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P r e f a c e 

Consiuerable difficulties are encountered with predictions in the 
meteorological field (as we well know from weather forecasts), parti
cularly 1,hen long-range forecasts (from the point of view of time or 
distance) are to be made. We are faced with similar problems in nuclear 
technology when reliable eotimates of the diffusion of radioactive 
discharges in the atmosphere, and of any resulting radiologic1:1.l effects, 
a.re required. 

Questions of thio type also influence the opinions delivered by 
the Commisnion pursuant to Article 37 of the Euratom Treaty as to 
whether the intended disposal of radioactive waste from nuclear instal
lations is likely to lead to the radioactive contamination of another 
Member State, and if so, to what extent. In view of the increasing 
role played by nuclei\!' power in enertS:J programmes, anJ. thanks to a 
heichtened consciousness of envirornnental matters, calculations of long
ran{;e J.iffmiion in the a-trnosphere have recently aroused GTeat interest; 
firstly vecauce the possible overlapping of effects produced by se
parate emission source8 can no loni;er be ignored, and secondly because 
there is an increasine need to determine more accur.:itoly the contamina
tion of the population at lar.:;e, and not merely that of the population 
GTOUp livin[; near the source of emission. 

The efforts which have been made for some years by the Directorate 
for Health Protection in collating information to further our under
standine of the complex processes involved in the atmospheric transfer 
of radioactive m;,.tter a.re to be r;een in the licht of these problems. 
It is hoped tlrn.t tllis Gtudy mny indicate hou prot,Tess may be made in 
the quantitative analysis of rarefied gaseous discharees transported 
over large distancen, i.e. several hundred kilometres, ancl hence pro
vide an improved basis for estimates of contamination. 

Dr. P. RECHT 





Summary 

The term "Mesoscale" refers to distances bet,reen 20 km and 400 km 

from the source; in defining this range, the structure of atmospheric 

turbulence is taken into account. 

To arrive at an evaluation of diffusion in the mesoscale, quantit&

tive methods from the microscale (source distance <20 km) and qualita

tive methodn from the macroocale (source diAtance >400 km) are extrapo

lated into the mesoscale. In the first case a table is Given to read off 

the minimmn factor by \·rhich the concentration is reduced in the mesoscale 

as the source distance increases; to obtain the diffusion for the worst 

possible cane, the existence of a mixing-laJ,'er topped by a temperature 

inversion, was assumed. For this it was essential, first of all, to de

termine the source distance~' beyond which the diffusinG eaces are 

completely mixed. uithin the mixin::;-layer of thickness D. To make al

louance for all possible thickneeses of this mixing-b.yar, a measurement 

carried out at ground level at only 10 km from the source can be used 

to calculate the correct concentrations in the mixin...,"'-laJ,'er; the dilu

tion factors will then be related to this value. 

Possible \·Iays of an improved incorporation of certain factoro in 

the diffusion entimate, such as the topocraphy of the earth's surface, 

the rouchness of terrain, the vertical profiles of Hind and exchange 

coefficients and the effects of non-ntability are given in the last 

section. 
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1. Introtluction 

The diffusion of radioactive eas~s in the atmosphere is a meteoro

logical problem; one has to calculate the concentration of the gas (or 

gases) at a certain time after release and in a certain place, for a 

given source strength. 

Once the field of the concentration (or the field of activity per 

unit of volume) in the lee of the nource has been determined, all the 

other quantities required, such as the cloud dosage, rate of deposition, 

etc. can be calculated. 

/Quantitative methods of estimating diffusion have so far only been 

applied to the immediate area of the source, i.e. up to source distances 

of 10 km or at the most, 20 km. Hoirever, it is possible to obtain at 

least qualitative infonnation for very large distances from the source, 

where x >300 or 400 lc.m, by calculatinc the trajectories of the "centres 

of gravity" of the dispersinc gas clouds. The intermediate range between 

20 km and 400 km referred to as the menoscale (a term taken from meteoro

loe:y), has so far been some11hat neGlected in attempts to entimate diffu

sion. This paper attempts to fill this ca.p. 

2. Delimitation of the mecoscale from the meteorolo4ical point of vieu 

2.1. Atmospheric turbulence and diff'nsion 

Dispersion in the atmosphere of substances not normally present in 

the air occurs by turbulent diffusion. Air flm·rn are ah,ays turbulent 

and this means that diffusion is also ahmys turbulent, al though its 

intensity mey va:ry. The relevant coefficient of turbulent diffusion 

ks [cm2 sec-1J is 5 - 6 orders of magnitude larger than the coefficient 
of molecular diffusion, which could be used to describe the process of 

diffusion if air flows ware laJ11inar. 
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The dispersion of substances not normally present in air is thus 

determined by the nature of atmoupheric turbulence, and it is, therefore, 

reasonable to define certain diffusion ranges in relation to turbulence. 

Turbulence is clasnified by reference to a characteristic length 

(or "scale"), e.t;. the vortex diameter, as 

microscale turbulence (also lmmm as micro-turbulence), 

mesoccale turbulence, or 

macroscale turbulence (al::;o lmoim as lart;e scale turbulence 

or macrotur.lmlence). 

Ench of thece types of turbulence is caur:ed by different meteorological 

effects; a.."1.rl in each type the structure of turbulence is different, as 

is its a.bili ty to diffuse substanceo not normally present in air. This 

appliec especially to the ran.::;e in ,.,hich diffusion takes place, and the 

three types of turbulence can be related to three ranees of diffusion, 

i.e. the 

chort ·range of diffusion, 

meditun range of diffusion, or 

lon~ ranze of diffusion, 

with the fmme characteristic leni;ths ("scales") as tho3e applied to the 

particular type of turbulence. 

Before civing more concrete information on hm·r the individual scales 

for turbulence are determined, it should be pointed out that this is 

someuhat problematic in that the characterfatic len{Jths in vertical and 

horizontal directions are different. But as ue are usinc turbulence con

ditionn to refer to horizontal rancec of diffucion, the characteristic 

lencth in the horizontal plane 1rill have to be considered. 

A distinction is mooe between the follo1:ing scales : 

rnicroscale < 20 bn 

r.1ecoscale 20 - 400 lan and 

n:,.cror:cnle >,1.00 km. 
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The tl-10 distances concerned, 20 km anc1 400 km, correspond to the following 

frequencies f [IIz}, or periou.n T, depending on the (time-averri.eed) wind 

speed: 

5 m/r. 15 m/s 

20 km {f :::0 
2.5 10-4 Hz 7.5 10-4 Hz 

't' .. 1 hr G min 40 sec 22 min 13 sec 

400 km { f = 1.25 10-5 Hz 3.75 10-5 Hz 
't' .. 22 hr 11 min 40 oec 7 hr 24 min 26 sec 

Table 1 

Ex::unination of the spectral dmwi ty diritribution of turbulent kinetic 

enere;y (turbulence spectrum) ohous three different rroices of frequency: 

hic;h enerc;y levels ::i.re fotmd in the microturbulonce and macroturbulence 

rn!l[;er:, 1:hilo very little encr[;Y in fotmd in the ranee of mesoscale tur

bulence, m1tl 1-ie speru: of a "cap" in the cpectnun. The ranees can be eaai

ly subdivided on the bads of the frequencier; civcn al)ove (ther,e vary not 

only 1/i th the averat;ecl 11ind speed, lmt also 1-ri th the heiaht al)ove the 

crou.nd, micl for· this reanon a non-<limenr.ional frequency f 1 iA normally 

unecl (f' = fz/ii)). 

