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FOREWORD

The United Nations

(UNSCEAR)

Scientific

Committee

on the

Effects

includes among its other responsibilities the study of

of

Atomic

Radiation

the world-wide contami-

nation of the environment (and of food and tissues) by radioactive debris produced in
nuclear explosions. In addition to an adequate knowledge of the biological aspects, such
a study necessitates, particularly for prediction purposes, a good understanding of the
mechanisms controlling the movement of radioactivity in the atmosphere. These involve many
meteorological problems in the fields of general circulation, cloud physics and boundarylayer phenomena and also a number of oceanographical questions.

A joint WMO/UNSCEAR s,ymposium was therefore arranged during the seventh session
of UNSCEAR (New York, 1960) when leading atmospheric scientists selected by WMO reviewed
the state of knowledge relating to the transport in the atmosphere of radioactive debris.
The papers delivered on that occasion were published by WMO as Technical Note No.43, which
was edited by Professor W. Bleeker of the Netherlands.
In order to bring up to date the information presented in 1960 and in order to
extend somewhat its scope, it was decided to hold a similar joint symposium during the
thirteenth session of UNSCEAR (Geneva, 1964). It has likewise been decided to publish the
full texts of the papers delivered as a WMO Technical Note, which Professor Bleeker once
again agreed to edit.
I wish to thank all of the contributors for their excellent co-operation and again
express my sincere appreciation to Professor Bleeker in his dual capacity as a contributor
and editor.

(D.A. Davies)
Secretary-General

INTRODUCTION

This Technical Note, in the same way as Technical Note No. 43, aims at bringing
the read.~r up to date with respect to a nwnber of investigations which have been carried out
in connexion with the presence of radioactive material in the atmosphere.
It contains the text of all papers which were presented at the thirteenth session
of the United Nations Scientific Committee on the Effects of Atomic Radiation.
The papers have been arranged in a logical order. The publication begins with a
contribution of Mr. Storebp on particle formation in nuclear bomb debris. The subject is
not primarily of a meteorological character, but in view of the faot that it brings the
reader in contact with the first stage ·of the injection of the radioactive pollutant into
the atmosphere it was considered useful to include it in this Technical Note.
The three following papers deal with the tran.sport
activity in the atmosphere. Dr. Bolin's contribution is of
from a scientific but also from a practical point of view.
number of interesting remarks. Dr. Murgatroyd I s paper does
ial.. but it discusses the closely related behaviour of two
atmosphere, namely, ozone and water vapour.

mechanisms of artificial radiofundamental importanc~.. not only
Dr. Karol's comments contain a
not deal with radioactive materother trace substances in the

Considerable attention has also been given to removal mechanisms and the deposition
of radioactive material. The paper of Dr. Bleeker and Mr. Lablans brings the reader into
contact with some problems in the field of the physics of clouds and precipitation.
Dr. Eriksson presents some interesting remarks on the deposition, in particular, of dry fallout. Dr. Suschny discussel3 the contamination of the oceans and presents interesting factual
material. Finally, Dr. Machta I s remarks on fallout forecasting deserve the attention of
those dealing with praotical problems.
Under the chapter heading "Miscellaneous lf Machta gives an account of the fallout
research programme of the United States and Lablans and Bleeker present an analysis of a
case of high radioactivity in western Europe during November 1962.It is hoped that this Technical Note will again stimulate research in atmospheric
chemistry and the large-scale circulation in the atmosphere and that it will prove to be
of use to those who would like to obtain a bird's eye view of what is going on in this particular field.

De Bilt, October 1964

w.

Bleeker.

INTRODUCTION

La presente Note teclmique" connne 1a Note technique NO 43, a pour but de mettre
Ie lecteur au courant d'un certain Dombre de recherches qui ont ete effectuees au sujet de
1a presence de substances radioactives dans llatmosphere.
Elle coptient Ie texte de toutes les communications faites a 1a treizleme session
du Caroite scientifique des Nations Unies pour l'etude des effets des radiations ionisantes.
Les communications sont presentees dans un ordre logique. La publication slouvre
sur une etude de M. Storebp concernant 1a formation des particules dans les dechets des explosions nucleaires. Cette question n'interesse pas tout particulierement 1a meteorologie,
mals comme el1e met en contact Ie lecteur avec Ie premier stade de l'introduction de polluants radioactifs dans l'atmosphere, il a ete juge utile de llinclure darts cette Note technique.

Les trois communications qui suivent portent sur les processus de transport- de la
artificielle dans l'atmosphere. L1etude de M. Bolin rev@t une importance capitale non seulement du point de vue scientifique mais egalement du point de vue pratique.
Les cornmentaires de M. Karol contiennent un certain nombre de remarques interessantes. Dans
son etude, M. Murgatroyd ne traite pas des substances radioactiveS' m@mes, mais 11 examine
de pres deux autres substances a lretat de trace dans l'atmosphere - llozone et la vapeur
d'eau - dont Ie comportement est etroitement lie a celui des substances radioactives.
radioactivi~e

Une attention considerable a ete accordee aux processus dfelimination des substances radioactives et a leur d'eptlt. La communication de MM. Bleeker et Lablans presente
au lecteur quelques problemes a resoudre dans Ie domaine de la physique des nuages et des
precipitations. M. Eriksson formule quelques observations interessantes sur Ie dep8t, en
particulier, .des retombees seches. M. Suschny etudie la contamination des oceans et expose
des faits interessants. Enfin, les remarques de M. Machta sur la prevision des retombees
meritent de retenir llattention de tous ceux qui s'occupent de questions d'ordre pratique.
Dans Ie chapitre intitule "Miscellaneolls ll M. Machta rend compte du prograinme de
recherches sur les retombees entrepris aux Etats-unis et MM. Lablans et Bleeker analysent
un cas de forte radioactivite enregistree en Europe occidentale en novembre 1962.
II faut esperer que 1a presente Note technique dbnnera un nouvel elan aux recherches sur la chimie atmospherique et la circulation a grande echelle dans llatmosphere et
qu'elle sera utile a tous ceux qui aimeraient avoir un apergu general des activites deployees dans ce domaine particulier.

De Bi1t, octobre 1964

w.

Bleeker
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INTRODUCCION

Persiguiendo identico prop6sito que la Nota Tecnica No. 43, la finalidad de la
presente Nota Tecnica es rnantener ir~ormado al lector sabre algunas investigaciones que se
han efectuado con respecto a la presencia de material radiactivQ en la atm6sfera.
Esta Nota Tecnica cantiene e1 texto de todos los documentos que fueron presentados
en la decimotercera reun~6n del Caroite Cientffico para e1 Estudio de los Efectos de las
Radiaciones At6micas.
Be han dispuesto los documentos con arreglo a la 16gica. Encabeza la publicaci6n
una comunicac16n del Sr. Storebp sabre la formaci6n de partlculas en los residuos de detonaciones nucleares. S1 bien e1 sujeto carece de caracter esenclalmente meteoro16gico, se
ha juzgado util incluirlo en la presente Nota Tecnica, considerando que este estudio pone
al lector en contacto con la primera fase de la contaminaci6n radiactiva de la atm6sfera.
Las tres comunicaciones siguientes tratan del mecanisme de la difusi6n de las particulas radiactivas artificiales en la atm6sfera., El Gstudio del Dr. Bolin es de capital
importancia, no s610 por su caracter cientifico, sino tambien desde e1 punto de vista praqtieo. Las observaciones del Dr. Karol contienen un cierto nUrnero de puntos interesantes.
La comunicaci6n presentada par el Dr. Murgatroyd no se refiere al material radiactlvo, pero
examina e1 comportamiento de otros dos elementos en estado de vestigio con el que tiene
estrecha relaci6n, a saber, el ozono y el vapor de agua.
Se ha prestado igualmente detenida atenci6n a1 mecanismo de la eliminaci6n y del
dep6sito de material radiaqtivo. El estudio del Dr. Bleeker y del Sr. Lablans expone al
lector algunos de los problemas que se presentan en materia de la fls1ca de las n~bes y de
la precipitac16n. El Dr. Eriksson formula observaoiones muy interesantes, en particular,
sabre el deposit.o de la ·prec:;i..pitaci6n radiaotiva s;eca.
El Dr. SUschny examina la cuestion de la contaminaci6n de los oceanos y expone
algunos autenticos elementos de juicio. Por ultimo, los comentarios del Dr. Machta acerca
de la prediccion de precipitaci6n radiactiva merecen ser tenidos en cuenta par todos los
que se interessan en problemas de orden practico.
El capitulo intitulado trAsuntos diversos ll contiene un inf'orme
el programa de investigaciones que se desarrolla en los Estados Unidos
taciones radiactivas, y un analisis presentado par el Sr. Lablans y e1
caso de alto nivel de radiactividad registrado en Europa occidental en

