
See Table 3

0.
0.

0.
0.

0.
0.
0.

0.
0.
0.

.7

01
04

50
287

22
22
21

10
16
25

q

1
1

0
0

0
0
0

11
0

.54

.17

.89

.88

.97

.97

.94

.16

.02

.89

NEUTRAL STABLE

P q P q

see Fig. 3.2

0.09 0.95 0.40 0.67

0.23 0.27 0.06 0.71

D 0.20 0.94 E 0.16 0.81
F 0.40 0.62

D 0.40 0.76 E 0.16 0.81
F 0.40 0.62

* VU indicates very unstable
U indicates unstable

(2) Curve of o"z vs downwind distance X for neutral conditions
(P = 3.6) and ZQ = 10 cm.

(3) Curve to give correction factor az (P)/o"z (neutral)
(4) Curve to give correction factor crz (z0)/az (10 cm)
The model predicts the same ground level concentration as predicted

by more complex K-theory models.
3.3.2. A model derived from similarity theory

Subton's model (Sutton 1953), widely used for diffusion calculation
prior to 1961, differs from other empirical models as it was based on the
statistical theory. Sutton assumed that the Lagrangian correlation
coefficient could be expressed as

R(0 =lv + Tf^ I < 3- 9>
where \> is the kinematic viscosity of the air and n a parameter between
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Table 3.6
Parameters to obtain ay and az (P-G Model")

(Eimultis and Konicek, 1972)

Stability Ay

A
B
C
D
E
F
G

0.3658
0.2751
0.2089
0.1471
0.1046
0.0722
0.0481

AZ

0.192
0.156
0.116
0.079
0.063
0.053
0.032

0.1 tan

'
0.936
0.922
0.905
0.881
0.871
0.814
0.814

ay =

R

0
0
0
0
0
0
0

AyX u^

A

0.
0.
0.
0.
0.
0.
0.

'UJ and

0.1

2

00066
038
113
222
211
086
052

az = Azx<3 -i- R

q

1.
1.
0.
0.
0.
0.
0.

1km

R

941 9.27
149 3.3
911 0
725 -1.7
678 -1.3
74 -0.35
74 -0.21

•*
0.00024
0.055
0.113
1.26
6.73
18.05
10.53

1 km

q

2.094
1.098
0.911
0.516
0.305
0.18
0.18

R

-9.6
2.0
0

-13.0
-34
-48.6
-29.2

W



Table 3.7

Plume spread parameters
for Doury model

1 - NORMAL DIFFUSION

aH == (AfoU^, az = (Azt)Kz

Travel time A^ Az K^ Kz
(Seconds) (m-̂ *-. s~l) (ml/k. s-l)

2
3
9
5

2

0
y

.40x10
0

.28x10

. 70xl04

.OSxlO5

- WEAK

to 2
to 3
to 9
to 5
to 1

1

.40x10

.28x10

.70x10

.08x10

.30x10

.30x10

2
3
4
5
6
6

4
1
1
4
6
2

.05x10
-i

.35x10
T

.35x10

.63X10"1

.50
c

.00x10

0.42
1.00
20
20
20
20

0
1
1
1
0
0

.859

.130

.130

.000

.824

.500

0
0
0
0
0
0

.814

.685

.500

.500

.500

.500

DIFFUSION

Travel time

(Seconds) (

0 to2
2.40x10 to

A

9.70x10 to
5.08xl05to

2
0
5
!
1

.40x10

.70x10

.08x10

.30x10

.30x10

2
4
5
6
6

4
1
4
6
2

Ah

.,
.05x10

-i
.35x10

T
.63x10
.50

c
.00x10

AZ

0
0
0
0
0

.20

.20

.20

.20

.20

0
1
1
0
0

Kh

.859

.130

.000

.824

.500

0.
0.
0.
0.
0.

Kz

500
500
500
500
500

zero and one, related to the wind profile by taking the height Variation
of wind speed [see Annex 1] to be

u(z) _
'1

wich p (3.10)

where n is the Sutton parameter with the following typical values
Unstable n = 0.2
Neutral stability n = 0.25
Stable n = 0.5

Sutton assumed a triple Gaussian form of pollutant distribution for
an instantaneous point source, with a'a obtained from Eqs (2.5) and
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DISTANCE FROM SOURCE (m)

FIR. 3.1. Lateral diffusion. Oy vs. downwind distance from
source for Pasquill's turbulence types, (from
Slade 1986)

(2.8). From this, the double Gaussian form for a plume from a continuous
point source was derived . The plume dimensions were given in the form

a = C x1- '2
x x ,

a = C xl~n/2y y /a = c x1 '2
(3.11)

3.3.3. Consideration of the stability indicators
Among the several stability indicators used for stability typing are
- wind speed (at 10 m) and sensible heat flux expressed in terms

of insolation (daytimes) or cloudiness (night times);
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DISTANCE FROM SOURCE (ml

FJR. 3.2. Vertical diffusion Oz vs. downwind distance" from
source for Pasquill's turbulence types, (from
Slade 1968)

10 =

Standard deviation of wind direction fluctuations
(P-G. , A.SME, McElroy);
Lapse rate AT/AZ (All models);
Richardson Number Ri or bulk Richardson number RiB (McElroy);
Monin Obukhov length L (P - G) ;

The wind speed and insolation/cloudiness were the parameters
originally suggested by Pasquill. However, insolation/cloudiness
parameters are not available continuously. Other parameters have
therefore been used in practice for routine purposes.

It is however the experience that the stability indicated by
different indicators under the same conditions may vary. This aspect has
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Fig. 3.3. The nomogram of Smith for the determination of the
stability parameter P. (from Clarke, CEC, Rise 1980)
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FIR. 3.4. The vertical dispersion parameter Oz as a function
of the distance in neutral atmospheric stability and
for a ground roughness length of 0.1 m. (from Clarke,
CEC, Risd 1980)
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been especially investigated for different ways of assigning the Pasquill
stability class.

To give a typical example, Pasquill classification gives neutral
stability for winds > 6m/sec for all insolation or stability conditions.
However Hanford meteorological data (Table 8.1 of Slade (1968) shows
significant percentages of stable and moderately unstable cases during
high wind speeds.

Investigations by several workers on this aspect show the following
features of the stability indicators vis-a-vis the Pasquill stability
typing (Luna and Church 1972, Ludwig and Dabberdt 1976, Shirvaikar et al.
1980).

(i) OQ - Pasquill stability type relationship, obtained by
observing OQ under various Pasquill types is insensitive between
neutral (D) and moderately stable (F) conditions. OQ decreases
with increasing stability, but towards F category, it again tends to
increase duetto long period meandering of the wind direction.

(ii) OQ is influenced by the upwind site roughness. The
OQ- stability relation is therefore site specific and may depend
upon seasonal changes in site roughness. Local calibration is therefore
necessary OQ also depends upon height. Singer and Smith (1966)
find OQ to be constant, but this is not universally observed.
(iii) The scatter in the indicator - stability relationship is very
large and overlaps into the adjacent stability category.
(iv) Since under a given condition AT/AZ depends upon height,
it should be measured betwen fixed heights. USNRC (1977) recommends the
height range between 10 m and 60 m, however whether this low level lapse
rate is applicable for elevated releases of the order of 100 m is
doubtful. The TVA curves of a„, oz for elevated plumes are much
less separated in stability than the Pasquill-Gifford curves
(Carpenter et al. 1971).

It has been observed, e.g. at Tarapur in India (Patel et al. 1981)
that in significant number of cases during the year the ground inversions
do not extend above 60 m. This throws doubt on the adoption of the USNRC
recommended heights for estimating lapse rate as of universal validity.
It will be much more appropriate to decide the levels after preliminary
investigations rather than on ad hoc basis.
(v) Golder (1972) has given relations between the Monin-Obukhov
length L and Pasquill stability class. However since L is not a
routinely and easily measurable quantity, this is probably the reason why
this indicator is not in routine use.

(vi) Net radiation, recommended in Japan, is also difficult to
measure on routine basis under all weather conditions. This parameter is
not in general use.

(vii) Richardson number is height dependent (approx. = z/L) and
comments for lapse rate are also applicable here. Physically, it is a
better parameter than simple lapse rate since it involves turbulence
indirectly through the wind profile. This again has not been used on
routine basis.
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In conclusion, this implies that with the present state of art, the
diffusion estimates are subject to a certain amount of uncertainty, often
corresponding to one stability category difference and sometimes more.
This aspect is considered further in Chapter 6.

3.3.4. Suitability of the dispersion models

The different sets of parameter values for use in Gaussian models
were developed for different conditions, as indicated in Table 3.2.

The ASME model is more suited to elevated release while the Pasquill
model was intended for surface releases with smooth terrain
(z0 ~ 1 cm). For terrains of major roughness (ZQ = 1 m) the
Vogt (1974) model would be more appropriate for elevated releases and the
McElroy model for low level releases.

All except the Doury model are what are termed straight line plume
models for a stationary plume from a continuous point source. This
implies a plume of infinite length at any given moment. It is however
evident that for releases of short duration or when wind direction
changes, the plume has a finite length equal to uT where u is the mean
wind speed and T is the period of release or the time elapsed after the
change in wind direction as the case may be. While computing the time
integrated exposures for periods < T, the models may be suitably modified
to correct for the finite length of the plume and the time it takes for
the leading edge of the plume to reach the receptor. (Shirvaikar 1969).
In many applications exposure for complete passage of the cloud or the
finite plume is required. The time integrated exposures (Bq-sec/m^)
can then simply be obtained from expression (3.2) where x is now the time
integrated exposure if Q is the total amount of release in Bq. The time
integrated concentration can also be obtained from the Puff model
expression (3.1) by suitable integration.

3.4. SAMPLING TIKE CORRECTION

As discussed in Chapter 2 the sampling time is an important aspect
in concentration estimation. Generally, one hour is taken as a standard
sampling time. Concentration estimates should be corrected to the
sampling time for which they are to be applied. The main effect of
sampling time is to modify the horizontal distribution of material.
Corrections for sampling time, or equivalently release duration;
therefore take the form of a modification to o"y.

The a functions given by Pasquill are essentially for a sampling
time of 3 minutes and have been recommended to be used for sampling
periods of a "few" minutes. Other models, except the Doury model,
pertain to a sampling time of 1 hr. The reference maximum sampling time
used by Doury is 6 minutes. Empirical correction factors have been
proposed for obtaining concentrations with other sampling times.

A widely used correction is given by

(3.12)

»rhere T1 is the required sampling time
and T2 is the sampling time for which the original CT curves are
appropriate.
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Brun et al (1974) report measurements which imply that the coefficient
a is 0.5 for T^ less than 1 hour and 0.4 for T^ between 1 and 4
hours. More recently Ferrara and Cagnetti (1980) have considered the
value of the parameter a. They report a value which is a function of
release duration and of travel distance.

An alternative approach has been recommended by Moore (1976) in
which the influence of fluctuations of wind direction and atmospheric
turbulence are considered separately. Moore suggested that

= a y w (3.13)
where oyt is the contribution from turbulence
and 0yW that from wind direction fluctuations.

The turbulence contribution is taken to be the normal P-G value of
for a 3-minute sampling time. Moore suggested that Oyy, should be
obtained from a measurement of 09 but, if that were not possible,
recommended using

ö = 0.03 -y w u10 (3.14)

where

and 0.03

is the release duration in hours
the wind speed at 10m height, in ms
the downwind distance in m
a dimensional constant.

-1

3.4.1. Long-term Time-Integrated Concentrations (TICs)
A quantity often needed to obtain the design parameters for a stack

and plant operational limits and conditions for gaseous discharges is the
concentration integrated or averaged over an extended period such as a
year and determined on the assumption that the release rate is constant.
This quantity may be obtained from the joint frequency distribution of
wind speed, stability class and wind direction for the period considered.
It is customary to divide the complete range of horizontal wind direction
from 0° to 360° into a finite number of equal angular sectors. In
some Member States 16 sectors each of angular width 0 equal to IT/8
radians (22.5°) are used; others use sectors of 20° or 30°. It
may be reasonably assumed that the probability distribution of wind
direction within any given sector is constant. If NJJ^ 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, (and P^-j^
is the frequency of the condition) the time integrated concentration 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. (3.2), integrated
horizontally over the sector. For all practical purposes, the limits of
integration for y may be taken as + °°. The T.I.C. is given by

v. ., (x,z) =*i jk .u
exp

2a
-+• exp

2 a zi
(3.15)

where the product of x and 9 is the width of the sector at distance x.
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(2) The result is summed over wind speed classes to give is the T.I.C.
at distance x for the effective stack height Hj^ in sector j under the
stability class i.

Q N

(2it)xe k azi\.
exp " (z - Hik>2"

o
+ exp

(z + H lk)2

2ozi2
(3.16)

where Xjj is the T.I.C.
When only ground- level concentration is required, Eq. (3.15) reduces to

exp - (3.17)

In Eqs (3.15) to (3.17) the source height term is shown to be dependent
upon stability and wind speed because of the plume rise (see sub-section
3.6.5). If, for the sake of conservatism, plume rise is ignored, or if
it is assumed constant, the calculations are simplified, as:

Y (Y 7l =^i^

where now

<exp - H)'
2a zi

+ exp - (z + H)2

2a2 .
Zl

) AÜ"
k°iT

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

(3.18)

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

/(2ir)x0
exp

Zl
(3.19)

The term Ejc^N^^/u^) is very simple to calculate from the triple
joint frequency distribution of stability class, wind speed class and
wind direction sector.
(3) The T.I.C. in the time interval of a year for wind direction
sector j, Xj is obtained by summing over the stability classes as
follows :

Xi.(x,z) for the z level
and

X.jXx.0) = y_x (x,0) for the ground levelJ ij

(3.20)

(3.21)

In the above calculation, it is possible to use individual values of
Ufc 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 of 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 (Il'In, 1975):
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2Q f j
t(x>0) = ~~r~————— (3.22)

j
where

fj is the frequency of the wind direction in sector j
Uj is the mean wind speed in wind directon sector j over the whole

period, given by

I II NijkI j k 1JK

e is the base of natural logarithms = 2.718.
fAnother method called the IFDM method (Immission Frequency

Distribution Model) (Kretzschmar et al., 1976) uses the double Gaussian
model, Eq. 3.2, with appropriate corrections for plume rise and wind
speed variation with height. In this method the hourly concentrations at
grid points of a rectangular grid are statistically analysed to obtain
the cumulative frequency distribution.

(a) 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 less
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.

As a first approximation the occurrence of calms may be distributed
in the different direction sectors in proportion to the frequency of the
lowest measurable wind speed class. The T.I.C. Xj in any sector j
should therefore be multiplied by a factor

to obtain the T.I.C. adjusted for calms. In this expression
No is the number of hours of calms
NJ is the number of hours with wind direction j
NJL is the number of hours ia the lowest measurable wind speed

class in direction j
NL is the number of hours in the lowest wind speed class in

all directions.
A second approach for use when the percentage of calms is high is to

distribute the number of hours of calms into the lowest measurable wind
speed class in combination with the associated stability class.



3.5. DEPLETION CORRECTION AND GROUND CONTAMINATION

This section considers methods for calculating ground contamination
due to deposition. Correcting the predicted air concentration for loss
of pollutant from the atmosphere is also considered.

3.5.1. Dry deposition

The deposition rate due to dry deposition is calculated using the
concept of deposition velocity, i.e. the ratio of deposition rate to air
concentration with dimensions of velocity. The deposition rate D^ is
given by:

Dd(x,y) = VgX(x,y,zr) (3

where VR is the deposition velocity
and zr a reference height.
Measurements of deposition velocity often relate to concentration at a
height of 1 m. For simplicity, however, most calculations assume zr =
o.

Depletion correction due to dry deposition is made by correcting for
the loss of material from the plume. The classical approach, called the
source depletion model, assumes that the loss reduces the effective
source strength. This has a rather unrealistic implication that
turbulence instantly redistributes the material so that the vertical
Gaussian profile is maintained. This model however is easy to use and is
still preferred to the recently developed surface depletion model
(Horst 1977). In the surface depletion model the vertical Gaussian
profile is not maintained and the deposition loss is accounted for by
assuming a negative source at ground level.

(a) Source depletion model
Let the original source strength be Q and the depleted source

strength at downwind distance x be Qx. The depletion of the source due
to the deposition from x to x + dx is

dQx = ~ VX f X(x,y,zr (3.24)
— • OO

Taking the reference height zr as 0 and using the form of X
given by Eq. (3.2) with Q replaced by Qx gives

(3.25)

For a simple case of the deposition occurring with the same Vgthroughout the travel, the above expression may be integrated to give the
frequently quoted relations

X

exp /
o

dx

az exp (H2/2az
2)

(3.26)

and the deposition rate
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(3.27)

When evaluating the integral in Eq. (3.26) for a ground level release, a
singularity is encountered at the source. It is therefore necessary to
start the integration from some reasonable value of x.

Two situations may be considered where some modification to the
above expressions are requited.

The first is where V changes abruptly at some distance x-^
downwind. In this case tne integration indicated by Eq. (3.26) must be
done separately for the different regions ensuring that the variation of
Qx with distance is continuous. This technique can be extended to
multiple regions of differing V» and also to changes in other
parameters such as stability or wind speed.

The second case is where a virtual source model is being used either
for a volume source or for dispersion from a building wake (see
section 3.6.2). In this case the region of integration should only
include the distance from the real source.

In practice, where curves or tables of depletion factors are
available, the correction factors for the above type of situations may be
obtained by differencing the effects (van der Hoven 1968, Shirvaikar &
Abrol 1978, Jones 1981a) .