An uaste canon di:;perr;e further and further mmy from a source, lar

c;er nncl lare~r eddies 1-•ill he involved in the diflpernion process, i.e. 

the fr0quE'ncie,1 of the turbulence opectnun affectinc dioperoion will be 

correnpondinc;ly lo11er. In this u::i.y all the edclies tn.l<e part, in nequence, 

in the proces:; of tliopersion, bot;innine Hi th the ver:/ hic;h frequenciea 

(in the clinr.ipation ranee, i.e. molecular diffusion : initially, only mi

croturlmlence occurs, producin.:.; diffurJion over the nhort ran,1e (<20 km), 

follo11ecl by meL~oscnle turbulence, :-ihich 1-,e 1010\·I occurs with only relative

ly lou enerey levelo (procl.ucinc only very oli::ht chan0eB in the direction 

of transport of the nur.pended matter). La:1tly, hich-enere;~: m;::i.croturbulen

ce occurn and mover; the diff'usinc matter to ru1d fro, depending on the 

synoptic i:cc1.ther concli tiono, thereby caudn.::; diff'uoion over a wide area. 



-6-

The delimitation of the scale at 20 Ian and 400 km is of oourse some

what arbitrary; it would also have been possible to take the dista.noes 

of 10 km or 25 km for the lower boundary and 200 km or 300 km for the 

higher. In the next part of the stuccy-, where the structure of atmos

pheric turbulence and the various alternatives for quantitative or quali

tative attempts of estimates of diffusion are discussed, it will beoome 

clear that limiting the mesoscale~at 20 km and 400 km is meaningful and 

justified. 

2.2. Microturbulence 

Microturbulence is generally caused by the (vertical) shear of hori

zontal wind in the atmospheric boundary l~er. Production of turbulent 

kinetic energy is largest near ground level and decreases roughly ex

ponentially with height. At the top of the boundary l~er, i.e. at a.n 

approximate height of 300 - 500 m for a stable stratification and at 

1500 ~ 2000 m for an unstable stratification, production of turbulence 

energy drops to zero. Mioroturbulence m~ also be caused by irregularities 

and roughness (vegetation, built~p areas, etc.) of the earth's surface. 

Microturbulence is three-<limensional; the turbulent fluxes produced 

by microturbulence ca.n be determined by the flux-gradient relationship 

in the same w~ as the molecular fluxes; this can be used in calculating 

diffusion. 

As the characteristic length for microturbulence we use the asympto

tic mixing length 100, obtained at the top of the boundary l~er; it is 

20 m for neutral stratification, but only a few metres for a stable str~ 

tification and!...., m or more in unstable stratified boundary l~rs. 

Another characteristic length would be the diameter of the largest eddy 

occurring in microturbulenoef vertically that corresponds to the thick

ness of the boundary l~er, i.e. approx. 1 km for neutral stratification. 

In the horizontal direotion one has to take for this a few kilometers 

depending on the degree of homogeneity of the underlying surface. 

The reason why the distance of 20 km was chosen as the limit bet

ween the microscale and the mesoscale is that here the so-called oonveo-
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tion-scale is included into the miorosoale. In meteorology there is~ 

fourth range between the microscale and the mesoscale, the convective 

or convection~cale, due to thermal convection. In this scale we find all 

the (alre~ more organized) processes caused by the boyant upward motion 

of air masses heated at the ground, eventually resulting in the formation 

of cumuliform clouds. In large cumulonimbus clouds these m,itions can ex

tend up as far as the tropopause and the maximum vertical length should 

therefore be taken as roughly 10 km; the characteristio lengths involved 

in the horizontal direction are somewhat larger, and 20 km would appear 

to be a suitable figure. 

2.3. Macroturbulence 

Macroturbulence is generated in a completely different way from mi

croturbulence. All eddies imbedded in a zonal flow are classed as macro

turbulence; these include high and low pressure systems shown on weather 

maps and other disturbances studied in synoptic meteorology. (For this 

reason the macroscale is often referred to as the synoptic scale). These 

large-scale eddies are caused by baroclinic instability, and they are 

eddies with a vertical axis; unlike the eddies in microturbulence they 

are only two-dimensional. This means that the flux-gradient relationship 

can no longer be applied; doing this would involve negative (1) turbulent 

diffusion coefficients for the macroturbulent momentum flux, i.e. rather 

than diffusion or dispersion, this process involves "confusion" or in

creasing concentration of momentum. 

2.4. Mesoscale turbulence 

The relatively energy-free intermediate range between microturbulen

ce and macroturbulence is taken up by mesoscale turbulence. This type 

of turbulence is primarily responsible for the diffusion in the mesoscale 

(20 - 400 km) which is being studied here. 

It is originated by a number of different factors, some of which are 

given below. They include, firstly, deviations from main (or time-ave

raged) flows due to local thermal wind systems. Among these are land and 

sea. breezes as well as mountain and valley winds. 
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As well as this, all small-scale synoptic phenomena ta.lee the form of 

mesoscale turbulence, such as air flow in weather fronts, lines of con

v~rgence and divergence, and larger convective formations. These include 

large cloud clusters with mesoscale dimensions, and which can extend as 

far as the macroscale in the tropics. As well as this, open convection 

cells occurring over sea areas, with sizes up to several hundred kilo-

meters, belong in the mesoscale. But above all,there are the disturbances 

in the air-flow caused by changes in the topography of the earth's sur

face, which also occur, to a large extent, in the mesoscale. 

It will, therefore, be seen that of all three types of turbulence 

(microturbulence, macroturbulence a.nd mesoscale turbulence) the last is 

the most difficult to assess. In different instances it m~ have very 

different causes, a different structure and therefore different effects 

on the diffusion of matter. This is the main difficulty to be overcome 

in quantitative estimate of diffusion in the mesoscale. 

3. Present state of methods to estimate diffusion in the microscale and 

macro scale 

3.1. General 

Unlike turbulence in the mesoscale, the structure of turbulence in 

the microscale ~d macroscale is known to some extent and understood 

at least as well for diffusion to be estimated. The results of such 

estimates a.re, however, quantitative only for the microscale, and can 

as yet be no more than qualitative for the macroscale. But no diffusion 

estimates of any kind are available for the mesoscale. Such estimates 

can only be obtained by extrapolation of the quantitative results 

available for the microscale beyond the 20 km limit or by extrapolation 

of qualitative results for the macroscale to below 400 km. Thus it is 
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essential to begin by giving a short swmnary of the methods of estimating 

diffusion in the microscale (short range) and the macroscale (long range). 

3.2. Quantitative methods to estimate diffusion in the microscale 

Microturbulence is three-dimensional and can thus be described by 

analogy with molecular collision processes, treating dispersion caused 

by microturbulence as a molecular diffusion, however with the difference 

that the diffusion coefficient is larger (by 5 - 6 orders of magnitude). 

The concentration distribution of matter emitted continuously or in

stantaneously from a so-tlI'ce can then be expressed in terms of normal 

distributions which can, in each coordinate direction, have coopletely 

different root mea.n squares o-x' /J and /J • y z· 

However, some assumptions have to be made which considerably restrict 

the applicability of the results obtained by this method, viz. 

(a) 

(~) 
(c) 

(d) 

The meteoroloi;ica.1 parameters u, <f , <r, Cf' are constant with time 
X y Z 

Horizontal homogeneity of these meteorological parameters 

Completely flat, even terrain 

The meteorolo&ical parameters must be constant with height; verti-

cal mean values of u are used for this. The root mean squares C1" y 
and er used in these 

z 
calculations were determined empirically in 

prior diffusion experiments assuming that they were constant with 

height 

(e) With continuous amission from source - which is the case most of

ten studied - turbulent diffusion in the direction ( x) of the 

mean wind is neglected as being very small compared with advection 

by the mean wind itself, i.e. <J' = O. 
X 

With these limitations, the concentration field of emission from an in-

stantaneous or continuous source (at a given point) can be calculated, 

giveni 
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(f) The source strength / {Y or {ci/ for an instantaneous source or in 

('"g seo-1..} or in ~i seo-1} respectively for a continuous souroej 

(g) The "effective" height of the source above ground level. Where 

an over-rise above the chimney is formed by hot effluent gases, 

further data are required to calculate the height of this over

rise1 

(h) Deposition velocity on the earth's surface, which depends on the 

type of aerosol and the nature of the coverage of the ground; 

(i) The radioactive dee~ rate; ... 
(j) The following meteorological parametersa u, that is, the velocity 

of the horizontal wind averaged over the vertical coordinate (I\) 

and time ( - ), and tr (x) and er (x), the height-constant root 
y z 

mean squares of the two normal distributions. 

