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ABSTRACT 

Using the wind vector fluctuations measured at a height of 69 m by a tridimensional 
anemometer, the standard deviations au and a, of the lateral and vertical distribu- 
tions of the effluents emitted by an elevated continuous point source have been com- 
puted. Nearly 300 hourly tests covering most of the weather conditions to be en- 
countered on the Mol site have been made, during which have also been determined 
the values of a stability parameter S defined as the ratio of the hourly mean of the 
vertical gradient of the potential temperature between 8 and 114 m to the square of 
the hourly mean wind speed at 69 m. The dependence functions uu op = f (S) are of the 
hyperbolic type for S > 0 as well as for S < 0; they apply for hourly mean wind speeds 
up to 11.5 m s-I. For the sake of simplicity and quick estimations of uu and a, for cur- 
rent practical uses, seven atmospheric stability categories have been defined with the 
corresponding median uu and a, values at different downwind distances z. When 
ti < 11.5 m.s-l, categories El to E, are differentiated by means of a parameter f. derived 
from S by f.= log,, [IS I .lo6]; category E, corresponds to the case of strong winds. 
The data obtained show that for downwind distances z up to 50 km, the standard 
deviations au and a, dependon z following a power law. The Yo1 theoreticalresults 
compare favourably with those found by means of field experiments carried out on 
the Mol site as well as elsewhere by other authors. 

1. Position of the problem 

From a public health point of view, the safe 
operation of nuclear research centres and power 
stations or conventional industrial plants can 
only be achieved if the diffusive properties 
of the first  few hundred metres of the atmo- 
sphere over large areas around the sites are 
adequately known. 

Such knowledge of the diffusive capacities 
of the lower atmosphere would allow us to (a) 
derive a working limit which may not be ex- 
ceeded during routine releases of an effluent into 
the atmosphere, and to check whether the 
resulting concentrations due to these specified 
substances near the ground are within safe 
limits as regards the population in the neigh- 
bourhood; (b) take advantage of the most 
favourable meteorological conditions for spe- 
cial controlled releases of pollutant material 
the storage of which would otherwise entail 
considerable expense or other operational 
problems; and (c) to elaborate an effective en- 
vironmental survey system and to provide an 
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infrastructure for intervening in cam of major 
pollution accidents. 

For instance, it was desirable to calculate 8t 
any point around the S.C.K./C.E.N. nuclear 
site, the mean concentration over a given time 
interval, 2 (Ci m-a), of the substances diffused 
in a turbulent atmosphere from a point source 
(reactor or laboratory stacks) with continuous 
release of intensity Q (Cis-1) situated at a 
height of about 60 m above the ground. 

f is given by the fundamental relation 

2 = QS,' 

where S,(ms 5-1) is the atmospheric dilution 
factor depending on the diffusive capacities of 
the atmosphere resulting from the turbulence 
and the transport action of the wind. 

Whatever the question may be, to compute 
concentrations due to short or long duration 
releases, it is essential to dispose of the dilu- 
tion factors and consequently of the diffusive 
capacities of the atmosphere relating to the 
various possible meteorological conditions. 
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The atmospheric diffusion parameters may 
be obtained from a straight statistical treat- 
ment of series of observations of the fluctuat- 
ing wind vector following an appropriate math- 
ematical model. However, this direct method, 
which is the best possible, implies an impor- 
tant instrumental infrastructure, considerable 
means for electronic computation and the inter- 
vention of a highly qualified staff. Furthermore, 
this method is time-consuming, unsuitable for 
continuous monitoring and, then, not com- 
patible with the setting up of an alarm system. 
Consequently, an indirect method has to be 
found which should a t  the same time be suffi- 
ciently reliable and easy to use in current 
practice by non-specialists. 

Such a method consists in bringing into evi- 
dence some relationship which could exist be- 
tween the diffusive capacities of the atmosphere 
and a parameter, easily and continuously meas- 
urable, characteristic of the state of stability 
of the air within the layer wherein the effluents 
diffuse. 

Concrete results based on a long series of 
observations of the fluctuations of the wind 
vector on the site of S.C.K./C.E.N. have been 
obtained in that field. They have been pub- 
lished in a fully detailed S.C.K./C.E.N. report 
(1) and applied in another (2).  

The purpose of the present paper is to give 
the essential features of these reports and to 
ensure them of a wider audience. 

2. Direct evaluation of the diffusive capa- 
cities of the atmosphere within the 
boundary layer 

2.1. BASIC HYPOTHESES 

based on the following hypotheses: 

2.1.1. The turbulence is homogeneous and 
stationary; in other words, all other things 
being equal, the diffusive properties of the 
atmosphere are supposed constant in the time 
and space intervals considered. 

2.1.2. The release is continuous. This implies 
that the duration of the sampling may not ex- 
ceed the duration of the release. For practical 
reasons, the concentrations f are averaged over 
one hour. Instantaneous concentrations may 
depart significantly from f values; they are 
not taken into account in the present paper. 

The turbulent diffusion model choosen is 

2.1.3. The concentrations of substances in a 
horizontal and in a vertical plane within the 
plume are normally distributed. It is then pos- 
sible to express the concentrations f at any 
point (zyz) as a function of the standard devia- 
tions uJz) and a,(%) of the cross-wind and verti- 
cal distributions. 