del Dr. Machta sabre
sabre las precipiDr. Bleeker de un
Noviembre de 1962.

Es de esperar que esta Nota Tecnica contribuya a mantener vivo el interes sobre
las investigaciones relativas a la quimica de la atm6sfera y que resulte de utilidad a los
que de seen tener una idea general de 10 que se hace y se proyecta en esta actividad especial.

De Bl1t, Octubre de 1964

N. Bleeker
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FORMATION OF ARTIFICIALLY RADIOACTIVE PARTICLES IN THE ATMOSPHERE
Page
P.B. Storeb,6

On particle formation in nuclear bomb debris

1

PARTICLE FORMATION IN NOCLEAR BCMB DEBRIS

1.

INTRODUCTION

The particle properties of nuclear bomb debris are important for many considerations
concerning fallout from explosions.
Aspects of particle formation have been studied by
various authors (Stewart, 1956;

Lapple, 1958;

Miller, 1963), but published information does

not yet cover the subject satisfactorily.
The present work is an attempt to calculate particle sizes in nuclear explosions
when only vaporized substances are present. The work is aimed prim~ily at air bursts, but
some aspects of sea-water bursts are also examined. Particles or droplets entering the
system without vaporization, causing scavenging of debris, are not considered in the report.
Such particles are rather large and of high interest for fallout early after the detonation,
but their importance in delayed fallout is probably small.

2.

MACROSCOPIC DESCRIPTION OF THE EXPLOSION DEVELOPMENT

Immediately after the bomb is set off, a ball of fire develops. The bomb material
evaporates and the pressure rises enormously due to the very high temperature in the fireball. The ball of fire increases in size because the material inside is forced outwards.
Simultaneously,. radiation of heat from the surface makes the air outside incandescent and
in this way makes it part of the fireball.
The material in the fireball therefore comes from two sources, the bomb debris and
the air, and mixing between the two parts is not necessarily complete or even substantial.
This is an important point for condensation considerations because the "average" vapour concentration, determined by o.ividing total mass by total volume, will usually be lower than
the vapour concentration in those regions where the bulk of the debris forms particles.
The maximum possible density of the condensing vapour will occur if the bomb material
is not mixed with air at all. For iron at 32730]< (boiling point),. the vapour density is
about 210 gramme/m3.

I f i t is assumed (see Kramish, 1953) that a 20 kt bomb weighs 1 ton and

that this is mostly iron, the vapour at 3273°K under 1 atmosphere pressure would be contained within a sphere of radius 10.4 metres and at BOOooK within 14.1 metres. Glasstone
(1962) estimates the radius of the ball of fire at the latter temperature to be 200 metres ..
and a wide range of densities is thus possible.
The minimum possible weighted density will occur when the material is evenly distributed throv.ghout the ball of fire. Linearity does certainly not exist between yield and
fireball parameters .. and an estimate must rest on some assumptions.
O 4
Glasstone (1962) indicates the maximum fireball radius to be 67.1 .'W • metres.

where W is yield in kilotons, but "the size of the fireball is not well defined in its later
stages". If it is now.. quite arbitrarily, assumed that the weight of a bomb is doubled when
the yield is increased ten times, and that a one-megaton bomb weighs 3 tons (metric) .. the
minimum possible weighted density in the fireball is fairly closely expressed in gramme~/m3
by 0.3 . w- 0 .9, or decreasing from about 0.02 g/m3 for a 20 kt bomb to about 0.75 . 10- 4 for
a 10 Mt bomb.

Estimates of the size of the fireball may be somewhat in error. It is not well defined when it reaches its maximum extent.. and this may mean that part of the growth is only
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apparent and due to distortion. During the time interval between the second temperature
maximum and start of condensation, the following effects will determine the variation of
temperature, mass and volume :
Heat capacity and radiation, admixture of surrounding air, radioactive heating and
release of dissociation energy for air with associated reduction in volume.
Because temperature and volume changes during this time interval have important

effects on the condensation, an attempt was made to compute the development under some simplifying assumptions.
Isotropic conditions should exist the whole time throughout the
fireball, admixture of new air per unit time should be proportional to the fireball surface,
and no overpressure should exist at any time.
The degrees of dissociation of oxygen and nitrogen Were those given by Miller
It was assruned that the starting temperature value Was 8300oK" for pressure 1
atmosphere" and for radius of ·the ball of 'fire 67.1 • WO. 4 metres" where W is yield of the
bomb in kilotons. The further changes in temperature" volume and mass of the fireball were
computed stepwise by assuming that all parameters remain constant over a time 6t, after
which time interval the parameters were reset in accordance with computed values of heat
radiation, radioactive heating, admixture of surrounding air, and change in dissociation
energy. For a 20 kt bomb and for temperatures higher than 4000 oK,, .6,.t was set to 0.001 sec"
for temperatures between 4000 0 K and 2000oK" L1t was set to 0.01 sec. For a 10 Mt bomb the
corresponding figures were 0.01 sec and 0.1 sec.

(1963).

The heat radiation was computed as if the ball of fire radiated as a black body
without counter-radiation,Le. when S is surface in cm2

1.;8 • 10- 12 . ~ • S • I't

cal

For computation of the radioactive heating it was assumed that each disintegration
released an energy amount of 2 MeV. The formula for the disintegration rate was based on
Dolan 1 s work (1959), but due to lack of data the rate for times shorter than 2 seconds after
explosion was regarded as constant and equal to that at 2 seconds. After that time the heat
released was set equal to

5.75 • 109 • t- l • 035 • I't . W • F

cal

where W is yield in kt and F is fission energy fraction of the bomb.

F was assumed to be 1

for 20 and 100 kt explosions, decreasing with yield to 0.5 at 1 Mt and 0.17 at 10 Mt.
Energy and mass of admixed air were computed on the assumption that the rate of the
admixed volume was proportional to fireball surface times an adjustable constant and that
the temperature of the surrounding air was 283°K.
computed results for three different admixture rates are presented in Figure 2.1.
The diagrams show how temperature" volume and maSs relative to the starting conditions change
with time when the temperature drops from 8.300 o K to 2000oK.