Also the direction of the vertically-averaged and time-ave

raged wind must of course be given; this is used to determine the 

direction of the x-axis. 

Instead of the turbulent diffusion coefficients k and k, y z 
priate values of er 

y 
displacement squares 

between k and cr'is 

and if are used; these are the roots of the 
z 

of particles in! y or! z directions; the 

2 ky i - '72 
u 

X 2 
2 kz A• Oz 

u 
(1) 

... 

the appro

mean 

relation 

where x is the source distance (x • u t), increasing with travel time t. 

Using O"' (x) and a' (x) has one great advantage I whereas the relevant y z 
(J' belonging to Fiok's diffusion with k as a constant is 

' 
(2) 

we know that at the beginning of diffusion, i.e. close to the source 

(f' o< xl.O 
z (3) 
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both (2) and (3) a.re recognisable by T~lor's theorem as limiting cases. 

a relationship for the dependence of C1" and~ on source distance x m~ 
y z 

be obtained with the aid of the statistical theory of turbulence; in that, 

however, the Lagrangian autocorrelation function appears; this quantity 

cannot be measured in the atmosphere, that is why more or less realistic, 

and thus questionable, assumptions for it have to be made. For practical 

calculation of diffusion, therefore, it is advantageous to use depen

dencies o- (x) and c:r (x), obtained empirically, in the binormal formula y z 
for concentration distributions (x,y,z) 

2 

2 :(x)2 }x 
y 

s(x,y,z) • Q . exp {-
2'1'C' u C1" (x) C1" (x) y z 

(4) 

x [exp {- (z - h)2 
2 o---(x)2 

z 
} + exp [- (z + h)

2
} ] 

2 o- (x)2 
z 

The concentration distribution (4) has already been somewhat simplified 

to allow for the fact that the deposition speed is not includedf at 

ground level the total reflection condition, which is normally only ap

plicable to gases, is used.his the effective source height, Q ["g sec-1.J 

is the streneth of continuous emission from a point source; the x direc

tion is that of the time-averaged horizontal wind\V• ~ u). Examples of 

this type of empirical dependence are given in PASQUILL's diagrams (1961); 

these show o- (x) and o- (x) for six different "diffusion categories", y z 
which differ primarily in thermal stratification and will be determined 

using conventional meteorological measurements (e.g. synoptic observa

tions). PASQUILL's diagrams as given in"Meteorology and Atomic Energy" 

(Slade 1968) show values for 0- (x) and <r (x) in the 100 m < x <100 km y z 
range, i.e. extending into the mesoscale. But at the same time it should 

be pointed out that they contain only ver-y vague extrapolations in the 

range x > 20 km. 
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Diffusion of gases in the short range can be calculated using for

mula (4). The concentrations obtained differ from those actually measured 

by an average factor of 2, and are thus not very usable. These deviations 

must be due to the fact that in most cases the above-mentioned conditions ... 
(a), (b) and (c) are not fulfilled, that the vertical average u, a.a in 

(d) only gives a very imprecise equivalent height-constant value, and 

that the assumption in (e) is not satisfied at low wind speeds, (i.e. 

especially near ground level). Another important point is that the value 

for source strength is often very imprecise or, for continuous sources -

and most of them are continuous - tends to fluctuate. In most cases the 

effective source height can only be calculated approximately, deposition 

velocity is almost unknown (and is thus assumed to be zero in calcula

tions, i.e. total reflection from the earth's surface is assumed) and, 

lastly, the diffusion categories, and therefore the diffusion parameters 

~ (x) and 6-' (x) can only be very rouo3hly defined. So it is not sur-y z 
prising that the results obtained by calculation and by actual measure-

ment do not a...,n-ree; but these imperfect results on short range diffusion 

are still the best mathematical statements available as yet. 

3.3. 1ualitative methods to estimate the diffusion in the macroscale 

In the macroscale, i.e. in long range diffusion, it is only possible 

to calculate where matter released at a certain point will drift to; it 

is not possible to calculate the concentration of this matter when it 

arrives at a given point. Therefore we can only Hork out the trajectory 

of the centre of eravity of a cloud of e-as, but this can be calculated 

for very large distances. For example, it is possible not only to trace 

the trajectory of a cloud of matter released by a bomb explosion up to 

once or twice around the earth, but to predict the trajectory, of course 

with an accuracy decreasing with distance. 

Nowadays such calculations of trajectories are relatively straight

forward, as the methods of "numerical weather prediction" provide us with 

information on all the required atmospheric fields in ten-minute time 

steps. By these methods fairly reliable large-scale predictions of atmos-
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pheric fields (horizontal wind ,vh, vertical velocity w, atmospheric 

pressure P, temperature T and if necessary specific humidity q), for the 

next 48 hours, can be obtained. The system is based on numerical inte

gration of a system of equations describing the conservation of mass, 

momentum and energy. These (non-linear partial) differential equati~ns 

are replaced by finite difference equations and solution functions are 

then obtained for a large number (approx. 10000 - 15000) of grid points 

of a three-dimensional mesh. Because of the large amount of computer 

time this requires, choice of the mesh-width must be based on a compromise 

between one as small as possible, with high resolution, and one which is 

fairly large, i.e. with a mininrum of grid points, and therefore requiring 

not so much computer time. In the prediction models currently used, the 

horizontal mesh-width is 350 - 400 Ian, with a vertical mesh-width of 

200 mb or more. This indicates the dee;ree of resolution. 

It will be seen that the lower limit of resolution corresponds to 

the boundary between the mesoscale and the macroscale, and that numerical 

models for weather prediotion can therefore only predict large-scale 

fields of atmospheric variables, i.e. synoptic fields. This means that 

the vertical motions obtained by these models are also only those for 

the large scale; vertical mixing within the troposphere by strong thermal 

convection (cumulonimbus clouds) does occur in the mesoscale and therefore 

cannot be covered by these models. The topography of the terrain is 

smoothed depending on the mesh-width chosen, and only very high mountain 

ranees can be considered; they are treated as if they were completely 

smooth, without any valley rifts. The winds flowing over mountain ranges 

of this type cause additional (large-scale) vertical motions. But these 

models cannot be used to calculate mesoscale effects which a.re most im

portant for the diffusion of released matter such as the channelling 

of air flows through valleys, the formation of luff and lee eddies in 
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front of or behind large mountain ridges, and other phenomena. 

With these models, only large-scale trajectories can be computed, 

giving the three-dimensional displacement of the centre of gravity of a 

diffusing cloud of released matter caused by the air flow in the macro-

scale. 

The most highly developed atmospheric models for numerical weather 

prediction are not, like most models, "dry", but incorporate predictions 

of the field of specific humidity; this includes predictions of rainfall. 

Because of this there is a possibility that the wash-out effect can be 

determined along a trajectory (if only very approximately); that would 

represent a step towards quantitative, and aM83 from qualitative, esti

mates of diffusion. 

4. Current state of the ability to estimate the diffusion in the meso

sca.le 

4.1. Climatological information on the probability of impact 

Often the frequency of wind in certain directions (wind rose), ob

tained by climatological observations is used to calculate the probabili

ty of which radioactive gases will move in a certain direction after an 

assumed reactor accident. This would only apply if reactor accidents 

would occur very frequently at the same place. But only when a particular 

direction is found in the vast majority of all cases e.g. for reasons 

connected with orographic features (such as channelling of air flows 

through a valley), can approximative predictions of the probability be 

made. 