2.1.4. The mean wind direction does not vary 
with height. The fact that this hypothesis is 
not verified leads to errors by excess in the con- 
centration values because the horizontal dis- 
persion is underestimated. 

2.1.5. The mean wind speed does not vary 
with height during the sampling time interval: 
C ( z )  =constant. 

2.2. EXPRESSION OF THE MEAN 

CONCENTRATIONS f 

Any turbulent flow may be described as the 
superimposition of eddies on the mean flow. 
Thus, the instantaneous velocity of the par- 
ticles in the plume diffused by the turbulent 
atmosphere is given by: 

U = O + U '  (2) 
where 

U is the instantaneous wind vector at  time t ,  

0 is the hourly mean wind vector, and 

U' is the fluctuation from the mean wind vec- 
tor observed a t  time t ;  one has 0' = 0. 

If the origin of an orthogonal coordinate sys- 
tem (right-handed) is placed a t  the origin of 
the mean wind vector in such a way that the 
x-axis coincides with this vector direction, the 
components of the instantaneous wind vector 
U assume the simplified form: 

u = C + u '  

v =v' (3)  
w =w' 

The above-mentioned hypotheses being ac- 
cepted, the spatial distribution of the substan- 
ces released may be expressed by: 

(4) 
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(8) 
where 

ti is the hourly mean wind speed (m s-l); 

u J z )  and uJz) (m) are the standard deviations 
of the cross-wind and vertical distributions. 
They characterize the diffusive capacity of the 
atmosphere within which the effluents are 
released and may be expressed respectively in 
terms of the turbulent components v' and w' 
of the wind. 

Equation (4) shows that, following the dif- 
fusion model adopted, the concentration of 
materials a t  any point (zyz) is: (i) proportional 
to the source strength Q, (ii) inversely propor- 
tional to the dimension and form of the plume 
diffused expressed by the factors l / g u u ( z )  and 
1/Gu2(z), i.e. to the diffusive capacity of the 
atmosphere, and (iii) inversely proportional to 
the transport action of the wind speed zi. 

2.3. STANDARD DEVIATIONS 

It has been shown, namely in (l) ,  that, at 
distance z from the source, the standard devia- 
tions uJz) and a&) of the cross-wind and ver- 
tical distributions may be expressed as follows: 

where 

and 

are the running means over an averaging time 
T = x/@, zi or x/@, ti during a sampling interval 
B = 1 hour; 

B) & and /I, depend on the existing relation 
between the Lagrangian and the Eulerian time 
scales of turbulence; following Wandel & Ko- 
foed-Hansen (3) By and 8, have been expressed 
by: 

B y 4  =gc(')-i (7) 
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C) ii is the hourly mean speed; 
D) z is the down-wind distance. 

3. Atmospheric stability parameter 

3.1. Several parameters have already been 
proposed to characterize the atmospheric stabil- 
ity; among them: 

3.1.1. The Monin-Obukhov (4) parameter z/L,  
where z is the height (m) and L the Monin 
length given by: 

where 

u* is the friction velocity (m s-I), 
cP is the specific heat of the air at constant 

pressure (cal g-l OK-') 
e is the mass density of the air (g m-S), 
8" is the absolute temperature (OK) 

k is the Karman's constant 
QH is the vertical heat flux (cal m-* s-l), and 
g is the acceleration due to gravity (m 8-1) 

3.1.2. The Richardson number 

ae - 

where 

ae is the vertical gradient of the potential 
az 

aii 
temperature 

- is the vertical shear of the mean wind speed 
3% 
8" is the mean absolute temperature (OK), and 
g is the acceleration due to gravity. 

3.1.3. It will be noted that the determination 
of L requires measurements of quantities (name- 
ly u* and Q H )  not easy to obtain in current 
practice and that the vertical shear which ap- 
pears as a square in the denominator of Ri is 
also difficult to measure with the required ac- 
curacy. 



458 H. BULTYXCK AND L. M .  MALET 

3.2. To avoid these difficulties, the following 
parameter has been adopted after a number of 
comparative tests: 

(9) 

ae 
az 

where - is the vertical gradient of the mean 

potential temperature in the layer 8 
to 1 1 4 m  

and Qssm is the mean wind speed a t  the 
height of 69 m. 

Studies of the wind profiles between 2 and 
120 m have shown that the parameter S is 
univocally bound to the Monin-Obukhov 
length L. 

The wind speed a t  other heights differs from 
the wind speed at  69 m by an amount which 
grows as the vertical temperature gradient be- 
comes more positive; however, experience has 
shown that the height (between 24 and 120 m) 
at which the wind speed is measured does not 
matter very much as far as the quality of the 
correlation between S and au or a, is concerned. 

The height of 69 m has been explicitly chosen 
because it is the height of the S.C.K./C.E.N. 
reactor stacks and especially because the wind 
speed and the fluctuations of the wind vector 
could be measured simultaneously by the same 
instrument, namely a vectorial anemograph 
Kirem (see ( 1 )  chap. I). 