The results tend to show that it is qUite possible that shrinking of the fireball
actUally occurs, even when significant incorporation of new air takes place. An increase in
the apparent size of the fireball may still occur if during this time the fireball is distorted" for example if it is transformed from a sphere into a toroid. The initiation of the
toroidal circulation in the fireball may not be purely due to hydrostat!c forces. The pressure gradient within the atmosphere together with the shock-wave reflected from the ground
may play a considerable role in the early phase.
Toroidal circulation of the hot gases is observed (Glasstone" 1962), and may be
very important for the conditions under which condensation and agglomeration of debris take
place. The toroid may theoretically be regarded as a closed vortex tube" which ideally
moves with the air and into which no new air is introduced. The pressure distribution across
the toroid may well be SUch that an inner hot core can exist for a long time without being
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\ I

Figure 2.2 - Toroidal motion and possible
centrifugal forces 1 in outline.
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destroyed by mixing due to hydrostatic pressure. This may clearly be seen by considering
the expression for the centrifugal force exerted by the toroid on its environment
2
v
K ~ (2.1)
r

where K is force, v is velocity and r is radius of curvature.

If the motion is of the type indicated on the cross-section in Figure 2.2, with
sharper curvature and higher velocity in the lower part than in the upper part, the centrifugal force may balance the differences in hydrostatic pressure across the toroid and cause
an even distribution of the accelerating force. The ring will then rise as a whole and the
inner part may be relatively sheltered.
During the rise, new air is incorporated, and the hot
and by adiabatic expansion as the pressure decreases. This is
but agglomeration of particles still takes place. In order to
necessary to obtain some idea of t~mperature and volume during
effects will determine the variation with time :

mass is cooled by- radiation
after the condensation phase,
compute agglomeration, it is
the rise. The following

Heat capacity and radiation, heat supply by delayed radioactivity, incorporation
of surrounding cold air, adiabatic expansion due to gradually lower pressure,
kinetic energy in the toroidal circulation, and kinetic energy exchange with the
surrounding air.
The problems involved are complex and no simple calculation is likely to give reliable answers.
However, an attempt was made to stUdy certain aspects of the development
with the very limited aim of avoiding the making of inconsistent assunptions regarding temperature and volume changes of the warm mass during the rise.
No dynamical aspects were studied. It was of course necessary to know the interdependence of time and height of the cloud, but those data were extracted from measured
values referred to by Glasstone (1950 and 1962). In the first book data are given for a
20 kt aip burst, in the second for a 1 Mt air burst together with stabilization height
for a wide range of yields. With the additional requirement that stabilization invariably
occurs after eight to ten minutes, it was possible to construct a formula giving a satisfactory numerical relationship between height and time for bomb clouds from 20 kt to 10 Mt
yields.
It was assumed that the atmosphere with which the bomb cloUd was rising had a temperature of 288°K at the ground with a lapse rate of .0065°K per metre up to 11 kIn, above
which height the temperature was constant equal to 216.5°K. Pressure at the ground was
1013.25 mb.
Heat loss by thermal radiation and supply by delayed radioactivity were taken into
account in the same way as described earlier for the fireball calculations. Surrounding air
was incorporated into the mass, the rate being equal to the cloud surface (assumed spherical)
times a parameter increasing slightly with height. The numerical value of this parameter
was determined by the requirement that the rising cloud had to cool down to environmental
temperature after some eight to ten minutes' rise. The kinetic energy of the toroidal circulation was not in any way taken into account.
Calculation of temperature, mass and volume proceeded stepwise with 10 metres height
intervals. It was assumed that isotropic conditions existed throughout the rising mass. This
is certainly a rather bad approximation, and should be kept in mind when the results are
applied further.
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Figure 2.3 - Computed variation of relative mass, relative volume and
mean temperature of the rising particle cloud until
stabilization. Curves marked I correspond to incorporation per 10 metres rise of an air shell of thickness
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(H-Ho) is height of the cloud centre above explosion
height in kIn.
Curves marked II correspond to
& ~ .24 + .025 (H-Ho )'
The broken curves correspond to the volume and temperature variations used for calculating agglomeration and
water content in the stabilized cloud.
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In Figure 2.3 it is shown how different rates of admixture affect the temperature
and volume of the hot mass for a 20 kt and a 10 ftlt bomb cloud. Looking at these curves 1 one
should bear in mind that they are all based on the assumption that the ball of fire has its
measured maximum size at 200QoK, the temperature at which this calculation was started.

Glasstone (1962) indicates that the ball of fire at this time is somewhat distorted,
possibly in part due to a transformation from a spherical to a toroidal shape.

A toroid

with the radius of the opening equal to one third the radius of a sphere touching its outer
surface has a volwne less than half that of the sphere.

If the term "maximum Eize ll indicates

a linear measure of an even further distorted or more irregular form, the over-estimation of
the volume may be greater. It thus seems desirable to reduce the volume of the ball of fire
from that of a sphere with the indicated maximum radius. The volume of the warm mass would
then be smaller than indicated during the whole time of rise.
For the further computations analytical expressions were adopted for temperature
and volume variations with time. The cUrves expressed by them are shown in Figure 2.3 and
the expressions themselves are given in Table 2.1. Expressions for interpolated curves for
100 kt and I Mt are also presented in this table.

Table 2.1
Analytical expressions for temperature (T) and volume (V) relative
to the II maximum" fireball volume (Va) in the rising bomb oloud.
The expressions are only to be used for temperatures lower than
2000 oK.
t is time after explosion in seconds.

20 kt bomb
t
t

< 40
> 40

T

4000

T

2183

t-· 538
t-· 374

2
.8197 + .007752t + .0000281t

vIvo

100 kt bomb

I

5460 • t-· 517

T

vivo

.8277 + .006833t + .0000396t

2

1 Mt bdmb :

9105 • t-· 598

T

ViVo

.8358 + .005912t + .0000511t

2

10 Mt bomb
t

<30

T

8300

t

>30

T

21100

ViVo

t- .4545
t-· 728

.831 + .00598t + .0000919t

2

It was not fOlUld desirable to make any alterations in the temperature curves, because
their forms are more or less fixed. The parameters must in any case be adjusted to give temperature curves of such a general ~e going through the fixed points 20000 K at the start of
computations, and the stratospheric air temperature after some eight to ten minutes.
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CONDENSATION WITRIN THE BALL OF FIRE

Condensation sets in when the fireball has cooled so much that in one place or an-

other the partial vapour pressure

exceeds the saturation pressure at

that temperature.

The condensation temperature thus depends on the dilution of the vaporized debris.
The
further course of the condensation also depends on the rate of cooling~ i.e. the rate of
release of the mass for condensation, and on possible mixing between regions in different
stages of condensation.
Diffusion of particles between different condensation regions due to Brownian motion cannot mean much for the growth of the particles.
Even for temperatures of 3000 0 K
and time intervals of 100 seconds the mean square displacement of an 0.01)4 diameter particle
is less than one centimetre. Larger particles can for all practical purposes be considered
as trapped in the region where they are formed.
Turbulent mixing may of course bring pockets of condensed material in contact with
hotter vapour-regions. However, the particles in the pockets must come in contact with the
vapour by small-scale mixing before they can act as condensation nuclei and thereby grow
bigger. One would hesitate to state that even this can be of importance over a time scale
of at most a few seconds.