-This is of course with the assumption that the wind·direction during 

the diffusion-process over the diffusion range is the same as at the 

source where the wind rose was recorded. The deviations of flow direc

tions along the trajectory, e.g. by mountain ridges or channelling effects 

in valleys, which alter the dtrection, and other factors, are not con

sidered. Thermal stratification in the atmospheric boundary l83er is 
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not taken into account either; but it is nevertheless possible, on the 

one hand, for thermal convection to produce total vertical mixing through

out the troposphere, where the matter transported upwards is displaced in 

a completely different horizontal direction from that at ground level, 

and, on the other hand, it is possible for the whole diffusion process to 

be restricted to the lowest layer because of the existence of an inver

sion "lid". 

All in all, the use of wind roses cannot really be considered as a 

reliable method of obtaini!lg' probabilities. 

4.2. Biblioeraphical (~urvey on quantitative estimates of the diffusion 

in the mesoscale 

This section lists the available papers which make some attempt at 

quantitative estimates of the diffusion of matter in the mesoscale 

(20 Ian < x < 400 Ian). The list does not include papers which only give 

qualitative data, e.g. collections of data on concentration and depositi

tion of radioactive matter after the Windscale accident, in publications 

such as those by STEWART and CROOKS (1958) and by CHAMBERLAIN and 

DUNSTER (1958). 

The papers are listed in chronological order. A brief note on each 

paper is included, showing the most important quantitative result it 

gives, usually expreosed in terms of the distance dependence of the dif

fusion parameters a' (x) and <r (x). y z 

All in all it nnist be said that only very few data are available 

which are really reliable and f<mrided on sufficient observations. The 

1La.jor part of the papers mentioned use the diffusion parameters <r (x) y 
and er' (x) bas eel on PASQUILL' s diagrams and the "experimental II basis of 

z 
most of the calculation metho'd.s given below is thus the same. 



1932 SUTTON, O.G. 

1960 MARTIN, J.J. 

1962 PASQUILL, F. 

1962 PASQUILL, F. 

- 16 -

A Theory of Eddy Diffusion in the 
Atmosphere 
Proc. Roy. Soc. A,~. 143 

Reanalysis of the data obtained by RICHARDSON 
and PROCTOR (1926) with the result 

O o<:x
0•875 50 km < X < 500 km 

N~ distinction with respect to the thermal 
stratification, all cases taken together. 

Etude des consequences de !'accident 
de Hindscale (October 1957) et de la 
validite du modele mathematique de 
diffusion atmospherique de Sutton 
C.E.N. Saclay, Rapport CEA-1538, 
31 PP• 

Application of Sutton's diffusion forrm.ilae to 
measurements after Hindscale accident. 

s (x, o, 0) c:,<:::. x-(2-n) or with n = 0.2 

<5' • er o< x1 • a 
y z 

Atmospheric Diffusion 
D. Van Norstrand Comp. Ltd, London 
297 PP• 

p. 169: Evaluation of Porton data and those 
of BRAHAM, SEELY and CROZIER (1952) 

o-~ x0•8 3 km< x<. 80 km 
y 

P• 209 : Einpirical diagrams 
(J' c::,C. X Q • 81 

z CategorJ D1 neutral stra
tification 

_, 0.23 
u =x z Category F stable 

fication 
strati-

both for 10 km< x.::: 100 km 

<r= xo.84 Category D1 and F 

determined by dicl{,Tams in SLADE 1968) 
y 

(laot 

Some Observed Properties of Medium 
Diffusion in the Atmosphere 
Quart. J. Roy. Meteor. Soc 88 
(375), 70-79 -

Evaluation of tracer experim~nts in the range 
15 km<. x .c:: 150 km with regard to longitudinal 
and lateral diffusion; but no direct evalua
tion of O' (x) and O' (x) y z 



1963 PACK, D.H. 
ANGELL, J. K. 

1964 BRYANT, P.M. 

1965 HEFFTNER, J.L. 

1965 filiITH, M.E. 
SINGER, I.A. 
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Air Trajectories and Turbulence Statis
tics from Weather Radar Using Tetroons 
and Radar Transponders 
Monthly Weather Rev. 21. (lo/11), 
583-604 

A summarizinP, diagram available in SLADE (1968), 
Fig. 4.44 P• 180. From this one gets 

(j'oC x0•85 10 Ian < X < 50 lan y 
6 flight series in the Los Angeles basin a.re 
analysed, uith of course different thermal stra
tifications. 

Methods of Estimation of Hindborne Mate
rial and Data to Assist in Their Appli
cation 
U.K. - A.E.A., Report AHSB (RP) R. 42, 
H.M.S.O. 

Data on diffusion in the ranee 10 km - 100 Ian, 
mainly based on PASQUILL's diagrams. 

The Variation of Horizontal Diffusion 
Pare;neters 1vith Time for Travel Periods 
of One Hour or LollGer 
J. Appl. Meteor! (1), 153-156 

Collection of measurement data and analyses by 
19 authors ( ran~e 25 km < x < 10,000 km) 

1 . k 4 108 2 -1 . Cone usion: me~n = • cm sec ; i.e. acc. 
0 r:Y 

eq • (1) : O" oc:. X • J ~, 
" For the mesoscale these data would su~gest (al-

though the author does not state this) 
cro,,e. xo.89 

y 

An Improved Method of Estimating Con
centrations and Related Phenomena from 
a Point Source Emiscion. 
USA.EC Rep. BNL-9700, Brookhaven 
National Laboratory 

Results are swrunarized in diagram form in SLADE 
(1968) P• 128: 
BNL-trace-type D for stable stratification is 
given as 

(Y' ex. x°· 72 10 lan < X < 70 lan 
y 

for other stratifications trace types a.re only 
given for the short range ( x .(. 10 km). 



1968 ISLITZER, N.F. 
SLADE, D.H, 

1969 HILST, G.R. 

1969 IZRA.EL, U.A. 
PETROV, V.N. 
PRESSMAN, A.A. 
ROVINSKY, F.A. 
STUKIN, E.D. 
TER-SAAKOV, A.A. 

- 18 -

Diffusion and Transport Experiments 
Chap. 4 in "Meteorology and Atomic 
Energy 196811 SLADE, D.H. (Editor) 
USA.EC Div. Techn. Inform. Oak Ridge, 
Tenn., USA, 445 PP• 

p, 132 : Statement that a' -summary diagram 
(Fig. 4.21 on P• 148) shiws (J""c::,<:. x0•85 

y 
The analyses shown in this diagram extend to 
approx. x = 30 km into the mesoscale 

P• 182 : The sununary diagram (Fig. 4.45) indi
cates, that according to an evaluation of te
troon flit;hts 

<5" o<. x
0

•
87 5 km < x <. 35 km 

(Ytaking flights together over a period of 
24 hours) and 

6° 0<. XO. 
84 5 km <'. X < 3 5 km 

y 
( taJdng fli~hts together over a period of 
6 hours only J 

Simulation I,fodel for the Air Pollution 
over Connecticut 
Travelers Research Corporation{ 
Rep. Nr. TRC 7242 a,b (2 Vols.J 

Radioactive Contamination of the En
vironment by Undereround Nuclear Ex
plosiono, and Methods for Forecasting 
It 
USAEC - Translation 7122 

After the Soviet test explosion "1003", radia
tion r wac studied in relation to crater dis
tance along the axic of the fall-out area. 
Data cover the mesoscale 

roe x-2.l4 for "1003" 

which may be compared with the result of two 
test explosioris in the West : 

r=<. x-2.0 for "Danny Boy'' 

ro< x -2.38 for "Sedan" 
From this it is possible to calculate diffusion 
parameters (with certain additional assumptions) 
e.g. the product of er • 15". 

y z 



1969 TURNER, D.B. 

1970 BEATTIE, J.R. 
BRYANT, P.M. 

1970 BULTYNCK, H. 
MALET, L. 
SHARMA, L.N. 
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Workbook of Atmospheric Dispersion Esti
mates US-Department of Health, Education 
and Welfare,NAPCA Cincinnati Ohio,84 pp. 