(b) Surface depletion model

The source depletion model makes the assumption that diffusion is
sufficiently rapid that the vertical distribution of material is
unaltered by deposition at the surface. This is somewhat unrealistic and
a number of models have been developed in which the change in vertical
profile is explicitly considered. These are generally called surface
depletion models. One of them given by Horst (1977) is considered here.

According to this model, the deposition at the point (e, TI, 0)
will effect a reduction of the air concentration at the downwind point
(x, y, z) equal to - ,
where D is the diffusion function (i.e. X/Q in Eq. (3.2)) for a source
at ground level.

The deposition corrected concentration is then given by
œ x V

X(x,y,z) = Q D<x>y»z'H) - / /_& x (E(T1(Z) D(x-e,y-T1,Z,o)d8d ) (3.29)

The integral equation is more difficult to evaluate than the simple
equation in the source depletion model.

Comparison between source and surface depletion model shows that the
difference between the two increases with increasing stability and
increasing deposition velocity. Close to the source the surface
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Table 3.8
Deposition velocity data summary for particulate

and gaseous radionuclides
(from Sehmel 1980)

Depositing
Material

Deposition Velocity,
(cm s"1)

Deposition
Surface

Co
Ni
I
La
Ce
Pb
Zn
Ra B + RaC
Ba
Sr
RaD
Pu
Cs-137

Ru-103

Zr-95 - Nb-95

Be-7
Te-127. Te-129

co2
Kr-85

ThB

[For Iodines
see Figure 3.7]

(a) Particulates
0.3 - 1.9

0.7 - 4.0

< 0.3 - < 2

> 0.6 - 3.5

0.5 - 1.9

0.38

1.8

0.05
0.001 - 0.006

0.002 - 0.01

0.05 - 0.5

3.2 - 7.3

0.09 ± 0.06

0.04 + 0.05

0.2 - 0.5

2.3 + 1.0
0.1 i 0.2 - 0.6 ± 0.4

0.02 - 0.8

5.7 ± 3.4

2.9 ± 2.7

0.6 - 5.3

0.7 ± 1.3

(b) Gases and vapours
0.3

2.3 x 10"11
(upper limit)

2.6
0.077

) Filter Paper
) at 1.5 m

Filter Paper
Grass
Grass
Tank
Tray
Water
Soil
Grass
Water
Soil
Grass
Water
Sail

Ocean with rain
Sticky Paper

Alfalfa
Grass

Grass
On 0.08 urn
nuclei
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depletion model produces less deposition with the result that at large
distances the near surface air concentration is raised until in some
cases the concentration eventually equals and then surpasses that given
by the source depletion model. The differences can be 10 - 20% (Horst
1977) and the source depletion model may be considered as adequate in
most cases.

3.5.2. Data on V- for various pollutants

Reviews of the available information on deposition velocity have
been made by a number of authors (e.g. Slinn (1978), Sehtnel (1980) and
Underwood et al. (1984).

Sehmel (1980) has summarized an extensive collection of data on
deposition velocity for various pollutants. Table 3.8 gives the
deposition velocity range for various gases and vapours. Values for
iodine range over three orders of magnitude from 0.02 cm/sec to 26 cm/sec
while for CH3I they range from 10~4 - 10~2 cm/sec. Figures 3.7 and
3.8 which summarise the data for iodine and particulates also show the
extent of uncertainty in the value of deposition velocity for various
natural surfaces. The wide variations are indicative of the crudeness of

14f - GREEN PASTURE. STABLE ATM.
9- GRASS. UPPER LIMIT
24A - GRASS RANGE
24c - GRASS, AVG. DAMP
14g - PASTURE, FRESHLY MOWN
14h- PASTURE, FRESHLY MOWN
24d- CLOVER
13a- CRASS. CROWING
1 9 a - G R A S S
15 - GRASS
14a - CRASS-DRY. UNSTABLE ATM.
14b-CRASS-DRY, UNSTABLE ATM.
24b - GRASS. AVG. DRY

£ 22 - ROUTINE HANFORD
< 2 3 - G R A S S
£ 17a-SOIL + GRASS
sa 26-FIELD
«« 14d-CRASS-GROWING. UNSTABLE ATM.
Z 14e-CRASS-CROWING. NEUTRAL ATM.
2 17 c - P A PER LEAVE S
t 16 -CRASS
«2 17 b-LEAVES
£ 10 - WATER
£ 21 - CRASS
ra 17d-PAPER IN DISH

19b- STICKY PAPER
lia - CHARCOAL, LAPSE ATM.
29- CRASS
13b-GRASS-CROWING
14c-GRASS-GROWING
18-CRASS
13 e - GRASS, DU STY-DR Y
14i-GRASS, FRESHLY MOWN
12 - SNOW. NEUTRAL ATM.
14J - GRASS, GREEN
lib- CHARCOAL, INVERSION
28 - ENGLAND, WINDSCALE
20- SL-1 ACCIDENT
30 - CRASS
13d-CRASS. DUSTY-DRYL

CHQ
——D
-O
-O

D—t-
D- -cj

o-a
D-
O-

O-a
a—o

aa—aa—a-»——a-tv—a

enaa

D GRASS

X WATER

V SNOW

O OTHER

. , . I ,

REFERENCE 10,-2 10-1 1 10
DEPOSITION VELOCITY, cm/sec

Fig. 3.7. Iodine deposition velocity summary, (from Sehmel, 1980)
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the estimates of deposition available to users in the present state of
knowledge of the subject. The user of a dispersion model must select an
appropriate value for deposition velocity and should carry out
sensitivity studies.
3.5.3. Wet deposition

Material can be removed from a plume by the action of rain. Two
separate processes, termed washout and rainout, may be considered.
Washout is the removal of material by raindrops falling through a plume
(i.e. below cloud removal) while rainout is removal of material
incorporated into raindrops within the cloud. The same extension to
simple dispersion models is used for both processes.

As rain affects the whole of the plume, the deposition rate is
dependent on the total amount of activity contained in the plume, rather
than the air concentration at ground level. Deposition rates are
calculated using the washout coefficient, defined as the fraction of the
dispersing material removed in unit time.
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The ground contamination rate in the precipitation region is
given by

Q A F e-(y2/2a2)
Dw (x.y) = ————2. V (3<3o)

where A is the washout or rainout coefficient, F the fraction of
material remaining in the plume and Dw(x,y) is in Bq m~2 sec"1 if Q
is in Bq sec~l or in Bq m "2 if Q is taken to be the total quantity
released. For negligible runoffs with small rainfall rates (a few mm
h~l) the contamination levels will be given by Eq. (3.3O). For large
runoffs, a major redistribution of the deposited activity occurs. This
should be taken into account while evaluating the ground contamination
from washed activity. (Ritchie et al 1978).

Rain removes material through the whole depth of the plume so that
the removal rate can be calculated from

—— = -AQ
dt <3.31)

For a steady rainfall rate and wind speed this can be solved to give

Q(x) = Q exp (- Ax/u) (3.32)

When applying this expression to a dispersing puff or plume, the
time history of the precipitation should be taken into consideration, for
only that part of the puff or plume passing through the precipitation is
depleted. For example, consider a fully developed straight line plume
and a condition where precipitation has been occurring in a region which
includes the source and extends to a downwind distance x-^. This may be
approximated to a steady state and the concentration up to the downwind
distance x^ corrected as given in Eq. (3.32), assuming that the
precipitation rate is constant. Beyond this distance, since there is no
washout, the correction factor would remain constant given by:

-Ax /u
F = e (3.33)P

An alternate case is when the prec ip i ta t ion region extends from xo
to X}. The correction factors are

o < x < x , F = 1o p
-A(x-x )/u

x < x < x , F = e ° (TO l p V -

x < x, » F = e
l P

The correction factor would be valid only for the segment of the plume
which is washed, and it is necessary to take into account the times
corresponding to these segment extremities. For example, suppose it
rains for 10 minutes and the wind speed is 8 m s"1. A plume segment of
4.8 km will be washed. The correction factor should be applied only to
this segment.

Since rainfall is not a continuous phenomenon, extension of the
short term deposition models for computing long term deposition would be
difficult if not impossible on account of the extensive data base needed
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for these calculations. However, in calculating annual average
deposition rates at distances of a few tens to a few hundred kilometers
it is sufficient to consider only the overall distribution of duration of
wet and dry conditions. A model for this purpose as been developed by
Smith (1981) and Fisher (1981) based on earlier work by Rodhe and
Grandell (1972). The fraction of material remaining in the plume, Qw,
after a given travel time is

Q,, = l
W m,-m,l t

where

V / . ., \ Vm, + Af e " - m» + Af ew (3.35)

- / 22mL = - (A+ PD+ Pw) - /(A + PD + Pwr - 4APD
(3.36)

2m2 = - ( A + PD + PW) + /( A + PD + PW) - 4APD

P
with f = ————-— t-t -»7\w P + P \J.J/;D w

and PD and PW are the probabilities that dry or wet weather
respectively will stop in unit time. Experimental observation suggests
that, on average, PD and Pw can be considered to be independent of
the duration of the dry or wet period.

The wet deposition rate per unit area, Dw, is given by

A \ vl+ r J (3.38)

Another way to calculate wet deposition up to long distances has
been proposed by Cagnetti and Ferrara (1980a) by taking the intensity of
the rain to be directly correlated with its duration.

Such correlation is of the type: I = KT - a
where K is a function of the probability of occurence of a given rain
intensity (for a given value IQ over a given time tt) and a is -
correlated with the climatological characteristics of the region under
examination.

So the washout coefficient, which depends on rain intensity, can be
correlated with the time-duration of the rain. Two extreme cases are
possible:

(a) rainfall commencing at the point at which wet deposition is to
be estimated;

(b) rainfall commencing at the point of release.

In the first case the intensity of the rain depends on sampling time
(duration of the rain equal to sampling time). In the second case the
intensity of the rain depends on travel time (duration of the rain
assumed equal to travel time).

Obviously the real case is intermediate between the two extremes.
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3.5.4. Evaluation of washout coefficient A
The available data from field and laboratory studies have been

reviewed by a number of authors (e.g. Slinn (1978), Underwood (1984),
Brenk and Vogt (1981)).

In the evaluation of A, limitation comes from the measurement of
precipitation rate, P. Standard routine rainfall measurements are taken
once daily when the total precipitation during the past 24 hours is
measured. At a few locations, continuous measurements are taken using
autographic syphon type of tipping bucket type rain gauges. Obviously
the estimates of P with the continuous type instruments are the best
types for washout estimates.

Rainfall rates can fluctuate by more than an order of magnitude
during a single shower. An interesting feature noted for the analysis of
monsoon showers was that if A was synthesized from one minute average
values of P, it is almost always 0.8 times the A computed from P
averaged over a shower (Shirvaikar & Soman, 1983). Another parameter
which is usually insufficiently well known is the distribution of
rainfall intensity in the area of rainfall through which the plume or
puff passes.

Little quantitative information exists on the removal coefficient
due to snow. The specific scavenging coefficients for particles provided
by Engelman are highly speculative. For gases (bromine & iodine) the few
existing measurements show a great deal of scatter and it is not possible
to conclude from those data how the coefficients are related to
precipitation rate or snow type. The values for bromine and inorganic
iodine were of the order of 3 x 10~̂  and 5 x 10~̂  sec~^
respectively in powder snow of 0.2 mm/hr (compared to 1.7 x 10~5
calculated for iodine for the same rainfall rate).

3.6. MODIFICATION TO MODELS FOR PARTICULAR SITUATIONS

The models described in section 3.2 are applicable to ideal
conditions of uniformity and steady state under which the data were
collected. Where the actual conditions differ from the ideal situations,
the models need to be suitably modified.

Some of the frequently needed modifications are listed in Table
3.1. Of these the modifications due to depletion and due to plume rise
and sampling time have already been discussed.

In the following we shall discuss briefly modifications applicable
to the various conditions listed in Table 3.1 except for the topic of a
time dependent source strength which is easily incorporated by splitting
the release into shorter periods of constant release rate.

3.6.1 Volume or area source
There are a number of situations in which it may be necessary to

allow for the finite size of a source of material, examples being
releases from buildings or from extended areas such as mine tailings or
ponds. Special models have been developed for building releases; these
are considered in the next section. Other large area sources can be
treated in one of two ways, either by integration over the source or by a
kind of virtual source model.
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If the source is considered to have a strength of Q'(x',y',z') per unit
volume then the concentration at a point with coordinates x, y, z is
given by

.y.z) = ///Q'(x',y',z') x (x-x.fy-y.fZ-z.) dx'dy'dz' (3.39)

where X(x-x', y-y', z-z') represents the concentration from a point
source and the integration is carried out over the volume of the source.

An alternative way to take into account the dispersion from a volume
source is to use a virtual source upwind of the actual source. The
virtual spurce model is described in more detail in the section on
building effects. In practice virtual source locations corresponding to
horizontal and vertical dispersion respectively may have to be found due
to anisotropic diffusion. The locations are given by the distances x^
and X2 such that V(2ii) 0V equals the horizontal source
dimension and V~(2TT) az equals the vertical source dimension.

As discussed under the depletion section, the deposition and washout
corrections should be made only for the real plume path.

For long distances, the volume source may be considered as a point
source for elevated sources. For ground level releases of depositable
activity it is still necessary to avoid using the depletion correction in
the virtual plume region. The theoretical contribution to deposition in
this region may be substantial and may lead to underestimation of the
downwind concentration in the real plume region.

3.6.2 Building wake effects
Airflow round buildings is very complicated, as indicated in

Figs 3.9 and 3.10. A large amount of work has been carried out on
modelling dispersion from a source near a building and the section here
can only give a brief overview of a few of the available models. An
extensive review has been given by Hosker (1981).

Radioactive materials released through leaks in the buildings or
from short stacks will be mixed in the turbulent wake in the aerodynamic
cavity created by the ambient air flow on the lee side of the buildings.
This effect creates a volume source. The method proposed for computing
concentrations from such a volume source is different from that^outlined
in section 3.6.1.

Gifford (1961) has suggested that the downwind concentration on the
plume centre-line may be approximately computed using the relation

X = Q/(CA + no a )u (3.40)y z
where A is the cross-sectional area of the obstacle (building) presented
to the wind,
and C is a constant for which Gifford suggested the value 0.5.
The quantities 0„ and az are evaluated for distances measured
from the real source. However, Gifford suggested that the corrected
X/Q should not be less than 1/3 of the uncorrected value.

In a review paper, Gifford (1972) states that the factor 0.5 is
consistent with the estimates based on wind tunnel tests by several
workers. It is recognized that there is a problem in the case of
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wind normal to exposed building face (from Hosker 1981).
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complexes of many buildings as opposed to the isolated structures, and
that the flow over and around a complex of building may be quite variable
depending upon the spacing and orientation of the buildings relative to
the wind.

Cagnetti and Ferrara (1980b) suggest a slightly different approach.
They suggest the usual double Gaussian relation but with the ay and
Oz replaced by modified values <J'y and a'z where

a ' = o + L//2Ü (3.41)y y
a ' = a + H/y (3.42)
Z - Z

where L and H are horizontal and vertical dimensions of the building.
An alternative widely used model is the virtual source model in

which concentration is calculated as if the source were at some distance
upwind of the building. The normal Gaussian formulae are used, but cr
is replaced by cr(x + xv) where xv is chosen so that the initial
plume size is comparable to the building size. Barker (1982) suggests
that xv be chosen so that the initial plume sizes are one third of the
building height and width. He also recommends using an effective release
height of one third the building height.

In a study (Start et al 1980) of diffusion around the EOCR reactor
building Idaho Falls, U.S.A. shows that even for a single structure, the
evaluation of concentration is much more complicated than simple formulae
suggest. To explain the results of this study, three characteristic
zones were defined.

a near structure cavity zone
a transition zone
a far wake zone

One of the important conclusions of the study is that downwash of
elevated plumes and uplifting of ground level plumes occurred.
Concentration predictions were improved if plume centrelines were assumed
to occur near ground level. For elevated releases the inclusion of the
CA term in Eq. (3.40) did little to improve the accuracy. It seemed that
a downwash factor would be more appropriate. The ground level
concentration estimates may be better determined by a partitioning of the
source into a fraction transported vertically and a fraction remaining
near the release height. However the report does not recommend the
relative fraction.

The deposition correction in this case also should be made as in the
case of volume source.

3.6.3. Rough Terrain
Two categories of rough terrain are usually considered: terrain with

high ZQ and hilly terrain.
Terrain with uniform roughness e.g. urban complexes, and forested

regions come under the first category affecting primarily the turbulence
and wind profile structure. The second category of terrain may consist
of a wide variety of combinations of hills and valleys affecting both the
local flow and the turbulence.
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(a) Terrain with changing or high zo

The Vogt and McElroy urban pollution models (Table 3.1) are
primarily for areas with high zo (= 1 m). The Vogt model uses the
Pasquill stability classification with a's based on tracer
experiments. The stability classification used in the McElroy model is
not as fine as in the Pasquill model and hence the error band in the
concentration evaluation due to class width would be expected to be
higher.

As mentioned in Section 3.3,1., Smith's model for plume size takes
into account the influence of roughness length on plume growth.

(b) Hilly Terrain

A significant amount of work on dispersion in hilly terrain has been
carried out. The work tends to be site-specific and it is difficult to
draw general conclusions.

Due to -variety of terrain configuration available on the surface of
the earth, it is not possible to have generalized models. For hilly
terrain consideration has to be given to the flow path and increases in
turbulence. A particular aspect which must be considered is flow
bifurcation so that the effluent cloud is split and different sections
move in different directions. For instance, suppose the vertical growth
of a cloud moving in a valley exceeds the ridge height and the valley
direction is different from the general flow direction, the upper part of
the cloud will move in the latter direction while the lower part would
move in the valley. Other aspects to be considered are the downwash in
the wake of the hills reducing the effective height of release and
increase in turbulence as was demonstrated in Huntington Canyon (Start et
al. (1975)).