U. Hogstrom ( 5 )  has also worked with a 
similar S parameter but with ti measured at a 
height of 500 m, Giisoom being assumed representa- 
tive of the mean flow of the air above the fric- 
tion layer. Tests in that field were made using 
the data given in the aerological soundings of 
the station UCCLE-Brussels (at about 80 km 
south of Mol); they were not satisfactory. One 
must admit that the radar or radiotheodolite 
winds in the first few hundred metres are often 
erroneous due to the great difficulties en- 
countered in aiming accurately a t  the moving 
target a t  the beginning of an ascent. 

4. Observations, computation of ou9 a, 
and S 

4.1. From January 1966 to July 1968, 280 
hourly observations were performed in order 

to cover satisfactorily the atmospheric condi- 
tions encountered in the Mol area and, conse- 
quently, to compute as well as possible the cor- 
relation between au or or on one hand and S 
on the other. 

For each period of observation (see (I) chap- 
ters I and 11), the following data were recorded 
on punched cards and on point recorders: ( a )  
values of the intensity p(m/s-’), direction 
from the North O(’) and inclination from the 
horizontal plane 4(’) of the wind vector a t  a 
height of 69 m; all these data being measured 
by a vectorial anemometer at the rate of one 
set of data every 9 seconds; (a) values of the 
temperature measured every 36 seconds by 
thermocouples Cu-Constantan installed a t  2, 8, 
24, 49, 78 and 114 m; (c) values of the hori- 
zontal wind speed measured every 9 seconds 
by Lambrecht anemometers installed a t  24, 
49,78 and 114 m. 

These data have in the first place been used 
to check how far the basic hypotheses concern- 
ing behaviour of the atmosphere during each 
test had been verified. 

4.1.1. Couariances _ _ _ ~  .- ~ 

The covariances ( U ’ V ’ ~ ) ~ ,  (u’w’ , , )~  and 
( V ’ Z U ’ ~ ) ~  have been computed using a growing 
averaging time T. It is well known that (&‘T)B 

and (mT)B must be very near zero or, a t  
least, tend rapidly towards 0 when T increases. 
Furthermore, ( u ’ z u ’ ~ ) ~  is negative and its 
absolute value must be much greater than that 
of the two other covariances. When these rules 
were not observed during the course of a test, 
the latter has been discarded. 

~~ 

~ 

4.1.2. Normality of distributions of angular data 
To check the normality of the distributions of 

the angular data 0 and 4 the form factors 
FF(6) have been used: 

m 
FF, = = 

l e l  
and 

where 8 and 4 are the angular deviations re- 
spectively from the North and the horizontal. 

If the 0’s and 4’s are normally distributed, 
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the factors FF are equal to vn/2;  a tolerance of 
10 % is however admissible. As a matter of 
fact, 97% of the 0 and 87 % of the 4 distribu- 
tions could be accepted as normal in the whole 
series of the S.C.K./C.E.N. tests. 

4.1.3. Variations of vcrticd profiles of 

The Richardson number Ri is expressed as a 
function of the vertical wind shear and the 
potential temperature gradient along the as- 
cending vertical; it is therefore convenient to 
appreciate the variations of these parameters 
in sub-layers. For each test, the successive 10- 
minute-means of the temperature and the wind 
speed measured a t  different levels along the 
meteorological tower (6 for the temperature 
and 4 for the wind speed) were computed. With 
these computed data, it was possible to deter- 
mine a global Richardson number (7). 

To do this, the intermediate Richardson 
numbers for levels i and j had first to be cal- 
culated using: 

wind speed and temperature 

where 

and 

z t  and zj being the heights of the levels i and j 
respectively. Five values of z,, were retained: 
z18 = 6.9 m; zlS = 12.6 m; zg4 = 34.3 m; z , ~  = 61.8 m; 
zs8 = 94.3 m. 

The global Richardson number (Ri)’ was then 
obtained by computing: 

which may be accepted as an approximation of 
the vertical gradient of Ri 

a(Ri) 
(Ri)’z- 

az 

Only those tests were kept for further study 
during the course of which (Ri)’ remained 
reaaonably constant. 
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4.2. COMPUTATION OF STANDARD 

DEVIATIONS 17, AND U, AND OF 

CORRESPONDINU 8 VALUES 

For each acceptable test, S was computed 
applying relation (9) whilst relations (6) and 
(6) were used to obtain U J X )  and u,(x) a t  dif- 
ferent downwind distances, x equal to T&ti 
and T&ti respectively, T being the averag- 
ing time interval. 

With these data at hand, it was very easy to 
determine the uu and a, values at a certain 
number of fixed distances from the source: 100, 
600, 1 000, 6 000, 10 000 m. The method mostly 
used for this was graphical interpolation. For a 
few cases only (z = 100 m, S > 0 )  extrapolation 
was required. 

5. Dependence of the standard deviations 
u, and a, on atmospheric stability 

In  order to put into evidence a law of de- 
pendence of the standard deviations u, and u, 
of the cross-wind and vertical distributions of 
materials suspended in the plume on the state 
of stability of the air in the friction layer 
characterized by S, it has been thought useful 
to proceed as follows. The tests compatible 
with the basic hypotheses of the diffusion mod- 
el have been separated into two parts fol- 
lowing the sign of S. Each part has then been 
divided into groups including, as far as possible, 
the same number of tests and each group has 
been characterized by the group-means of a, 
or u, on the one hand and of S on the other. As 
explained hereafter, tests where u69 m > 11.6 
ms-1 have been set apart for special analysis; 
they are thus not taken into account in the 
groups mentioned above. 