Dia.grams for <:r' (Fig. 3-2) and a' (Fig. 3-3) for y z 
diffusion categories A - F, e.g.: 
c <r' o<: xo.96 if o,c: X0.88 

D ,; o.68 ,J o.88 
V c:::,G X V o<. X 

F ,; 0.31 ,J o.88 
V o.c: X V e><: X 

z y 
all for 10 Ian< x < 100 Ian 

Assessment of Envirom1ental Hazards 
from Reactor Fission ?roduct Releases 
UK-AEA Report AHSB (S) R 135 HMSO, 
24 PP•+ 34 Diagrams 

Large number of diagrams, based on PASQUILL's 
diffusion parameters for cateeories C and Don 
the one hand, and Fon the other; additional as
sumptions for deposition velocity and rain-out 
effect. 
Examples: (Fig. 4) Cloud dosage at ground for 
continuous release, category F 
CDo<: x-1.32 

CDoG x -l. 9S 

for 10 Ian < x < 100 Ian 

Atmospheric Dilution Factors and Cal
culation of Doses in the Environment of 

VAN DER FARREN, J. 
s.c.K./C.E.N. !,101 for 3hort and Long 
Duration Stack Discharges 
s.c.K./C.E.N. ll!OL, Report BLG 446, 

1970 LE QUINIO, R. 

Part I 83 pp., Part II 58 Fie. 
Calculations only up to 10 km, except for the 
fumigation type; and for some correction factors 
extrapolation up to 50 Ian 

s (x,o,o)o,c:: x-0.BO 

Evaluation de la diffusion d'effluents 
gazeux en atmosphere libre a partir 
d'une source ponctuelle continue; 
abaques et commentaires 
C.E.N. Saclay, Rapport CEA-R-3945 
Fevrier 1970, 20 PP• 



1971 BERLYAND, O.S. 
PETROV, V.N. 

1971 O.E.C.D. 

- 20 -

The diagram for s (x,o,o) extends from the short 
range to 50 lan for unfavourable conditions, and 
to 25 lan for normal diffusion conditions. It 
uses for the first : 
- ( 0 o) -1.38 _ _ 1.38 
S x, t OC:.X i.e. u • u c:><: X 

y z 
but for the latter: 
- ( ) -1.20 . 1.20 
S x,0,0 oc:x 1.e. (J' • (j'=<: X 

If we take the same vari!tio: o-o<x0•88 for 
y 

unfavourable and norm~l dispersion conditions, 
in the first we would have 

c- ex: x0·5 and o-c-c x0•32 for the 
z z 

latter. There must be an error here, as diffu
sion cannot be less intensive in normal condi
tions than in unfavourable conditions. 

The Zffect of Atmospheric Variables in 
the Diffusion and Settling of Radioacti
vity from Clouds Travelling over Long 
Distances 
Bull. (Izv.) Acad. Soi. USSR, Atm. 
Ocean. Ph;ys. 7 (11), 1209-1214 
(Ene-1. transl.) 

Theoretical ctud,y: Use of one-dimensional (!) 
time-dependent Fickiandiffusion equation 

(implyinc; that ez~t0·5); transformed to source 
distance. Study of fall-out assumi:1g lleposition 
velocity and rain-out effect 

Environment Directorate 
Models for Prediction of Air Pollution 
Paris, 15 April 1971, Go PP• 

Study Group 

1972 CAGNETTI, P. 
PAGLIARI, M. 

Lists all requirements for modelc of various 
kinds: 
P• 53 : Diffusion for x :;i,, 20 Ian, 
p. 54 : Diffusion for x > 100 lan 
However no data suitable for practical applica
tion 

Lone Distance Transport and Diffusion 
of Gaseous Effluents: Considerations and 
Calculations for a Health Physics Ana
lysis 

Definition of the mesoscale as 20 lan < x < 500 lan 
(p.9); asymptotic values for o-'s based on 
HEFF'l'lIBR's (1965) data 

creoc x1·5 (p.9), but cr- .- }•25 (p.13) 
y y 

at high wind speeds-



1972 BERLYAND, O.S. 
P:m'ROV, V.N. 
SEVEROV1 D.A. 

1972 DOURY, A. 

1972 GROUPE COMMUNE 
C.E.N. - VINCOI'TE 

1973 CLARKE, R.H. 

- 21 -

Propagation of a Contaminant over Long 
Distances in the Case of a Vertical Dif
fusion Coefficient That Varies with Time 
or Height 
Bull. (Izv.) Acad. Soi.USSR, Atm. 
Ocea.n. Phys • .§. (9), 994-997 
(Engl. Transl. 575-577) 

Extension of BERLYAND and PEITROV's (1971) work; 
k is determined by measurements, but sinusoidal 
dfurnal variation is assumed. 

Une methode de calcul pratique et general 
pour la prevision numerique des pollu
tions vehiculees par l'atmosphere 
C.E.lJ. Saclay, Rapport CEA-R-4280, 
Fevrier 1972, 37 P•P• 

A fornrula is given for non-Fickian diffusion, 
in which the follouine- parameters are taken 
(without foundation) 
(J"'e,<. xl.13 CJ'= xo.50 x ~ 60 km 
y , z ' 

<ro<.. x1· 00 
(j' o-e:. xo.5o , x > 60 km 

y z 

Pollution resultant des effluents des 
cheminees - 1'~6thode de calcul. 
Report 03/041 Avr.il 1972 

Applies bi-normal distribution, no statement on 
restriction in x-direction. Parameters chosen: 
-- 0.796 .- 0.711 
V C><.X f V CX:X 

y z 
for stability cateeories E 1 - E 6 and 
- 0.698 - 0.669 
V o<x t V -.::x 
y z 

for inversion conditions (category E 7) 

The W"EERIE-Proe-ram for Assessing the 
Radioloeical Consequences of Airborne 
Effluents from Nuclear Installations 
Health Physics ~, 267-280 

Describes a computer programme used to calculate 
the concentration field and other variables 
derived from this; the programme is based on 
PASQUILL's diffusion parameters 



1973 LYONS, W.A. 
OLSSON, L.E. 
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Detailed Mesometeorological Studies of 
Air Pollution Dispersion in the Chicago 
Lake Breeze 
Monthly Weather Rev. 101 (5), 387-403 

Studies on the effect of horizontal and vertical 
non-homogeneity in the windfield on diffusion up 
to 40 Jan. Quantitative data on the flow field 
only, not on the concentration field. 

4.3. Extension of diffusion estimates from microscale to mesoscale 

Retaining bi-normal concentration distribution as the solution of the 

Field.an diffusion equation in the mesoscale as well - and at present no 

other means of quantitative estimate is available - one needs the tHo 

diffusion parameters <:J' (x) and Cf' (x) depending on source distance in y z 
the mesoscale. Beyond x>20 km certainly the point has been reached where 

according to the theory, O"" (x) and O"" (x) var-:,r only proportionally to y z 
x0·5, as in (2), i.e. where turbulent diffusion acts physically in the 

same way as molecular diffusion. (Eddies of all possible sizes are in

volved to carry out the diffusion process, and the Laera.ngian autocorre

lation function for the velocity fluctuations has dropped to zero). If 

this were the case quantitative estimates of diffusion in the mesoscale 

would be extremely simple, but observation shows that (J' and c1' do in fact 
0 y z 

increase more rapidly than by x • 5 a.."'ld that because of this the concentra-

tion on the a.ris s (x,O,h) or on its projection at ground levels (x,o,o) 
-1.0 decreases more rapidly wi tl.1 increasine source distance x than by x • 

There are several reasons for this: 

