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FOREWORD 

Th i s paper has been presented at, the N A T O Advanced 

Institute on Atmospheric ozone which was held at Albufeiras (Portugal ) 

from October 2 to October 13, 1979. It will be published in the pro-

ceedings of the conference. 

A V A N T - P R O P O S 

Cet article résume une communication présentée au " N A T O 

Advanced Institute on Atmospheric Ozone" qui s 'est tenu à Albufeiras 

(Portugal ) du 2 au 13 octobre 1979. Il sera publié dans les compte-

rendus de la conférence. 

VOORWOORD 

Dit artikel werd voorgedragen op het " N A T O Advanced 

Institute on Atmospheric Ozone" dat werd gehouden te Albufeiras 

(Portugal ) van 2 tot 13 oktober 1979. Het zal gepubliceerd worden in de 

vers lagen van deze conferentie. 

VORWORT 

Diese Artikel wurde durch die " N A T O Advanced Institute on 

atmospheric ozone" aufgetragen, die sich in Albufeiras (Portugal) ent-

halten hat von den 2 bis den 13 Oktober 1979. Es werd in die Vorträge 

der Konferenz publiciert. 



ON EDDY DIFFUSION COEFFICIENTS 

by 

- G. BRASSEUR 

Abs t rac t 

Th is paper presents a review concerning the t ranspo r t by 

eddies in the st ratosphere and i ts parameterizat ion in atmospheric 

models. The eddy d i f fus ion concept is v e r y convenient fo r aeronomical 

calculat ions since i ts leads to sat is factory d is t r ibu t ions of minor const i -

tuents bu t i t is not theoret ica l ly demonstrated. Therefore the eddy 

d i f fus ion coeff ic ients are usual ly deduced f rom the d i s t r i bu t ion of 

several t race species and have to be considered as phenomenological 

parameters. 

Résumé 

Cet ar t ic le présente une synthèse des t ravaux effectues à 

propos du t r anspo r t t u r b u l e n t à grande échelle dans la s t ratosphère et 

de sa paramétr isat ion dans les modèles mathématiques. Le concept de la 

d i f fus ion tu rbu len te est simple et commode car il condui t à des d i s t r i -

but ions de const i tuants minor i ta i res proches de celles qui sont ob-

servées. Cependant, la jus t i f i ca t ion théor ique d 'une tel le formulat ion 

reste insuf f isante . Le coeff ic ient de d i f fus ion tu rbu len te doi t donc êt re 

considéré comme un paramètre phénoménologique dont la va leur peut 

ê t re dédui te de la d i s t r i bu t i on des t raceurs atmosphériques. 



Samenvatting 

Dit artikel geeft een synthese weer van de werken verricht 
op het gebied van het turbulent transport op grote schaal in de strato-
sfeer en van het in parameter brengen ervan in de wiskundige 
modellen. Het koncept van de turbulente diffusie is eenvoudig en ge-
makkelijk daar het leidt tot verdelingen van de minderheidsbestanddelen 
overeenstemmend met deze die werden waargenomen. De theoretische 
justifikatie van een dergelijke formulering is nochtans ontoereikend. De 
turbulente diffusiekoëfficiënt moet dus beschouwd worden als een feno-
menologische parameter waarvan de waarde kan afgeleid worden uit de 
verdeling van atmosferische spoortrekkers. 

Zusammenfassung 

Diese Artikel gibt einen Zusammenfassung von Arbeiten die 
über Turbulente Transport im grosse Masstab in die Stratosphäre ent-
wickelt hat und die parametrisation im Mathematisches' Modellen. Das 
Begriff, der Turbulenten Diffusion ist einfach und gütig weil er bringt 
Einteilungen von Minderheitskomponenten nahe die beobachtet sind. Die 
theoretische Rechtfertigungen von so eine Formulierung bleibt un-
genügend. Der Koeffizient der Turbulente Diffusion must jedoch wie 
einem phänomenologische Parameter angenomen werden, damit die Wert 
der Verteilung von atmosphärisches Vorzeichners abrechnen werden 

, kan. 
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1. INTRODUCT ION 

The behavior of minor constituents in the atmosphere is de-

termined by a combination of chemical and photochemical reactions and 

transport processes. The relative importance of these two effects varies 

considerably from one species to another and for each of them is a 

function of the altitude, latitude and time. When the residence time 

characterising a region of the atmosphere becomes of the same order of 

magnitude, or smaller, than the chemical half time of a constituent its 

transport has to be taken into account. 

Gaseous and particulate trace species suspended in the atmo-

sphere are transported quasi- horizontally by motion systems of widely 

varying space and time scales. In fact, the transport of atmospheric 

trace substances can be represented by mean motions associated with 

the zonal. and meridional circulation and by a broad spectrum of wave 

motions. These include in particular the tropospheric systems of wave-

numbers about 3 to 9 which die out in the lower stratosphere and the 

large wavenumbers 1-2 which may increase in amplitude with height in 

winter in the middle stratosphere. 

In most two-dimensional stratospheric models, the transport of 

minor constituents will be parametrized by a combination of mean and 

turbulent motions. If one considers a small volume of particles sus -

pended in the atmosphere, mean motions will displace the .center of mass 

of the volume without deforming it and without modifying the particle 

concentrations; turbulent motions will distort the volume and the 

particles will be spread out. Therefore, from a macroscopic point of 

view, the eddy motions act very much as diffusion processes. 

The purpose of this paper is to survey how the fluctuating 

component of the atmospheric dynamics can be mathematically modeled in 



the homosphere (below 100 km). The problem of assessing mean motions 

in relat ion to the thermal s t r uc tu re of the atmosphere is t reated in 

other lectures of th is Advanced Study Ins t i tu te (see Murga t royd , 1979; 

Pyle, 1979). I t should be noted, however, tha t the d is t inc t ion between 

mean motion and eddy d i f fus ion is not unique and w i l l , t hus , depend 

upon the model. There fo re , in most cases, when both types of data are 

not consis tent , the methods used to der ive exchange coeff ic ients (also 

called eddy d i f fus ion coef f ic ients) wi l l lead to approximate values which 

wil l have to be tested and adjusted by v making numerical • exper iments. 

Also, when de r i v ing a t ranspo r t model, a d is t inc t ion should be made 

between two-dimensional models, where meridional exchanges are 

considered, and one-dimensional representat ions where hor izontal s t ra -

t i f i ca t ion is assumed and only ver t ica l t r anspo r t is considered. In both 

cases, however, the def in i t ion of eddy d i f fus ion coeff ic ients fo r the 

t r a n s p o r t of heat or minor const i tuents , such as ozone arid water 

vapor , cannot be f u l l y jus t i f i ed by f l u i d dynamics t heo ry . However, 

since i t leads to resul ts (heat or par t ic le concentrat ion, f l u x e s , . . . ) in 

ra ther good agreement w i th observat ion and since the formalism of such 

complicated mechanisms is ra ther simple, these coeff ic ients are readi ly 

used by aeronomers while the i r use is widely cr i t ic ised by meteoro-

logists. 