Tables 1 to 4 show the results of this group- 
ing. 

5.1. ANALYTICAL FORM OF DEPENDENCE 

Whatever the value of ~ ( 1 0 0 ,  600, 1 000, 
5 000, 10 000 m), if the points (S, uu) or (S, a,) 
are noted on a rectangular diagram with a,, or 
u, as ordinate and S as abscissa and if a line 
is drawn to adjust these points, one gets a curve 
shaped as an elongated letter S stretched at 
both its superior and inferior ends. The curve 
is asymmetric and articulated on the value 
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a&, 0) . .  or a&, 0) towards which uy or a, tends for S i  0 : a,(z, S )  

when ( f l  and consequently IS1 vanish. 

of the dependence relation 
To obtain a satisfactory analytical expression 

auorz(Z,  8) = f(8) 

the parts of the curve situated respectively on 
the negative (unstability) and the positive 
(stability) sides of Shave been considered sepa- 
rately. 

It has been found (1  chap. V, 9 1 to 3) that 
each of these curve segments could reasonably 
be assimilated to a segment of an equilateral 
hyperbola limited at  one end by the value 

Thus for any downwind distance x, the de- 
UU O P Z ( G  0). 

pendence relation may be written as: 

where b and c are constants. 
This type of relation, restricted to a, and a 

stable atmosphere, has already been proposed 
by U. Hogstrom ( 5 ) .  The individual uyorB data 
for the downwind distance x = 1 000 m are the 
most numerous and none of them results from 
extrapolation; they may then be considered as 
the most accurate of the whole lot grouped in 
Tables 1 to 4. That is the reason why they have 
exclusively been used to determine the values 
of b and c in (10) by the least squares method 
applied to a system of m non-linear equations 
with 7~ unknowns (8). 

This mathematical process has led to the 
following results: 

for S > 0 : a#, S )  

Applied to the different sets of data given in 
Tables 1 to 4, the hereabove mentioned mathe- 
matical process has also led to: 

ay(lOO m, 0) = 16 m and 

~ ~ ( 1 0 0  m, 0) = 14.1 m 

aJ500 m, 0) = 58.5 m and 

~ ~ ( 5 0 0  m, 0) = 44.5 m 

au( 1 000 m, 0) = 100 m and 

a,( 1 000 m, 0) = 73 m 

ug(5 000 m, 0) = 350 m and 

a2(5 000 m, 0) = 225 m 

ay(10  000 m, 0) = 625 m and 

a,( 10 000 m, 0) = 370 m 

It must be noticed that the horizontal asymp- 
tote of each segment of equilateral hyperbola, 
the equation of which writes: 

uy o r z ( 2 ,  I S I ) = cay orz(x,  0 )  

represents the limit towards which the stand- 
ard deviation cryor* tends when IS1 grows. 
The vertical asymptote is situated further than 
the limiting value aYorr(x, 0) and must there- 
fore not be taken into account. 

Finally, it must be kept in mind that rela- 
tions (11.1 and 11.2)  and (12.1 and 12.2) apply 
when the hourly mean speed .ii is less than 11.5 
m s-l. 

5.2. GRAPHICAL REPRESENTATION OF 
DEPENDENCE 

In order to make easier the graphical repre- 
sentation of the dependence of ugor, on the 
state of stability of the air within the friction 
layer, a parameter J. derived from S by the 
formula 

J. = log,, [ IS I x 10'1 (13) 

has been adopted. 
The curves of the Figs. 1 and 2 give the 

variations of au and a, as a function of rl for 
S > O  and S 1 0  and for x = 100,  1 000, 1 0  000 m. 

Tellus XXIV (1972), 5 



ATMOSPHERIC DILUTION FAUTORS FOR DIFFUSED EFFLUENTS 463 

For f .  tending towards --DO (neutrality) one 
obviously has 

uu orz(2,  I S I 1 = av orz(2, 0) 
When S grows indefinitely, i.e. for great po- 

sitive values of 1, one has 

agorz(2,  IS1 1 = c g u o r z ( ~ ,  0) 
The small circles and crosses near the curves 

of Figs. 1 and 2 represent the actual values of 
uuOr, found by grouping the tests data as 
mentioned before. It can be seen that their fit- 
ting to the computed curves is generally good. 
The largest discordances appear for 2 = 100 m 
both for ay and a, when S 20. This is due to 
the fact that for this downwind distance most 
of the experimental a data had to be extra- 
polated which implies that they have only an 
indicative value. 

6. Quick estimation of a, and a, for 
practical uses 

For the sake of simplicity and quick estima- 
tions of uu and a, for current practical uses, 

Tellus XXIV (1972), 5 

30 - 722891 

seven atmospheric stability categories have 
been defined with the corresponding uu and a, 
values at different downwind distances z. 
These categories are differentiated by means of 
the parameter A following the way shown in 
Table 5. 

Tables 6 and 7 show respectively the median 
values of the standard deviations ug and a, 
corresponding to each atmospheric equilibrium 
category a t  different downwind distances from 
the source. 