(a) the diffusion parameters <:J' (x) and a'z (x) are determined by 
y 

measuring the concentration in the lee of a source of lrnm-m 

strength; the determination is based on bi-normal concentration 

distribution, which is obtained from Fickian tliffusion equation for 

vanishing deposition velocity vd. But if, as for the most concentra

tion measurements, a deposition velocity exists other than zero, 

the concentration on the axis s (x,O,h) must decrease more rapidly 
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than with vanishing deposition velocity; this is then reflected 

in a more rapid increase in <:!' (x) and <:!' (x) than by x°·5. 
y z 

(b) a;, (x) and~ (x) are determined from measurements on the basis 

of the fornru.lae mentioned in (a) which uses as condition at the 

lower boundary the total reflection of particles reaching the 

earth's surface. But if the earth's surface retains some of the 

matter being diffused (e.g. absorption by vegetation), this nru.st 

be shown in turn by an increase in <5' and <5' with increasing source 
y z 

distance x, which is higher than by xo.5 

(c) The greater the source distance x, the longer is the travel time 

of particles and the more noticeable the non-steadiness, which is 

incompatible with use of the aforementioned fornru.la. This implies 

that the mean wind \V will experience changes of direction and 

magnitude during the travel time of the particles, and will thus 

create increased lateral horizontal exchange; this implie~ that 

<:r (x) oe ~ where p > 0. 5. y 

(d) The greater the source distance x, the less satisfactorily the "·e

quirement of horizontal homogeneity is fulfilled. This is parti

cularly true in the case of unstable stratification: instead of 

the small-scale irregular upward r,,otion of warm air which deter-

mines <r- in the microscale, 
z the trajectories of diffusion par-

ticles can, in the mesoscale, be taken into organized systems of 

thermo-convection (e.g. entrainment into a cumulonimbus or cunru.lus 

congestus) and removed from the atmospheric boundary layer. This 

matter will then be found somewhere in the troposphere, it will 

not talce any further part in the process of diffusion in the at

mospheric boundary layer. Concentration thus decreases nm.eh faster 

with increasing source distance, i.e. er- (x) must increase more z 
rapidly than by x0·5. 
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( e) In the experiments where ~ (x) and o (x) were determined by 
y z 

measurements of concentration, it was assumed that the diffusing 

matter did not undergo any physical or chemical change and that 

the total mass released at the source was conserved. The greater 

the source distance, the more likely it is that there will be 

some loss, caused for example by chemical reactions, or by decay 

in the case of radioactive matter (which of course can be treated 

quantitatively). Reactions of this kind also lead to a situation 

l ( ) d ( ) . . 
1 

o. 5 w 1ere er- x an er::. x increase more rapid y than by x • 
y -

(f) The greater the source distance, the less the assumption of a flat 

earth surface is likely to be satisfied. l·fuenever the diffusing 

matter passes over risin_:- cround with the airflow, the d.eposi tion 

on the luff side of this is increased. This has the same effect on 

the variables CJ (x) and (f" (x) as the points mentioned above 
y z 

in (a) - (e). 

This is why empirical measurement of <Y" (x) and o- (x) will always y z 
show a large scatter, caused by the factors mentioned in (a) - (f), which 

may be completely different in different cases. As an average value 

(based on the different data ei ven by all authors) we may, for the meso

scale, take <5"" (x) o-::. x0•8, whereas the data for <:r (x) must be discri-
y z 

minated according to thermal stratification. 

One other point should be made about a- (x)z PASQUILL's diagrams 
z 

(1962) give er; (x) o< x
0

•
81 

for diffusion cateeory D1 , but 6; (x) <::>e x
0•23 

for diffusion catecoI-;y F. The latter is theoretically not possible as 

with bi-normal distribution the 10\·Jer limiting case would correspond to 

(j (x) o<. xo.5o, i.e. Fick's diffusion. But when experiments give an 
z 

exponent lower than 0.50, this is usually because the bi-normal concentra-

tion distribution cannot be applied to the cases grouped in diffusion 

category F. These are mostly cases with a temperature invers::.on, which 

acto as a barrier aeainst any upward diffusion. If diffusi0n were 

blocked completely, ~ would be a constant independent of x, and the 
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exponent would thus be O; an exponent obtained from experiments, such as 

PASQUILL's value of 0.23 for instance, is more or less accidental and 

has little significance, depending as it does on the canes vrhich happen 

to be considered in the evaluation and, unfortunately, these are always 

very few. 

4.4. Estimating the dilution in the mesoscale in particularly unfavourable 

conditions 

As described above, the most unfavourable case is one where further 

diffusion upwards is blocked by a temperature inversion at a certain 

heieht D. Beyond a certain distance~, the concentration then will be 

found to be constant with heieht in the layer O < z < D. In such cases a 

dilution of concentration with increasing source distance can only occur 

by horizontal (lateral) diffusion, and will therefore be determined by 

the behaviour of 15'" (x) only. Assumine the most unfavourable case for 
y 

this, i.e. one with the smallest possible pin the proportionality 

(5'" (x) ex:: ~, it is possible to state the maximum dilution of concentra
y 

tion in the meHoscale. This consideration forms the basis of the state-

ment eiven below. 

The bi-normal concentration distribution is expressed as follows, 

when the (effective) source heiGht hand the effect of total reflection 

at the earth's surface are disregarded! 

s(x,y,z) - ~ 
21C0jr(x)•<1z(x) 

Now the part normally distributed over the vertical has to be equally 

distributed over the layer of thickness D 

+ o0 2} J exp {- z 2 dz -V2iter •D z __ 2<r (x) 
z 

so that 

Q exp {- 2 } s(x,y,z) ';f.. 0 < z <. D - 2<r (x)2 W1t o-(x) D 

s(x,y,z) 
y y 

... 0 z > D 

(5) 

(6) 

(7) 
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Regardless of the heigh·~ h (within ley-er D) at which the continuous source 

is situated, the matter released will first of all have to move over a 

distance~, until the concentration does not longer vary with height in 

the ley-er of thickness D. This distance~ must be defined. According 

to equation (6) 

(8) 

this means, that on the axis, i.e. at source height h, the concentration 

for normal distribution equals that one which is constant with height, 

when Cl' (x) has attained the value 0.4 D. The source distance x at which z 
this occurs is then taken as the point (~) beyond which there is complete 

mixine in layer D, i.e. the concentration is constant with height. 

x.... "' x ( r:r cs 0.4 D ) .u z 

PASQUILL's (1962) o--values for diffusion category Fa.re used to determine z 
~· The fol101,ine dependence is obtained. 

D ~ C=-n) ~ 

100 m 40 m 1.0 km 

200 m eo m 2.3 km 

300 m 120 m 3.7 km 

400 m 160 m 5.3 km 

500 m 200 m 7.0 km 

600 m 240 m 8.8 km 

700 m 280 m 10.3 km 

Table 2 

Dependence of distance~ on 

the thickness of layer D 

This dependence is illustrated in Fig. 1 on p. 27. 

It may be sAell that in a completely mixed layer with a lid caused 

by temperature inversion at 600 - 700 m height, the concentration is 

constant with height only beyond 10 km from the source. 

An:y data on the dilution of concentration in the mesoE:cale must be 

based therefore on the concentrations measured (e.e. at ground level) 

10 km from a source; by doing this it is possible to allow for virtually 
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D lmJ 
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Fig. 1 

Dependence of distance~ on the thickness D of the mixed layer. 

Distance~ is the distance beyond which the concentration (released 

at x = 6, z = h; h < D) does not vary with height. 
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an;y inversion below 700 m acting as a lid; using ground-level measure

ments of the concentration in the immediate vicinity of the source would 

very probably give values which a.re too low for mesoscale estimates, 

as the concentration still shows a distinct vertical profile with a 

maximum at height h of the effective source. 

Followine a nuclear reactor accident it would in an;y case be impod

sible to give an exact estimate of the quantity of noxious gases which 

have been released; instead measurements would have to be taken in the 

immediate vicinity, to lmow how seriously this area had been polluted, 

and then at a distance of 10 km, to obtain a reference value for the 

mesoscale. 

If the followinrr data are to be used to estimate dilution in the 

mesoscale during normal functioning of the reactor, the (continuous) 

emission Q [& sec -1] or {ci sec -1_] of noxious e-ases is known and the 

concentration a (10 km, 0, 0; h) can be obtained from the usual dia

(;TaJ'JlS e•&• P.ASQUILL (1962), and estimates on the dilution in the meso

scale can then be obtained by reference to this value. 