2. MEAN MOTIONS AND FLUCTUATIONS 

assumes tha t the general c i rcu lat ion can be descr ibed by the average , 

value of atmospheric quant i t ies and by correlat ions between the 

f luc tuat ions of these quant i t ies about the i r average. There fo re , one 

int roduces the temporal local mean 

Since many sporadic phenomena appear in the atmosphere, one 

T 
(1 ) 
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of any atmospheric quantity x ( t ) ( e . g . the concentration, the temper-
ature or the wind velocity) , so that 

X ( t ) = X + X * ( t ) (2) 
• t 

where x ' ( t ) represents the departure of x from x- The time interval T 
is generally chosen so that the mean motion can be considered as 
stationary. Zonal means [x] i .e . averages round latitude circles can also 
be introduced and are of particular interest in two-dimensional models. 
If \ represents the longitude, one writes 

p 2n [x] = h J x(x) dA (3) 

and any atmospheric variable can be expressed as 

xOO = [X] + x*(M (4) 

where x*(M is the departure of x from its zonal average. 
Further mean quantities can be defined, for example averages over all 
longitudes and latitudes which are useful in one-dimensional (vert ical ) 
models. Finally, one can also introduce an average both in time and 
longitude called [x] and write for any quantity vary ing with longitude 
and time 

X ( X , t ) = [x] + [X ' ] + X* + X'* (5) 

Here the f i rs t term [x] refers to the zonal-time mean, the second [x1] 
* 

is the time fluctuation averaged over latitudinal circles, the third x is 
the departure from the zonal mean averaged over a period of time and 
the last term x'* is the residual. If one now considers the product of 
two fluctuating quantities ( e . g . the concentration and the meridional 
wind component), the mean value of this product can be written fol-
lowing the example of Newell (1966) 



[nv] = [n] . [v ] + [n*v*]' (6b) 

[nv] = [rî] . [v ] + [n*.v*] + [ n V ] (6c) 

The last expression shows that the mean south to north over the time T 
transport of a quantity (here the concentration) in the meridional plane 
can be represented by the sum of : 
( i ) a mean motion component [ n ] . [ v ] 
( i i ) a standing eddies component (expressed as the correlation between 

n* and v* around the latitude c irc les) 
( i i i ) A" transient eddy component (expressed as the zonal average of the 

time correlation of n' and v ' ) -

Atmospheric motions of all scales contribute with different 
weights to the correlations between the fluctuations. The presence of 
these scale effects leads to serious difficulties in the treatment and 
interpretation of the equations of atmospheric dynamics. 

3. C O N T I N U I T Y EQUATION AND T U R B U L E N T T R A N S P O R T OF 

T R A C E S P E C I E S 

The instantaneous concentration n ( t ) of a trace-constituent in 
the atmosphere can be derived, in the homosphere, from the continuity 
equation 

I ? + $ . (n.v) = P - L (7) 
at -

where P and L are, respectively, the local production and destruction 
rate of the species ( e . g . chemical or photochemical reactions)'and v the 
instantaneous wind velocity vector. If one wishes to derive the mean s 

local concentration n, one has to solve the following equation 

- 6 -
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H + . (5 V + n ' v ' ) = P - L . (8) 
a t '/ 

while, if the zona! and time average concentration [n] is required, the 

continuity equation 

2111 + $ . ( [ n ] [ v ] + [n * ? * ] + [ W * ] ) = [P] - [L] (9) 
91 ' 

It should be noted that the determination of the mean value of P and L 

generally requires the calculation of time/space correlation products 

between the concentration of different species (and also reaction rates 

which may va ry with temperature) and, therefore, depends on the tu r -

bulent state of the atmosphere. However, in most models this effect is 

usually neglected and will not be considered here. 

Even if the mean circulation [v] is known, or is derived from 

other dynamical equations, equation (9) still needs a supplementary 

condition before it can be solved, namely an equation relating the 

turbulent and the mean motions terms. The K- theory provides the 

simplest turbulence closure approximation available for this purpose. It 

assumes that the eddy fluxes are proportional to the negative gradient 

of the mixing ratio f = n/n(M) , where n (M ) is the total atmospheric 

concentration. If one defines the time and zonal mean of the meridional 

( y ) and vertical ( z ) turbulent flux components by 

(10a) 

(10b) 

where v and w refer respectively to the meridional and vertical com-

ponents of the wind velocity v , the simplest assumption leads to the 

Fickian law 

[4> ] ' = [n*v*] + [ n ' v ' ] 

- 7 -
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(11a) 

!*zi = • K z n ( M ) i 
( l i b ) 

where Ky and « z are (posit ive) exchange coefficients. 

These express ions have been used by Machta and List (1959), 

Prabhakara (1963) and Jessen (1973) but it" has been recognized, after 

an analysis of "heat f luxes (White, 1954; Murakami, 1962 and Peng, 

1963) and ozone transport (Newell, 1961; Hering and Borden, 1964), 

that horizontal eddy fluxes could clearly be countergradient above the 

tropopause. In his s tudy on heat transport in the lower stratosphere, 

White (1954) points out that "up to the 200 mb level (12 km), the eddy 

flux of sensible heat is poleward from regions of h igh to regions of low 

temperature as might normally expected. At and above this level, the 

reverse is t rue " . White notes that "above the tropopause level, the 

eddy processes are acting to build up rather than dissipate the exist ing 

temperature gradient " . Newell (1964) has g iven a physical explanation 

for such an horizontal countergradient f lux. ' He considers ( f igure 1) an 

air parcel A in the lower stratosphere moving poleward and downward 

at a slope exceeding that of the potential temperature. Such trajectories 

are common as shown by dispersion studies of radioactive tracers. 

A r r i v i n g in A1, the air parcel will be warmer than its environment. 

Consequently it will be buoyant and tend to go back up unless forces 

are available to keep this from happening. Newell suggest s that the 

kinetic energy of the motions themselves can do this, provided that the 

energy is replaced by upward transport from the lower portions of the 

westerly wind core. Figure 2 illustrate the slope of the maximum con-

centration level associated with var ious tracers injected into the strato-^ 

sphere and shows that the inclination is steeper than the slopes of the 

isentropic surfaces. It can be seen that the motion AA 1 is up the hor i -

zontal gradient although it is down the vertical gradient. 
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10 20 30 AO 50 60 70 
LATITUDE (degrees) 

Potential temperature surfaces shown for one hemisphere in late 

w in te r . Temperature is g iven in degrees. Ke lv in . In the lower s t ra to-

sphere, poleward-moving parcels ( A , A ' ) descend more steeply than the 

potential temperature surfaces do. A f te r Newell (1964). 
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90°N 60° 30° 

LATITUDE (degrees) 

Fig. 2 . - Al t i tude of the maximum concentration level versus 
~ latitude associated with various tracers injected 

into the stratosphere by the explosion of thermo-
nuclear weapons in the early 60's. Potential tem-
perature surfaces are also shown. 