6.1, STRONG WINDS 

It has been indicated above that the relations 
(11) and (12) only apply when . i i < l l . 5  ms-l. 
In  the case of strong winds, the state of stabil- 
ity of the atmospheric friction layer is always 
very near neutrality ( IS I N 0); but when .ii ex- 
ceeds 11.5 ms-', the actual values of uu or a, 
at any distance x from the source are signifi- 
cantly greater than those arising from the com- 
puted curves shown in Figs. 1 and 2. This is 
especially true for short downwind distances. 

It appears that the action of strong winds on 
obstacles disseminated on the ground around 
the source generates small eddies (mechanical 
turbulence due to surface roughness) which 
produce a greater diffusion. The effect dimin- 
ishes with increasing distances. That is the 
reason why a special category E, has been de- 
fined based on the sole criterion: u > 11.5 m s-l, 
in order to take these cases into particular ac- 
count. 

6.2. FREQUENCIES OF OCCURRENCE OF 

STABILITY CATEUORIES 

The frequencies of occurrence of the 1 values 
have been computed for the S.C.K./C.E.N. site 
at Mol using continuous wind and temperature 
observations along the meteorological mast 
during the course of 1966 and 1967. The results 
are given in Table 8. 

This table shows that during the two years 
considered, equivalent to 15 458 hours of ob- 
servation: 

S was greater than 0 in 70.9 % of the cases, 
S was less than 0 in 24.2 % of the cases, and 
.ii was greater than 11.5 ms-' in 4.9 % of the 

cases. 

Cases with 2 < A  < 3  as well as for S > O  than 
for S < 0 predominate; they correspond to mod- 
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Table 5 

Atmospheric Differentiation criteria 
stability 
category s>o s<o 

A > 2.75 
2.75>A>1.75 
1.75>2 A42 5<11.5 m.s-' 

211<2.75 
2.75 < A  < 3.3 
3.3 < A  

E7 ti > 11.5 m.8-I 

Table 6. Median values of uy =f(x, E , )  (m)  

Atmospheric 
stability 
category x = 1 0 0 m  z = 5 0 0 m  z = 1 0 0 0 m  x = 5 0 0 0 m  x = l 0 0 0 0 m  

9.3 34 60 210 370 
11 41 70 250 440 
16 59 100 350 625 
24 86 150 520 900 
32 115 200 700 1250 
37 140 230 830 1450 
27 78 125 390 680 

Table 7 .  Median values of a, = f (x ,  E i )  (m) 

Atmospheric 
stability 
category x = 1 0 0 m  x = 5 0 0 m  z = 1 0 0 0 m  x = 5 0 0 0 m  x = 1 0 0 0 0 m  

El 8 25 43 130 210 
E, 10 33 55 170 270 
E, 14 45 73 225 370 
E4 18 58 94 280 460 
EK 25 82 135 400 660 
E.3 35 110 180 560 920 
E7 17 55 86 240 380 

erate winds (4 ms-'<zi < 7  ms-1). I n  fact, 
relations (11) and (12) have been established 
using tests with A < 4  for S > O  and A c: 3.5 for 
s <o. 

Table 8 shows that these intervals of A values 
cover most of the meteorological situations en- 
countered at Mol. Table 9 gives for the same 
period the frequencies of occurrence of the 
different stability categories defined above. 

Conditions E, are the most frequent. They 
result either from an almost neutral thermal 

equilibrium with a moderate wind or from a 
slightly stable thermal equilibrium with a ra- 
ther strong wind; both types of conditions are 
common in the Mol area. The wind mentioned 
hereabove refers to the height of 69 m. 

6.3. ANALYTICAL REPRESENTATION OF 

THE DEPENDENCE O F  UY,, ON X 

FOR EACH STABILITY CATEGORY 

Data from Tables 6 and 7 regarding the 
categories of atmospheric stability El to E7 

Tellus XXIV (197f),  5 
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Table 8 

1=l0g1, (181 x 106) % % 

4.5 41 < 5.0 
4.0 4 1< 4.5 
3.5 42 < 4.0 
3.041<3.5 
2.5 <1 ~ 3 . 0  
2.0 41  c 2.5 
1 . 5 G 1 ~ 2 . 0  
1.0GAil .5  

1il .O 

0.6 
1.4 
4.0 
9.2 

18.8 
18.5 
12.7 
4.5 
1.2 

- 
0.1 
0.5 
2.5 
5.8 
6.7 
5.1 
2.9 
0.7 

s>o s< 0 

Table 9 

Stability Frequency of 
category occurrence ( %) 

El 24.7 

E, 20.5 
E, 9.6 

E* 34.3 

4.2 
1.8 

E; 
E. 
E; 4.9 

show that, with a good approximation, the 
standard deviations may be written as follows: 

a&) =A1P (14) 

~ J x )  = Bxb (15) 

for the downwind distance x comprised between 
100 and 10 000 m and even extended to 50 000 
m. 

Such an analytical form has also been found 
by Healy (9) for u,(x). The values of A, a, B 
and b are given in Table 10. 

The use of the relations above leads to re- 

Table 10 

Stability 
category A a B b 

El 0.235 0.796 
E, 0.297 0.796 
E, 0.418 0.796 
E, 0.586 0.796 
E, 0.826 0.796 
E6 0.946 0.796 
E7 1.043 0.698 

0.311 0.711 
0.382 0.711 
0.520 0.711 
0.700 0.711 
0.950 0.711 
1.321 0.711 
0.819 0.669 

, 
6 
5 . 
1 

2 

5 

Fig. 3 

sults differing by less than 6 % from the data 
of Tables 6 and 7; it greatIy simplifies practical 
computations. 