3.1

Condensation of air burst debris

The rate of cooling for an air burst assuming isotropic conditions is presented in
Figure 2.1. In evaluating these curves, one should bear in mind that any mass partly sheltered, as is possible in the inner core of the toroid, so that radiation against cold
environment hardly occurs and admixture of cold air is hindered, is bound to be cooled much
mor.e slowly.
Another factor not considered is the heat released during condensation. If the
bomb structure is made of iron, the material condensing will mostly be FeO (Kramish, 1953;
Stewart, 1956). FeO is dissociated before condensation, and dissociation energy is released
together with condensation energy. At condensation temperature, oxygen itself should not be
dissociated to any significant degree. The following estimate of the heat of formation of
liquid FeO is based on the assumption that 1 mole FeO is formed from 1 mole Fe and ~ mole O ,
2
Basic dissociation energy
(4.8 eV per molecule)

no

Compression energy for ~ mole

650 caL per mole

2 250 cal. per mole

Condensation energy
(Clapeyron-Clausius formula)

94 200 cal. per mole
207 100 cal. per mole

=====================
If it is now assumed that a 20 kt explosion contains 1 ton Fe, the energy of condensation is 3.7 . 10-9 calories. Using the dimension for maximum fireball from Glasstone
(1962), this is equal to the radiated energy in 0.016 seconds at 2300 o K, i.e. the temperature decrease may be halted 0.016 seconds due to the formation of liquid FeO.
The time over which condensation will take place depends on the temperature changep
and the density of vaporized debris. Brewer (1953) has given vapour pressure data for Fe.
Lapple (1958) has shown that these data follow approximately the expression
log c

a - biT

(),l)
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where c is concentration and T temperature, a and b being constants. Using Brewer's data,
it turns out that for condensation starting at about 2800oK, about a 3000 decrease is
needed in order- to condense about 90 per cent or the vapour present. With condensation
starting'at 2300oK, a 2000 decrease will be needed. Comparing these data with the curves
in Figure 2.1, an indication of the cohdensation time is obtained. If the middle curve II
is used, Table 3.1 lists what may be called go per cent condensation release times.

Table 3.1

go per cent condensation release times
after curve I I in Figure 2.1
Starting temperature
for condensation

2300 0 K

20 kt bomb
100 kt bomb
1 Mt bomb
10 Mt bomb

0.75 sec
1.2

3.2
8.5

sec
sec
sec

0.6

sec

1.0 sec
2.5 sec

8.1

sec

This time interval is of course a lower limit. Any sheltering effect is likely to
maintain temperatures for a longer times and extend the period over which condensation takes
place.The rate of condensation varies during this time. If it is aSsumed that temperature
during condensation decreases linearly with times an assumption not too much opposed by
Figure 2.1, the first 75 per cent of the vapour seems to be released at a rate following
fairly well the formula
c

cff'
sV"T

where c is the amount of vapour condensed s Cs is starting concentration, t is time measured
from the onset of the condensation, and T is the 90 per cent condensation release time.
It should be noticed that formula (3.1) is concerned with volume concentration,
i.e. gramme debris/cm3 air, and that this is a non-conservative property during temperature
changes. A more conservative property is gramme debris/gramme air. The volume decrease
over the temperature intervals considered iss however, only about ten per cents and the influence is of no significance for the rough calculations performed here.
Theoretically con~ensation of pure vapour takes place by spontaneous nucleation and
the further course will be a mixture of spontaneous nucleation together with vapour deposition on the embryo particles already formed, and in addition agglomeration of the small
particles. It is difficult to follow the total progress by computation, and usually the
processes are studied £eparately.
SteWl;l.I't (1956) has. studied condensation by nuc;Leation, and he fOlUld that this process can ce.rtainly account for the bulk tr.ansformatioll of vapour into droplets or particles
in a very short time. However, he almost completely ignores the effect of the further
growth of the nuclei and states that coagulation is probably the main process in particle
growth.
Nucleation requires a vapour pressure higher than the saturation pressure. If another process competes effectively for the vapour molecules present, the overpressure may
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be drastically reduced and thereby the nucleation rate. It seems appropriate to have
closer look at the effect of particle growth by condensation.

9

a

Maxwell's expression (see Green and Lane, 1957) for evaporation of drops, which is
derived solely from diffusion considerations, is

(3.3)
where m is mass, D is the diffusion constant for the vapour, 01 is concentration of mass far
from the droplet, Co is saturation concentration, assumed to exist at the surface, and r is
drop radius.

The expression is based on assumptions which do not hold for very small droplets.
by Fuchs (1934).
'the
theoretical basis is somewhat weak, and for the condensation problem it should be as
follows

An expression which seems to fit observations better is developed

Far away from the droplet the concentration is clJ and at a distance r + 6. from
the droplet centre~ the concentration is c2. Transport between these points is by diffusion
according to Maxwell's equation
dm

(3.4)

dt

The rest of the way the transport occurs by molecules striking the surface. This indicates
that 6, must be of the same order of magnitude as the mean free path of the molecules.
The rate of transport by this process is (ignoring droplet curvature)

47rr

2

0«0

2

-

o)\l
0

where ex is the fraction of the molecules hitting the surface which stay there, k is
Boltzmann's constant, and c is saturation pressure~ which is assumed to exist at the surface.
o

The two transport expressions must of course be equal, and this condition determines
the concentration difference (cl - c2)' which must replace the earlier (cl - co) in Maxwell's
equation~ giving
dm

dt

41l'D(

cl

- Co

)

r

[

(r+6.)r\lO< ]
n(r + 6) + r2\)o(

C3.6)

which is Fuchs! formula.
It is certainly possible to refine the derivation in order to bring it closer to
the model. However, the model itself neglects several important effects, and Fuchs' formula
might perhaps better be looked upon as an empirical mending of certain defects in Maxwell's
formula~ a mending which has only some theoretical justification.
Fuchs' formula has been tested by Bradley, Evans and Whytlaw-Gray (1946) with very
good verification. They state that the theory can be applied to very small droplets at
atmospheric pressure, but this is only an indirect result on their part. However, Fuchs'
formula seems to be the best one to use for stUdying condensation of bomb debris vapour, and
adaption to this purpose will be made.
The vapour overpressure at any time is difficult to evaluate. ~t will here be
assumed that all vapour is released for condensation during a t1 condensation release time" T~
in such a way that if C s is the total concentration present, the condensable amount follows
the expression
o

.

s

ft;

V"T

for t ~ T

(3.7)
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where the time t is measured from the start of the condensation. This implies that the rate
of condensation is highest at the start. It will be asslll11ed that the saturation pressure
above the droplets or particles can be ignored compared to the overpressure or superconcentration. This assumption is not so extreme as it sounds~ because to a certain degree the
parameter~ makes allowance for a finite pressure at the droplet surface.
In order to find the superconcentration, the amount of debris already condensed
must be subtracted from (3.7). For this purpose it will be assumed that n equal droplets
exist within a unit volume, i.e the expression (0,_ - ca ) in (3.6)18 given by

c
~

s

rs:- n
V'T

.

•

i3

7(

r3

~

(3.8)

being the dens! ty of the condensed material.

f::.. and

Before any computation can be
"'- in (3.6).

made~

it is necessary to determine the constants D,

If the FeO molecule is formed at the moment of condensation in an atmosphere where
the supply of 02 is abundant, the diffusion coefficient for Fe is the one needed in the computations. It has not been possible to trace a value of this coefficient in the literature,
and the estimate must be rather uncertain. A simple theoretical expression, suitable when
data for other substances are available, is

D

v.A

-3-

1

'3

Here v is mean molecular velocity, A is mean free path, m and r are mass and radius of the
Fe molecules~ rl is radius of the air molecules, k is Boltzman1s constant, T is temperature,
is the number of air molecules per volume unit, N is Avogadro's number, and Vo is mole
volume under standard pressure Po'

Ni

If it is assumed that the diameters of the different molecules are the saine, an
estimate of the coefficient can be made. If the diffusion coefficients of 02' H2, H20 and
C02 found in Handbook of Chemistry and Physics (Hodgman et al., 1959) are used to determine
"all in (3.9), D for Fe at 23000 K turns out to be 3.4 cm 2/sec.
For FeO the result is
3.0 cm2/sec. For 8iO and 8i02 , the corresponding species if much ground material is vaporized, the diffusion coefficients calculated from (3.9) will be 3.8 and 3.3 cm2/sec.
.6 must, according to the model, be of the order of the mean free path for
vapour molecule in air, i.e.
2m
1
2
2r 1
T
1
/),
(
Aa T Po
(r
+
r)
P
m + m
1
0
1

yo

the

(3.10)

where Ao is the mean free path of air molecules in air under pressure Po and temperature To,
and ml and rl are mass and radius of an air molecule, while m and r are those of the vapour.
Using the two different values for Ao quoted by Hodgman (1959), 6.5 and 9 times 10- 6 cm,
f::.. turns out to be 0.42/A and 0.58~ under standard pressure and 2300 oK.
The coefficient cI. is not knoWIl. Bradley et al. (1946) indicate a value of 0.28
and 0.35 for their experiments with dibutyl phthalate and stearate.

