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INTRODUCTION 

Gaussian models for the prediction of atmospheric transfer require 
the knowledge of experimental input data which are the standard-deviations 
of the diffusion of pollution. Different evolution laws of the standard 
deviations found in the literature are, according to the authors, a func
tion of the travel distance' or the travel time2'^ of the pollutant. 

These two different approaches are not inconsistent for the most 
common wind speeds in the different stabilicv categories as they correspond 
-o the conditions in which most experiments have been carried out (for 
example 5n/s in neutral condition). 

These approches, however, lead to great disagreements for wind speeds 
notably different from these values. 

Our purpose is to determine which parameter (travel distance or travel 
time) is pertinent and the evolution laws of the standard deviations in the 
atmosphere. This will be conducted from theoretical considerations and re
sults based upon the horizontal turbulence spectra in the atmosphere and in 
the experimental laboratory flow. 

MATHEMATICAL FORMULATION OF THE STANDARD DEVIATIONS 

A turbulent flow may be statistically described by the velocity fluc
tuation anémies of a marked particle, expressed in terms of spectral 
functions. 

TAYLOR^ has shown how the spectral functions intervene in the formula
tion of the standard deviations of the dispersion of particles in the case 
of an observation of the phenomena over an infinite duration (duration 
great compared with the turbulent macro time-scale linked with the period 
of the largest eddies in the flow). 

The difficulty when dealing with atmospheric flow rises from the fact 
t'-̂ c the observation over an infinite duration is never realized. 



In most problems, the characteristic time scale of the phenomena con
sidered is quite small compared with the turbulent macro time-scale (of or
der of some days in the horizontal direction). 

This problem is linked with the «ell known difficulty in the partition 
between "mean motion" and "turbulent motion". 

This time scale generates a partition In the spectrum of the atmosphe
ric turbulence between the low frequencies, which determine the mean tra
jectories of the particles (deterministic part of the modeling of the trans
fer) and the high frequencies determining the turbulent motion and taken 
into account in the model through the standard deviations (probabilistic 
part of the modeling of the transfer). 

It is attempted hereafter to assess the mathematical relations des
cribing the growth of the standard-deviations and to deduce conclusions 
concerning the parameters or their evolution in the atmosphere. 

If we consider the diffusion of particles punctually released in the 
atmosphere during a certain time, two types of diffusion, linked with the 
turbulent variations of the wind in space and time, are involved : 

(i) the relative diffusion of the particles around their barycentre due 
to the fact that, at a given instant, two distinct particles have different 
velocities and directions. 

(ii) the diffusion of the particles linked with the variations in time of 
the wind speed and direction when observed over a certain duration. 

The first type of diffusion has been studied by SMITH and HAY 5. 
They show that the standard-deviations of the relative diffusion of par
ticles, assuming a gaussian distribution of particles around their centre 
can be written : 
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E(k) the eu le r i an turbulence spectrum in terras of wave numbers k 
t the cravel time 
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ding to the scheme of HAY and PASQUILL6. 

I t can be seen chat the r a t e of growth of the c l u s t e r af p a r t i c l e s 
i s l inked with i t s dimension through Che expression (1-e ^bTc- )/0\> • 

This expresses the fac t tha t the turbulent eddies of much more impor
tan t s i z e than t h a t of the c l u s t e r do not play any par t in the d i s p e r s i o n . 

The expression — r plays the part of a low-pass f i l t e r and s i 
gni f ies that the energy of ere smal l -s ized eddies in r e l a t i o n to tha t of 
the cloud in tervenes only p a r t l y in the growth of the c loud. 

The expression (1) can be r ewr i t t en in terms of frequency n 
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The time r J-3 related to <7v as explained hereunder. 3 
b a ' 

The second tyye of diffusion depends on different processes which are 
taken into account in the mathematical formula of the standard deviation Oc 

through three filters : 
a\ = t 2 / l ( n ) »*« *»t/& f, j i n V f l e x p f- (,. iXt)

2] d n (3) 
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T being the duration of the observation (the sampling time of the 
meteorological data on which the mean wind speed and direction are calcu
lated is supposed to be equal to T). This time acts as a high-pass filter : 

2 
I 3 I n ( TnT) 

( fnT)2 
eliminating a part of the energy of the low frequencies in the calculation 
of <7c . The expression : 

exp j- ( 2 T nt ) 2 j 
marks the cut-off between the eddies intervening in each type of diffusion. 

The total diffusion of the particles O is the result of these two 
diffusions. It is dominated by edd'es of increasing scale determined by 
the different filters hereabove which depend on the values of the transfer 
time and observation time. 

COMPARISON OF THE ENERGY SPECTRA IN THE ATMOSPHERE AND IN LABORATORY FLOW 

The atmospheric energy spectrum in the horizontal direction has been 
studied by VAN DER HOVEN 8. 