Relations (14) and (15) are illustrated by Figs. 
3 and 4. On these logarithmic diagrams, rela- 
tions (14) and (15) take the form of parallel 
straight lines for categories El to E,. 

The straight dotted line corresponding to E, 
shows that, at great downwind distances, E, 
behaves more or less like E, but that these two 
categories are quite different at short distances. 

7. Comparison with other results 

In order to appreciate how much confidence 
can be attributed to the results proposed in the 
present paper, it has been thought helpful to 
compare them with some other results obtained 
either by other authors or by another method. 

7.1. COBWARISON WITH F. PASQUILL’S 
RESULTS 

The values of the standard deviations of the 
cross-wind and vertical distributions of mat- 

Tellw XXIV (1972), 5 
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Fig. 4 

ters in the plume worked out by F. Pasquill, 
(6) and (lo),  and presented by Hilsmeier-Gif- 
ford (11) in tcrms of a, and a, are a t  present 
moment employed by most users. These values 
are somewhat different from those proposed 
here. 

7.1.1. At any given downwind distance, the 
range of variation of Pasquill’s uy or u,’s with 
the weather conditions is larger than that found 
on the Mol site. This fact is illustrated below; 
for example, a t  x = 100 m, one finds that: 

Pasquill’s u,’s vary in the proportion of 1 to 
6.3, 

Mol u,’s vary in the proportion of 1 to 4.1, 
Pasquill’s u,’s vary in the proportion of 1 to 

7.4, 
Mol u,’s vary in the proportion of 1 to 4.4. 

7.1.2. At any given downwind distance, in 
neutral conditions. Pasquill’s a, or a, is smaller 
than that found on the Mol site. 

For example, at  x = 1 000 m, one has: 

u,(Pasquill) = 71 m and u,(Mol) = 100 m 
u,(Pasquill) = 32 m and u,(Mol) = 73 m. 

When the Mol uu and u,’s are used for com- 
putation of the downwind distance xmax where 
the maximum ground concentration fmax is to 
be found in different conditions of weather and 
effective height of the source, much smaller 
values are found than when applying Pasquill’s 
data; the differences increase with the source 
height. 

7.1.3. The causes of these differences are name- 
ly the following: 

(a) Pasquill’s uU and u,’s were determined 
from the observation of angular fluctuations on 
anemometer traces; those proposed here have 
been obtained from the observation of the 
fluctuating wind vector. Therefore, the varia- 
tions of the intensity e of the wind vector are 
duly taken into account which is not the case 
for F. Pasquill. 

( b )  Pasquill’s u, and u,’s are given for sam- 
pling intervals not greater than 10 minutes, while 
the present work aims a t  determining hourly 
mean concentrations. When the atmosphere is 
vcry stable (2. >4, S 0)  it  is exceptional not 
to observe variations, often great variations, 
of the wind direction during an interval of 1 
hour. The atmospheric stability category E, 
does not involve the conditions 1 > 4  cor- 
responding to the most stable Pasquill’s weather 
type F. These conditions are not frequent on the 
Mol site for an elevated source ( 2  % during the 
course of 1966 and 1967) and, in such cases, 
application of the diffusion model appears 
questionable. 

(c) Pasquill’s u, and U,’S have been determined 
for a source very near to or on the ground 
while herein they are given for a height of 69 
m. It follows that the Mol 0,’s are greater than 
the Pasquill’s ones, implying that the ground 
concentrations reach their maximum values 
nearer the source. In  fact, the present work 
deals with an elevated source 69 m high. The 
results should not be applied without care to 
sources much higher or much below 69 m. 

7.2. COMPARISON WITH BROOKHAVEN 
NATIONAL LABORATORY (BNL-USA) 
AND BEPO (HARwELL-U.K.) 
RESULTS (12), (13), (14) 

These results have been obtained in conditions 
of site, height of release and duration of ob- 
servations very similar to those at  Mol. 

Tellus XXIV (1972), 5 
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Table 11 

Atmospheric C.E.N. B.N.L. 
stability 
category ue uy (100 m) uu ( 1  000 m) au (100 m) au (1  000 m) 

El 6.6 8 60 9.6 66 
E* 6.3 10.6 70 10.7 63 
E3 9.2 16 100 16 92 
E, 14 24 160 24 140 
E, 18 32 200 31 180 
E, 21 37 250 36 210 

(a) The BEPO’s a,’s are in good agreement 
with the Mol ones while the slope of the straight 
line representing log uu = j ( z )  is much greater 
for Mol than for BEPO (see figure 70 and 71 
of ( l ) ,  tome 11). 

(6) The BNL’s uu’s compare favourably with 
the Mol ones as shown in Table 11 which has 
been established using the reports au/ae = 1.7 for 
z = 100 m and Uy/as = 10 for z = 1 000 m (after 
(15) fig. 4.21). 