Formula (3.6) has been used for computing the condensation history under various
present conditions. The above-mentioned constants were set as follows : D = 3.4 cm2/sec,
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Figure 3.1 - Computed percentages of Fe vapour which may deposit
on nuclei during certain condensation release times
aad with

certain

initial

vapour

concentratlons 3

when the nucleus concentration is varied.

Figure 3.2 - Number of nuclei per em3 (heavy curves) 3 and radius
of the resulting particles in microns (light curves),

on which
may be

95 per cent of the FeO vapour in the fireball

deposited under

various vapour concentrations

and condensation release times.
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6 = O.5/'lJ 0( = 0.3. The computations were carried out under the assumption that the vapour
was fully dissociated FeO, but the condensate was not dissociated. Breakdown of these assumptions will shift the numerical resvlts somewhat, but will not alter the general course of
the results.

It should be noted that the computations have severe limitations. Formula (3.6)
requires that all particles are present right from the start, and that they are all of equal
size. The results must therefore be discussed with these points in mind.
It turns out that the superconcentration in the embryo stage is usually considerable,
but diminishes later on. This is borne out by the rather arbitrary way of releasing the
material for condensation. The problem of finding a really good approximation is however
very complex, and in any case it is the later stages in the development which have the
greatest interest in this connection, so that irregularities in the beginning mean little
here.
For any preset conditions it turns out that the fraction of the material able to
condense on the particles during condensation ~elease time is small as long as the number
of particles is small. With increase of the particle number, a rather abrupt increase of
the fraction condensed occurs. Under all the conditions examined, the increase of the fraction from 5 per cent to 95 per cent occurred over an increase in pa~ticle number with a factor of less than 1,000. Figure 3.1 shows how the fraction condensed varies with particle
nwnber llilder various conditions, and in Figure 3.2 the nwnbers are shown which are able to
condense 95 per cent of the material during the condensation release time for various vapour
densities and release time~.
In order to see what ro;I.egrowth by condensation can: play for particle fonnation,
these figures will be compared to Stewart's (1956) estimates of condensation by spontaneous
nucleation. He has calculated nucleation rate and fraction condensed, when growth of
droplets after nucleation is ignored, for two concentrations of Fe, and from his results
the nwnbers in Table 3.2 may' be deduced.

Table 3.2

Condensation data when spontai1.eolls nucleation only is working

Density FeO

Nucleation rate,
nwnber/cm3 .sec

Half of the material
is condensed
at time

with nuclei
number

1.2

0.08

s

8

1.2

0.095

s

2

The numbers in the last column are. very many orders of magnitude in excess of what
is needed if the available material is utilized for deposition on the nuclei already formed,
as may be seen from Figure 3.2. It must therefore be concluded that the further growth of
the particles must be a most important process, and the following picture of the condensation
process evolves as follows %
When condensation temperature is reached, the overpressure builds up and nucleation
starts. The number of nuclei rapidly increases until enough are present for the
further growth by condensation to be a competitive process.
This causes the

13

PARTICLE FORMATION IN NOCLEAR BOMB DEBRIS

overpressure to drop, nucleation dwindles away, and from this time on, vapour
deposited nearly as fast as it is released on the nuclei already formede

is

However, if the Stewart I s data are extrapolated down to the very lowest vapour
densities considered in Figure 3.2, indications are that his nuclei number approaches or may even be less than "those on the diagram. For such low vapour densities, condensation by nucleation only may be the important process.

The consideration above naturally leads to the conclusion that growth by condensation may be used for estimating the number of particles formed by condensation of vapours.
This further determines the size of the particles, and for this reason curves indicating
particle size are plotted in Figure 3.2. This is the mean size of the particles if 95 per
cent of the material is used to form spherical particles in the numbers indicated.
In order to obtain an indication of what influence the bomb size may have on particle formation, the earlier mentioned minimum concentrations may be (arbitrarily) multiplied

by a weighting fa6tor of 5 to bring them up to 0.1 g/m3 and 3.75 . 10- 4 g/m3 for 20 kt

and

10 Mt bombs, respectively. From Table 3.1 the release times 0.'7 and 8~3 seconds may be indicated.
The mean radius of the condensation particles from Figure 3.2 should then be
0.2?

3.2

for the 20 kt bomb and 0.0l,IL for the 10 Mt bomb.

Condensation of salt from sea-water explosions

Explosions performed in the sea vaporize large quantities of salt water. The fireball develops within the water, and consists of bomb debris, water vapour and salt vapour.
The detailed development is even less known than for an air burst, and no attempt will be
made here to evaluate what influence the changed composition of the environment will have
on the condensation of the vaporized debris. It will be assumed that Figure 3.2 is valid
also for this occasion. What may be of more interest in this connection is a second condensation period.
Ocean water contains about 3.5 per cent NaCl, which has a melting point of 1073°
and a boiling point of about l7)8°K. Somewhere within this temperature interval, condensation of the vaporized salt takes place. This condensation period is thus distinctly removed
in time from the debris condensation, and the concentration of condensing salt is of the
same order or greater than that of the bomb debris itself. The salt may either form pure
salt particles or it may deposit on the debris particles.
Both occurrences will be
considered.
For the computation a more generalized version of formula (3.8) is used, making it
possible to take into account a finite starting radius r o of the particles

c

It: _n i'lf
(r3 _ r 3 ) 0
3

sV"T

0

(3.11)

)

Assuming a condensation temperature of 1200 0 K, equation (3.9)gives

coefficient D ~ 1.25 cm 2/sec for NaCl, and equation (3.10) gives 6

pending on which number is used for the mean free path of air.
be used as before.

0(.

the diffusion

as 0.24 or 0.33.;<' de-

is not known, and 0.3 will

An estimate of the time of condensation may again be made by examining the variation of vapour concentratio'1 with temperature. Vapour pressure data are quoted by Hodgman
(1959) and using these to determine the constants in equation (3.2), it is found that a
temperature drop of 125 0 - 150 0 is needed in order to condense go per cent of the vapour,
if condensation starts between 1100° and 1250 0 K. The formulae in Table 2.1 indicate that
the corresponding time is about 2.5 seconds for a 20 kt bomb and 8 - 10 seconds for a 10 Mt
bomb.
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Figure
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3.3 - Nwnber of nuclei per em3

(heavy curves), and, radius in
microns (light broken curves) and weight in grammes (heavy
broken lines) of the resulting NaCl particles on which
95 per cent of NaCl vapour from vaporized sea water
may be deposited during various condensation release
times and with various dilutions of the sea vapour.
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The number concentration of agglomerates of y elementary particles is

vy

(4lT DSVot)Y-l
(l + 4lTDSV t)Y

'110
l + 4ifDSV t

(4.2)

o

o

The formulae must be adapted to the special use, and it is therefore necessary to
look closer into one assumption made by Smoluchowski during derivation. He presupposed that
the product n·s was constant throughout the agglomeration period. This restricts the region
of validity to that where Einstein 1 s formula (see Green and Lane, 1957) for the diffusion
coefff1cient
R.T

D

(4.3)

61f'Lr . N

may be used without the Cunningham correction factor (see Green and Lane, 1957).