/ 
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4-. THE CLASSICAL THEORY OF LARGE SCALE MERIDIONAL 

EDDY DIFFUSION 

Demazure and SaTssac (1962) arid Reed and German (1965) 

have developed a concept in 2 dimensions fo r eddy d i f fus ion of conser-

vat ive trace^ const i tuents tak ing into account possible countergrad ien t 

t r anspo r t in the meridional plane. The authors approach is based on ,the 

mix ing length concept of the tu rbu lence t heo ry . For reasons of 

s impl ic i ty , t rans ien t and standing eddies are not d is t ingu ished and the 

f l u x is g iven by the fo l lowing expressions 

<b = n 'v* (12a) Ty 

0 = l ^ V ' (12b) 

In th is t heo ry , i t is assumed ( f i g u r e 3) tha t an air parcel located "at 

P^ and representat ive of i ts local env i ronment , moves a distance 1(1^, 

I )', called the displacement vector or the mix ing length , before i t mixes 

suddenly and completely w i th i ts new environmental air at PQ. I t is also 

assumed that du r i ng the displacement the mixing rat io f in the air 

parcel is conserved. If the vector 1 is allowed to have any or ientat ion 

in space, the deviat ion of the conservat ive quan t i t y f is g iven , to a 

f i r s t o rder approximat ion, by 

r = V £ p o ( 1 y S f t l . S i > ' ( 1 3 ) 

Consider ing all the var ious parcel displacements to PQ du r i ng the time T 

subs t i tu t ion of (13) into (12a and b) leads to the time average f l ux 

components ( f represents the mean mixing rat io) 

4,y = - . 0 0 [ K ^ I f • K y z I ] (Ma ) 

= - ° ( M ) tKzy I f + Kzz i 1 ( 1 4 b ) 

- 1 1 -
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Fig. 3 . - Model for the eddy f lux of a property by exchange along a sloping 
: mixing path. Af ter Reed and German (1965). 

i 
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where the K^ coefficients are correlation products between the d i s -

placement and the velocity components : 

(15a) 

K yz 1 v ' z 
(15b) 

(15c) 

(15d) 

Equations (14a and b) are reduced to the classical Fickian law (11a and 

b ) only when the covarlences between and v ' and I and w' are equal 

to zero. However, this is not the case since, as shown before, s ink ing 

motions in the stratosphere on the average coincide with polewards 

transport while r i s ing motions are most frequently equatorwards. Th i s , 

was already established by Molla and Loisel in 1962. Accord ing ly , the 

introduction of K y z and K z y allows for the countergradient ' f luxes in 

the atmosphere. 

Assuming that the mixing length £ 100 km) is small 

compared to the eddy sizes involved in the large scale mixing processes 

(^ 1000 km), Reed and German have made the hypothesis that the 

velocity and the displacement v e c t o r ? are in the same direction. If a 

is the angle between t and the horizontal axis, one can write, since for 

large scale motions this angle is very small (< 1/1000), 

v ' = V cos a = V (16a) 

1 = & cos a = SL 
y 

(16b) 
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w' = V s i n a S Va * (16c) 

1 = 2, s i n a S SLa (I6d) z 

Therefore, if a is divided into its mean value a and its departure a' 
— 2 

and if a and a1 are assumed to be independent of V and SL, one' obtains 
the relations 

K = K = a K (17) yz zy yy 

K = (a2 + a ' 2 ) K (18)" zz yy 

Expression (17) shows that the diffusion matrix K-^ can be considered 
as symmetrical since the off diagonal terms K and K z y have the same 
value in this theory. Also, it appears that and K z z necessarily 
have the same, sign (positive) while the sign of K y z is determined by 
that of the angle a. 

Introducing now the slope of the mixing ratio surface 

Is * • - MtS (19) 

the following expressions are obtained 

= - n(M) K (1 - 5 ) P (20a) y yy P 3y 

4 . * - n(M) K (1 - — ) | | (20b) 
2 2 a2 + a ' 2 3 2 

These equations show that the meridional f lux of trace species becomes 
countergradient if 

(21) 

-14-
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that is when the slope of the preferred mixing surface becomes larger 
than the slope of the mixing ratio surface. Th is condition applies in the 
lower stratosphere but not in the extratropical troposphere where, 
according to Eady (1949), a s p/2. 

i 

The same type of argument can be presented for heat 
transport. In this case, the heat flux components are written in the 
form 

F = - n(M) [K P + K ] (22a). 
y yy 3y y 2 dz 

F = - n(M) [K I ? + K f ] (22b) z 1 zy 3y zz dz 1 

with K y Z = K Z y . Cuuntergradienl transport appears When the slope a 
becomes larger than that of the jsentropic surfaces. 

Adopting expressions (14a and b) and ( 9 ) , the continuity/ 
transport equation becomes 

a f 8 rv* 3 f i a fv* 3 f ^ rv* £1 ^ Q ( M ) a~ " ^ yy 97 } " a^ ( Ky* } 3z ( K z y a y
 } 

M. * 
K te cp _ K tg tp 

- f - (K* ) + ( V ) f f + (-» + - ^ V - » i f 9z zz 9z a oy a oz 

= P - L (23) 

where K* = n(M). K^., v* = n ( M ) . v , w* = n(M).w, and v and w are the 
mean wind components. The numerical solution of this equation will 
provide the distribution of the mixing ratio (or concentration) of the 
trace species under consideration if all the parameters are known and if 
suitable boundary conditions are specified. In particular, the values of 
the exchange coefficients have to be established in the whole physical 
domain. The ellipticity condition associated with equation (23) implies 
that 
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K 2 ' « K K (24) yz yy zz 

which is always verified as shown when expressions (17) and (18) are 
introduced in (24). 

Since the diffusion tensor (or matrix) is symmetrical, it is 
possible to rotate (by an angle y) the ( y , z ) axis such that the hew 
axes ( Y , Z ) become principal axes in which the off-diagonal elements 
Ky^ = K Z y are eliminated. Reed and German show that the matrix in the 
principal axis system is given by 

K - K \ 0 r 2 K cos Y + K s i n yy' yz 2y+K z z s in 2 v 
zz yy 

2 s in 2Y + K cos 2Y yz 

0 K z 

K - K zz yy . s i n 2y + K cos 2y yz ' 
2 K s i n Y-

yy 
K yz 

2 
s i n 2Y+Kzz,COS Y 

The angle y corresponding to a principal axis system is thus given by 

K - K 
- ^ - r — s i n 2y + K cos 2y = 0 (25) 2 1 yz J / 

or , since a is small, 

y = a (26) 

In other words, the inclination of the principal axis and the slope of 
the preferred mixing surface are identical. 