7.3. WIND PROFILES 

The study of wind profiles in neutral condi- 
tions may be used to check the computed 
a,’s. In such conditions, the wind profile law 
writes: 

where 

z is the height above the ground (m), 
z,, is the rugosity length (m), 
d is the zero plane displacement (m); so, d 

allows for the height of the obstacles on 
the site, 

ti+ is the mean friction wind velocity (m s-l), 
ii is the mean speed a t  height z (m s-l). 

Using eight tests made in neutral conditions, 
it was found: 

ti 

u. 
k ~ z 4 . 1 7  and d= -lOm 

which leads to z,, = 0.92 m. 

Tellua XXIV (1972), 5 

One has: 

The anemometers (Lambrecht type) instal- 
led a t  z, = 24 m and z ,  = 49 m gave ii, =5.6 
m s-l and ii, = 7.4 m s-, ,  means established on 
the whole duration of the eight considered 
neutral tests. So iil/ti2 =0.757 whilst the com- 
putation of the first member of the relation 
hereabove led to 0.756. The agreement is re- 
markable. Following the theory of G. I. Taylor 
as exposed by U. Hogstrom (5), in case of a 
neutral atmosphere a@, 0) may be written as: 

a 1  
a&, 0) = 2’- ii a,, [2(eCaQr +ao m- l)]’ (17) 

with 
- 

a, = (w‘”)” 

Akii ii 

0, u* 
- =kr where A = 1 . 3 3  (16) 

and 1, = k(z  + zo + d )  OW a. = - 
K M  &la- 
KH 

where K H  and K ,  are the eddy diffusivitiea for 
heat and momentum respectively. 

For the Mol site, in neutral conditions, one 
has found: 

- _  am - 0.13 
Q 

and a, = 5.42 x 10-3 with K,/KH = 1 
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Table 12 

Ue(2 ,O)  
Downwind 
distance x Computed by (17) Tests 

100 m 12 m 14 m 
1 000 m 7 1  m 73 m 

10 000 m 247 m 370 m 

The results of the comparison of a, (2, IS I ) N 0) 
computed by (17) and directly determined by 
the observation of the wind vector fluctuations 
are shown in Table 12. 

The agreement is excellent, a t  a t  least for 
short downwind distances. 

The relative disagreement a t  x= 10 000 m 
may be explained by the intervention of small 
frequency eddies which leads to a greater dif- 
fusion when the sampling time interval is 1 
hour and also by the fact that those tests where 
a, was not proportional to 1/z have been eli- 
minated (see (1) pp. 79 to 81). 

- 

7.4. TRACER RELEASES 

7.4.1. Mol experiments 
It has been thought essential to check the 

results obtained on the site a t  Mol through the 
observation of the fluctuating wind vector by 
comparing them to those resulting from tracer 
release experiments. 

An aerosol generator has been installed on 
the meteorological mast a t  69 m near the vec- 
torial anemometer. It was especially designed 
to emit in the atmosphere in a regular and con- 
tinuous manner 5 to 6 kg of fluorescein acid 
powder very finely divided (dimensions of the 
grains less than 4 pm) during about 50 minutes. 

During each tracer release experiment, 50 to 
80 collectors were placed along several arcs 
distant of 100 to 15 000 m from the source and 
centred on the presumed plume axis. 

A quantitative analysis of the tracer collected 
on the filters was made using fluorimetric 
techniques. Thus the dilution factor fG/Q (m-') 
could be determined for each point of the ob- 
servation network. 

Fifteen experiments were completed in di- 
verse types of meteorological conditions cover- 
ing five of the six main atmospheric equilibrium 

categories E, to E,. All aspects of these ex- 
periments are fully described in ( l ) ,  chapter VI. 

Results of the comparison: Table 13 gives the 
results of the evaluation of up(z) at different 
downwind distances from the source for ex- 
perimental releases performed during El to E, 
conditions. 

The UJZ) resulting from the measurements 
of the tracer concentrations near the ground 
were obtained by graphical estimation of the 
central angle of the arc limited a t  both ends by 
the points where one-tenth of the maximum 
concentration had been measured. 

Table 14 gives the minimum values or the 
range of minimum values of the ratios of the 
computed dilution factors to the measured ones. 

As can be seen from the examination of 
Tables 13 and 14: 

1. The a,(z) measured in the field are neither 
significantly nor systematically different from 
the computed ones. 

2. The computed dilution factors are greater 
than the measured ones by a factor varying 
generally from 1.5 to 3 whatever may have 
been the weather conditions. 

The fact must be emphasized that if av and 
a, figures resulting from the use of the atmos- 
pheric stability categories are used in computa- 
tions instead of the figures arising directly from 
the statistical treatment of the actual wind 
vector fluctuations, the conclusions above re- 
main true as long as the mean direction of the 
wind has not significantly changed during the 
course of the experiment. 

Another important remark is that all the 
causes of errors affecting tracer release tech- 
nique-loss of powder in the aerosol generator, 
sedimentation, capture by the soil, impact on 
tree leaves and especially on pine-needles and 
decrease of fluorescence due to sunlight action- 
converge towards the determination of too 
small dilution factors. 