In order to 11e able to estimate the dilution in the mesoscale, also 

an assumption must be ma.de for the value of c- (x) in equation (7) for 
" ., 

this range. This <r (x) r.hould also cover the most unfavourable condi
y 

tions. The value 

( , __,. 0.67 
0- X) .._.... X 
y 

(10) 

was selected. This choice is admittedly quite arbitrary, and cannot be 

fully substantiated. On the other hand it can be shoun that this does 

in fact cover the most unfavourable conditions. Figure 2 (page 29) shows 

the o- -values for the mesoscale and large scale given by IIBFFTNER (1965) 1 y 
the solid lines on the diarrra.m (except for those marked with a W) are 

also shown by HEFFTNER, and connect points which were obtai11ed in the 

same experiment. The curves PA and PF from P.ASQUILL's diagram for dif

fusion categories A and Fare also shown, as broken lines, and the curve 
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Diagram of !P"..,F'FTN'i'..Jl.'s (1965) data for fixing the relation (10); this is 

the solid line marked W. 
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obtained for stable conditions (category D) from the Brookhaven measure-

ments is shown as a dash-dotted line marked~- The broken line marked 

CP shows the dependence of er- (x) according to CAGNETTI and PAGLIARI 
y 

(1972). 

i'Il1en the aim is to provide estimates on the dilution of matter in the 

mesoscale, the level of the curves in figure 2 is insignificant; the im

portant factor is slope of the curves, i.e. the exponent pin the pro

portional expression CJ (x) 04 ;? • This is for the individual curves gi-
y 

ven in table 3 

m.irve p 
Ta111e 3 

CP 1.21 

PF 0.85 

~ 0.71 
w 0.67 

The curve CP is proposed for travel times of the particles; (x/u)P was 

substituted for tP. Depending on the mean wind velocity assumed here, the 

curve only extends (from the macroscale !) partially into the mesoscale. 

The important slope of the curve is however unaffected by the wind speed 

assumed. The proposed curve CP would only apply under extremely favourable 

diffusion conditions,and can definitely not be applied for estimating di

lution under unfavourable conditions. The reason why the exponents p for 

PF and~ are hieher than for H, indicating that in these two cases con

centration decreases more rapidly with increasing source distance, is 

prouably that PF and~ is an average over all extremely stable situa

tionH, whereas W should represent a limiting case. 

Where p = 0.67, a dilution of concentrations (x,o,o) with increasing 

x, as shown in Table 4, is obtained; concentration iH normalized with 

those concentrations measured at 10 km distance (here care must be taken 

that these measurements are made in the precise direction of the mean 

wind ,v, so as to obtain the concentration along the axis, y ~ O. 



X [km} 

10 
20 
25 
50 
75 
100 
125 
150 
175 
200 
250 
300 
350 
400 

s(xi010) 

s(lO km,O,O) 

1.0 
0.59 
0.51 
0.32 
0.25 
0.20 
0.18 
0.16 
0.14 
0.13 
0.11 
0.10 
0.09 
0.08 
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Table 4 

Minimum dilution of concen

tration s(x,o,o) with increa

sing source distance in the 

mesoscale 

(concentrations related to 

measurements at 10 km dis

tance) 

Here the decrease of concentration between 10 km and 20 km was calculated 

with pa 0.75, as this range is still within the microscale; the value 

selected is between those of PF and 11>· 

For comparison, we give the dilutions at x a 100 km and x • 400 km 

which would be obtained if En and PF were extrapolated into the meso

scale; dilution with CP is also calculatedl 

X w En 
100 Ian 0.20 0.19 

400 Ian o.08 0.07 

PF CP 

0.14 0.03 

0.04 0.004 

Table 5 

Dilution between 10 Ian and 

100 km/400 Ian assuming various 

exponents p 
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4. 5. Appl;1 i>1r; the calculation of tr2,jectories as used in the macroscale 

to the mesoscale 

As described in 4.3 and 4.4 the available (quantitative) methods of 

estimatin.'.; diffusion in the microscale were applied to the mesoscale. In 

the same way it is possible to appl;)' the methods used for estimates in 

the macroscale to the m'3soscale, l)Ut in this case only qualitative esti

mates can lJe made. Section 3.3 shoued how the trajectory of the centre 

of gravity of a dispersinc gas cloud in the macroscale could be calcu

lated, ancl e:>..'J)lained that this is best done by appl:,ring one of the models 

usecl for numerical weather prediction. The resolution of these models 

is dependent on the horizontal mesh v1iclth of the grid nsed; this is 

approx. 3 50 - 400 lmi. 

To calculate trajectories in the neRoscale, it is necessary to use 

a smaller mesh width. Because this calls for a considerable increase in 

computine capacity, it can of course only be clone for a restricted area 

(approx. 2000 km X 2000 km) and cannot be global, or at least hemispheri

cal, like the lo.rge scale models. In fact, methods are being developed, 

and have to some extent already been devised, to incorporate small areas 

with a reduced mesh uidth of, say, 150 km, 100 km, 80 km and even 50 lan 

in the larger area (e.u. a hemisphere) of the numerical weather predic

tion model with horizontal grid width of 350 - 400 lan. A "nest" is 

created in this process, referrecl to as nesting. In this process the 

boundary values of the nest oxe obtained by computations in the large 

area; using these boundary values, which do of course vary with time, 

it is possible to carry out computations for the smaller area which 

are more precise, because the resolution is better. 

These calculations \·Ii thin smaller areas do of course call for a 

less "smoothed" topography of the earth surface; this will allow for 

highlands, but not for valleys. Even valleys as wide as the Upper Rhine 

rift valley are almost smoothed out by an overlapping mean with a 

characteristic length of 50 km (or 100 lan or 150 lan). Air currents would, 
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however, be affected b;y the mesoscale topography of this smaller area. 

There are other mesoscale effects which cannot be incorporated, even 

if the mesh width is reduced to 50 km. These include systematic thermal 

convection. For example, if the dispersing gas cloud is entrained into 

a huge cwnulonimbus and transported upwards in this, possibly up to the 

tropopause, this cannot be simulated in any nesting model available at 

present. It should be pointed out, however, that increased efforts are 

now being made to obtain "para.meterizations" of thermal convection, and 

there may well be a possibilit;\' of incorporating this effect in the model 

in the near future. This would mean that, at the ver:t least, probabilit~, 

statement on upward dislocation resulting from thermal convection could 

be given for a mesoscale trajectory. 

It is also possible to build a smaller nest within the first nest, 

with a horizontal mesh width as small as 20 km or even 10 km. This is 

also being studied, and is referred to as "telescoping". Although such 

methods are still only at the experimental stage, it is expected that 

they will also be available for use in the near future. 

With this telescoping technique it would be possible to cover the 

whole of the mesoscale, taking the macroscale at one end as a starting 

point; using a mesh width of 20 km would even provide a link with the 

microscale at the other end. 

5. Some suggestions for present possible improvements in methods of 

estimating the diffusion in the mesoscale 

These suggestions only refer to improvements which are feasible, 

given the current state of our knowledge and the technical means 

available. 
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5.1. Influence of the form of the terrain 

5.1.1. TopographY of the earth's surface 

A technique developed in France (Prof. FACY, Paris) using a terrain 

model in a flow channel, provides a means of determining ground level 

concentration in the lee of a continuous source point, as the fluid eats 

into different l~ers of colour on the terrain model, depending on the 

concentration of a specially prepared additive released at the source. 