Since the values of Kj. depend on the adopted axes and their 
inclination upon the direction of preferred mixing, it is sometimes 
convenient to use the following expressions which relate K^. and the 
principal eddy diffusion components : 

- 1 6 -



(27) 

(28) 

(29) 

A geometrical representation is given by the diffusion ellipse ( f igure 4) 

K y Y 2 + K z Z2 = 1 (30) 

whose principal axes have a lengths respectively, of 1A/K Y and 1/>/Kz. 
The magnitude of an eddy diffusion in a direction characterized by an 
angle y can be derived from such a geometry (see f ig . 4) . 

5. E V A L U A T I O N OF T H E 2-D EXCHANGE C O E F F I C I E N T S V A L U E S 

The magnitude of the eddy diffusion coefficients vary with • 
the scales of space-time averaging from a lower limit of molecular dif-
fusion to an upper limit of global atmospheric mixing. This dependence 
of the K's versus space and . time scales can be derived from a dis-
persion distance (expressed by mean cloud width) as illustrated in 
fiqure 5. The lower limit on K , and K (molecular d i f fus iv i ty) de-= yy z.z 
creases with height. The graph refers to a pressure of 100 mb. At 
these small scales, the turbulence is approximatively isotropic and 
homogeneous. The global scale is characterized by anisotropy and by 
the presence of off-diagonal terms. In the intermediate range, the tur - _ 
bulence is intermittent and localized. The curve refers to average 
values which can be several orders of magnitude smaller than the values 
observed locally. In the following paragraphs, we will confine, our 
attention on large scale eddy diffusion only. 

2 2 K = K„ cos a + K„ s in a, yy Y Z 

K = K = (Kv - K„) s i n a cos a, yz zy Y Z 

2 2 K = K„ s i n a + K„ cos a. 

-17-



y r horizontal z = vertical 

Y and Z principal diffusion axes 

Fig. 4 . - Di f fusion el l ipse. 
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1hr. 
105 10® 1o 
I I ' 1aay 10d. 1mo. 1 yr. 

TRAVEL TIME (sec) 

Fig. 5.- Stratospheric exchange coefficients as a function 
of dispersion distance and travel time. The range 
in values for a given travel time is given by the 
toned area. The dashed line represents the upper 
bound for IK yz 

After Reiter et al. (1975). 
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A procedure for evaluating the K coefficients has been given . 
by Reed and German (1965). The authors have derived the com-
ponent in the baroclinically active troposphere from the heat f lux data 
(F ) and the temperature distribution (Peixoto, 1960). In other atmo-
spheric regions, they have computed by assuming that it is pro-
portionnai to the variance of the meridional wind component as given by 
Buch (1954), Murakami (1962) and Peng (1963). The angle â has then 
been obtained from expression (20.a) introducing the values of the heat 
f lux and the temperature compiled by Oort (1963). K y z has then been 
computed with equation (17). Since, for symmetry reasons, â = 0 at the 

2 ^7 7 equator, relation (18) provides a1 = - — in these regions. Adopting 
o p —1 yy 

K = 10 cm s in the equatorial zone,_as suggested by the study of 
zz 2 

the vertical spread of tungsten 185, a1 has been calculated and 
assumed to remain constant at all other latitudes». Equation (10) was 
then employed to estimate K z z in the whole domain. 

Davidson, Friend and Seitz (1966) have developed a numerical 
model of diffusion and rain out of stratospheric radioactive material g 
using a fair ly simple distribution of K 's . K varies smoothly from 10 9 -i i n p yy 
cm s at the pole to 10 cm s at the equator while K ^ is^equal to 
103 cm2 s"1 in the stratosphere and about 4 x 10 cm s in the 
troposphere with a transition region near the tropopause. 

Gudiksen, Fairhall and Reed (1968) have considered simultan-
eously, mean motions and large scale eddy diffusion to model the disper-
sion of tungsten 185 released in the atmosphere during nuclear weapons 
tests. They extended the work of Reed and German to derive seasonal 
values of the K's up to 27 km. The exchange coefficients obtained by 
Reed and German were reduced by a factor of 7-10 for and a factor 
of 2 for equatorial K z z > The discrepency between the two sets of data 
was, mainly, attributed to the fact that the coefficients derived from 
heat f lux data by Reed and German may not be quantitatively applicable 
to the transport of particulate debris. In fact, the potential temperature 

- 2 0 -



may not behave as conservatively as tungsten 185 in the lower strato-
sphere while the t ranspor t of the gaseous species may physically d i f fer 
from the t ranspor t of solid part iculates. 

Seitz, Davidson, Friend and Feely (1968) also extended their 
previous work by introduct ing the complementary effects of mean and 
turbu lent motions. These authors were able to simulate relat ively well 
the evolution of several d i f ferent tracers with the same t ransport 
coeff icients, showing that large scale di f fusion could be described with 
K's which are almost independent of the t racers. 

Luther (1973) in a new investigation of the problem computed 
the values of K /. K y Z and K

z z between 0 and 50 km using the method 
of Reed and German but adopting the heat f lux associated with standing 
and transient eddies and the temperature and the wind variance as 
compiled by Oort and Rassmusson (1971) for the 1958-1963 period. 
Values in regions where observational data were not available were 
derived by Luther (1973) by extrapolation using the results of Wofsy 
and McElroy (1973) and Newell et al. (1966). 

Di f ferent attempts to establish more accurate distr ibut ions of 
the K's have been carried out in the past years especially because of 
the demand by chemical modelers studying the stabi l i ty of ozone in the 
stratosphere. Values have been proposed by Louis (1974), Kao, 
Obrasinski and Lordi (1978) and others. Moreover, Nastrom and Brown 
(1978) have recently derived exchange coefficients from 30 to 60 km 
alt i tude where the meridional component K^^ has been obtained using 
G . I . Taylor 's theorem 

K = f v 1 ( t ) v * ( t + t ) d t = v ' 2 f R (T) d i (31) 
yy J p Jo w 

5 
where v ' ( t ) is the meridional wind f luctuat ion, v' its variance and 
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R ( t ) = v'(t)_v;(t+t) ( 3 2 ) 

W v ,2 

the autocorrelation coefficient of the meridional wind. This approach has 

been previously used by Murgatroyd (1969) who adopted for the auto-

correlation coefficient a damped cosine function 

R ( T) = e" p X cos q t (33) 
w 

with p and q being obtained from wind trajectory data. The technique 

used by Nastrom and Brown to derive K y z is based on that of Reed and 

German while the determination of the K z z value follows a method 

suggested by Hines (1970). This author has assumed that the normal 

growth of gravity wave amplitude with hight arising from decreasing 

density will be offset by energy lost to turbulence so that the wave 

amplitude is constant with altitude. Zimmerman (1974) has argued that 

no amplitude growth is a pour approximation and balancing the vertical 

gradient of the specific wave energy with an effective turbulent viscos-

ity he derived the following expression 

4« T V o 

where X2 is the vertical wavelength of the upward propagating gravity 

wave responsible for turbulence, T is its period, V and VQ the pertur-

bation velocity, respectively, at level z and at a reference level. 