Some situations, especially those of flow may be investigated using
wind tunnel modelling or through numerical analysis of hydrodynamic
equations.

3.6.4 Coastal sites

Coastal sites present a problem of a different nature. They are
subject to land and sea breeze systems which are essentially local in
chararacter. The on-shore winds especially bring in air with flow
characteristics of an aerodynamically smooth flow. On reaching the
coast, an internal boundary layer develops which increases in depth
progressively inland. The atmosphere is divided into two regions, i.e.
the lower one in the internal boundary layer (IBL) (see Fig. 3.11) with
turbulence and stability type as determined by the ground roughness and

Fig. 3.11.
FUMIGATION

Schematic interpretation of the physical mechanism
involved in the transition from overwater to overland
flow (from van der Hoven 1967)
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other conditions, and the upper layer retaining the low turbulence
characteristics of the over water flow. Such a situation may lead to
fumigation conditions leading to high ground level concentrations.

The formation and characteristics of the IBL has been extensively
studied by Raynor et al (1979). The stability typing can be difficult at
coastal sites due to the IBL, especially if tower instruments at two
levels lie respectively in and outside the IBL. A study by Panchal and
Chandrasekharan (1978) shows the inadequacy of the stability indicators
under these conditions.

A method to obtain concentrations from plumes under sea breeze
c j-ii'igation conditions has been given by van der Hoven (1967). The height
of the IBL is taken to vary as the square root of the inland distance

(3.43)

where A6 is the potential temperature difference between top and
bottom of the initial layer. This value of Hf may be used in the
fumigation dispersion model

———— exp (- 7 ) (3.44)
V*f 2V

where 0„p is the ay corresponding to initial layer. Collins
(1971) found from field smoke tracer studies that this scheme provides a
reliable fumigation prediction tool if the initial over water stability
is known. Collins also gave a method for correcting Hf for rising
shore terrain. Lyons & Cole (1973) give a similar model in which mixing
in a layer near the interface between the stable layer & the IBL is also
considered. The model has not been verified. In the current state of
the art, perhaps Eq. (3.44) is as good at least for the sake of its
simplicity.

3.6.5. Plume rise
As mentioned in the section 2.1., real sources such as stack

effluents, are almost always released with initial energy. There is the
initial kinetic energy due to initial discharge energy and the thermal
energy when the effluents are above ambient temperature. This energy
causes an initial plumt rise of the effluents concurrent with their
dispersion immediately following their release to atmosphere. The effect
of plume rise is to increase the effective height of releases by the
magnitude of the rise Ah.

Several relations have been proposed and evolved to compute the
plume rise from the discharge and ambient parameters. Generally, the
plume rise due to the initial momentum and that due to initial buoyancy
are considered separately and added. An excellent review of plume rise
models is given by Briggs (1969, 1971, 1975) wherein recommendations are
also given for plume rise calculations under different conditions.

While most of the releases from the nuclear fuel cycle are at near
ambient temperatures and hence can be considered for momentum rise only,
buoyant plumes are also of interest in some cases e.g. for evaluating the
impact of natural radioactivity releases from fossil fuelled power
plants. In the following, a brief summary of recommendations is given.
For detailed critical review the reader is referred to the work of Briggs.
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The effluents are subject to wake effects of nearby buildings and
other bluff bodies including the stack itself. There is a difference in
the behaviour of the effluents released from stacks which are taller than
2-2^/2 times the height of the tallest building in the vicinity (within
20 stack heights) and those released from the shorter ones. The effect
of the downwash due to the body of the stack itself is to reduce the
effective stack height by an amount which depends upon the stack diameter
and the ratio of discharge velocity to horizontal wind speed.

(a) Plume rise Ah from tall stacks (non buoyant plume)

For effluents released from stacks which are at least 2-2 1/2
times the height of adjacent solid structures the following procedure was
given in IAEA (1980). Briggs (1975) gives an alternative, but equally
applicable, procedure.
(i) for neutral or unstable conditions Ah can be reasonably estimated
by using the following equation:

\2/3
Ah =

where
w0 is the exit velocity (rn.s"1)
x is the downwind distance (m)
u is the wind speed (m.s"1) at stack height
D| is the internal stack diameter (m)

and
(3.46)= 3 H 5-^f-J De

is a downwash correction factor for WQ < 1.5 u; here De is the
external stack diameter (m).

When estimating Ah from Eq.(3.45) one should also estimate it by
using the following expresson:

w
Ah = 3 u D' (3.47)

The lower value calculated from the two equations (3.45) and (3.47)
should be used as the more suitable estimated of plume rise. Caution
should be exercised if the downwash correction brings the plume to less
than 2 1/2 times the height of any adjacent building.

(ii) For stable conditions the result from Eq.(3.45) is compared with the
results from the following two equations:

/F \ 4Ah = 4 ̂ M (3.48)

Ah= 1 5S-"6 I-SLJ (3.49)\ u /
and the smallest of the three values of x Ah is used. In these
equations Fm is a momentum flux parameter and S is a stability
parameter, defined as:

/n \2
(3.50)

For E stability class.S = 8 7 X 1 0 " "
ç -_.£_ [_^_r l ( 3 5 1 )

T \ 9z / For F stability class,S = 1 75 X 10"3
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where
g is the acceleration due to gravity (m.s~2)
T is the ambient air temperature (K)
- 30 is the potential temperature lapse rate (K.m~^),

3 z which may be approximated by - (3T/3z + F).

( b ) Plume rise Ah from short stacks
Short stacks are defined here as those of height hg less than

2-2 1/2 times the height of adjacent solid structures. The model
presented here for short stacks is based on the ony 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 of
the plume, WQ, is at least five times the horizontal windspeed u at the
height of release. In this case, the release should be evaluated as
described above using Eq. (3.45).

If WQ/Ü is less than one or unknown, a ground-level release should
be assumed in order to obtain a conservative estimate of concentration.
When wo/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 of
the time and a ground- level release for the remainder of the time. In
this case an entrainment coefficient, Et, should be determined as
follows:

E( = 2.58 - 1.58 (W0/u) for 1 < W0/u< 1.5 (3.52)

Et =0.3- 0.06 (W0/u) for l.5<Wo/u<5 0 (3.53)

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 constant appearing in Eqs (3.52) and (3.53) are based on one
limited series of experiments involving a single building stack-
situation. Other geometries may lead to different expressions for E^.
The expressions given are believed to be reasonably conservative, but
this should be verified by experiment, where the situation differs from
that described above (IAEA, 1980).

(c) Plume rise for buoyant plumes
The buoyant plumes may be classified as those which are accompanied

by a heat release QH equivalent to 20 MW or more. Buoyant plumes are
found to follow the "2/3 law" for transitional rise for a considerable
distance downwind when there is a wind regardless of stratification; i.e.,

Ah = I.OF (3.54)

The bulk of plume-rise data are fitted by this formula.
In neutral stratification Eq. (3.54) is valid up to the distance

x/x* = 1, beyond which the plume center line is the most accurately
described by
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(3.55)

where
F= gQ" = Buoyant heat flux (3.56)

= 3.7 x Iff* P-/FH QH < 3- 5 7>[ cal/scc J

where the dimensions of constants are given in brackets and

QH = heat release in Cal/sec
Cp = specific heat of air at constant pressure
p = density of air

x* = 2.16

and

2/5 3/5£ff—— F' h J / J for h < 300 m (3.58)6/5 s s

sec6/5'
3/5m

2/5F for h > 300 m (3.59)s

A good working approximation to the above for plants with heat
emission of 20 MW or more is

Ah = 1.6 F1/3 u"1 x2/3 x < 10 hg (3.60)

Ah = 1.6 F1/3 u"1 (10 h )2/3 x > 10 h (3.61)s s
for neutral and unstable situations.

For stable situations, the plume rise is given by:
1/3

Ah = 2 (fc)
if the wind is so light that the plume rises vertically, the final rise is
given by:

Ah = 5.0 F1/4 s" (3.63)
These relations have been found to agree with observed data with fair
accuracy.

A simple formula developed by Lucas (1967)
Q1/4

Ah = (12.4 + 0.09 h ) -£- (3.64)s u
for QH > 106 cal/sec.
Correlation by Briggs (1971) shows that this gives on the average 16%
higher plume rise than observed. A correction factor of 0.84 to the above
formula has been therefore recommended (ISI 1978).

(d) The size of a rising plume
As a plume rises it entrains air into its volume, thus affecting the

rate of plume growth. Most of the models for plume rise concentrate on
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predicting the trajectory of the centre-line with less emphasis on the
concentration distribution. Briggs (1975) has suggested that the
concentration has a "top-hat" distribution with a radius equal to
approximately half the rise, but has not given a way of correcting this to
a standard deviation for use in a Gaussian model. A UK Working Group
(Jones 1983) has suggested that the spread due to the rise be combined
with that due to diffusion and that the Gaussian parameters be taken as:

a2 = ag + Ah2/3
where ao is the plume spread due to passive diffusion
and Ah the plume rise
3.6.6. Radioactive decay

Correction for radioactive decay is done simply by multiplying the
concentrations by the decay factor exp(-Xt) where t is the time elapsed
after the release and \ is the radioactive decay constant for the
radionuclide in appropriate units. The factor may be expressed in terms
of downwind distance x by the conversion t = x/u where u is the mean wind
speed during the travel. Often, concentration of daughter product of a
radionuclide may be needed. The contribution to the daughter product
concentration may be found by using instead of the decay correction, the
build-up correction. For example, if \p is the half life of parent
and \D that of the daughter, the daughter buildup factor will be

F(t) = " ̂  - e) 0.65)
D p

This contribution from the parent, produced during transport should be
added to the contribution from the quantity of the daughter product
releases originally.
3.6.7. Dispersion under low wind speed stable conditions

Under these conditions the wind direction and hence the plume often
meanders with periods of tens of minutes thus giving a horizontal spread
larger than those given by the ay curves for model averaging periods
of hours. Under these conditions cz may be obtained from thestability class determined from the lapse rate while ay is obtained
using the stability class determined from a0. This technique is
called the "split sigma technique" (Sagendorf and Dickson 1974, van der
Hoven 1976).

This method has been tested by comparing concurrent ground-.level
dispersion tracer tests and estimates made with the AT/AZ method.
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 CJQ 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 of the consequences of short-term
ground-level effluent releases for site evaluation studies.

Another method to account for the enhanced cross wind spread is to
decrease the GLC obtained from the usual double Gaussian expression by a
factor of four for ground level sources. This factor is obtained from the
comparison study made by van der Hoven (1976) of the measured data with
predictions.
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4. MODELS FOR THE MESOSCALE AND REGIONAL SCALE

4.1. INTRODUCTION

Models for the mesoscale and the regional scale have a number of
common features, and are therefore considered together in this report.
These scales cover the distance which are too large for the meteorological
conditions at the site to be applicable throughout the plume's travel, but
not large enough for the assumptions inherent in global circulation models
to be appropriate.

Dispersion models applicable to the regional scale have long
been used for fallout analysis. Interest in the long range transport of
near surface level radionuclide releases from nuclear fuel cycle
operations arose initially after the Windscale accident in 1957 and later
in connection with Kr releases from fuel reprocessing plants. Much of
the contribution to the knowledge regarding regional scale dispersion and
techniques of modelling has come in the last decade in connection with the
long range transport of sulphur oxides, especially in USA and Western
Europe. Reviews of models applicable to these scales are available
(e.g. NATO/CCMS 1981, Eliassen 1980). Many models are given as
expressions which imply area sources of SÛ2 on a scale of about 100 km
which enables a simplification to be made by neglecting the horizontal
diffusion terms. Often the description of vertical diffusion is greatly
simplified by assuming uniform mixing in the layer. As mentioned in
Chapter 1, radionuclide releases usually occur as point sources, and it is
pertinent to caution against the use of some area source models for
predicting dispersion from a point since many of the simplifying
assumptions made for area sources would not be valid. However,
considerable information may be obtained from the above reviews.

4.2. METEOROLOGICAL PHENOMENA RELEVANT TO REGIONAL SCALE MODELS

As material disperses over longer distances its travel is affected by
larger areas of the atmosphere and features not considered in short range
modelling have to be taken into account. These are:

vertical variation of atmospheric conditions encountered as
plumes grow, including wind direction shear and the presence of
elevated inversions.
the changes in atmospheric conditions, such as wind velocity,
stability and mixing layer depth during the travel of the plume.
the spatial variation of atmospheric conditions which means that
data obtained at a single meteorological station near the
release point may not be representative of conditions over the
region through which the plume is dispersing.

Some aspects of these problems are discussed in this section.
4.2.1. Wind direction shear

Wind direction shear in the planetary boundary layer is a natural
consequence of eddy viscosity as may be seen from the Ekman profile
(Annex I) which gives a semi-quantitative description of wind
variations with height. The Ekman spiral shows a maximum shear of 45°
between the free flow (Geostrophic) wind and the surface wind. The
magnitude of wind direction shear varies during day and night as may be
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Fig. 4.1. Average vectors constructed from night and day wind
observations obtained during the Great Plains
Turbulence Field Program in central Nebraska (from
Slade 1968)

seen from Fig. 4.1 taken from Slade (1968) based on the Great Plains
Turbulence Field Program in Central Nebraska, USA (Lettau and Davidson
1957). The wind shear may be very strong at night due to small vertical
eddy sizes (and a small value of the Monin-Obukov length L) which leads to
a decoupling of layers separated by only moderate heights. Although
Fig. 4.1 shows an average direction shear of only 4-5° between heights
of 16 m and 100 m, the magnitude at any given time could be much higher.
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Apart from cases with severe shear when part of a plume may travel in
different directions, the net effect of shear is to increase the effective
horizontal dispersion. This effect may be observed even on a local scale
and may explain the difference in the behaviour of Vogt 's values of ay
for elevated releases as compared with the Pasquill- Gifford ay valuesfor categories E and F (Chapter 3).

The Vogt 0y values, even after correcting for the sampling time
differences, are nearly twice as much as the Pasquill-Gif ford ay
values in category E. In the Vogt model, 0y(F) is about 2.5 times

in contrast with the Pasquill-Gif ford model behaviour where
o_(F) is less than o"y(E) by a factor of approximately 1.5.
However, an allowance for increasing wind direction fluctuations at low
wind speed when correcting for release duration may account for some of
the differences. The combined effect of the shear and meandering is
therefore implicitly included in the Vogt model which is applicable to
elevated releases (50 m and 100 m) . In the Vogt experiments, sampling was
done up to a distance of 11 km. At this distance cfy(F) was 1200 m.

For ground level releases the effect of the shear may not be
significant as long as one considers only the ground level concentration
within a few tens of kilometres of the source.

Wind direction shear has been taken into account by Hogstrom (1964)
by defining an effective ay given by the following expression

a2 = a2 + a2 (*.!>y yd ys
where oy(j ̂ is the variance due to turbulence and

<jyg 2 is the variance due to shear which gives asignificant contribution only at larger distances.
<Jys is proportional to direction shear (radians/m) and inversely
proportional to another parameter C which is related to az, namely:

C = 1 for crz £ h/2,
C = 2/3 Oz/h + 2/3 for h/2 < az < 2h

and C = 2 for <3Z > 2h
where h is the height of the plume above the ground. The parameter C
therefore compensates for the reduction of the shear effect due to
vertical mixing.

4.2.2. Presence of elevated inversions

The base of the stable layer in the atmosphere may vary from a
few tens of meters to a few kilometers (Section 2.2.1.). While the
nocturnal ground inversions dissipate after sunrise, these upper
inversions can persist though the height of the base may change. The
stable layer is like a lid offering a barrier to the vertical growth of
the diffusing cloud.

If conditions persist for long enough the dispersing material
will spread throughout the mixing layer when its subsequent dispersion
will be affected by the inversion at its top. The material is reflected
from the inversion lid in the same way as from the ground. After longer
travel distances the material becomes uniformly spread through the mixing
layer. Subsequent changes in the vertical distribution of material
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reflect changes in the depth of the mixing layer. Increases in the depth
allow the material to disperse through a deeper layer of the atmosphere.
Decreases in the depth of the layer cause some material to become trapped
in the stable layers above the boundary layer and be prevented from
diffusing to ground level.

Changes of stability or of mixing layer depth before the plume has
been widely spread affect the subsequent rate of dispersion of the
material.

Methods of determining the depth of the mixing layer are described in
Annex 2.

4.3. THE EXTENSION OF GAUSSIAN MODELS TO THE MESOSCALE

There are a number of applications to calculating the consequences of
accidental releases of radioactive material in which the choice of
dispersion model is constrained by the computer time available. For these
applications the Gaussian model has been extended to apply at longer
distances by incorporating simple descriptions of a limited depth of the
mixing layer, and of changes in atmospheric conditions during the travel
of the plume (e.g. Clarke and Kelly (1981), Consolidated Edison Company of
New York (1982) and USNRC (1975), Straka et al. (1981), Gesellschaft für
Reaktorsicherheit (1980)).

The finite depth of the mixing layer is introduced either by
restricting the growth of az or by describing reflections from the top
of the layer in the same way as is done for ground reflections in the
local scale model.

Change of stability during the travel of the plume are modelled by an
extension of the virtual source model, with cr(x) after a change of
category given by

cr(x) = crF (x - xx + rv) (4.2)
where x^ is the distance travelled from the source before the

category change
and xv such that (Jp(xv) = o^Cx-^), the subscripts F

and I indicating final and initial categories,
respectively.

Some models have also incorported an allowance for changes of wind
direction.