7.4.2. Tihange experiments 
Another tracer releases campaign (17), per- 

formed in E,, E, and E, conditions only, has 
been carried out a t  the Tihange site situated in 
the river Meuse valley. A comparison between 
theoretical and practical data has given re- 
sults very similar to those obtained at  Mol 
despite the fact that the hilly Tihange site is 
very different from the practically flat S.C.K.1 
C.E.N. site and that the source of the releases 
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Table 13 

Distance Significant fJ,(m) a,(m) Atmospheric 
from source change in mean from tracer from wind vector stability ._ 

No. (m) wind direction release fluctuations category 

500 Ye* 

450 no 
700 no 
550 Yes 
200 no 

2 000 no 
4 000 
3 300 Yes 

700 no 
450 Yes 

2 500 no 
2 100 no 
7 000 

1700 
77 
170 
91 
150 
190 
41 

105 
100 
310 
85 
96 
142 
68 
284 

65 Ea 

81 E4 
110 E4 
220 E, 
55 E, 
95 E* 

320 El 
93 Ea 

100 E, 
120 E* 
95 El 

192 

145 

280 

was a t  a height of 150 m above the bottom of 
the valley (i.e. 70 to 90 m above the nearest 
hill tops). 

7.5. COMPARISON WITH RESULTS OF 

TRACER RELEASE COMPAION AT BNL 
The extensive BNL tracer releases com- 

paign, the results of which are given in (16), 
fig. 4.4, is particularly interesting to take as a 
comparison because the field rugosity, the dura- 
tion of the sampling and the form given to the 
data were about the same as or could be made 
similar to the presentation at Mol. Ground 
concentrations due to releases at a height of 
110 m are presented as Z E / Q  =f(z) for three 
types of anemonetric traces. 

Table 16 gives the basic data regarding the 
BNL experiments as well as the corresponding 

Table 14 

Distance from 
Minimum value source where 

Atmospheric Of ratio the minimum 

($) =/ (F) computed (m) 
stability 
category m 

ratio was 

El 1.7 8 000 
1.9-3.0 5 600 

1 500 

E, 1.5-3.0 15 000 

E* 

E, 3.6 8 000 
Ea 1.3-2.5 

atmospheric stability categories as determined 
in (l), chap. VI 5 6.2. 
The results are compared in Fig. 6 which 

shows that: 
(a) the downwind distances zm,, where the 

maximum dilution factors are almost the same 
at BNL and a t  Mol. As this distance depends 
on a, only, it appears that the Mol dispersions 
in the vertical plane are representative of the 
real behaviour of the atmosphere at least for 
categories E,, E, and E, between 200 and 
3 000 m from the source: 

Q 

5 

h:llOrn 

G-1; 
10 2 I O O l O '  * . 0 . 1 0  

A x f r n l  

Fig. 5. Comparison between B.N.L. and C.E.N. 
results. 
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Q 

Fig. 6. Comparison between 200 tests made in the USA and the C.E.N. results. 

(b )  maximum concentrations obtained at Mol 
using the quick estimations of utl and a, are a 
little smaller (factor 1.3) for categories E, and 
E, and a little greater (factor 1.2) for category 
E, than the corresponding ones at BNL; 

( c )  concentrations a t  a great downwind dis- 
tances (10 000 m) obtained a t  Mol are a little 
greater (factor 1.7) for categories E, and E, 
and a little smaller (factor 1.2) than those 
found at  BNL. Due account being taken of 
experimental errors arising from the use of 
tracer release techniques, agreement between 
BNL and S.C.K./C.E.N. results is doubtless. 

7.6. COMPARISON WITH 200 TRACER 

RELEASES FROM A GROUND SOURCE 

MADE IN USA 
The results of these 200 tracer releases are 

given in (15) as a function of the angular dis- 
persion ug. 

Fig. 6 shows a comparison between these 
results and those of Mol. It may be seen im- 
mediately that the Mol Ug's are greater than 
the others especially when the atmosphere is 
stable. As mentioned before, this is due to the 
fact that the Mol. Ug's are evaluated a t  a height 
of 69 m; in stable conditions, the obstacles 
disseminated on the site generate great fre- 
quency eddies, the effect of which is more im- 
portant a t  69 m than near the ground. 

At great downwind distances (10 000 m) the 
action of these eddies is strongly reduced and 
it is actually a t  these distances that the com- 
parison becomes most interesting. 

In fact, the agreement of the two sets of 
results is then remarkable. In  particular, the 
range of variation of the dilution factors are 
the same (factor 20 between the data corre- 
sponding to very stable and very unstable weath- 
er conditions). This latter result has also been 

Table 15 

Type of 
anemometric ti at h = 107 m Corresponding atmospheric 
traces (m.s-') equilibrium category 

20 3 E, (u, = 21") 
13 7 Ed (as = 14') 
7 13 E, (a, = 6.3") 
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confirmed by  a tracer release campaign per- 
formed on the site of the nuclear power plant 
of the Ardennes (SENA) at Chooz. It iS 
not so for F. Pasquill's results which show a 
much greater difference (several orders of 
magnitude) at large downwind distances due 
to  the marked increase of Pasquill's u,'s with 
x in very unstable conditions. 

7.7. CONCLUSION 

From the comparisons hereabove and their 
discussion, it seems reasonable to  accept the 
Mol results proposed here for further applica- 
tion t o  the determination of diffusion charac- 
teristics of elevated continuous point sources 
emitting in most weather conditions encoun- 
tered. 
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