Figure 6a, b and c represents the exchange coefficients 

K and: K z z adopted by Reed and German (1965), Gudiksen et al. 

(1968) and Luther (1974) versus latitude at two different levels, namely 

100 mb (14 km) and 50 mb (20 km), and for two seasons (winter and 

summer). The shape of the latitudinal variation is generally the same 

but the magnitude of the data sometimes varies considerably. All of the 

three authors agree on the fact that K increases from the equator to 
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Fig. 6a. - Latitudinal distribution of the exchange coefficient K y y according to 

different authors. The values are g iven for winter and summer condi-

tions and for 50 and 100 mb levels. 
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the pole dur ing the winter period while it varies only sl ightly and 

remains small dur ing the summer. The off-diagonal term which is 

negative in the Northern hemisphere (in standard spherical coordinates) 

is also larger dur ing the winter than dur ing the summer. Its value is 

almost zero at the equator and at the poles (for symmetry reasons) and 

peaks in the mid-latitude regions. The vertical exchange coefficient K z z 

seems also to reach its maximum value between 30 and 50 degrees lat-

itude with the most pronounced values dur ing the winter. Similar data 

have been adopted in two-dimensional models of stratospheric minor 

constituents (B ra s seu r , 1978; Crutzen, 1975; Pr inn, 1973; Pyle, 1978; 

Rao-Vupputur i , 1973; Widhopf, 1975; e tc . . . ) but they have been 

adjusted by a "trial and er ror " method to give the best agreement 

between observed and calculated distr ibutions of trace species such as 

ozone or water vapor. Figure 7 shows and compares the values of 

at 20 km adopted by var ious authors. It should be noted, however, 

that these values have been adjusted for different distr ibutions of the 

mean wind components (see e.g. Cunnold et al., 1974; Louis 1974). 

The meridional distribution of eddy diffusion coefficients 

determined by Luther between the g round and the stratopause is 

illustrated in f igures 8, 9 and 10 while the same coefficients provided 

by Nastrom and Brown between 30 and 60 km are reproduced in tables 

1, 2 and 3. In both cases, appears to increase with latitude in the 

winter period and also with height above 30 km. The values derived 

dur ing the winter are about a factor of ten larger than the data 

obtained dur ing the summer. The chart representing K y z shows that 

the s ign of this coefficient changes from one hemisphere to the other 

and also when cross ing the tropopause. The values are the highest in 

the winter mid-latitude region. Hence, the countergradient flux becomes 

greatest mostly dur ing the winter season. The K z z coefficient has a 

h igh value in the troposphere but the its magnitude increases with 

height above 30 km. One also notes a latitudinal variation below 45 km 

but, as shown also in the Nastrom and Brown data, the patterns of the 



LATITUDE (degrees) 

Fig". 7 . - Latitudinal distribution of at 20 km adopted dur ing the winter 

season in var ious stratospheric models. 
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Kvv x 10"10(cm2s"') after LUTHER (1974) 

Fig. 8.- Meridional distribution of K determined by Luther (1974). 
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K y z x 10"6 lcm2 s"1) after LUTHER (1974) 
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Fig. 9 . - Meridional distribution of K y z determined by Luther (1974). The s ign 

of K y Z has been chosen so that the corresponding eddy flux is 

positive when it is directed from the North (winter) pole to the South 

(summer) pole. 
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K z z x 10"4 (cm2 s"1) after LUTHER (1974) 

Fig. 10.- Meridional distribution of K determined by Luther (1974). 
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A 2 1 
TABLE 1.- Seasonal values of K (10 m sec ) after Nastrom and Brown (1978) 
_ _ _ yy 

ITITUW 75 70 6S B0 55 50 45 40 35 30 25 20 15 10 5 

Winter 

60.0 K" 88» 7»1 566 44S 322 220 194 i n 223 lb5 132 131 123 11« 100 
57.5 759 681 562 487 J'.S 302 251 2 1.9 2)6 1 »0 13' 135 123 126 1 1 6 
55.0 634 622 558 529 »6« 385 307 264 2-.0 174 1 4 J 13» 123 1 32 131 
52.5 500 515 513 513 476 405 J2S 26« 2J J 151 1 1» 113 112 121 101 
SC.c 365 409 469 49M 4X4 4 25 344 272 215 12* 86 8« 101 110 
47.5 312. 360 453 44b M<J 3» 7 279 <?' < 19b M2 72 '9 B0 SC 
4b.0 258 310 4 38 395 3'14 2b9 215 1" ' 1 " 12s •57 57 50 4 1 
42.S .360 399 4 6.9 »OH 130 254 1*1 1 s ! 1 19 l"f. fb 57 ' 48 40 3b 
40.« 462 •8» 500 • 20 327 238 165 11» 100 HH 7 4 5b 39 30 Jt) 
J7.5 • IS 475 46 V 403 313 219 140 . 'a 67 s? 40 31- 28 2« 
35.0 367. 462 4 38 38b 29« 201 115 b-> •jS <»#• J! 2» 31 26 22 
J2.5 258 3*6 339 299 231 156 91 50 4 1 3f 29 22 2 4 20 1 J 
30.0 14« 230 . 23« 211 16.1 111 66 0b 2b 30 2b 20 1H 13 4 