Both the Gaussian Plume model and the Gaussian Puff model have baen
extended in these ways. The extensions of the puff model naturally
incorporate a description of changes as a function of time since release,
with all dispersing material experiencing the change at the same time.
Extensions of the plume model more naturally lead to a description in
which all material experiences the changes at the same distance. The
difference between these two sets of assumptions could be important in
some situations.

4.4. AN OVERVIEW OF REGIONAL SCALE MODELS

All regional scale dispersion models are based on a solution of
the diffusion advection equation (2.8) in (Chapter 2)
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3t 3x 3y 3z

where the depletion coefficient X. includes the effects of radioactive
decay and wet removal by rain. Surface depletion is introduced through a
boundary condition

Z \3Z/0
V
o

The source term in equation (4.3) is omitted since we are
discussing single sources. For such sources, the source term may be
introduced as a delta-function or may be incorporated in the solution
using the principle of conservation of mass.

This equation may be solved using a Lagrangian approach, an
Eulerian approach or a Hybrid approach.

*

(a) LaRran&ian Approach

In the Lagrangian approach, trajectories of puffs or plume
elements are first determined either using standard trajectory techniques
or using the advective part of the advection diffusion (equation 4.6)
below.

If we ignore the horizontal diffusion terms in Eq. (4.3), (which
is permissible for large area sources (~ 100 km^) or in the case of
point sources if X is defined to be the cross-wind integrated
concentration, the resulting equation is

Jl + yll + v Jl = _2_ (K -31) (4.5)
3t 3x 9y 3Z 3z

which can further be separated into two equations

o (46)3t 3x 9y it.o;
and

il = i_ (K 11 )
3t 3Z Z

 3Z <*' 7>

Equation (4.7) gives the vertical diffusion of material along the
trajectory given by Eq. (4.6). The transport can be represented as a
column of air which travels along trajectories with vertical diffusion
taking place according to Eq. (4.7) provided that vertical wind shear can
be neglected. The eddy diffusivity K2 is continuously adapted to the
circumstances along the trajectory. In some models, the vertical
distribution may be obtained using an empirical Gaussian relation instead
of from Eq. (4.7). Some other models adopt this approach using K-theory
solutions in the horizontal direction.

Models using this technique are described in Section 4.5.1.
(b) Eulerian Approach
In the Eulerian approach eq. (4.3) is solved numerically using a

fixed grid in space and a suitable time step (see Annex 3). Values of u
and K are supposed to be known at the grid points at each time step. The
basic equation is often simplified. For example advantage may be taken of
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the fact that terms involving w, the vertical wind speed, can often be
neglected in comparison with the horizontal components of the wind, while
retaining the description of vertical diffusion. Often, because of the
presence of elevated inversions, vertical mixing may be considered to be
complete at regional scale distances, which eliminates even the vertical
dispersion (Kz) term. Further, a multiple layer model can be reduced to
a one layer model using wind data from some effective level. It has been
observed that the 850 mb wind* gives satisfactory results, though a height
or concentration-height weighted average should give a better
representation (Nordlund and Henrikson 1975).

Models using this approach are discussed in Section 4.5.2., while the
numerical techniques of solving the diffusion equation are considered in
Annex 3.

(c) Hybrid Models
Hybrid models use an Eulerian grid for solving Eq. (4.3), but in

the numerical process the pollutant advection is computed in Lagrangian
fashion. Models belonging to this category will be discussed in
Section 4.5.3.

4.5. DESCRIPTION OF SOME DISPERSION MODELS

In this section some of the models available for regional scale
dispersion are described. The list of models considered here is by no
means complete. Brief descriptions of regional scale models have been
given in a number of reviews such as that by Eliassen (1980) or NATO/CCMS
(1981). Results of a comparison of several models with data obtained on
the concentration of ^Kr resulting from the routine discharges from
Savannah River Plant are given by Buckner (1981), this reference also
contains a description of the models used in the comparison.

4.5.1. Models using the LaRransian (plume trajectory) approach
There are two basic ways in which the speed and direction of

movement of material released to the atmosphere can be predicted; they are
a) from data on the atmospheric pressure field and b) from data on wind
speeds and directions obtained at particular points.

Models in which the wind velocity is derived from atmospheric
pressure data have been described by ApSimon et al. (1980) and by
Maul (1979).

The vast majority of regional scale models are based on
trajectories derived from measured wind velocities. However there are
considerable differences in the complexity of the models and the amount of
data used to derive the wind velocity appropriate to the plume. In some
cases assumed or interpolated profiles are used while in others the
velocity at a preselected height or atmospheric pressure (often 850 mbar)
is taken to be the plume velocity.

* The 850 mbar wind is the wind velocity at a height where the
atmospheric pressure is 850 mbar. 850 mbar is often taken to approximate
the top of the mixing layer.
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Meyer et al. (1979), Van Egmond and Huygen (1979) and Fisher
(1978) have each derived models in which the wind field is averaged
through the mixing layer and assumed to be constant during the plume's
transport. Gillani (1978) described a model in which the air trajectories
are input data. Several models use an interpolation between upper-air
wind data; the models of Carmichael and Peters (1979), and of Eliassen
(1978) among others are in this class. Other models rely on data on the
surface wind and an assumed vertical profile; the models of McCracken et
al. (1978) and of Durran et al. (1979) are of this type. The KNM1 model
(Van Dop et al. (1980)) uses data on the 10 m synoptic wind, the surface
geostrophic wind, the radiosonde 850 mbar wind and tower and mast data,
with an assumed profile and weighting factors to obtain the wind velocity
at other heights.

The TALD model (Despres, et al. (1980)) used a mean wind field
interpolated between 1000 mb and 850 mb, and the wind at the release point
for the first three hours.

4.5.1.1. Mode_ls_for_the_verti£al_ di s_tribut^£n_o£ material

There are three main methods by which the vertical distribution
of material can be obtained: by assuming a uniform distribution throughout
the mixing layer, by assuming a Gaussian distribution or by solving a
diffusion equation.

(a) Models with a uniform vertical distribution
This class of models can be sub-divided into two groups, those

in which the depth of the mixing layer is obtained from annual or
seasonal average or even nominal values and those in which the mixing
layer depth is determined from parameters relating to the appropriate
time.

The EURMAP 1 code assumes a nominal mixing depth while the
EURMAP II code allows for growth of the mixing layer and ENMAP I uses its
seasonal variation (Johnson et al. (1978), Bhumralkar et al. (1979,
1980)). Similarly the EPA model uses different nominal values for the
mixing layer depths for day and night (Henmi and Reiter (1979), Henmi
(1980)). Hefter (1980) has developed a model in which the mixing layer
depth is determined from radiosonde data during daytime.

(b) Models with a Gaussian distribution

Models with a Gaussian vertical profile at distances beyond a
few kilometres must extrapolate o"z to distances greater than those at
which it was determined. Bass (1979) has used the assumption that

-I/Oaz«t i7*after 100 km. Some models use a uniform vertical
distribution beyond some distance such as that at which az equals the
depth of the mixing layer thus reducing the distance range for which
az is needed. The TNO model (Van Egmond and Huygen (1979)) uses the
Pasquill dispersion parameters while the TALD model (Despres et al.
1980)), uses the Doury dispersion parameters. The MESOS programme
(ApSimon (1984)) uses the Smith (1972) form of az but differs from
the other Gaussian models in allowing for changes of atmospheric
conditions during the plume's travel.

(c) Models based on a diffusion equation in the vertical
This category includes a large number of models of different

degrees of complexity. Some of these models use only a small number of
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layers over each of which the concentration distribution is assumed to be
constant; these models are probably not very different from those
described in sub-section (a).

Fisher (1975, 1978) has derived a model in which Kz is
assumed to be constant over the mixing layer. The vertical distribution
can then be obtained analytically. Maul (1979) described a model in
which the vertical distribution is obtained by an analytical solution of
the equations for a more complex form of Kz.

In many cases the vertical distribution is obtained by a
numerical solution of the diffusion equation, with a wide range of
numerical techniques to solve the equations. Similarly a variety of
methods are used to specify the vertical diffusion coefficient. The
value can be chosen for the Pasquill category occurring at the time, as
done by Heffter (1975, 1980) or be based on a typical seasonally
dependent diurnal cycle as in Shannon's model (Shannon (1979a, 1979b))
while others simply use one profile for all stability conditions.
4.5.1.2. Models _for_the_ho r izont-a^ «iisitHbution^f^ material

The horizontal distribution of material is usually derived
either from a Gaussian profile or from an eddy diffusivity model.
However a number of models were intended for predicting S02
concentrations from a large number of point or area sources. In many of
these the horizontal distribution is assumed to be constant throughout a
grid cell.

4.5.2. Models using the Eulerian approach

A number of models have been developed in which the diffusion
equation is solved numerically on a grid which is fixed in space. Some
of the models simplify the equation by omitting horizontal diffusion or
assuming that the vertical component of wind velocity is zero. The
models are based on the assumption that the concentration distribution
within a grid cell is uniform. They therefore have a horizontal
resolution which is in some cases as much as 100 km, and frequently only
consider a few vertical grid points. These models have been used more
frequently for the analysis of concentrations resulting from a large
number of point or area sources than for studies related to a single
point source.

Eulerian models need to specify the wind velocity at each point
on the grid used. The velocity can be obtained by interpolation of the
available surface and upper air measurements, with considerable
differences in the amount of input data required by the different
models. Thus the LIRAQ model (McCracken, 1978) uses only surface
observations, that of Carmichael and Peters (1979) and the KNMI model
(van Dop, 1979) use surface and upper air data. Some of the models rely
on a simple interpolation between the measured winds while others
construct a non-divergent (i.e. mass consistent) wind field.

Some models assume a constant depth for the mixing layer while
others derive the depth from radiosonde observations or relationships
between mixing layer depth and other observable parameters.

Van Egmond and Kesseboom (1983a, b) have developed an Eulerian
and trajectory model and describe a comparison between the two. They
report similar results but that the trajectory model requires less
computer time.

70



4.5.3. Hybrid models
In this category are included the particle-in-cell and

puff-in-cell models.
A. 5.3.1. £arti_cle_in çeri_(PIÇ)jmodels_

In the PIC methods (Sklarew et al. 1971) the source is
represented by a series of particles, and pollutant concentration is
specified by the number of particles in a given volume. An Eulerian grid
is constructed. The concentrations are defined at the centre of the grid
cell, while the edvective velocities are defined at grid corners.

Writing the advection-diffusion equation as

^f + v [x (UA_ ̂  vx)l = o (4.8)
I/we see that the term - - ?x = UD is a diffusivity velocity

which may be added to u^ to give a pseudo-transport velocity u_:

Up = UA 4 UD

In the ADPIC version of the PIC method (Lange 1978), a time step consists
of three computational steps. First, an Eulerian step where X in each
cell is used to compute UD which is added to UA to obtain up.
Second, a Lagrangian step in which each marker particle in a given cell is
transported for the time step AT with velocity up which is computed
from the pseudo-velocities at the corners of the cell by linear
interpolation. The new particle coordinate is obtained from the initial
coordinate and the velocity field. Finally, a new concentration
distribution in each cell is computed from the new particle position.

The model is only applicable once the plume of dispersing material
covers a number of grid cells. The early stages of the dispersion must
therefore be described by an alternative (often Gaussian) model.

The wind field needed for input is obtained by another Code (Sherman
1978) in which the flow rates into and out of each grid cell are balanced,
thus conserving the mass of the atmosphere. The process can include
effects of hilly terrain on the flow field.

The ADPIC code has been tested satisfactorily on the mesoscale
against Cf^I releases at Idaho Falls (USA) and !̂>Kr releases of
Savannah River. K„ was obtained from Pasquill ay curves

K = 1 d_ (a£(O) = u ay do;y (4.9)
y 2 dt dt

and two level K2 (K^ =0.1 Z below 100 m and = 10 m2 s"1 above) were
used. The flow field was calculated using the Sherman code with input
from 17 meteorological towers and upper air data.

4.5.3.2. Puff-in-cell_model

Puff-in-cell model (Sheih 1978) is a modification of the
particle-in cell model in which the particles in a grid volume are
replaced by a puff.
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The model was used to predict vertical concentration
distribution of SO2 and sulphate for a period of 5 days in North Eastern
U.S.A. In this application eddy diffusivity Kz was computed from the
formula used by Bolin and Persson (1975) i.e. Kz - ku*z in the surface
layer (z < 85 m), constant (at the 85 m value) thereafter up to the
inversion height and zero thereafter. The analysis included loss of SO2
and S04 due to deposition, and showed that to obtain reliable estimates
of Ground Level Concentration, proper parameterisation of the surface
layer is necessary, otherwise overestimates by factors of as much as three
are possible. This should be compared with the assumption of uniform
vertical mixing often made in some models.

72



5. GLOBAL SCALE DISPERSION MODELS

5.1. INTRODUCTION

Global scale dispersion has been extensively studied in the context
of radioactive fallout for which the source is effectively in the
stratosphere. It must also be considered when assessing the importance of
the environmental accumulation of long-lived material released from the
nuclear fuel cycle. This review is mainly concerned with radionuclides
released in the troposphere.

The radionuclides must be long-lived and mobile for their global
scale dispersion to be important. The most widely studied radionuclides
have been H-3, C-1A, Kr-85 and 1-129. Of these, only Kr-85, being an inert
gas is confined to the atmosphere. The other three occur in
physico-chemical forms which interact dynamically with the biosphere and
hydrosphere. Their movement in the environment therefore cannot be
described by atmospheric dispersion alone, and movements into and transfer
between other spheres must be considered. This review is concerned only
with the atmospheric parts of global circulation models. Complete models
for the global circulation of the nuclides given above have been described
in IAEA (1985).

5.1.1. Global dispersion processes
On a global scale, the zonal components of the wind field may be

considered to carry the effluent in successive circuits round the globe,
with the meridional components dispersing it horizontally across the
latitudes. On this scale, cyclones, frontal activity and long waves take
part in the process. Vertical dispersion is effected by convective
activity and meridional cellular motions, e.g. the Hadley and polar cells.
Natural limits to horizontal dispersion are set by the existence of poles
and the inter-tropical convergence zone near the equator which inhibits
interhemispherical mixing. Vertical dispersion is inhibited at the
tropopause by the stable stratospheric layer. However, because of seasonal
oscillations of the tropopause height and the stratospheric and
tropospheric exchange at the break in tropopauses at latitudes around
30° and 60°, one cannot consider, on a global scale, dispersion in the
troposphere without considering the effect of the stratosphere. The mean
circulation structure of the atmosphere is typically shown in Figs Al.2 to
A1.4 of Annex 1. Figure Al.2 depicts the meridional cross-section of
zonal winds [from Reiter (1974) after Newell (1968)]. The Hadley cell and
polar cell structures and the tropopauses are shown in Fig. A1.4 for the
northern hemisphere. Data on the southern hemisphere are relatively
scarce, but the situation is expected to be qualitatively similar (Oort
and Rassmusson 1970). The locations of the centres of the cells and
meridional velocity components change with season. Fig. A1.3 shows the
annual cycle of the computed mean meridional velocities between 65°S and
80°N.

5.1.2. Choice of models
The complexity required in a global dispersion model depends to a

large extent on the use to which its predictions are to be put. If the
objective is simply to calculate the dose rate from the world power
programme at a specified date in the near future, then a relatively simple
model in which long-term transfer processes are ignored would probably be
adequate. However, if the objective is to assess dose commitments over
very long time scales, then such simplifications ara not acceptable
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although a simplified treatment of more rapid transfer may be possible.
Some models contain a detailed description of the spread of material from
its source and would be needed for a detailed study of a single source.

5.2. MODELS BASED ON A PARAMETERIZATION OF TURBULENCE

Machta (1974), while reviewing a number of models including the one
developed by himself, classified global scale dispersion models into two
categories. The first category uses a description of turbulent motions
allowing for transport by organized circulations. Since it is believed
that uniformity is achieved much more quickly in the zonal direction than
in the meriodional or vertical directions, this kind of model is usually
simplified to two dimensions viz. vertical and north-south.

The second category of models uses three-dimensional winds at a
series of grid points over the globe to transport effluent on a synoptic
and global scale. These motions include turbulent and mean movements.
The turbulent transport on subgrid scale must still be parameterised such
as by PIC methods. Among the fully parameterised models are those by
Karol et al (1972), Reed and German (1965), Gudiksen et al (1968) Davidson
et al (1966) and Machta (197A). In the latter two, concentration is
predicted by a time iteration procedure which allows flexibility for time
and space dependent inputs of all parameters. Organised circulations can
be accomodated, but pseudo-diffusion (see Annex 2 ), due to finite
difference advection equations, severely limits the usefulness of the
results. Karol et al, Reed and German and Gudikson et al, directly solve
the differential equation for diffusion including generalized circulations
to predict concentrations. Parameterisation is done in terms of
K-theory. Machta (1974) uses Ky = 3 x 1010 cm2 s"1. The mean
vertical diffusion coefficient is roughly 5 x 10^ cm2 s~l in the
troposphere and 3 x 10^ cm2 s~^ in the stratosphere.