AA
(l + _._)
r

R is gas constant, T temperature in OK, ~ the viscosity of the air, r particle
N Avogadro 1 s number, A constant """"""'1, A mean free path of air molecules.

radius,

The correction factor is dominant for many of the particles formed during condensation J and it is impossible not to take it into account. In order to circumvent the difficUltYJthe following procedure was followed during computation:
D·S was assumed to vary with time J but at any moment to be constant over the region
of particle sizes of practical interest. The computations show this size region to be fairly
restricted J 99 per cent of the particles were always within a region where the upper limit
for the radius was about five t.imes the lower limit. The median particle either according
to number or according to mass was determined and the product D'S for this particle was
calculated and used. The result is that the reference particle increases and the product
D-S decreases with time. It is certainly only an approximation to the truth J because too
little account is taken of the difference in mobility between the smaller and the larger
particles.
Physical properties of the particle cloud are changing rapidly during the rise
through the atmosphere. For very small time intervals it iS J however J possible to regard
all the different parameters as constants and to calculate the distribution step by step.
It is seen from the expressio:ls (4.1) and (4.2) that the distribution is solely determined
by the product DS~otJ and the aim of the computation performed was thus to determine this
product at the time of stabilization of the atomic cloud. For practical reasons this was
considered to occur ten minutes after explosion 1 and the starting point for the agglomeration was considered to be the instant when the temperature dropped below 2000 oK.
Temp erature J volume J pressure J etc. were assumed to follow the expressions listed in Table 2.1. The
detailed variation of the different parameters in the expression DS~ot will now be discussed:
D.S was J as already mentioned J connected to a reference particle.
D is the diffusion coefficient of the particle J expressed as
D

R • T

(1

+ A A)

6'Tr'lrN
In this formula

For

~

the

'1.

and

A depend

r

on temperature and pressure.

~xpression

(l73 + .247 • T) . lO

-6 poises

(4.4)
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Figure 4.1
Computed size distributions

in the

stabilized

cloud when matter concentration is constant.
The numbers refer to number of particles per
em3 Just after condensation.
The upper set
of curves refersto.an original FeD concentra-

5

tion of 10 grammes per em 3 and temperature and

volume

bomb.

variations

corresponding

105

to a lOMt

The lower set is for a concentration of

.001 gramme

per em 3

and 20 kt

bomb

size.

Reference particle for the diffusion process
is the median particle according to mass.

.5

The effect of agglomeration is increasingly
felt with a higher number of particles per em3,
and thereby with smaller original particles.

o PER CENT 50
100
CUMULArI VE MASS DiSTRIBUTION

1
.5

Figure 4.2
Maximum size of particles for which "agglomeration in the particle cloud will have
effect. The upper set of curves refers to
a 10 Mt bomb cloud and the lower to a
20 kt cloud.
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Figure 4.3
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After stabilization of the cloud, smaller
particles than those presented on this
cumulative size distribution diagram will not
exist because of

the agglomeration

process.
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was used for T

>

616°K and

(55 + .424 . T) . 10- 6 poises

(4.6)

was used for T <::::. 616°K.

A is not truly constant and the variation is expressed by the formula (see Green

and Lane, 1957)
A

Estimating mean values of

T~

1.257 + .40 .

exp

r)
( - 1.1'
.

(4.7)

A

P and r to be respectively 1500oK, 700 mb and •011"

A turns

out to be 1.65.
For

A

the value for N2 was used,
pression for D will then be
D

8.5 .

10- 6 em/sec at DOC and
T

.~)

75

em Hg.

The ex-

(4.8)

S is the radius of influence, and it was set to 2r. This is strictly correct only
fer equal particles adhering always and. only when brought into contact, but it is a fair

approximation when one value only is sought for the whole distribution.
Va is the original concentration of elementary particles. During deduction of
Smoluchowski-' s formula it is assumed that no change occurs in the volume containing the
particles. For the atomic particle cloud, however, the volume increases with time. If no
change in particle number occurred the instantaneous concentration would be n/Vrel, n being
particle concentration during the condensation, Vrel being the ratio of instantaneous volume
to condensation volume of the cloud. This expression must therefore be used and Vo is gradually changed during computation because of this.
The time~step used during computation was 0.5 sec during the first 25 sec, when the
changes in properties were most rapid, and for the rest of the period it was increased to
5 sec. It was assumed that the elementary particles were tightly packed together in the
agglomerates without any air in between, so that specific weight was that of FeO.
The main results of the computation are shown in Figures 4.1 to 4.4.
Figure 4.1
shows the influence upon agglomeration of particle size when mass concentration just after
condensation remains constant. Large particles hardly agglomerate at all and the size is
determined only by the condensation phase. The maximum size for which agglomeration has any
significance depends ·on the level of significance. In Figure 4.2 the limit is set at the
size for which 75 per cent of the mass remains as unattached elementary particles after
stabilization of the bomb cloud, i.e. after the agglomeration process has been at work for
ten minutes. Figure 4.2 shows how this maximum size varies with the original (i.e. during
condensation) concentration of the debris. If an appreciable fraction of the particles
sampled from a fresh bomb cloud are larger than indicated on Figure 4.2, these particles
must have been formed by direct condensation.
For very small particles agglomeration is the important process, leading to a lower
limit for the size distribution. For intermediate particle sizes the agglomeration has some
influence.
Figure 4.3 shows how the lower limit for the particle size distribution varies with
mass concentration Just after condensation. Curves are presented for a wide range of original
mass concentration, the reference particles being the median particle both according to number
and according to mass, and the physical properties of the particle cloud varying with time in
the way Table 2.1 prescribes for both a 20 kiloton bomb and for a 10 megaton bomb. Smaller
particles than indicated in Figure 4.3 should not be present in any bomb cloud after stabilization has occurred.
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Figure 4.4 shows a few examples on the variation with time of the size distribution.
It is evident that agglomeration is most intense in the early part of the cloud development.
Regarding the agglomeration diagrams it should be kept in mind that the agglomeration process is proceeding further after the particle cloud has reached stabilizing height.
The speed of agglomeration is, however, much lower, and the n~ture of particle growth is
gradually changed. The bomb debris particles become rare, but they are in an ertvirorunent
of natural particles which may deposit themselves on the debris. This process cannot be
handled by Smoluchowskils formulae and will be considered later.

5.

WATER VAPOUR CONDENSATION

When the temperature of' the bomb cloud drops below the water vapour satu:ration te:rn~
perature, the water vapour present will start condensing. Because this may work as an agglomeration agent, some calculations were made of the amount of' vapour present.
It was assumed that the temperature and volume histories of the clouds were those
given in Table 2.1, and that all air mixed into the rising cloud was saturated. With a stepby-step analysis it was then possible to compute the condensation temperature corresportding
to average conditions and the liquid water content of the clouds at time of' stabilization.
These figures are set down in Table 5.1.