US 
11? 
11 n 

89 
bA 
5 » 
41 
3 > 
2--
20 
!•< 
10 
5 

Spring 

60.0 *M. 270 223 209 159 116 89 85 105 128 90 79 90 100 127 17« 167 140 
57.» 296 231 179 1»! 109 »9 81 90 101 '3 62 71 8» 93 115 106 «1 
55.0 322 238 1*9 123 10.1 80 fa 1? 11 SB »S 53 6* 5b 90 »6 »r 
52.5 235 199 14* 120 97 11 64 60 64 53 48 51 54 52 52 »6 *i 
SO. 8 i 1»8 160 139 11« 91 66 50 4 7 53 50 50 50 »2 »5 «8 «7 *t-
47.S > 111 135 132 101 8? 6 1 • 9 4 7 54 50 50 48 38 38 «1 • 0 3K 
»5.0 113 110 12» 98 74 57 »8 49 54 SO 49 45 33 30 33 33 31 
42.5 109 103 106 85 64 49 40 J 9 44 4« 46 42 29 25 26 26 2«i 
40.0 104 96 88 7? 55 41 32 ' JO 33 37 42 39 25 19 19 20 20 
37.5 100. 95 7v 67 53 40 31 c ' 28 20 29 27 21 18 22 21 19 
35.0 96 93 7.1 62 51 J9 en 2 3 22 22 17 15 11 18 25 23 1« 
32iS 72 81 70 6» 53 38 2b 19 18 16 15 13 13 1» 20 19 lb 
30.0 40 ro 69 66 54 38 23 1 4 1» 11 12 12 9 10 15 15 12 

Summer 

60.0 KO " 193 137 79 61 59 70 87 V9 100 96 96 95 102 143 24» 232 185 
57 iS 11« 93 65 59 59 63 72 83 90 83 78 74 74 101 165 160 133 
55. 0 »3 »» 51 58 58 56 56 66 80 69 59 53 47 60 85 88 81 
52.5 • ' 35 ." . *0 »1 »6 47 45 »5 50 59 54 47 43 43 53 76 7 7 . 70 
50.0 26 30 31 3» 35 3* 33 35 39 39 35 34 39 »6 68 66 59 
»7.5 22 2« 2» 26 2b 25 25 27 J2 3b 35 33 37 42 S3 54 52 
«5.0 18 19 18 18 17 16 16 19 2b 34 35 33 33 37 .19 42 »4 
42.5 IS 16 14 14 13 12 13 16 22 2<. ?7 2b 24 27 33 37 39 
»0,0 12 ' 13 10 11 10 8 9 11 19 19 20 20 16 1 7 28 32 34 
37.5 12 13 9 10 10 8 7 10 15 1«. 15 15 13 16 26 26 28 
35.0 12 13 9 10 •5 7 b 7 1 1 10 1 0 10 10 14 23 . 24 21 
32.5 11 10 7 7 6 5 4 b 9 8 <9 9 8 12 2i 22 20 
30.0 9 8 6 4 3 2 2 4 I ; H d 6 Q ?0 21 IP 

Autumn 

60.0 RN 792 628 SOI 33* 202 12« 99 119 154 135 121 103 87 159 359 332 229 
57.5 • A 35 528 442 315 208 ' 141 11» 12» 1*» 124 110 101 88 117 222 202 1»» 
55.0 «79 «28 384 295 214 158 129 129 140 113 100 98 89 76 8* 71 58 
52.5 393 37« 355 276 19» 132 101 110 140 106 84 79 68 52 5» »6 »» 
50.0 307 32« 325 257 175 106 72 92 141 97 68 60 47 29 21 21 30 
»7.5 - 30« 293 297 236 1 TO 117 87 89 111 89 67 55 43 29 25 25 29 
45.0 292 245 270 216 166 128 102 86 81 80 66 »9 »0 29 29 28 28 
*2 .5, 258 ' 252 2»» 19« 151 110 81 67 67 66 55 »1 32 2S 25 25 25 
40.0 224 238 218 181 136 93 61 47 52 5? «» 3» 25 20 21 22 22 
37.5 196 217 <.05 168 122 19 «8 37 »3 39 33 26 19 16 1» 19 19 
35.0 16« 195 191 155 109 66 36 26 33 25 21 19 13 12 17 lb 15 
32.5 14» 162 161 131 92 57 31 *2 25 21 17 15 11 10 13 1» 14 
30.0 111 128 130 105 76 »8 27 17 18 17 13 9 9 9 10 11 12 
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TABLE 3.- Seasonal - values of K (10 cm sec ) after Nastrom and Brown 1978 
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K's tend to be more or less horizontal in the upper stratosphere and 
lower mesosphere. The cross sections represented here refer to zonal 
mean values. However, as shown by Nastrom and Brown and illustrated 
in figure 11, the values of the exchange coefficients may be quite 
different at two separate longitudes. 

6. EDDY DIFFUSION AND OZONE TRANSPORT 

In order to test the effect of each eddy diffusion component 
on the distribution of an atmospheric trace gase, such as ozone, 
different computations have been carried out with a two-dimensional 
numerical model. The full description of this model - including the 
chemical scheme - with its two versions has been given by Brasseur 
(1976; 1978). Firstly, one considers a steady state approach with a 
very simple transport parametrization. The action of the mean circula-
tion is neglected and the dynamics is described only by the three eddy 

diffusion coefficients. In order to oversimplify the conditions, the 
10 2 -1 following constant and uniform values are adopted : K = 1 0 cm s 

4 2 - 1 ^ and K z z = 10 cm s . Moreover, is adjusted in the winter and 
summer hemisphere until the calculated ozone distribution becomes 
compatible with the observations. 

Figure 12 shows the meridional cross section of the ozone 
concentration when photochemical equilibrium conditions are prescribed 
(all K's are put equal to zero). In this case, the maximum concentration 
is located in the equatorial and tropical regions and almost no ozone is 
present below 10 km or at high latitudes. This is in contradiction with 
the reality. 

4 2 - 1 
When the vertical coefficient K_,z = 10 cm s is introduced 

while the other K's remain equal to zero (figure 13),ozone is present in 
the lower stratosphere (and troposphere) but its concentration remains 
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K y y (108 cm2s1 ) 

Fig. 11.- Comparison of K y y during winter at Thule and Heiss. From Nastrom 
and Brown (1978). 
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WINTER LATITUDE SUMMER 

Fig. 12.- Meridional distribution of the ozone concentration 
assuming photochemical equilibrium conditions. 
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OZONE ; CONCENTRATION (1012 cm"3) 

13.- Meridional distribution of the ozone concentration when vertical 
exchange by diffusion is only taken into account. 
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insignificant at high latitudes. When the computation is performed with 
10 2 -1 4 P -1 K y y = 10 cm s and K z z = 10H cnrT s (figure 14) a horizontal flux 

appears and ozone penetrates in t|< the high latitude regions. However, 
the maximum concentration still occurs in the equatorial zone where O-
is produced photochemically, which is in contradiction with the 
observation. 