5.3. BOX TYPE MODELS

The other approach to global modelling refers to box-type models
(alternative designations for boxes are reservoirs or compartments,
consequently these models, are also called reservoir-or
compartment-models). The boxes represent parts of the environment in
which the concentration is assumed to be uniform. These models represent a
very straightforward approach to modelling global pathways of certain
substances and are, for example, widely used to calculate the propagation
of radionuclides through biological chains or to investigate e.g. the
global cycling. In mathematical terms they lead to a coupled system of
linear (only in special cases non linear) first order differential
equations for the total mass of the substance under consideration in each
box. These equations are easily integrated numerically and do not demand
large computer facilities, as long as a limited number of boxes is used.
Therefore, box models constitute a very efficient tool to investigate the
interactions between various coupled compartments.
5.3.1. General characteristics of box models

The basic element of a box model is a box representing an
environmental compartment model within which a given substance is rapidly
mixed uniformly. The material may transfer between boxes, the transfer
rate being assumed proportional to the amount of material present in the
source box. The general form of a box model is outlined in Fig. 5.1. The
mathematical formulation of these transfer processes leads to a system of
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COMPARTMENT i
INVENTORY C:

COMPARTMENT!
INVENTORY C-

k-"
k,:

COMPARTMENT 1
INVENTORY C,

Fig. 5.1. General form of a compartment or box model

coupled first order differential equations for the total mass of a
substance in a box, and can be written as follows:

dC. N
Z k

j=l
C -

where

N
Z k t . C. - X. c.i 1 1 (5.1)

N

total mass of substance is box i [kg]
source term of substance in box i [kg s"1]
transfer coefficient from box into box j (kjj = 0, since
transfer within the same box i is meaningless) [s"1]
removal coefficient of substance . [s~M
total number of boxes considered.

The rate of transfer of material between boxes is proportional to the
inventory of material in the source box for concentration-indépendant
transfer coefficients. The number of boxes to be chosen depends on the
behaviour of the specific substance under consideration. Practical
limitations on the number of boxes are not primarily imposed by computer
capacity but rather by the desire to use box modelling techniques as an
attempt to simplify otherwise extremely complex systems. For cases with
very long mixing time scales within a box and for "terminal" boxes (boxes
which have non-zero transport into them from a defined neighbouring box
but practically no transport out) a box-diffusion technique may be
applied. A typical example for this model type is the simulation of the
transfer from the well-mixed surface layer of the ocean into the deep
ocean using box modes and the subsequent diffusion in the deep ocean
described by the diffusion equation (Oeschger et al 1975). Removal of
material from the system can be described by choosing a value of Xj
to include both the removal and radioactive decay.

The typical application of a box model is to calculate the build-up
of radioisotopes {or other substances) in different reservoirs, which may
form the elements of a global cycle and for a given space and time
dependence of sources. Thus it is a useful tool to illustrate the
contribution of different pathways to a global population
dose-commitment. On the other hand, it can be used to demonstrate that
there are large reservoirs on the globe which store away radioactive
material away from the biosphere, thereby removing it, as a radiation
source, from man's environment.
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The basic set of equations (5.1) is linear, if the transfer
coefficients are assumed constant. Non-linearities will be introduced if
concentration and/or time-dependant transfer coefficients are used.
5.3.2. Calculation of transfer coefficients

The value for a transfer coefficient can be deduced by considering
Eq. (5.1) in simple situations. Consider the simple system illustrated
in Fig. 5.2. in which material is input to box 1 and then passes to box 2
with there being no return transfer to the first box.

Box 1

12

BOX 2

FJR. 5.2. Two-compartment model to illustrate the calculation of
transfer coefficients.

The inventory in the first box is given by
dC

= Sl - k!2 Cl
(5.2)

If the source is maintained constant for a sufficient period for the
inventory in the box to reach a constant value, then dC^ = 0.

dt
The transfer coefficient is given by

(5.3)

Thus for steady state (or near steady state) conditions, if source and
concentration is known, the transfer coefficient out of the box-can be
calculated.

Transfer coefficients can also be derived from the initial rate of
change of concentration within a box following a change in input rate.
Even with return connections between compartments, as illustrated in
Fig. 5.1, the concentration in box 1 at short times after a single input
decreases as

where k =

C(t) = CQ exp(-kt) (5.4)

and j covers all compartments connected to box 1.
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5.4. APPLICATIONS

5.A.I. Turbulence models
Global dispersion models have been applied to Kr-85 releases by

Machta et al (1974) using the model mentioned earlier. In this paper,
the authors divide the progress of Kr-85 dispersion into four phases:
(i) first few hours of plume travel,
(ii) few hours to several days travel time,
(iii) remainder of the first plume passage round the earth and
(iv) beyond 30 days, the latter falling in the global scale category in

the current context. Concentrations are assumed uniform around the
latitude circles.

5.4.2. Box models

Box models have been derived for the global circulation of four
nuclides, H-3, C-14, Kr-85 and 1-129, [e.g. Kelly et al (1975), Easterley
and Jacobs (1975), Martin and ApSimon (1974), Killough (1977), Kocher
(1981), Oeschgar et al (1975), Bergström et al (1982), IAEA (1985)].

Northern
Hemisphere

Stratosphere

Southern
Hemisphere

Stratosphere

Northern
Hemisphere

Troposphere

T

Southern
Hemisphere

Troposphere

To oceans or
biosphere

To oceans or
biosphere

FIR. 5.3. A typical compartment or box-model description of the
atmosphere for use in global circulation models.

The components of these models for describing the atmosphere are
generally similar, a typical description is shown in Fig. 5.3. The
specific set of atmospheric boxes to be used for the design of a model
depends on the behaviour of the radio!sotope and to some extent on the
application considered. The most complex model described is probably
that of Martin and ApSimon (1974) which has eight compartments to
describe the atmosphere, those in Fig. 5.3 for each hemisphere being
divided into separate compartments at a latitude of 30°. Other authors
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have argued that the stratosphere and troposphere can be combined into a
single compartment as the mass of the stratosphere is only about 30% of
the mass of the whole atmosphere. Some models use only a single
compartment for the atmosphere since, especially for tritium, the
atmospheric residence time of the circulating material is comparable to
the time taken for activity to become uniformly spread through the
atmosphere. For Kr-85, which remains airborne, a simple model
consisting only of 2 boxes representing the troposphere plus stratosphere
in each hemisphere with transfer between the two boxes but no transfer
out of that system may be appropriate.

In global dispersion modelling each hemisphere is usually considered
as a separate compartment. Exchange between the two hemispheres may be
expressed in terms of a rate coefficient R or exchange time t, the
average time it takes for a molecule of one tropospheric hemisphere to
enter the other (Czeplak and Jung 1974). Values of T compiled by the
last cited authors show it to lie between 1-4 years. Values of the
concentration averaged over each hemisphere are used in the first order
exchange rate equations from which T can be computed. Physically, two
mechanisms, large scale eddy transfer and mean meridional circulations,
contribute to interhemispheric mass exchange (Newell et al 1969).
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6. UNCERTAINTY AND VALIDATION

6.1. INTRODUCTION

This chapter considers the main sources of uncertainty in dispersion
modelling and some of the attempts which have been made to validate
dispersion models.

A considerable amount of work on uncertainty analysis and assessment
is currently being carried out, much of it as yet unpublished. Therefore
the review cannot be completely up-to-date. However an attempt is made to
indicate the sources of uncertainty in dispersion modelling and the ways
of estimating their magnitude. The chapter also includes some
consideration of the related topic of the sensitivity of model predictions
to changes in the values of particular parameters.

Similarly many experiments have been performed with the aim of
validating dispersion models. It is not intended to give a comprehensive
review of these validation studies but rather to indicate the range of
validation studies which have been attempted.

6.2. SOURCES OF UNCERTAINTY IN DISPERSION MODELLING

Uncertainty in the predictions of a dispersion model arise from a
number of sources, such as the random nature of atmospheric turbulence,
the idealisations inherent in any mathematical model, the appropriateness
of the model chosen for a specific application and the values ascribed to
the various model parameters. The distinction between these sources of
uncertainty is not always clear.

Because of the random nature of atmospheric turbulence, tracer
experiments carried out under identical atmospheric conditions will yield
a range of concentrations. Models can only be expected to predict the
average of this range. It is not possible to predict the concentration
occurring on any given occasion, although it may be possible to quantify
the range. Therefore even if a model gave a perfect prediction of the
average concentration it would not accurately predict the concentration at
a specific time and would therefore not appear as a perfect model in a
typical validation study. This source of uncertainty has been considered
by a number of authors such as Nappo (1981), Fisher and Moore (1979).

All models must simplify the processes involved in atmospheric
dispersion so that they are all to some extent idealisations. Models also
include a number of implicit assumptions which may not be clearly stated
in reports describing the models. Thus, for example, the Gaussian model
assumes that the vertical windspeed is zero which is correct for long
averaging periods over horizontal ground but may not be correct for short
averaging periods or at locations near to hills.

Uncertainty can also arise from the choice of model, since models are
formulated for certain site and release conditions. Thus the
Pasquill-Gifford parameters were derived for application to low level
releases over fairly smooth ground, the Brookhaven model is appropriate
for releases from tall stacks while the Klug parameters were derived from
experiments over terrain with a roughness length of about one metre. The
differences between concentrations predicted by different Gaussian models
are considered further in Section 6.5.
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There are two types of uncertainty involved in selecting parameter
values, arising from the simplifications involved in representing often
fairly complex processes by means of a few parameters and from the
difficulty in choosing representative values for the parameters. An
example of the simplification involved in using a single parameter can be
seen when the state of the whole boundary layer is represented by a single
stability parameter.

Selecting a value for a particular parameter can introduce two sorts
of uncertainty, namely the selection of a representative value from the
range of values reported and the problems in selecting the correct
'average' value from a range. The first of these sources is considered in
the next section, while the second is considered here.

As an example of the impact of choosing an incorrect representative
value of a parameter consider the choice of wind speed. The Gaussian model
gives the concentration of a non-depositing non-buoyant nuclide as being
inversely proportional to the wind speed, implying the use of the harmonic
mean windspeed. However the models for plume depletion due to dry or wet
deposition introduce the wind speed in exponential terms. The height to
which a buoyant plume rises is also dependent on the wind speed so that
the concentration again varies in a complex way with wind speed through
terms involving exponentials of the square of the effective release
height. In this situation it is clearly almost impossible to select a
single value of the wind speed which will correctly represent the
'average* of a distribution of values. While it is not possible to
generalise on this topic a few simple examples taken from a review by
Smith (1985) can be given to illustrate the uncertainty which this can
produce. Smith shows that using the mean rather than the harmonic mean
wind speed for a non-buoyant plume leads to an error in concentration
which is typically only a few percent. He quotes result from Edwards and
Misra on the effects of wind speed on plume rise. From their results Smith
deduces that, if u = 10 ms~l, cru = 2.5 m s"1 and the average plume
centre-line height after the rise stops is 500m, then the peak
concentration ranges from 6 c in strong gusts to about 0.77 c in relative
lulls, where c is the concentration for a steady 10 ms"1 wind speed.

6.3. TREATMENT OF UNCERTAINTY IN INPUT DATA

Values for some parameters reported in the literature cover an
extremely large range, from which a representative value must be selected.
Perhaps the extreme situation is that of the deposition velocity of
iodine, for which reported values range from about 10~4 to over 10"1
ms~ . While part of this variation reflects the differences between
organic, particulate and elemental iodine and the effects of the
underlying surface there is still a large range of possible values from
which a representative value for a specific situation must be chosen. The
ratio betwen maximum and minimum values of deposition velocity of about 3
orders of magnitude represents an even larger difference between the
fraction of material remaining in the plume at a distance of about 10 km
for a ground level release.

Some of the variation in predicted concentration resulting from the
variation of input parameter value can be assessed by considering the
effect of an arbitrary change in the parameter value. This approach is
more properly regarded as sensitivity analysis than as uncertainty
analysis. It cannot easily give information where parameter values are
correlated or if the effect of a variation in a parameter depends on the
value of some other parameter.

80



Techniques are currently being developed by which the effects of
simultaneous variation of all parameter values can be assessed. Much of
this work has not yet been published, although the PRISM computer program
(Gardner 1983) has been described. The general techniques involve
describing the probability distribution of the value of each parameter.
Values for each parameter are chosen either randomly or by sampling
schemes such as Latin Hypercube. The dispersion model predictions for each
set of parameter values are then combined to calculate the probability
distribution of the predicted value.

6.A. OTHER STATEMENTS OF MODEL ACCURACY

A number of statements have been made about the accuracy with which a
dispersion model can be expected to predict observed concentrations. They
range from simple statements of a likely accuracy by quotation of a factor
to more detailed estimates based on a study of validation results.

It will be apparent from the preceding paragraphs that the accuracy
of concentration estimates is dependent on several factors and that the
error due to some factors may be indeterminate. One may roughly estimate
the maximum net effect of the known factors, assuming rather
unrealistically that all the factors work in the same direction, though in
practice they may well cancel each other out. Table 6.1 gives the extent
of uncertainty factors for a distance of 10 km and for neutral conditions.

Table 6.1

Uncertainty factors in concentration estimates at 10 km
from Gaussian models applied to radionuclide releases

Cause Correctly
estimated category

Incorrectly estimated
category

Neutral D

Model difference 1-2.8

Stability**) 1
Plume rise***) 1.61
Finite class width 0.2-1.5

Wind speed 1.1
Overall factor

(i) Elevated release 7.44

(ii) Ground level 4.62

1-3.3
(McElroy)

1-1.63

1.03

0.5-5.7

1.1

34.9

33.9

1.24
(McElroy)

1

1

0.7

1

5

3

.71

.36

-1.6

.1

.1

.75

(*) Considers variation of plume rise with stability.
(**) Errors correspond to 25% higher estimate of plume rise based on

the Briggs model underpredicting the rise by 17 + 12%.
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ooto Table 6 .2 .
Uncerta int ies in pollution estimates based on meteorological data

(Pasquill , 1974)

Property
estimated

Nature of source
and terrain

Meteorological
condit ions

Uncer ta in ty
(Frac t ional
deviations from
mean or actual
values

Remarks

1. Peak of time-mean
(few minutes)
crosswind
distribution

Ground level source
on unobstructed
terrain

i) overcast steady
wind

ii) Generally
unstable

i) 0.1 i) Based on comparison
between early Porton
Data and recently
recommended formulae,

ii) 0.2 ii) From comparison
between crosswind
spread measurement
and estimates
of oe.

2. Maximum
concentration

Same as (1) but for
moderately elevated
source (50-100 m)

Generally unstable 0.35 Based on comparison
between crosswind
spread measurement and
estimates of OQ.
Assuming H to be known
accurately.

3. i) Maximum hourly
average

ii) Long term
average
maximum.

Power station on
terrain without marked
irregularities. Heat
emission known

i) Unstable or
windy

ii) any
i) 0.5

ii) 0.1
i) Uncertainty is mainly

due to that in x max.
Uncertainty is mostly

ii) due to that in H.

A. Peak of time-mean

(1-Hr) crosswind
distribution
(extreme ratio of
estimated/actual).

Plume in mixing layer Unstable with

inversion cap,
definite windfield

2.0 Uncertainty in oy
makes
dominant contribution
if mixing layer height
is known within + 50%.



The uncertainty factors of 5-35 may be expected for short term estimates.
The importance of some sources of error is expected to decrease with
distance though other factors like change of roughness, wind profile
effects due to larger dimensions of the cloud in the vertical, wind shear
etc. may be progressively more important.

Comparison may be made between Table 6.1 and Table 6.XI of
Pasquill (1974), relevant parts of which are reproduced as Table 6.2 here,
and with the work of Little and Miller (1979). In addition to the reasons
for uncertainty considered here Pasquill considers the adequacy of the
meteorological data itself.

Little and Miller (1979) have extensively reviewed data on the
accuracy of dispersion estimates. They quote the conclusions of a
Workshop (see Crawford 1978) as summarised below for the accuracy of
Gaussian models.

Situation Ratio of Predicted to Observed
concentration

Ground level centre-line concentration
within 10km of a source in a highly 0.8 - 1.2
instrumented flat site.

Specific hour and receptor point within
10km of a source in flat terrain and 0.1 - 10
constant atmospheric conditions.

Monthly to yearly average at a specific point
within 10km of a source at a flat site. 0.5 - 2

Monthly to yearly average at a specific point
within 100km of a source in flat terrain. 0.25 - 4

The observations agree reasonably well with the predicted uncertainty
factors of Table 6.1. Little and Miller point out that the first of these
estimates assumes that a certain amount of site specific data on
dispersion parameters and the stability typing scheme is available. The
choice of stability scheme and model for a„ and Oz can have a
large influence on the accuracy of the predicted concentration
(Kretzschmar and Mertens (1984)).

Little and Miller review validation experiments for more complex
models and for Gaussian models in complex situations. They conclude that
the Gaussian model overestimates concentrations in low wind speed
inversion conditions by factors of up to 3.6 on average. They also show
that trajectory models can predict annual or seasonal averages within
150 km of a flat site within a factor of 2. They report a validation
study of the 3-D numerical model A.DPIC at Savannah River and Idaho as
predicting over 90% of the concentrations within a factor of 10 of the
observed concentrations.

6.5. THE EFFECTS OF UNCERTAINTY IN SPECIFIC PARAMETERS

A number of detailed studies have been reported in which the
uncertainty or sometimes sensitivity of model predictions to a particular
parameter is considered. This section contains descriptions of some of
this work related to choice of stability category and plume size, plume
rise and wind velocity.
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Fis. 6.1. Comparison of GLC using different models for three
stabilities (from Shirvaiker and Kapoor 1980)

6.5.1. Stability category and the values of ay and az
Some of the schemes proposed for categorising the stability of the

atmosphere were described in section 3 of this report. Other schemes are
described in IAEA, 1980. The choice of dispersion parameters to use with a
particular categorization scheme can lead to uncertainty in model
predictions.

A number of different formulations of o*y and o*z for use with
the Pasquill-Gifford stability scheme have been proposed.
Some idea of the extent of errors involved may be obtained from Fig. 6.1,
taken from Shirvaikar and Kapoor (1980), which compares the concentration
estimates from three models. The concentrations for Pasquill-Gifford
models in this figure are normalized to 1 hr sampling time with the
parameter values:
H = 100 m, u = 5 m. s"1 and Q = 1 Kg s-1

The predicted ground level concentrations (GLC), being sensitive to
the ratio H/az differ drastically from model to model in the
near-source region i.e. between source and xraax (the distance of maximum
concentration). In this zone, however, concentrations are usually
negligible except near xmax. The comparison should be confined,
therefore, to distances beyond »max- Differences by a factor of about 3
occur for neutral stability. For the unstable case, the differences are
within a factor of four, while for the stable case, the differences may be
by a factor as high as nine within 10 km and increase with distance.