The transitions from one colour l~er to another, laid bare by the action 

of the fluid, correspond to the isolines of concentration; these can be 

calibrated accordingly, althou~h the duration of the effect must be taken 

into account. If the terrain model were set up in such a w~ that it 

could be turned a.round a vertical axis in the flow channel from experi

ment to experiment, it would be possible to obtain terrain-influenced 

concentration distributions for different flow directions, i.e. for 

different wind directions (at the source). By evaluating the intensity 

of the effect (t=::.tconcentration) for each point in the terrain and relating 

it to the frequency of the correspondine- wind direction, it is possible 

to obtain a field representation showing the areas which a.re subject to 

particular risk because of topoe;raphical factors. A picture of this kind, 

showing the concentration as a function of the product wind direction x 

relative frequency, and of source distance, would be a great deal more 

valuable than conventional wind roses for predicting the probability of 

a certain area beine- affected; the part pl~ed by valleys and hilly ter

rain would be taken into account. Because of this it would in ma.n;y cases 

give a substantially different picture from that given by the corres

ponding wind rose. 

A similar project is currently being sponsored by the U.S. Environ

mental Protection Agency (EPA), using a terrain model representing the 

topography of a.n area in the State of Pennsylvania. 

5.1.2. Ground covera,se 

According to assumption (c) in section 3.2. the earth's surface must 

be completely flat and even, i.e. must not be built up or covered by ve-
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getation. This 01 Rsumption, required for the quantitative estimation tech

nique in the mi~roscale, must of course also be fulfilled in the meso

scale, if the technique is to be extended to this range (see section 4.3) 
The effect of buildings and vee-etation is to create "roughness" on the 

earth surface, expressed by a roughness-length z. This roughness-length 
0 

has as yet not been taken into account at all in calculati~ diffusion, 

A method described by WIPPERMANN and YORDAIWV' in 1972 does make 

some provision for surface roughness. It is based on a numerical integra

tion of Fick 1s diffusion equation, using the universal vertical profiles 

from the theory of Rossby-similarity in the planetary boundary layer for 

the wind speed in the form of the velocity deficit and for the turbulent 

d'iffusion coefficients k and k (which may also show empirical x-depen-
y z 

dence). This would mean that the resultine concentration distribution -

when it is correctly non-dimensionalised - in the lee of a continuous 

source point, would have to be a universal distribution, i.e. one which 

is independent of "external" parameters and affected only by the internal 

parameter for thermal stratification (;u • H/L • internal scale height 

of the planetary boundary layer over Monin-Obulchov's stability length). 

But the equation to be solved also contains a term with Z • z /H, which 
0 0 

would make the solution dependent on this special external parameter. 

It is unfortunate that no universal concentration distribution can 

be obtained to correspond to each thermal stratification ;u; on the other 

hand it is just this very drawback which makes it possible to take account 

of z. 
0 

The correspondine diffusion parameters <1' (x) and (j (x) would y z 
therefore have to be evaluated from the solutions s (x,y,z;;u 1z0 ,h). 

("Correspondine" here refers to those parameters which correspond to the 

assumed bi-normal distribution). Such an analysis should also give the 

dependence on z
0

• 
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The dependence on z - one would guess - probably decreases with 
0 

increasing source distance x, for example on transition into the meso-

scale1 and eventually becomes insignificant. But this will have to be 

tested and proved, and it should be possible to do so using the method 

described above. 

5.2. Considering the vertical profile of wind and exchange coefficients 

According to assumption (d) in Section 3.2. the meteorological pa

rameters, i.e. u, o- (x) and o- (x) have to be constant with height for y z 
bi-normal concentration distribution to be applied. To allo,,1 for this, ... 
a vertical mean value u for wind speed is used, and values of 0- and tS" y z 
a.re obtained from experiments in a way which assumes that they a.re in 

fact constant with height. 

With the method of WIPPERMANN and YORDANOV (1972) mentioned in Sec

tion 5.1.2., it is possible to get a concentration distribution which 

allows for the actual wind profile, including the variation of wind di

rection with height. AI3 Rossby-similarity is used for this there is only 

one (i.e. the universal) non-dimensional wind profile for each thermal 

stratification /1 (see Section 5.1.2.). The same applies to the two cor

rectly non-dimensionalised coefficients k and k of turbulent diffusion. y z 

The concentration distribution obtained with profiles of this kind 

by in-te{f.['ation ofFick's diffusion equation should be more realistic than 

those defined by the usual formulae used to estimate diffusion, which 

assume a bi-normal distribution. 

For each of the concentration distributions computed with these 

profiles, the corresponding values of fr (x) and o- (x) would have to be y z 
calculated and compared with those given in the usual diagrams (e.g. 

PASQUILL 1961). 

No doubt interesting dependences on thermal stratification, expressed 

in terms of the internal stratification parameters /1 on the one hand, 

a.nd diffusion categories A - Fon the other, will be revealed. 
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The author would like to take this opportunity to repeat his opinion 

(WIPPERMANN 1973) that the internal parameter ;u- for thermal stratifica

tion is just the measure for diffusion conditions as depending on the 

stratification one is looking for; the empirical diffusion categories 

could probably be replaced by this parameter. 

5.3. Considering the unsteady-state aspects 

The further one goes into the mesoscale, and the larger the distance 

from the source, the longer the travel time of the particles becomes, and 

it is thus increasingly probable that i·rnather conditions will change when 

diffusion takes place. This may, on one hand, involve changes in thermal 

stratification caused by diurnal variation of radiation; on the other 

hand, "synoptic" chanees may result from the miGJ'ation of large-scale 

eddies (high and low pressure systems), by \·rhich mainly the direction 

of the mean uind changes. 

These effects can be eliminated by a method of trajectory calculation 

(even with large-area grids) as described in Section 4.5. Successive re~ 

calculation of such trajectories is carried out in ten-minute steps, 

which means that a curved trajectory chaneing with time could be calcu

lated even uithin a larger crid, and even if conditions within a square 

of the crid could only linearly be interpolated from the values at the 

four corners at each time step. It would of course be better to use a 

"nesting" model as this would also take account of the mesoscale topo~ 

graphy of the earth's surface. 

It would be quite feasible to reach some agreement with the central 

office of one of the lareer weather services (e.g. Offenbach in Hest 

Germany or Bracknell in Great Britain), \·Thereby programming of trajectory 

estimates could be considered as part of the work now under way to devise 

nesting models. Normally weather services a.re not interested in computa

tions of this kind, but the author feels that they could easily be con

vinced of the need for the~. 

Trajectory forecasts of this kind should be made for a few important, 
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selected starting points (reactor sites 1 ). Such trajectories computed 

during the weather service's d<\Y-to-day operation could be used to pro

duce statistics. These should refer firstly to the distance beh·rnen the 

points of two trajectories with the same distance from the source, one of 

which is computed, for steady-state conditions using the wind direction 

and wind speed at the source, the other being based on the actual case 

of non-stationary conditions and obtained from the trajectory computation. 

This distance, taken of course as an absolute, becomes larger with in

creasine source dist2 .. nce and ir3 a measure for the error due to non-sta.

bili ty. Alternatively, these statistics could be mnd.e to refer to the 

final points of the trajectories after 12, 24 or 36 hours. With a suf

ficiently large set of data (for eY..ample daily traj 3doIJ- calculations 

over three ye3.I's) more reliable predictions ,:ould be obtainable than 

current climatological predictions based on statistical wind averages 

at the source point (see Section 4.1.). The final points of the trajec

tories would, even with a loncer travel time, be by no means equally 

spaced :J.round the cource point; an example of this type of computation 

,'1as 6iven by RHODE (1973), although thi::l ,-raa based on a smaller statisti

cal set. 

It vrould also be quite feasible and practicable to set up a system 

for forecasting trajectories in emergencies, in collaboration with the 

data processing centre of one of the major weather services. In the case 

of a reactor accident the data processing centre would be able to compute 

the trajectory of the "0entre of gravity" of the gas cloud for the next 

2-3 days, producing its results 1-2 hours after receiving information on 

the accident, and reporting back to the location of the accident or to 

a central authority. Using the dilution factors shown in Table 4, maximum 

concentration values could then be worked out for each point along the 

trajectory, as long as there were facilities for measuring the conoentra.

tion 10 km aw<\Y from the place of the accident. It would then be possible 

to compute or forecast all the information for the mesoscale which the 

current state of our knowledge allows. 
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