Table 5.1

Water vapour data for an air burst in sa.turated air

Bomb size

20 kiloton
100 kiloton

I megaton
10 megaton

Condensation
temperature

Maximum liquid water
concentration before
or during time of
stabilization, gjm3

258 °K
252°K
226°K

.55

.8
.037

o

It should be noticed that the general trend towardS lower liquid water concentrations for higher yields is of a therrnodynamical nature and cannot be ascribed to inaccuraoies
in theexpressiorts of Table 2.1. It is merely the consequence of the increase in expansion
of the rising air mass in the cloud due to lower pressure at higher levels.
One should
bear in mind that the temperature decrease differs very little for clouds from the different
bombs.
The numbers in the table may best be evaluated by comparison with natural cloudS.
The liquid water contents found usu~lly vary petween 0.1 and 1 gramme/m3; the lower part
of this range may be typical for clouds producing no precipitation.
Table 5.1 was based on the rather extreme assumption that"all the air incorporated
was saturated, but even then the liquid water concentration did not come out abnormally high.
A natural cloud with a water content corresponding to the highest ~umbers in the table would
probably produce rain.
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Those clouds will, however, always be ~ound in weather situations favourable for
continuous replenishment of the precipitated water. This will hardly be the case for an
artificially formed atomic cloud. It 1s much more probable that atmospheric conditions will
tend to dissolve it. Thi? is most felt for the bigger bombs, where the cloud almost certainly
must have entered the dry and stable strato.sphere.
After stabilization the temperatUt:'8 is so low that the cloud elements are either in
the form of frozen droplets or snow flakes or ice needles. Condensation of sublimation has
- occurr1?d rather rapidly, and the condensation elements are probably smalL Nature needs
some time for developing precipitation elements out of condensation elements. This indicates
that few elements are great enough to be able to collect particles by collision due to their
velocity of fall.
In this connexion

droplets.

reference must be made to studies of collision between

water

Hocking (1959) has shown that falling droplets must be greater than about lS.?-

radius in order to be able to collect smaller droplets by collision.
is a rather large cloud droplet.

An

l8~-radius

droplet

It may therefore be concluded that no massive washout of debris is to be expected
due to the water present in the cloud.
The numbers in Table 5.1 refer to the average conditions in the cloud, and regions
may be found where the liquid water concentrations are considerably greater than those numbers.
In such regions falling water drops may collide with debris particles and localized rainout
may occur, at least if atmospheric conditions are favourable, i.e. moist and instable air.
Within the cloud it is possible that cloud elements by diffusion collect the particles present and thus cause a special type of agglomeration. If it is assumed that the
collecting element is spherical with radius r , the number of particles collected per unit
l
time is

4 T( (r1 + r)

D

n

where r is particle radius, D particle diffusion constant (the collecting element is considered to be immobile in comparison), and n is particle concentration.
If the concentration of collecting elements is A, the mean collecting rate is
dn

- dt

4rr

~

(r

l

+ r) DnA

and the mean number of particles collected by one droplet
n

- n

o
A

where n

o

n

o

A

(1 - e

-4rr (r l +

r) DAt
)

is the original concentration.

The time t should here appropriately be chosen as the droplet lifettme. Glasstone
(1962) indicates that the cloud is visible for at least one hour after stabilization.
Formula (5.3) has been used for calculating the mean number of particles collected
by one droplet during one hour undgr stratospheric conditions, i.e. with a temperature of
2l6.5°K and a viscosity of 240.10- glom sec. It was assumed that a water cloud with droplet
radius of 5~ existed; this cloud will probably have less collection efficiency than 'a'
corresponding ice-cloud.
Results are shown in Figure 5.1. The debris concentration range covered on the diagram corresponds about to that of Figure 3.2, when allowance is made for an increase of the
fireball volume by a factor of 20 - 30 before stabilization occurs.
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The broad features of the figure are as follows
The fraction of debris picked
up by the droplets increases with increasing water content and decreasing elementary particle
size 3 while the resulting radius of the agglomerates increases with increasing debris mass
concentration, with decreasing elementary particle size, and for the smaller elementary
particles with decreasing liquid water content.
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The elementary
debris particles are homogeneous,
and stratospheric conditions are
assumed.

The indications are that the water cloud may be an eff'ective agglomeration agent
if particles in the size region of .O~ radius are present in a cloud from a bomb in the
kiloton range. In the lower megaton range a fair fraotion of the debris will be agglomerated under similar conditions, while the effeot loses importance for greater bombs.

6.

INFLUENCES ON PARTICLES BY NATUP.AL CONDITIONS

After the water cloud is evaporated, the debris particles are steadily spreading
and will soon reach the stage where the debris particles are rare compared to natural particles in the air. The question now arises if those natural particles will influence the
debris, especially if any deposition of natural particles occurs on the debris or if the
debris is deposited on natural particles. Conditions in the lower stratosphere will be
considered here.
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Stratospheric particles have been

exam~ned by

Junge et al. (1961), and mean values

of their size-concentration diagrpm are presented in the upper two rows of Table

6.1.

If

the interest is now fixed on ·one nuclear debris particle of radius r, this will, during a
time t, collect a number N of the natural particle group with mean radius r 1 and concentration n determined by
47( (r 1 + r) (D1 + D)n • t
(6.1)
where Dl and D are the two particle diffllsion coefficients. Formula 6.1 is of course only
valid if no significant changes occur in r and D during the time interval t.
N

In the lower rows of Table 6.1 the number N has been calculated for each of the
natural particle groups for a number of nuclear debris particle sizes. Indications are
that the natural particles only have a very minor influence on the debris.

Table 6.1
Monthly deposition of natural particles on
bomb debris in the stratosphere

Median particle
radius in microns
Nwnber of particles per cm3

.015
1.5

Debris particle
radius in microns

.01
.035
.eJ7
.1
.5
1

.04
2

.08

.15

.4

.8

.6

.3

.2

.018

Number of natural particles collected
per month per debris particle
.11

.21

.11

.078
.12
.16
.68
1.3

.044
.038
.043
.14
.27

.014
.007
.006
.013
.023

.094
.01
.0037
. 002 5
.0024
.004

.16
.015
.0044
.0025
.00065
.00075

.029
.0025
.00071
.00038
.000053
.000043

Due to gravity all particles will eventually deposit on the earth. Observations
indicate that precipitation rather effectively purifies the lower part of the troposphere,
and the residence time of the particles is mostly determined by the time the particles need.
in order to reaCh the troposphere.

Natural exchange of air occurs between the stratosphere and the troposphere,
thus even molecules without any fall velocity will eventually reach the troposphere.
sets an upper limit to the time a particle group can reside in the stratosphere; this
of exchange is probably of the order of years for the middle stratosphere, with large
variations.

and
This

time
regional
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For the larger particles, gravity will pull down the particles, and the terminal
fall velocities of spherical FeO particles in the stratosphere are shown in Figure 6.1. If
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FeO
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the stratosphere.