The existence of a countergradient flux becomes possible only 
with the introduction of the off-diagonal component K . F i g . 15 shows 

yz 
the latitudinal variation of total ozone obtained for different values of 
K . It clearly shows that the ozone distribution is very sensitive to yz 
K y z ' P a r t i c u l a r , y a t high latitudes. Therefore, it should be determined 
with a very high precision. Because of the high sensitivity of the 
distribution of ozone to K y z and because of the rather large uncertainty 
on K y Z , it is most necessary to "tune" this coefficient with care until 
the distribution of trace species and/or temperature comes into agree-
ment with the observation. It should .be noted, however, that the 
solution is not unique and the results depend on the other parameters 
which are adopted, and especially the mean motion and the other K's. 
Further, it is not proven, but only assumed by most modellers, that 
the same K's may be used for all the different trace species of the 
atmosphere. This is only a first order approximation since the theory 
by Reed and German has its own limitations and assumes that the 
physical processes governing the transport are the same for all of the 
different atmospheric species. Adopting the latitudinal distribution of 
K y z s ' 1 0 w n ' n f ' 9 u r e "16/ the meridional distribution of Og as illustrated 
in figure 17 is obtained. 

In order to give a crude estimation of the relative effect of 
the mean and turbulent transport of ozone, we now consider a second 
and more elaborate version of the 2-D model. The mean circulation as 
computed by Cunnold et al. (1974) is now introduced in the model while 
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Fig. 14.- Meridional distribution of the ozone concentration when vertical and 

horizontal transport are taken into account, and are parameterized by 

K y y a n d Kzz o n l y -
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F ig . 15.- Effect of the anisotropic component on the latitudinal distribution 
of total ozone. 
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the eddy diffusion coefficients are adjusted at all latitudes and 

altitudes. Figure 18 gives some information concerning the distributions 

of these K's. In order to visualize the action of both types of 

transport, figure 19, 20 and 21 present, respectively, the mean, tur-

bulent and total transport derived with the model calculation and show 

that the poleward ozone flux in winter is only possible if the horizontal 

(countergradient) transport by eddies is taken into account. In fact 

according to these calculations, horizontal mean motions play a signifi-

cant role in the equatorial and polar regions while large scale turbulent 

transport is clearly dominant in the mid-latitude zone. Vertical winds in 

the Hadley cell near the equatorial tropopause prevent ozone from 

diffusing downward. 

7. V E R T I C A L 1 -D T R A N S P O R T IN THE ATMOSPHERE 

In many aeronomic studies, the problem of the behavior of 

minor constituents is treated by assuming average conditions over all 

latitudes and longitudes. In one-dimensional models, which are useful in 

the estimation of the dominant chemical and photochemical processes as 

a function of the altitude, the continuity equation becomes 

+ 9$ = P . L (35) 
at dz 

where it is now assumed that all the quantities are averaged over the 

entire globe. In this equation, the contribution to the flux is due to 

large scale eddy mixing; the mean circulation does not appear since, for 

continuity reasons, the average vertical wind must be equal to zero. 

Again, the continuity equation. (35) requires a closure condition and one 

assumes that a vertical flux of any minor constituent takes place when 

the distribution of this species departs from constant mixing ratio. The 

following equation, indicating that the net vertical flux is proportionnal 

to the negative gradient of the mixing ratio, 
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Fig. 18.- Distribution with latitude and altitude of the exchange coefficients 

adopted in the 2-D model used in this work. 
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19.- Representation of the circulation of ozone by mean motions ( v , 
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OZONE - EDDY CIRCULATION DECEMBER 

30 0 30 
LATITUDE (DEGREES) 

NORTH SOUTH 

. 20 . - Representation of the circulation of ozone by large scale eddy 

diffusion ( K y y , K y z , K z z ) . 
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OZONE CONCENTRATION DECEMBER 

Fig. 21.- Representation of the global circulation of ozone by mean motions and 

eddy diffusion. 
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* = - K n(M) 2£ (36) 

is adopted since it requires that the constituent moves from regions 
where it has a high mixing ratio to regions where it is low. In this 
expression, K is a vertical exchange coefficient which refers to global 
conditions (average over all latitudes and longitudes). This formalism 
for vertical 1-D transport has been introduced by Lettau (1951) and 
adopted by Colegrove et al. (1966) to study the transport of oxygen in 
the lower thermosphere. The vertical f lux can also be written in the 
alternative forms 

or 

• J j I (38) 

where T is the temperature, H the atmospheric scale height and Ĥ  the 
scale height of the species being considered. 

It should be noted that, while the form of these flux re-
presentations can be intuitively understood from the Prandtl's mixing 
length theory, there is no complete and fundamental theoretical explana-
tion for an expression such as (36) . There has been much confusion in 
the past in the interpretation of the physical sense of the K coefficient 
when it has been attempted to derive its absolute value from turbulence 
measurements. In fact, the vertical eddy-mixing coefficient is generally 
obtained without any explicit reference to the motions and it must be 
considered as a pure phenomenological parameter. K is simply a propor-
tionality factor relating the flux to the gradient of the mixing ratio. 
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Studies of the dispersion processes in the mesosphere and the 

lower thermosphere has been undertaken by different methods, namely 

us ing radio meteor trails (e .g . Roper and Elford, 1963; Roper, 1966; 

Zimmerman, 1973; 1974; Cunnold, 1975) or chemical release observation 

(e .g . Blamont and de Jager, 1961; Zimmerman and Champion, 1963; 

Justus , 1969; Zimmerman and Trowbr idge, 1973). Values for a diffusion 

coefficient have been derived in several cases. A profile of the coeffi-

cient for the vertical eddy diffusion of heat (which is of the same order 

of magnitude as the exchange coefficient of trace species) for the 

region between 50 and 100 km has been deduced by Johnson and Wilkins 

(1965) based upon the downward flux required to maintain the thermal 

structure of this atmospheric region. These results were questioned, 

however, by Hunten (1974) since they did not take into account the 

heat input associated with the turbulence itself. Estimates of K due to 

small scale motions and, in particular, to internal g rav i ty waves have 

been undertaken by Hodges (1969) and Hines (1970) while Justus (1973) 

has used Hines1 theory in conjunction with wind observations to derive 

the profile of K. Lindzen (1971) has proposed values of K associated 

with atmospheric tides and Zimmerman (1973; 1974) has analyzed wind 

observations. Finally, exchange coefficient profiles have been deduced 

from the vertical distribution of long lived chemical species such as 

atomic oxygen in the 90-100 km region (Colegrove et al, 1965; da Mata, 

1974). Adjustments of the K profiles have been made in most models 

when study ing species such as NO (Strobel, 1971; B ras seur and 

Nicolet, 1973); CO (Hays and Olivero, 1970). Figure 22 illustrates 

different distr ibutions of exchange coefficients in the mesosphere and 

lower thermosphere. 