Similar comparisons have been reported by Jones (1979) who assumed
that the release duration was sufficiently long that the activity would be
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uniformly distributed across a 30° sector and that the release height
was 100 m. He compared concentrations calculated using az values
given by Smith (1972), Briggs [see Gifford (1976)], Pasquill (1961),
Hosker (1974) and Doury (1976) for stability categories B, D and F
(Figs. 6.2, 6.3 and 6.4). The results are similar to those described above.

"

o_J
o

10 IOO IO

DOWNWIND DISTANCE (km)
IOO

Fig. 6.5. Computed centre line ground-level concentrations for
Q = 1 kg/sec, Ux = 5 m/sec and H as shown. The
shaded area shows the class interval for D within which
the curve can be (from Shirvaiker and Kapoor, 1980).

A more detailed comparison is reported by Kretzschmar et al (1984) in
which the stability distributions predicted by 11 schemes for l^year's
data for the Mol site were obtained. Some of the results are shown in Fig.
6.6 in which the frequency with which the atmosphere is classified as
stable, neutral or unstable by each scheme is shown. There are clearly
considerable differences between the predictions of the different models,
even for this broad classification of stability. The study was extended
to consider concentration predictions. Comparisons were presented of
calculated annual average concentrations and of the probability
distributions of hourly average concentration. Some of the predictions are
shown in Fig. 6.7. There is clearly a considerable variation between the
predictions of the models. It is difficult to draw general conclusions
from this study. The range covered by the model predictions, and even the
relative ordering of the model predictions, differ between annual and
hourly values and for different percentiles of the probability
distribution of hourly results.

Shirvaikar and Kapoor (1980) have also considered the errors arising
from an error of category in the assumed stability. Some of their results
are shown in Fig. 6.5.
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6.5.2. Plume rise

The effective height of release H incorporates the plume rise. The
importance of allowing for plume rise in calculating ground level
concentration has been studied by Shirvaikar and Kapoor (1980) in a study
for very hot effluents where the buoyancy effect is predominant. For
reactor effluents, the momentum effect is predominant. There are not many
plume rise formulae for these conditions. Unlike the buoyant plume rise,
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not many data on the comparison between the observed and estimated plume
rises due to momentum are available. However, some guidance can be taken
from Fig. 5.4 of Briggs (1969) wherein the ratio of plume rise Ah to
stack diameter D from various sources are compared. It appears from this
that the estimates may vary by as much as factor of 1.3 under neutral
conditions. Moore (1980) has given a comparison of the plume rise
predicted by his own and by Brigg's model in a variety of conditions. He
shows that the ratio of observed to predicted plume rise is generally
between 0.9 and 1.1, though the spread in the ratio in similar conditions
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can be quite large. The largest errors occur in low wind speed conditions
or for plume heat content below about 30MW where the models overestimate
the rise by about 30%.

The double Gaussian model for ground level concentration is:
_Q r y2 i r H2 1X = -f*—— exp [- -+-— \ exp [- ——-J (6.i)
UU0 es 20 2ay z y z

and from this
—"*- = — (— ) (————) (6.2)
* 0 2 Hz

Thus % error in X is proportional to % error in H. The constant of
proportionality however is very high near the source where az is much
less than H and progressively tends to zero downwind. Close-in-errors are
so high that it is advantageous to compute the uncertainty using the
actual ratio of concentrations.

H2-H 2
! = exp [- ————] (6.3)
Xl 20 2z

for two plume heights H and H^
Errors in H are related to those in wind speed. From the Gaussian
relation one may write

^ = -(u + -~ ~)dG (6.4)
* 0 z 3uz

For momentum plume rise with Wo/u > 1.5

The first term in the bracket arises from u occurring in the denominator
of the Gaussian model and introduces 5-10% error in X. The second term
corresponds to the error in plume rise due to an error in u.

Consider the following typical situation:
Stack : Stack diameter D = 4 m, Efflux velocity Wo = 30 m/sec, stack
height h = 100m, Q =1 Ci/sec.
Ambient : u = 5 m/sec, Stabilities : D, E, F.
Error factors for 30% overestimate of Ah are shown in Table 6.3. The
close in zone shows high errors due to sensitivity to H/CZ. However,
in local scale the errors could be about 15-50%. With increasing
distance, the effect of stack height progressively decreases and so do the
errors.

The models for plume rise all concentrate on predicting the
trajectory of the plume centre-line, with little consideration being given
to the choice of oz to use in calculating ground level concentration.
The Briggs model suggests that the concentration distribution is 'top hat'
with a radius equal to half the rise of the centre line. However, the US
Reactor Safety Study assumed that the plume was Gaussian with a standard
deviation appropriate to a passive plume. The choice of az for a
rising plume can have a significant effect on the predicted concentration
at short distances and on the predicted location of the peak concentration.
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Table 6.3

Error factors R corresponding to a 30% error in plume (jet)
rise ( h = 100 m, u = 5 m/sec, Wo = 30 m/sec, D = 4 m ) (from Jones 1979)

Stability

x = 1.0 tan
x = 10 km
x = 30 tan

5621
1.61
1.15

69
1.36
1.13

7166
2.28
1.46

N.B. R = X(h + Ah)/X(h = 1.3 Ah)

6.5.3. Wind velocity
Uncertainties arise from the value of both wind speed and wind

direction. The effects of uncertainty in wind speed were considered above,
those due to wind direction are considered here.

Wind direction errors become relevant for short term concentration
estimates at a fixed location with respect to the source. By contrast, in
some applications, short term concentration estimates are required only
for a given downwind distance. In such cases wind direction does not have
relevance while for long term concentration estimates, the crosswind
directional effects become averaged out.
Wind direction errors may arise due to:

(i) faulty setting of the wind vane to true north,
(ii) reading accuracy due to small span of the recorder chart

(indicating instruments are not advised)
(iii) Incorrect or changing value of average wind direction due to

wind direction fluctuations of period larger than averaging time
or due to trends in wind direction

(iv) When wind direction shear exists and wind direction data from
one level is extrapolated to other levels

As was noted in Chapter 4, the wind direction data from a single
station become progressively less applicable with increasing distance and
can contribute to errors in fixed-point short term concentration estimates.

The extent of the errors depends upon stability and sampling time and
may be judged with the help of oy values under different stability
conditions. If the wind direction error is A6 in a given sampling
time, the fixed location concentration errors will be given by the quantity

exp [-(xA9)2/2ay2] (6.6)

For AQ = 5° which is the reading accuracy of many wind recorders,
the error factors for different stabilities using P-G curves for a few
minutes sampling time are given in Table 6.4.
Thus, even at close-in distances, error factors of 0.04 - 0.92, depending
on stability, might be expected due to reading inaccuracy alone.
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Table 6.4
Error factors in GLC due to a 5° error in wind direction measurement

The values refer to X(A6)/X (center line) for
sampling time of a few minutes (from Jones 1979)

Stability

1 km

10 km
30 km

0.92

0.85

0.80

0.85

0 . 7 7

0.68

0.71

0.58

0.49

0 .44

0.30

0.17

0.22

0.10

0.06

0.04

0.005

0.001

The above table cannot be taken at face value for large distances
since at these distances, one should not expect the wind direction
measured near the source to be applicable - even in flat terrain. In a
hilly terrain, the fixed location short term concentration estimates may
be accurate e.g. in narrow valleys where the flow direction remains along
the valley. However, in other situations in hilly terrain the assumed
wind direction could be a major source of error.

Since many of the factors listed above are human errors or errors of
judgement, it is difficult to estimate their impact on predicted
concentration.

6.6. VALIDATION AND OBSERVED UNCERTAINTIES

In this section some of the many studies which have been carried out
to validate dispersion models are discussed. It is not practicable to
cover in this document all studies which have been undertaken. However an
indication is given of the range and findings of the studies.

The scatter of the experimental data about the mean variation of
X/Q with distance of the diffusion experiments on which some of the
empirical models have been based may now be examined in the light of the
parametric sensitivity analysis discussed earlier. An ideal approach
would be the statistical analysis of scatter. However, due to the
multi-parameter nature of the problem, the analysis would be dif-ficult.
Instead, the simple approach adopted is to use the maximum ratio of ground
level X/Q observed to mean or predicted value as a measure of the
observed uncertainty, though from strict statistical considerations the
approach cannot be justified. This ratio will be called departure factor
DF. To start with one may examine the basic experimental data sets.
Table 6.5 gives DF values for three models. The values compare well with
the error factors obtained from sensitivity analysis.
6.6.1. Validation of PG model with AT/Az as stability indicator

Van der Hoven (1981) has made an extensive comparison of measured and
model-predicted (basically PG) effluent diffusion for ground releases
under various conditions using data from eight experimental data sets
covering distances up to 7 km. The validation study breaks the data into
four classes, with and without building wakes each further divided into
low wind speed (u £ 2 m/s) and wind speeds > 2m/s. The stability classes
used are A, D, E-F and G. Table 6.6 summarizes the statistical analysis of
the measured to predicted concentration ratios.
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Table 6.5

Departure factors"1" for tracer experiments
(Ground Level Concentrations) (from Jones 1979)

S t a b i l i t y

Model

PG with OQ
as stability
indicator

2.3 1.5

Very Unstable Unstable Neutral

McELROY 3.2 3.2 1.6

Stable

ASME/BNL 3** 1.5 1.6 Data are
for
elevated
sampling.

2.6

•f
*

**

The ratio of observed to predicted concentration.
Data covers experiments at several locations (Prairie Grass,
Hanford, Idaho, etc.).
Refers to B2 class stability.

Van der Hoven enumerates the following general features of the behaviour
of X/Q ratio (Predicted/Measured) with stability.

1. A decrease in ratio from stable to unstable cases.
2. Lower ratios for u > 2 ms~l.
3. Ratio of one or less for the unstable (category A) cases.
4. Very little difference between geometric mean and median.
5. Generally higher ratios for the building wake cases than

non-building cases.
6. A decrease in X/Q ratio from E-F stability to G stability for

u £ 2 ms~l with the reverse being true for u > 2 ms~^.

The over prediction in the very stable cases with low wind speed (u <_
2m/sec) conditions and building wake, a situation relevant to accidental
release, is explained by the underprediction of ay and az values
by a factor of 10 to 8 respectively under G condition. The high values of
the ratio under building wake conditions only bring out the insufficient
state of knowledge on wake effects in modelling.

6.6.2. Validation of BNL/ASME model with Savannah River Kr-8S releases

A validation study of the BNL/ASME model was made by Gogolak et. al
(1981) using Kr-85 measurements within 10 km of the Savannah River Plant.
From this study, it is concluded that while long term concentrations were
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Table 6.6
Summary of validation analysis of van der Hoven (1981)

For ground level releases.
(The values represent ratio of predicted/measured concentrations)

With Building Wake

Stability

A
B
E-F
G

u < 2 m/sec

GH M E

1.9 1.1 100
28 22 400
150 100 9100
105 66 20,000

u > 2 m/sec

GH M E

0.92 0.74 140
14 12 65
26 28 250
88 78 1800

Without Building Wake

u < 2 m/sec u > 2 m/sec

GM M E GM M E

2.0 2.6 - 0.32 0.3 1.5
22 20 350 2.6 2.4 6
31 59 600 5.5 6.0 25
20 15 660 9 10 36

GM = Geometrie Mean, M = Median, E = Extreme Value



predicted within a factor of two with the predictions systematically
higher than the measurements, the short term concentrations (10 hr - 2
days) were in most cases only predicted within about a factor of ten.
Figure 10 of Gogolak et. al. however shows that the ratio of predicted to
measured concentration (or its inverse) may be as high as 100. They found
that the distribution of hourly averaged observed concentration tends to
be less sensitive to variation in vertical diffusion than to gross
transport by the wind as the source to receptor distance increases,
probably because of the limited extent of the mixed layer.

6.6.3. Validation usinp, different stability indicators

Miller and Little (1980) have analysed the Hanford-Greenglow
experimental data to compare the predicted/measured concentration ratios
with different methods of determining the stability and considered
(AT/AZ)L,(AT/AZ)U and OQ where the suffixes L and U
refer to temperature measurements in Lower Layer (0.9 - 30 m) and upper
layer (15 - 71 m) respectively. The median ratios using Turners Workbook
(P.G. Model) are shown in Table 6.7.

The conclusion is evident that ag is a better indicator of the
stability than AT/AZ. However, it is also well known that
cf@-stability relationship, while agreeing in the mean shows a large
scatter and it is easily possible to misjudge stability by one class. The
ratios agree reasonably with the uncertainty factors shown in Table 6.1.
It is not unreasonable to expect that some of the contribution to the
large ratio found by Van der Hoven (section 6.6.1) may be due to the
stability indicator AT/AZ.

This situation is also apparent for diffusion under low wind speed
conditions in general. The other values are in better agreement with
those given in Table 6.1.

Table 6.7

Median values of predicted to measured
concentrations using different stability indicators and

low / normal wind speed classification
(Miller and Little 1980)

Stability Wind
Indicator Speed

(m/s)

< 2
( AT/AZ) > 2

L*
all

< 2
(AT/AZ) > 2

all
Gc\ < 2

> 2
all

Median Ratio

23
6
10

17
4
7

2
2
2

.5

.7

.1

.8

.3

.4
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Table 6.8

Summary of a validation including the effects of deposition, (from Little et al. 1982)

.ir concentration
calculated

Centre- line
Centre line
Centre- line
ot2.5 sector average
o!2.5 sector average

'.2.5 sector average

Deposition velocity
assumed cms"1

0
1.8
1.8
0
1.8
1.8

Settling velocity
assumed cms"1

0
0
1.8
0
0
1.8

Median value of ratio
of predicted/observed

concentration

2.6
1.6
1.3
2.3
1.7
1.6



The tracer used in the experiments analysed by Miller and Little
(1980) however, had a number median diameter of 1.4 vim, a mass median
diameter of 18.6 jm» and a geometric standard deviation, Og, of 2.5.
The results could therefore be affected by dry deposition and
gravitational settling of the aerosol, the Stokes fall velocity of an 18.6
Vim aerodynamic diameter particle being 1.8 cms"1. In a subsequent
analysis (Little, et al. 1982) the effects of deposition and gravitational
settling have been considered. Plume depletion due to dry deposition was
calculated using the source depletion model, while gravitational settling
was modelled using a downward tilting Gaussian. Only the (J@ method
of determining atmospheric stability was used. The results obtained are
summarized in table 6.8. An allowance for deposition is seen to greatly
improve the accuracy of the predictions.

6.6.4. Validation of Models on a Regional Scale

(a) Savannah River Data

The only data set against which extensive comparisons of predictions
of mesoscale dispersion models have been reported is the Savannah River
data on Kr-85 concentrations from 30-150 km from the point of release and
for averaging periods of 12 hours for a short period and weekly for over
two years. The data are described by Telegades et al. (1980) and
Pendergast et al. (1979). Telegades et al. have used the data for
validation of two models: (i) P.G. model for long term average
concentration and (ii) the ARL transport and diffusion model

X - —————— ̂ ——— r exp [-R2/2°HO!,2] <'•')1

where OHOR = horizontal spread (m) = 0.5 t
where t is in seconds.

R = distance from source to receptor and the rest of the
symbols have their usual meaning.

The average calculated/observed concentration ratio was four for the long
term P.G. model and approximately unity for the ARL model with maximum
ratios 7.0 and 2.2 respectively.

Another validation analyses using the same data set has been done by
Draxler (1982) for the ASME model. It should be noted that in the
mesoscale, a straight line plume model is not applicable. A trajectory of
the puff elements is computed and the ö's superposed on the trajectory.
Several sources of error may arise, such as the error in the trajectory,
the validity of the extrapolation of the a' s and from the estimated
height of the inversion lid. The effects of the parameter (H/az),
which is important for short distances, is not important in the
mesoscale. Draxler uses as a measure of accuracy of the model the
parameter Root Mean Square ratio (RMSR) given by

RMSR = exp [n-̂ lnĈ )2]0'5 (6.8)

where n is the number of the sets of computed and measured concentrations
C and M respectively. A perfect model will give RMSR of 1.0 whereas a
model with bias or scatter will give RMSR > 1.0. The model used hourly
puff segments and their trajectories. In one version of the model, only
hourly surface winds adjusted by the rawinsonde data for advection were
used while another version used, in addition, hourly tower wind data. The
latter showed some improvement in accuracy as seen from Table 6.9 for
contration estimates for a sampling period of half a day.
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Table 6.9

Validation results of ASME/BNL model for mesoscale dispersion
(From Draxler 1982)

RMSR = Root mean square ratio of calculated/observed concentrations

Model

1

2

All Data Upper 5% of Data

Version RMSR
(see text)

Mean n
Ratio

RMSR Mean n
Ratio

4.04

3.40

1.01

1.01

1791

1770

18.7

9.3

0.14

0.29

90

89

The right half of the table gives corresponding values for the 5
percentile data set of higher concentrations. It may be noted that the
model under-calculates high concentrations in both the versions. Part of
the improvement in version 1 is attributed to the use of data from near
the release point. The sensitivity of the estimates to the near-source
meteorological input data indicates to some extent the importance of
accurate estimates of initial direction, especially under high stability
conditions. This also explains partly the reason for high RMSR values
under high concentration conditions. The author, however, has not
discussed this aspect.