He shows that the frequency range of the atuospheric spectrum is very 
wide since the period of the energy-carrying eddies ranges from a few se
conds to several days (Figure 1). 

However, one may notice two energy peaks, the first one around lmn, 
the 6> cond around lOOh, with between them a so-called energy gap correspon
ding to a relative lack of energy from the eddies lasting about one hour. 

The results of the energy spectra of turbulent flows obtained in a 
laboratory channel show that the frequency range is much narrower. 

In fact, one finds out that the spectra obtained in the laboratory 
and in the atmosphere are similar only in the high frequency region, at 
the right of the gap, and that the lower frequency eddies occuring in the 
atmosphere do not exist in the laboratory flow. 

The atmospheric turbulent spectrum can be divided into "wo parts : one 
part which will be called "small scale turbulence", similar to the turbu
lent structure of a laboratory flow ; the other called "large scale tur
bulence" 13 specific to the atmosphere and can only be studied by means 
of full scale measurements in the atmosphere. 

We show here that the origin of these two turbulences are different 
and that their behaviour especially as concerns the mean wind speed are 
different. 
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Fig. 1. Horizontal energy spectrum (from VAN DER HOVEM) 

(i) The small scale turbulence, as well as the laboratory flow turbulence, 
is created by the friction of the fluid on the ground surface above which 
the velocity vertical gradient is generated. 

It is easy to understand that the variables characterizing this tur
bulence are related to the mean wind speed. 

The experimental results show that these variables made dimensionless 
by means of the friction velocity u* and a length L characteristic of the 
flow, for example the height of the boundary layer, depend only on the 
height z/L, except very close to the ground' ; at a given height z/L, one 
has : 

L u 
constant for n' nL 

u_ 
given 

(ii) The origins of the large scale turbulence are more imprecise. This 
turbulence is due to remote instabilities, which can, for example, be 
related to the weather conditions at the synoptic scale. 

But the major point is that these instabilities are in no way linked 
to the mean wind speed, and therefore the characteristics of the large 
scale turbulence are entirely independent on this mean speed. 

The result is that the statisti:ical magnitudes F(n) concerning the 
large scale turbulence, i.e. which could be measured by means of low-pass 
filtered anemometer which would cut off the small scale turbulence frequen
cies, are constant. 



These considerations lead to the consequence that the atmospheric 
gap, very obvious in VAN DER HOVEN's study, because it seems to correspond 
to a high wind velocity, tends to be reduced, and even to disappear com
pletely when the wind speed decreases. On the one hand, the energy of the 
small-scale turbulence diminishes, on the other hand, this part of the 
spectrum moves towards the large-scale turbulence. 

PARAMETER OF THE DIFFUSION IN THE ATMOSPHERE 

We have seen that the turbulent eddies mainly acting in the growth of 
the cloud of particles were contained in a frequency range, which depends 
on the values of the travel and observation time. 

Two extreme cases may occur, according to whether this frequency ran
ge lies entirely in the small scale or large scale turbulence. 

1st case : the transfer time is large enough so that the frequency 
range lies entirely in the large scale turbulence. The characteristics 
of this turbulence are indépendant on :he wind speed. For a given observa
tion duration, the value of the standard-deviation depends only on the 
time r. during which the turbulence acts on its growth. 

This is therefore a function of the travel time alone. 

2nd case : the transfer time is short enough so that the cut off fre
quency of the low pass filter in (2) lies in the small-scale turbulence. 

In this case, both scales of turbulence may intervene depending on 
the value of the observation time. 

(i) For short observation time, the diffusion expressed in the eauation (3) 
is negligible compared with the relative diffusion in the equation (2). This 
last equation may be rewritten in a non-dimensional form. 

0 0 x 

„ich : „'.!*- t t . i , a ' . J ! L , f' .-ii. .c' - IbJk. 
b T L u L b L 

One can see that <7> O <Q /L only depends on t' » tu x/L . By the 
fact that U/u is constant for given boundary conditions (U is supposed to 
be the mean velocity of the particles), O^ only depends on tu*=X, the mean 
travel distance of the particles. In this case, and only in chis case, CT. 
is function of the distance X. 

Remark : these conditions ire those required for a realistic simula
tion of the atmospheric transfer on small scale model in a wind or water 
channel. The turbulent structures prevailing in the diffusion in this case 
are chose which can be simulated in the laboratory flow. 

(ii) For long observation time, the large scale turbulence plays a part 
in che growth of O which then depends on both variables t and U. 



This result is clearly shown hereafter when considering the results 
of the numerical application we have performed for the diffusion in the 
horizontal direction. 