In the stratosphere and the troposphere where the pattern of 

vertical transport appears essentially to be determined by the meridional 

motions, the 1 -D K profile should be, in principle, derived from elab-

orate circulation models (see e.g. Mahlman, 1975). However, an order 

of magnitude profile can be deduced from residence time (x) considera-

tions since it can be derived from the diffusion equations that 



Fig. 22.- Vertical distribution of 1-D exchange coefficients K adopted in 
different mesospheric models. For comparison purposes, several mole-
cular diffusion coefficients D are also shown. 
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K = — (39) • T 

where H is a typical length, here the atmospheric scale height. Studies 
concerning the decay of radioactive debris from nuclear explosions have 
shown that the residence time is of the order of 2 years in the strato-
sphere while it is of the order of 1 month in the troposphere (see e.g. 

c ? _*] 
Reiter et al, 1975). Therefore, typical values for K are 2 x 10 cm s 
below the tropopause and between 103 and 10^ cm^ s"^ above this 
transition region. 

The vertical distribution of the exchange coefficient in the 
stratosphere can in principle be obtained by inverting the continuity/ 
transport equation (derived from 35 and 36). If the distribution of the 
production, the loss rates and the concentration of a tracer are known, 
it is possible to determine a corresponding K profile. Since the 
exchange coefficient characterizes a physical state of the atmosphere, it 
is usually assumed to be independent of particular choices of the 
species. Also, to make sense the different parameters adopted for the 
inversion (concentration, e t c . . . ) must be globally averaged values. 
Constituents with horizontal stratification are thus very useful for this 
type of calculation. 

Two types of atmospheric tracers have been used to derive 
vertical profiles of K : chemically reactive gases such as ^ O or CH^ or 
chemically inert radionucleides introduced in the stratosphere by 
nuclear explosions. 

a. CH^ and NgO satisfy the conditions for applicability of one-dimen-
sional eddy treatment since they are rather uniformly distributed in the 
horizontal and since their chemical loss mechanisms are relatively 
simple. Moreover, these two constituents are only produced at ground 
level and, therefore, the exchange coefficient profile is given by 
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" J z L d z 

K ( z ) = n(M) df/dz = n(M) df/dz ( 4 0 ) 

where (|) is the vert ical f l u x , L the atmospheric destruct ion rate, f the 
volume mixing rat io and n(M) the total concentrat ion. 
Since, in general, large uncertaint ies remain in the determination of the 
global mixing rat io and the integrated loss rate, K cannot be der ived 
wi thout s igni f icant e r ro rs . Moreover, in the lower stratosphere and in 
the t roposphere where n(M) becomes large and d f / d z small for const i t -
uents such as CH^ and I ^ O , th is formula can no longer be appl ied. 
Hunten (1975) has used the methane data obtained by Ehhalt et al. 
(1972) to determine a K prof i le ( f i gu re 23) and has revised an earl ier 
s tudy by Wofsy and McElroy (1973). Dickinson (1976) has carefu l ly 
analyzed the var iab i l i t y in the K prof i les ar is ing from dif ferences in 
data in terpretat ions. Other prof i les have been suggested by var ious 
modelers (L iu and Cicerone, 1976; Crutzen and Isaksen, 1978; e t c . . . ) 
but recent ly , NASA (1977) has suggested consideration of whether to 
adopt an average of the Dickinson's results or the d is t r ibu t ion g iven by 
Hunten but mult ipl ied by a factor of 2. This last correct ion was 
introduced because the or iginal Hunten's prof i le d id not produce a 
chemical loss rate of CH^ which is consistent wi th that used in its 
der ivat ion. 

90 
b. Tracers injected by nuclear explosions as f ine part icles ( e . g . Sr , 
W 1 8 5 , R h 1 0 2 , C d 1 0 9 and Z r 9 5 ) or as a t rue gas ( C 1 4 ) wil l prov ide 
useful information on stratospheric t ranspor t since they are not 
associated with any chemical source or sink (except the well understood 
radioactive decay). However such tracers are not uni formly d is t r ibu ted 
and because of the uncertaint ies in the meridional d is t r ibu t ions 
(obtained by part ic le sampling) and due to the d i f f icu l t ies caused by 
thé t ransient nature of the removal from the stratosphere and by the 
sendimentation of these part ic les, this method, which has been analyzed 
by Chang (1975), raises - serious questions and does not provide more 
feasible results than those associated with chemically active species. 



VERTICAL EXCHANGE COEFFICIENT K, (cm2 s"1) 
2000 10A 4X10a 

Fig . 23.- Stratospheric exchange coefficient profile derived 
by Hunten (1975) from methane data. 
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Figure 24 illustrates several profiles of exchange coefficients. 
Significant differences still occur which limit the validity of 1-D model 
calculations. To estimate the effect of transport uncertainties on 
chemical model results, figure 25 (Nicolet and Peetermans, 1972) shows 
the vertically integrated NO production rate in the stratosphere as a 
function of the vertically uniform eddy mixing coefficient K used in the 
calculation. Variations of about a factor of 10 occur. Also, figure 26 
(NAS report, 1976) illustrates the different responses in the total ozone 
concentration to constant release of chlorofluoromethanes in the atmo-
sphere until 1978 when release is suddenly and completely stopped. 
Again the results calculated with different K profiles diffpr signif-
icantly. 

Finally, it should be clear that since the 1-D profile refers to 
globally average conditions, it cannot satisfactorily represent physical 
processes related to the details of the atmospheric dynamics, e.g. the 
formation of tropopause structure or the slope of the mixing surfaces in 
the iower stratosphere. Also, properties associated with the time 
variability of the atmospheric conditions are smoothed out by such 1-D 
approaches. For example, the vertical distribution of water vapor with 
the discontinuity in its scale height at the tropopause cannot be adequ-
ately represented in any 1-D model. Also, as explained by Newell 
(1977), carbon monoxide distributions can apparently be explained 
without invoking the 1-D model results that predict large sources from 
methane. Finally, the ozone distribution and budget can not be adequ-
ately described unless one adopts at least a 2-D representation. 

8. SUMMARY 

The so-called eddy diffusion coefficients are purely phenomeno-
logical but useful empirical parameters relating the mean flux to the 
gradient of the mixing ratio. When treating the transport of minor 
constituents in chemical models, the K-theory is very convenient but 
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Fig. 25.- Integrated production rate of nitric oxide in the 

stratosphere as a function of the exchange coeffi-

cient K which is chosen constant with altitude. 

After Nicolet and Peetermans (1972). 
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YEAR 

Fig. 26.- Behavior of total ozone when a constant release of 

chlorofluoromethanes in the atmosphere is com-

pletely stopped in 1978. Calculations with dif-

ferent exchange coefficients. After N A S (1976). 
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not theoretically verifiable. However, it leads to rather satisfactorily 
results which should be considered as first approximations. More work 
is required to improve this parametrization and to introduce a more 
elaborate - but still handy - treatment of all scales of motions based on 
dynamical considerations. I n the mean time, the K coefficients have to 
be deduced from the best known distributions of trace species and 
assumed to be independent of the choice of the minor constituents. 
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