The validation results using various models were compared in a
workshop (Buckner 1981). The results of the studies have been presented
in different ways. One of the parameters considered is the band width of
the data defined by the relation

P = M + KM (6.9)

where P is the predicted concentration
M is the measured concentration and
K is chosen to include 95% of the data points.

Predictions of twice daily, weekly, monthly and annual average -
concentrations were considered for categories of models. In each category
at least one model was available with a value of K of about unity while
other models have K values of 10 or more for all predictions other than
annual averages. The workshop concluded that simple wind-rose models are
adequate for annual average calculations and have an accuracy comparable
to Gaussian trajectory models for monthly average concentrations while
Gaussian trajectory models are as good as the complex 3-D models for
weekly or twice daily concentrations for this data set.
(b) Other studies

Draxler has also used the results of two tracer experiments to
validate the ARL trajectory model for travel over distances of about 100
km (Draxler 1979). Draxler compared the observed concentration with that
derived using different input wind data. He showed that the peak
concentration is well fitted by most choices of wind data but that the
cross-wind spread and arrival time are not well predicted using surface
winds.
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The patterns of concentration resulting from the 1957 accident at the
Windscale reprocessing plant have also been used to validate dispersion
models (Apsimon et al. 1977). The complexity of the meteorological
conditions and uncertainty of the release pattern make validation
difficult but the Mesos code gives reasonable agreement with the data.

We may include in the validation analysis some of the models used for
predicting distribution from a nuclear cratering explosion. Both US and
USSR models use K theory (Knox et al 1971). With the US method the
diagnostic estimates of the concentrations for the Schooner test were
within a factor of 80 after 60 hours of travel and an order of magnitude
better for earlier times. With the USSR method, the relative
concentrations are more than that from the US method at earlier times
since the USSR method starts with an instantaneous point source.
Solutions at times > 2 hrs. are within a factor of two of each other. The
USSR model given by Petrov and Severov (1982) shows a much better
agreement.

Eliassen has quoted the comparison of the results of regional
transport analysis (which uses 850 mb wind in the advection calculations)
with K-theory. The models used underpredict the concentrations on the
average by a factor of 4 with some points deviating by as much as a factor
of 12. Thus, on the whole, the regional transport estimates appear to be
a little better than the local estimates.

A number of tracer experiments are currently being planned to study
dispersion at distances beyond a few hundred kilometres. The results of
these studies may allow more conclusions to be drawn about the validity of
dispersion model at large distances.
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ANNEX 1

THE MATHEMATICAL DESCRIPTION OF THE WIND FIELD

Al. WIND AND TEMPERATURE STRUCTURES RELEVANT TO DISPERSION

Atmospheric motions arise out of the tendency of gases (i.e. air) to
neutralize pressure differences. Pressure differences occur due to
various causes, principally due to differential solar heating, by
radiative transfer of heat from one region of the atmosphere to another
and by the introduction of water vapour to the air. This annex describes
some of the mathematical theories used to model the wind field.

Al . 1 . Equation of motion

The motion of an elementary air parcel is adequately given by the
following form of the Navier-Stokes equation for a coordinate system on
rotating earth.

dw = - 1_ dp + 2uu cos 0 + 1 ( zx + zy zz) -g
""

(A1.1)

and the continuity equation:
9u + ov

dy oz
In the above equations, the operator

d_ = _ ô _ + u _ ô _ + v _ ô _ + w j
dt ot 2x ?y 9z

is the total derivative accounting for changes with time as well as due to
advection.

The quantities
u, v, w are the wind vector components in x -, y - and z -
directions in a rectangular coordinate system fixed at the given
location on earth,
p is the density of air
p is the atmospheric présure

- 0 is the latitude
o is the angular velocity of earth's
rotation = 7.292 10~5 radians s"1,

- g is the acceleration due to gravity, and
t j_ 4 are the components of shearing stress in direction j_ due to
wind shear in direction i.

The Navier-Stokes equations are essentially equations which describe
the balance between various forces per unit mass of the air. The terms
are the accelerations arising out of a balance between the pressure
gradient forces (terms involving p) , hydrostatic forces (g), the
fractional forces (terms involving t) and the Coriolis forces
(involving o) .

103



These equations do not form a closed set of equations since the number of
dependent variables is greater than the number of equations.

In most of the advective situations, vertical motions may be
neglected. The last of the equations in (Al.l.) therefore reduces to the
hydrostatic equation. The cosine terms also can be neglected. If we
further consider that the horizontal wind shears are of smaller order than
the other terms, we are left with only

du = - i ep
dt p fo

(A1.3)
dy = - l_ 8p - f u + l_ 7y
dt p ôy p oz

where the relation T^ = ti^ is used, and f = 2 o sin 4> is
called the Coriolis parameter.
Al.2. Nature of T

For laminar flow, the viscous stresses
T = | j . 9 u , T = u . ( V / » i /, ̂zx -r- zy ^' (A1.4)Œ OZ

where u is the coefficient of viscosity, arise due to momentum transfer
by molecular motions. Turbulent motions give rise to analogous stresses
called Reynolds stresses which lead to the analogous concept of eddy
viscosity. If we write each of the velocity components u, v, w as the sum
of its component averaged over some time T, and the fluctuating component
denoted by u1, v*, w', the Reynolds stresses may be shown to be given by

\x = ~ p U W (A1.5)
u = - p v1 w' (Al.6)zy

where the overbars represent averaging.
TZX and TZy therefore represent the transfer of x- and y -
components of momentum respectively by turbulent motions in the vertical.
In analogy with equation (A1.4), a first order approximation is usually
made

T = p (v + K ) eu" - (Al. 7)z M -r—ôz
where TZ and u are the resultant horizontal stress and wind velocity
vector respectively and v is the kinematic viscosity. The effect of u
extends only to a fraction of a millimeter above the earth's surface since
mean free path of molecular motions is 10~^cm. The mean free path of
eddies near the ground is several orders of magnitude higher and K^ is
several orders of magnitude higher than v which can usually be neglected
in (A1.7), giving

T = p K 3Ü" (Al.8)z M ——

This assumption also gives a closure to the equation set (A1.3)
providing the functional form of KJJ is known.

TZ should naturally decrease with height until it vanishes at
some height . The layer in which the frictional effect of TZ is felt
is called the friction layer in Planetary Boundary Layer (PBL). Within
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the first few tens of meters above the ground, however, tz is often
assumed to be constant. This constraint has been advantageously used to
study in detail the properties of the vertical profiles of wind,
temperature and water vapour near the ground. Using this constraint, the
PBL is subdivided into:

Surface layer: which extends to a height where TZ is 80% of its
surface value. Within this layer Tz is assumed to be constant
and equal to its surface value.
Etanan layer: which is that part of PBL above the surface layer.

In many investigations, the height of the surface layer has been assumed
to be constant (= 50 m) , though there is evidence that the height shows a
diurnal variation between typically 25 m and 150 m governed by the
atmospheric stability changes (Sharma and Shirvaikar (1976)).

The wind, temperature and humidity profiles in the surface layer have
been extensively investigated theoretically and experimentally. As a
result it is possible, given ideal conditions, to obtain the transfer
parameters (Kjj for momentum, Ky for heat and Ky for water vapour)
from meteorological measurements. The Ekman layer is more difficult to
investigate." Theoretically, the difficulty arises because the assumption
of constant TZ can no longer be made and the upper layer becomes
loosely coupled to the conditions at the surface. Experimentally, the
difficulty arises due to lack of measurement platforms such as towers.
Construction of towers of more than some 150 m is expensive and
maintenance is difficult. Therefore, unlike the case of surface layers,
the measurements have been sporadic, generally using tethered balloons.

The transfer coefficients KM, KH or Ky are of the same order
and in many studies the difference between the three is ignored.
Relevant to the diffusion problem are the vertical profiles of K and wind.
Al . 3 . Wind structure in surface layer

Wind in the surface layer has been the subject of intensive
investigations, both theoretical and experimental. Wind speed in this
layer generally increases with height except probably when the phenomenon
of low level jets occurs. The latter has been ascribed to the diurnal
variation of Kz<Buajitti and Blackadar 1957, Haitiner 1959, Shirvaikar
1972).

More detailed investigations of momentum and heat transfer in the
lower atmosphere has led to following wind profile equations (Dyer 1974)

& Kz

where u* = (T/p) = friction velocity (m s"1)
k = Von Karman constant, often taken to be 0.4
L = Monin - Obukhov Length (m) given by

L = - p C u. 3 0
P * (Al. 10)

Cp = specific heat of air at constant pressure (cal/gm)
= potential temperature (°K)

H = sensible heat flux in the vertical direction
dm = a function which depends upon stability as follows
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Neutral
«}„= 1 (Al.11)

Unstable
tffc = (l - 16 Z/L)-1/4 (Al.12)

Stable
dm = 1 + 5 Z/L (Al.13)

The sensible heat flux is upwards and positive in unstable conditions
and L is therefore negative with the opposite in stable conditions. Under
neutral conditions L is infinite. The concept of L involves the
simultaneous transfer of mechanical and thermal energy and the length may
be considered as a measure of the vertical extent to which the changes in
the parameters may be influenced.

The actual profile may be obtained by integrating Eq. (A1.9) with an
appropriate boundary condition. The boundary condition used is that the
wind speed u = o at some height ZQ termed the roughness length. The
value of zo depends upon the roughness of ground felt by the air due to
presence of grass, stones and other roughness elements. Roughness height
may be obtained at a given location from profiles under neutral stability
conditions for which integration of equation (A1.9) yields the well known
logarithmic profile

u = U* In /z
" fc

The increasing wind speed for practical purposes may be described by
a power law

Ul \Zl

where u(z) and u^ are wind speeds at height z and z^ respectively and
p is an index which depends upon atmospheric stability and surface
roughness.
Al.4. Wind structure in the Ekman layer

The boundary layer has been extensively investigated for heat,
momentum and water vapour transfer. The wind vector variation with height
within the planetary boundary layer may be computed using the fluid
dynamical equations

Jh = f v - J L j £ + _ b _ K(z,t) fa_
9t p 5c oz oz

JW = - fu - ^j^ + _ô_ K ( z , t ) _ôv
ot p 2y oz oz

where u, v are the westerly and southerly components of the wind vector v
p is the pressure and f the Coriolis parameter, and K (z, t) is the
general function describing variations of KM with height and time.
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Geostrophic wind
In the free atmosphere, under steady state conditions, the above

equation reduces to

P ôz (Al. 17)

- f u - l 5p = 0
p ôz

giving a balance between the pressure gradient forces and the Coriolis
forces. The solution of this gives what is called the Geostrophic wind G
which is parallel rather than perpendicular to the isobars , on account of
the Coriolis deflection which is towards the right in the northern
hemisphere and towards the left in the southern hemisphere. The
geostrophic wind speed is given by

G = - 1
fp

_op_
on

(A1.18)

where 3p is the magnitude of the net pressure gradient
8n

The geostrophic wind forms a useful reference quantity and is often
used to compute approximate wind fields from pressure fields in the free
atmosphere in regions not very near the equator. In the latter region
f -> 0 and the time taken to obtain geostrophic balance is much more than
the other changes.

Analytical solutions of equation (A1.16) with the widely adopted
boundary conditions that the wind velocity is zero at the ground and equal
to the geostrophic wind at large z may be found easily for steady state
conditions with constant K. This gives the Ekman spiral with the u, v
components given by

= G (1 -

v = G

e cos O

(A1.19)

C= z/(f/2K)

the profile therefore shows a direction shear with the height.
The shear angle a is given by

t an a -
-cos C (A1.20)

the shear angle therefore changes with height. At ground level, the shear
angle is 45° with respect to G. The solution which is known as Ekman
spiral is shown in the form of a Hodograph (Slade 1968) in Fig. Al.1.

In reality, K varies with height and time and often shows a strong
diurnal variation. The solution obtained analytically or by numerical
analysis (Haltimer 1959, Paegle 1970, Estoque 1963, Krishna 1968,
Shirvaikar 1972) shows the effect of these variations on the wind profile
and significantly the occurrence of predawn low level jets. Actual
variations of wind and temperature are not as simple as given by these
boundary layer models as indicated by the presence of inversion lids.
Such boundary layer models however form a useful basis for extrapolation
of the data in space and time.
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FIR. A.1.1. Schematic wind distribution (Ekman's spiral) in the
planetary boundary layer, assuming K = constant. Wind
vectors are plotted from a common origin for different
heights -2, zo is the height at which
the geostrophic wind speed G is reached, (from
Slade 1968)

A1.5. Wind structure in the free atmosphere
Wind structure in the free atmosphere is of concern in regional

and global scale dispersion. The structure at any given time may be
obtained from the extensive global weather observational network and
through geostrophic approximation. The general wind structure may be
described in terms of mean zonal (along the latitude) component and mean
meridional components which are shown in Figs A1.2 and A1.3 respectively.

The meridional circulation shows typical cells in each hemisphere
which influence the long term mixing between the stratosphere and
troposphere (see Fig. A1.4). The tropopause shows breaks at about 30°
and 60° latitudes which form pathways for incursion of stratospheric
matter into the troposphere. (For more detailed discussion see Reiter
1974).

On a global scale the mean meridional circulation represents only a
part of the total transfer of pollutant. The transfer of material by eddy
fluxes may be comparable to the transfer by the mean wind.

A1.6 Atmospheric Turbulence and Stability

Wind speed and wind direction change continuously with time in three
dimensions. A long-term wind direction record shows a conglomeration of
rapid fluctuations having periods of several hours. This continuous
fluctuation is called turbulence and is a basic characteristic of the
atmospheric motions responsible for eddy diffusion.

The fluctuating wind recorded at a point can be resolved into three
components u and v in the x and y directions in a horizontal plane, and w
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Meridional cross-section of mean zonal winds (m/s).
Positive winds are from the west. (from Reiter 1974)
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Latitude versus month diagram of the mean meridional
wind velocity (positive if northward) at 1000 rab
between 65° S. and 80° N. Units, m sec~l. (from
Oort and Rasmussen, 1979)
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Subtropical Jet Stream

POLAR FRONT

FJR. A1.4. Schematic diagram of the mean meridional circulation in
the northern hemisphere during winter. Heavy lines
indicate tropopauses and the polar front (from
IAEA 197A)
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Fig. A1.5.
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A schematic of. fluctuations in u-component of wind.
(from Slade 1968)
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in the vertical direction. Each of the components can further be resolved
into a mean and a fluctuating component:

u = u + u*
v = v + v1 (AI. 21)
w = w + w'

where the bars show the mean and primes the fluctuations (see Fig. A1.5)

(If the x-axis is chosen in the mean downwind direction, v = w = 0) .

The problem is of course not so simple owing to the fact that a
spectrum of periods contribute to the total fluctuation and the mean
itself depends upon the period of averaging. For the present however
this aspect may be set aside.

Atmospheric turbulence has been studied in great detail in many
aspects and Contexts. The aspects relevant to the diffusion process are:

(i) Variance aspects (intensity fluctuations)
(ii) Auto correlation aspects (fluctuation in time)

(iii) Spectral aspect (period and scale)

(a) Variance aspects
The intensity of turbulence is an important element in the rate of

diffusion. The intensity is defined by

ix = (u~'2 / u2) V2 =au/ü U1.22)

/2 = °/ ul-23)
1y = (wl2/"u"2)2 =a

w/ü (A1.24)

where ix, iY and iz are the intensities in each direction.

Another parameter which has found wide application in diffusion is
the standard deviation of the wind direction fluctuations, OQ for
horizontal wind direction and o^ for the vertical. These are
related to the intensity of turbulence by

o2 » i 2 (A1.25)e y
0
2 » i 2 (A1.26)
<t> z

Since these quantities are statistical properties of turbulence, they
depend upon the sampling time.

(b) Autocorrelation aspects
The fluctuating wind record offers a time series which may be

analysed for autocorrelation with well established techniques. If v'(t)
is the fluctuation at time t^ and v'(t + £) at time £ later, the
autocorrelation coefficient is defined by

R (Q = v'(t) v'(t + Q (AI.27)
T» 2

1 1 1



where the bars denote averaging over the record. Physically, this implies
that fluctuations at a given time influence fluctuations at later times
and R (f) indicates the extent of influence.

The R (£) defined above refers to an Eulerian measurement set (i.e.
measurement at fixed location). A similar definition may be used to
define a Lagrangian correlation coefficient where v'(t) refers to the
velocity of a particle at time t and v'(t + £), the velocity of the same
particle time £ later. The two correlation coefficients are not
identical but related.

It is obvious that R (0) = 1 and for £ -» °°, R(£) -» 0 since
the influence cannot be expected to remain forever.

Autocorrelation aspect is a basic parameter used in the statistical
theories of diffusion (See Chapter 2) and is also used in the spectral
analysis of turbulence.

(c) Spectral aspects
The time series may also be further analysed to obtain the power

distribution in the turbulent component of wind. Two techniques have been
used; the power spectrum method in which the autocorrelogram is Fourier
analysed to give the amplitudes of oscillations at different frequencies
and the second is the Fast Fourier Transform method (FFT) which directly
operates on the data.

Spectral analysis of vertical and horizontal components of turbulence
shows a continuous distribution of eddy frequencies which are related to
wave lengths through the transformation

X = u/f (A1.28)

where f is the frequency (cycles/sec).
Figure A1.6 shows the spectrum of the horizontal velocity of surface

wind (10 m level above ground) estimated by van der Hoven (1957) covering
periods from few seconds to few days. The curious feature of this
spectrum is the "gap" between the periods of about 5 min to about 4 hours,
and peaks at about 3 minutes and about 4 days. If we take the mean wind
speed to be ~ 10 m s"1, the gap corresponds to a distance scale of
about 3 km to 150 km, the approximate span of the mesoscale. The latter
distance also corresponds to the synoptic observational grid spacing.

Cycles/hr
Hours

Fig. A1.6.