QUANTITATIVE EVALUATION OF THE STANDARD-DEVIATIONS IN THE ATMOSPHERE 

We have solved equations (2) and (3) numerically in order to quanti
fy the evolution of the standard-deviation in the horizontal direction O^. 
The calculation hypotheses and the results are shown below. 

Calculation Hypotheses 

The small-scale turbulence spectrum has been experimentally determi
ned by measurements in a water channel. 

The large-scale turbulence is obtained by a schematization of the 
VAN DER HOVEN spectrum, from which the turbulent energy linked to the 
friction of the wind on the ground has been subscracted. 

The resulting spectrum is presented, Figure 2, for a wind velocity 
of 5m/s. 

tjj is equal to <7{,/Û  , where U. is an eddy velocity characteristic of 
the domain of turbulence mainly acting on the growth of a, . For the small-
scale turbulence, in which the TAYLOR's hypothesis linking space and time 
correlations' is generally applied, Uj, is equal to the mean wind speed U. 
For the large-scale turbulence, in which the TAYLOR's hypothesis is not 
acceptable, U^ is a constant according to the considerations developed 
Kereabove.It is supposed to be proportional to the root mean square of the 
fluctuation energy in this domain 0"b - C yjv' ̂  . The constant C is deter
mined in order to fit the experimental data2 (Figure 3) for the mean wind 
speed 5ms"' . It has been found Co be approximately equal to 0,5. 

F(n) ( m 2 s - 1 ) 

10*8 10'7 10'* 10'5 10' 4 10' 3 10-2 10"1 10° 10 

F i g . 2 . Schematization of the hor izon ta l atmospheric spectrum (Ua3tns ) 
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Fig. 3. DOURY's standard-deviations in function of the travel time 
and the atmospheric stability 

The parameter 0 , which links the lagrangian and eulerian varia
bles depends on the turbulence intensity 1 0 . The following values have 
been used : 

n < 2,78.10~6Hz , 0 - I 
2,78.10-6 < n< 3,9.10"* 0 . 2 
3,9.10"* < n 3 - 4 

The observation time has been taken equal to 180s. 

The results are presented, Figure 4, versus travel time for different 
values of the wind speed between 0,2 and lOm/s. 

The two domains as defined herebove are clearly shown. 

It can be seen that the domain of validity of the travel distance is 
confined i.i the near field and is all the smaller if the wind speed is low. 
This is linked with the relative importance of the energies of the two 
scales of turbulence, depending on the wind speed as said hereabove. For 
low wind speeds, the energy of the small-scale of turbulence is weak and 
the dépendance on it of a ^ when expressed in function of the travel time 
is insignificant (see for exataple curves 0,2 and lm/s figure 4). In any case, 
for t > 5000s, all curves join, and <7h only depends on the travel time. 

For the sake of comparison, the experimental DOURY's curve is presen
ted Figure 4 and PASOUILL's curves !' (class D") Figure. 5 . On the last one, a 
satisfying agreement is observed at short travel time, corresponding to 
the aotnain o£ experimentation of the PASOUILL's curves, but the extrapolated 



values at long travel times underestimate the 0^ values for the low wind 
speeds (it must be noted however that, in the original PASQUILL's scheme, 
the class D is not strictly applicable for wind speed inferior to 3m.s~')' 
On the Figure 4, the similar evolution of the calculated and experimental 
curves confirms the validity of the hypothesis and the value of the input 
data in our calculation. 

<JH . 
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Fig.4. Horizontal standard-deviation in function of the travel time 

calculated curves 
DOURY's curve 



Fig.5. Horizontal standard-deviation versus travel time 
calculated curves 

— PASQUILL-CIFFORD's curves (class D) 
CONCLUSION 

An original concept on the difference of behaviour of the high frequen
cy (small-scale) and low frequency (large-scale) atmospheric turbulence re
latively to the mean wind speed has been introduced. 

Through a dimensional analysis based on TAYLOR's formulation, it has 
been shown that the parameter of the atmospheric dispersion standard-devia
tions was the travel distance near the source, and the travel time far from 
the source. 

Using hypotheses on the energy spectrum in the atmosphere, a numerical 
application has made it possible to quantify the evolution of the horizon
tal standard deviation for different mean wind speeds between 0,2 and lOm/s. 

lity of the parameter (travel distance or travel t 
first one is confined in the near field and is al 

time) 
1 

The areas of validi 
are clearly shown. The fn.** uu= i a t, u>.j.j.w C U ilt b..E >•»* ..*=*.» -..- »- ---
the smaller if the wind 3peed decreases. For t > 5000s, the dépendance on 
the wind speed of the horizontal standard-deviation O^ expressed in func
tion of the travel time baco^ies insignificant. O^ is only function of the 
travel tine. 

Our results are compared with experimental data obtained in the atmos
phere. The similar evolution of the calculated and expérimental curves con
firms the validity of the hypothesis and input data in our calculation. 
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