10
0.1

100010~2 10-' 1
100 10 1 0.1 0.01

Spectrum of the horizontal wind velocity (from van der Hoven 1957)
0.001
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ANNEX 2

DETERMINATION OF MIXING HEIGHT

A2. METHODS OF DETERMINING THE MIXING HEIGHT

A simple method to estimate the mixing depth }^ was proposed by
Holzworth (1964) and adopted by USEPA for air pollution estimates. In
this method the temperature profile measured from upper air soundings at
00 and 1200 hours GMT and the surface temperature is used. The height of
intersection of the dry adiabat from the surface temperature and the
temperature sounding gives the mixing depth at the two hours. Hourly
values are found by linear interpolation of these two values.

The above method does not include the important effect of temperature
advection. Furthermore the EPA interpolation scheme does not adequately
represent the physical processes accompanying the diurnal and hourly
changes in the depth. To meet the requirements of an operational mixing
depth model,'Benkley and Schulman (1979) propose a scheme which overcomes
these difficulties. The scheme uses hourly wind speeds and surface
temperatures from the nearest representative National Weather Service
surface station and temperature soundings at 00 and 1200 hours GMT from
the nearest radiosonde station. Daytime growth of the mixing layer depth
is found from the intersection of the morning sounding by the dry adiabat
from the surface temperature. Hm is defined to be the convectively
forced mixed layer depth for that hour. The advection effect is
introduced by using a surface temperature corrected by the trend shown by
the 700 mb temperature

Tr = Tm - T2 1T700(0°Z) - T700(12°OZ)] <A2-1}

where Tm is the measured temperature and Tr the corrected temperature
at t_ hours after 1200 GMT. Secondly, a mechanical value of HJJJ is found
from the relation**

(A2.2)

The higher of the two estimates is taken as the best estimate.

H = 0.185 —m t

Garett (1981) has proposed another model based on equations involving
vertical flux of sensible heat. It involves mean virtual potential
temperature, the temperature jump at the top of the mixed layer and an
entrainment coefficient. For practical purposes, prognostic values of
temperatures of potential virtual temperature obtained bypredicted
temperatures and dew point are used. The method requires numerical
computation, but shows better agreement with observations than compared
with Benkley-Schulman scheme.

Venkatram (1980) has proposed a series of relationships between the
friction velocity, the sensible heat flux and the depth of the mixing
layer for use in stable atmospheric conditions together with comparisons
between observed and predicted values. The depth of the mixing layer can
be expressed as

Zi = 24°° U* 2 (A2.3)
Information given by Venkatram suggests that the depth derived from this
formula will be within 30% of the correct value.
** It should be noted that near equator, this model may not be valid.
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Carson (1973) has proposed a model which predicts the change of the
mixing layer depth during the day as turbulence generated by solar
heating extends deeper through the atmosphere. The mixing layer depth is
expressed in terms of the wind speed, sensible heat flux and temperature
gradient in the capping inversion. Carson presents data suggesting that
the model will predict the mixing layer depth within about 250m of the
actual value. Smith and Carson (1977) have presented a simple nomogram
which enables the model to be used rapidly to derive the most probable
value of the mixing layer depth.
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ANNEX 3

THE DIFFUSION EQUATION AND ITS SOLUTION
A3 . 1 . The derivation of the diffusion equation

The diffusion equation is derived from the equation of mass
conservation in an incompressible fluid, with certain assumptions about
the fluctuations of wind speed and concentration.

The conservation equation can be written
_ = s -

ot Ox oy oz
where X is the concentration,

t is the time,
x,y,z are rectilinear co-ordinates
u,v,w, the components of wind speed along the co-ordinate directions
s the -source strength

and Xx represents a loss at a rate proportional to the local
concentration

For an incompressible atmosphere
fo + _0v + _0w = 0
Ox oy oz

The quantities u,v,w and X in Eq . A3.1 may be considered as having
mean and fluctuating components (e.g. X = X + X" where the overbar
indicates a mean value). Writing Eq. A3.1 in terms of the mean and
fluctuating components, taking & time average (such that X' = o, etc.)
and using the relationship given above gives the relationship:

_ôX + u _ Ô x + v _ Ô x + w j ^ + _ô(u' x' ) + _OJV'*' > + JL(w' X1) = s - \X (A3. 2)
ot Ox gy Oz Ox oy oz
The quantity u'x' represents the flux of material in the

x-direction. In deriving the diffusion equation, an assumption must be
made about these fluxes, and the assumption made is that the flux is
proportional to the concentration gradient in the direction considered,

u'x' = K
Ox

with similar expressions for v'X' and w'X'-
Substitution of these expressions into Eq. A3.2 gives the well-known
equation:

v ^x - « _£X - _o_ |KX _ox p _^(*y _öx ]- _0_ {K2 _0x )= s - XX (A3. 3)
Ot Ox Oy Oz Ox

where the overbar is now omitted for convenience.
Dry deposition is incorported as a boundary condition describing the

proportionality of vertical flux at ground level and the concentration.
The condition is

- K / ÔY\ = V2 h? 8 '" r' (A3.-(4,
where zr is a reference height generally taken to be zero.
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A3.2. Analytical solutions for K-theory

This section lists a number of analytical solutions of the diffusion
equation which are relevant to atmospheric dispersion modelling. While
they have not been widely»used, they have influenced the development of
empirical modes.
(a) Instantaneous point source (puff release)

The simplest case is that of an instantaneous point source Q in the
free atmosphere with Kx, Ky, Kz each being constant and depletion
terms absent (i.e., for a non-depositing long-lived material).

The co-ordinate system may be taken to move with the centre of the
cloud with mean wind speed u and is oriented such that x-axis is in the
downwind direction, the y-axis in the horizontal crosswind direction and
the z-axis in the vertical. The solution was obtained by Roberts
(1923). The boundary conditions are

X -» 0 t -» oo for all x, y, z
X -» 0 at t -» 0 for all x, y, z except origin

oo
X -»oo as x, y, z -» 0 such that JJ/X dx dy dx = Q

—00

The solution of Eq. A3.3 which gives the concentration distribution
at time t after the release is the triple Gaussian relation

X(x ,y,z,t) = _________Q________ exp [-1
Ky KZ)"- L "VK* Ky *

This equation is also valid if K is a function of time with

or <° )2=2K
for the corresponding a of the Gaussian distribution,

(b) Continuous point source
For a continuous point source fixed in space, orienting the axis as

earlier but with their origin at the source, Eq. (A3.3) reduces'under
steady state to

(A3.6)

It is preferable however to build up the solution using the transformation

x = ut (A3.7)

Integrating Eq. (A3.5) along x-axis with the transformation (A3.7) and
assuming that in the x-direction the diffusion may be neglected in
comparison with advection, one may write (see Sutton 1953)

X(x,y,z) = Q exp
K)^ry z

(A3.8)
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where
/ 2 u. 2 j. 2N3r = (x + y + z )

which in practice may be written as

4u(K K ) xY z

exp r «_ <z^ + £3|4x K KL y z J
(A3.9)

This is the equation of concentration distribution in & plume.

(c) Infinite crosswind continuous line source

Neglecting the downwind dispersion compared with the advection,
Eq. (A3. 3) transforms to

= 5(Kat _ _z " (A3.10)

However, the solution is obtained more easily by integrating the plume
Eq. (A3.9) in the y-direction. The solution is

X(x,z) = exp [ - <L (z?
2n(K x Û)z

(A3.11)

(d) Solutions for height dependent K
It is well known that in the lower layers of the atmosphere wind

speed and K are height dependent. It was suggested by Schmidt that wind
speed near ground may be approximated empirically by a power law

u(z) = û |z
L \ ———

m (A3.12)

where m > 0. Ertel (1933) showed that under these conditions, the eddy
diffusivity must be given by the conjugate power

,1-m (A3.13)

For a crosswind line source under steady state conditions, the solution
of Eq. (A3.10), with zero flux at the ground is

X (x,z) = Q
ür (s)

" " i
N K x

s exp -- V

N K.X
(A3.14)

where S = (ra+ 1) / (2m+ 1), N = m - n + 2
This solution does not consider ground roughness or atmospheric
stability. Thus the solution could be expected to be applicable only
over smooth terrain and under neutral stability.
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(e) Effect of roughness and stability

The following solution of Eq. (A3.10) for an infinite crosswind line
source, which takes into account effects of wind shear, surface roughness
and stability, has been given by Calder (1949)

X- IQ,'6-1""̂  [-„• „ 15)

(̂ )/nr /1 + m\

\ n/
r , (1+ ni) / n[û k n Y (il^J x- "-- ZQ

where m is the exponent of the power law wind profile best fitted to the
neutral logarithmic profile, and
n = 2 + m-0, k is the Von-Karman constant = 0.4 and 0 is obtained
from Deacon's wind profile.

u* ' - 1 (A3. 16)
k(l-ß) o

which leads to

(A3.17)

A3.3. Numerical solutions

This section describes some of the numerical techniques which have
been used to solve the diffusion equation in models intended for
calculating atmospheric dispersion at distances from a few to a few
thousand kilometres from the source.

Eulerian methods solve the equation using a fixed grid on which te
values of wind speed, diffusion coefficient, etc., must be specified.
Langrangian methods compute the trajectory independently of the
concentration. Hybrid methods use combinations of Eulerian and
Lagrangian techniques.

Various numerical methods have been used for solving Eq. (A3.3).
These include finite difference methods, methods of moments and Galerkln
methods. Numerical solution of partial differential equations is a
special field in applied mathematics and the reader should refer to
standard texts on the subject (e.g. Richtmeyer and Morton 1967, Fox
1962). This annex can only give brief details of the methods used.

In the following section these techniques and the related models are
reviewed.

A3.3 .1. Fini t.e_dif ference meUiocis
In finite difference methods, the differential of a function is

replaced by the difference between the values of the functions at two
pointe or times. This may best be illustrated with the help of a
rectangular grid of spacings Ax and Ay (assuming a two dimensional
problem) so that the co-ordinates of a grid point are x = iAx,
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y - jAy which may symbolically be written as <i,j). If time is
involved, then time steps of length At may be defined such that
t = nAt.
To solve a partial differential equation such as (A3. 3) the derivatives of
the dependent variable(s) are replaced by finite difference quotients as
follows:

Time derivative is replaced by a forward difference viz.

_OX = (X, ," ~ X, ,") / At (A3. 18)
ot 'J >J

where the superscript refers to time and subscripts refer to space grid
points .
First order space derivatives are replaced by a forward difference, i.e.

(A3. 19)3x Ax ' 3y Ay

or sometimes, by a central difference
n _ n n _ n

9X Xi+l,j " Xi-l.j 8x Xi,j+l ' Xi,j-l (A3. 20)
3x 2A x ' 3y 2 A y

A second order derivative is replaced by a central difference, i.e.
2 n ? n -4- n

~ +1)J————-^———1~1>j (A3.21)
àx.

- 2V"1 + Y
**.J .̂J"1 (A3. 22)

öy (
The parameter values (u, K, etc.) are generally defined at the grid points
for some problems, at the centre of the grid cell which will have
co-ordinates (i + 1/2, j + 1/2).

(a) Explicit and implicit schemes
scheme

The finite difference approximation to the differential equation is
then rearranged to give an equation for concentration X at each grid
point for the next step in terms of the concentration at one or more
points fat the current time step.

Therefore, in this scheme the concentration distribution can be
computed step by step in time given the initial distribution. The
approximation leads to progressive divergence of the numerical solution
from the true value, unless the time step is restricted according to
certain criteria given in terms of Ax, Ay and other parameters (e.g.
K) . These criteria vary depending upon the type of the equation, e.g. for
a pure diffusion equation the criteria for At are given by

K At/ Ax2 < X (A3. 23)

to obtain a stable solution. A stable solution implies that if the
solution of the differential equation is bounded, then the numerical
solution is also bounded. In the simple explicit scheme above,
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X = 0.5. However, there are other schemes like the Runge Kutta
generalized scheme (Gill 1951) which permits \ = 0.7. The latter is an
iterative scheme which gives solutions to a fourth order approximation.

( i i ) ImElic.it_sc:herae
When a finite difference approximation to the space derivative is

made by averaging the difference values at time steps n and n+1, a set of
simultaneous equations involving concentration at successive time steps
and other parameters ensues. These simultaneous equations are then solved
to obtain the concentration at each grid point. This method is called an
implicit method.

(b) Truncation error and pseudo-diffusion

In most finite difference methods, the trunction error due to the
finite difference approximation contributes progressively to the deviation
of the numerical solution from the true value. When the method is applied
to the advection-dif fusion equation, the deviation can be considered
equivalent to a pseudo-diffusion of numerical origin generated by the
advective terms. The effect of pseudo-diffusion can even be larger than
the true diffusion. It has been shown (Mahoney and Egan, 1970) that the
pseudo-diffusion coefficient can be of the order 200 times the assumed
vertical diffusion coefficient KZ. Methods have been devised (e.g.
Particle- in-cell method (Sklarew 1971) and the moment weighting method
(Egan and Mahoney 1972)) to minimize the pseudo- diffusion effect.

A3 . 3 . 2 . Me t.hod_of_ moment £
The method of moments introduced by Egan and Mahoney (1972) uses in

addition to the concentration its first and second moments.
_ B
ï = 1 / X (x,t) dx (A3. 24)
^ "Â7 A
_ B
x = I ___ / x (X,t) x dx (A3. 25)

2 B
ö
m = i_ / X<x ,t) (x - x r dx . (A3. 26)

Ax A

where the limits of integration are A = xm - 1/2 Ax and
B = Xj,, + 1/2 Ax. By manipulation of the transport equation, three
equations are obtained for three moments. These are solved with a simple
forward finite difference method. The solution gives high accuracy and
eliminates the pseudo-diffusion.
A3 . 4 . Galerkin Methods

In Galerkin methods, the dependent variable (concentration X in the
present case) is represented by an expansion in a series of orthogonal
functions gjc(x)

N
X (z, t) = E A (t) g (n) (A3. 27)

k = l K k
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The finite element method (e.g. Strang and Fix 1973) used truncated
locally continuous base functions for g(x), e.g. Chapeau functions, cubic
splines and Hermite cubic functions and leads to equations solvable by
finite difference methods. The method is particularly suitable for
problems with irregular shaped domains and boundary conditions, due to its
inherent flexibility in arranging grid point distribution in the domain,
but it has difficulty evaluating the source and risk terms on a
prearranged uneven grid net.

The spectral and pseudo-spectral methods are special forms of the
Galerkin method in which the concentration field is expressed in truncated
globally continuous functions such as Fourier seires, associated Legendre
polynomials, Bessel functions, etc., in the space co-ordinates. They have
been shown to be very accurate and to eliminate the problem of non-linear
biassing. The global nature of the base functions creates problems in
specifying boundary values for limited area models.

The advection diffusion equation (A3.3) can be rewritten as
(Christensen and Prahm, 1976)

->• ?ÖY = ~ ( v - *iK) .Vv + KVv i n ->a\——* x /A. A. ( AJ . £O)
Ot

with V as the wind vector*and -VK acts as a diffusion wind similar but
not to be confused with the diffusivity velocity of PIC method). In the
pseudo-spectral method, the numerical solution is obtained using Fourier
transforms only for spatial derivatives whereas the other parameters
(u, K) and the time integration are evaluated in physical space. To
illustrate, consider a two dimensional grid N^ x N2- The location of
the grid point is given by the vector x = (xj_, x2)
where

x. = Ax.m. , m. = 0, 1, N-L - 1

where Ax is the spacing between grid points
Writing

X (x,t) = E A (k,t) exp (_ik.x)
k (A3.29)

(with i = / - 1)
where range of 1c values in the summation is determined from
k = (k1( k2)

ki = 2n ni (A3.30)ta. N.i i
where n^ assumes integer values in the domain - 1/2 N < n < 1/2 N
Thus -K < k < K w i t h K - WA x

1 1 1 i i

A ( k , t ) is given by

A ( k , t ) = __l E x(x ,O exp ( - il -x) ( A 3 . 3 1 )

with summation over all grid points.

Arrow indicates a vector quantity.
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The space derivatives can therefore be evaluated on grid points
jlX_(x,t)=£ ik . A(£,t) exp (i_k.x) (A3.32)

STx(x,t) = _£-k2A(k,t) exp (ik.x) (A3.33)
k

These equations are used to determine djc and
3x

VD is calculated in the same way as V X.
One of the conclusions of the analysis of application of

pseudo-spectral models to regional scale (grid spacing 100 km, distances
of a few thousand km) is that the effect of diffusion can be neglected and
any actual "diffusion" which takes place here is due to variation of wind
direction on a synoptic scale. (In terms of eddy sizes, this implies
synoptic scale eddies being relevant to synoptic size (grid size) plume
dimensions.)

The method was applied by Prahm and Christensen (1977) to S02 and
S(>4 transport in Europe. With a grid spacing of 127 km and diffusion
coefficient in the range of 300-30 000 m2/sec, it was found that the
diffusive term only influences regional concentration levels by a few
percent and actually spurious diffusion due to numerical techniques could
be much larger. The pseudo-spectral method however completely avoids this
error. To obtain stability, following criteria were used:

At.V.k* < 0.7
(A3.34)

At [Kk2 + jj < 0.55
T

where T is the average lifetime of the pollutant. For pure advection,
the stability criterion determined by the shortest wave on the grid (i.e.
k = TT/L) reduces to

VAt < 0.22 L __ (A3.35)

For a wind speed of 30 m s~* and step size 127 km, the maximum allowable
time step is 15 min. For this model, which was reduced to two dimensions
by assuming uniform vertical mixing, 850 mb winds were found to be
applicable, though winds from a height between ground to 850 mb would
represent a more accurate representative transport wind.
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