it is assumed that a fall distance of about 5 km is necessary in order to bring the particles
down into the troposphere, it is seen that a particle with a radius of about 0.6 microns will
fall this distance in about half a year. If the particle is composed of a more loosely packed
agglomerate, for instance with a density of 2 glom3 , the size is raised to one micron.
The simple calculations presented in this report indicate particle sizes within this
range, and the conclusion must be that even for air bursts gravitational settling of debris
must be an important process in the atmosphere. For land surface bursts and sea bursts,
where particles are expected to be greater, air exchanges between the stratosphere and the
troposphere should play much less of a role in the deposition process.
If settling of particles due to gravity is more important than spreading due to air
exchanges, certain effects are to be expected:
The largest particles will reach the ground before the smaller ones. Small (1960)
has examined the apparent deposition velocity at the ground, i.e. the ratio between
deposition rate and air concentration, in dry weather and found this to decrease
with time after a test series. This might be caused by decreasing particle sizes
during these time intervals, but at the same time the size must be great enough
for gravitational settling to be decisive for deposition.
The particle size distribution should also be reflected as a time variation in
deposition at the ground, If the size distribution is sharp, a relatively sudden
onset or increase may occur. Hvinden et aL (1960) have examined the Norwegian
measurements and concluded that a marked increase in deposition occurs about
6 months after a test series. If the 5 kID fall-way in the stratosphere is accepted
as a working hypothesis, this observation tends to indicate that a significant part
of the particles has a radius somewhere between 0.5 and one micron.
When older debris is present in the stratosphere together with debris from recent
explosions, gravitational settling will cause some spatial dispersion due to the
different size. Fresh debris will have more great particles than the old debris,
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and those particles will fall fastest. The composition of debris in the lower air
layers should therefore be different from that in the higher layers. In the spring
of 1959, during the first half-year of the test moratorium, the apparently freshest
debris was found in the lower troposphere (Peirson et al., 1960). It seems to be
difficult to find a better explanation for this than that offered by gravitational
settling.
The salt particles or the salt-coated particles originating from sea bursts will in
addition be affected by the atmosphere. These particles are hygroscopic and will
probably serve as the best condensation particles present anywhere in the troposphere. They might therefore be more rapidly collected in precipitation conditions
than the rest of the debris. This might be an important point when close-in fallout is discussed, but may be of less interest for world-wide deposition, because
observations tend to show that the debris is easily captured by precipitation in
any casea
7.

CONCLUSION

The task of pursuing particle formation after an atomic bomb explosion by calculation is a formidable one. It is also made difficult because much knowledge tends to be kept
secret, and therefore a number of assumptions must be made.
The present attempt at calculation only scratches the surface of the problem : a
number of' background parameters are more guessed than really known. The physical model of
the fireball and the cloud is deliberately simplified in order to make computation possible.
And the particle size distribution is usually neglected during the computation in favour of
a uniform particle size. The results should therefore be looked upon as a firstapproximation and care should be exercised when usin~ them.
HoweVer, certain conclusions appear to be of a general nature :
The particles formed by the condensation of vapour are considerably greater than
the size of a spontaneously formed condensation nucleus, because deposition of vapour on
the nuclei after formation is very important.
Agglomeration of particles occurs during the rise of the particle cloud and after
stabilization in the possible water cloud formed. The agglomeration tends to set a lower
limit to the particle sizea After the water droplet cloud has evaporated, no further change
of importance occurs in the debris size distribution a
Indications are that the ultimate size of the particles, when they are released in
the stratosphere, is great enough for the vertical transport due to gravity to be of importance in comparison with spreading due to air exchanges. This means that the atmospheric
hold-up time of the debris is less than the natural exchange time for the air in the stratosphere. Only the very smallest particles may approach the latter.
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TIlE GENERAL CIRCULATION OF TIlE ATMOSPHERE
AS DEDUCED WITH TIlE AID OF TRACERS

I.

INTRODUCTION

A proper understanding of the motions of radioactive debris in
a correct interpretation of the fallout patterns at the earth's surface
knowledge of the general circulation of the atmosphere. This, in turn,
order to forecast the distribution in space and time of the debris from

the atmosphere and
require a thorough
is necessary in
injections above

arbitrary points on the earth and at various times of the year.

The development of a comprehensive picture of the general circulation of the atmosphere has been one of the ·prime aims of meteorologists for more than two hundred years. Our
understanding of the main physical factors that govern the large-scale motions of the atmosphere has grown during this time, but rather slowly, essentially due to insufficient observations, particularly from higher levels in the atmosphere. Even today we have a clear picture of the general circulation essentially only from the troposphere. The extension of
regular balloon observations of wind and temperature well into the stratosphere has recently
brought out some essential characteristics of atmospheric motions up to about 30 kilometres.
A further expansion of our knowledge is under way at present in that a meteorological rock~t
network has started operating in the United States of America and that such meteorological
data will be collected from an expanded station network durin~ the next few years.
Important information about the motion of the atmosphere, useful for fallout considerations, has of course been obtained from studies of the distributions of radioactive substances in the atmosphere and their changes in time, both those injected by bombs and those
that occur naturally. Since the concentration distribution of anyone traoer represents
the integrated effect of the air motions during a long time interval and over long distances,
it is already possible to estimate overall transfer rates with the aid of rather few observations.
The distribution of bomb debris in the atmosphere during the last decade is, however, difficult to interpret in view of the large number of injections at irregular intervals and often of unknown intensity. Detailed meteorological information is therefore essential and a simultaneous and thorOUgh treatment of all available data is necessary.
There is of course no principal difference between stable and radioactive substances
in their use as tracers for air motions. The main advantage of radioactive tracers is the
possibility of measuring them in very minute quantities. The relatively ·large amounts of
bomb debris are thus easily detectable, but also the relatively small amounts o~ for example,
tungsten-IS5 and rhodium-I02, which were intentionally injected into the atmosphere during
the American shots in 1955, have been monitored. Several naturally occurring radioactive
elements in the atmosphere, such as beryllium-7, phosphorus-32, phosphorus-33, and others,
have also been detected and we have gained an overall idea about their distribution in the
free atmosphere.
A few stable tracers, both naturally occurring and introduced into the atmosphere
by human activity, are of interest for atmospheric circulation studies. In the stratosphere
a maximum of ozone is found, produced by the sun's radiation. It will be shown later that
these data yield important information concerning the motions of the atmosphere. The air
furthermore contains 0.03 per cent carbon dioxide. This amount varies with location and
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time of the year both as a result of naturally occurring processes, such as assimilation
and dissolution in ocean waters, -and by human activity, such as burning of fossil fuel. Information on atmospheric mixing can be obtained from these data.
Admittedly data are as yet insufficient for a detailed discussion of transfer of
radioactivity through the atmosphere. We shall in the folloWing paragraph3attempt a synthesis of available data, indicate further work that is desirable, and finally discuss these
results with emphasis on fallout problems.

II.

A FEW BASIC FEATURES OF THE MOTION OF THE ATMOSPHERE

The most striking feature of the motions of the earth1s atmosphere is the system
of westerly and easterly jet streams that flow around the earth. Their mean structure in
summer and winter is depicted in Figure 1. The characteristic wind speed of these jet
streams in the troposphere is 30-50 m/sec and the average strength in the upper stratosphere
and lower mesosphere is 50-80 m/sec. In middle and high latitudes the air is carried around
the earth in about two weeks) while one or two months are required in the tropics. As compared with the characteristic transfer rates in the vertical and meridional directions s particularly in the stratosphere~ these times are short and we may thus consider the atmosphere
as rather well mixed zonally. (It should be emphasized that this does not exclude the possibility of considerably different fallout intensities at different longitudes within a latitUde belt. This is then caused by longitudinal differences in the fallout processes whereby
the radioactive debris is finally deposited on the ground. Rainfall intensity which is often
considerably different from west to east coast of a continent is one such important factor).
We shall therefore for the time being be concerned with the transfer of matter vertically
and meridionally. We consider a meridional plane from pole to pole. The transfer in this
plane may take place by two fundamentally different processes :

(1)

Organized meridional

(2)

Turbulent mixing characterized by irregular north-south and vertical motions.

motions~

The horizontal motions on the scale with which we are here concerned are 100 to
1)000 times more intense than the vertical motions. The large-scale meridional mixing is
brought about by the large-scale eddies that can be observed on any weather map (Figure 2).
Due to the intensity of these weather disturbances the north-south exchange is a function
of elevation and latitude. The vertical mixing is partly brOUght about by the vertical
motions associated with the weather patterns Shown in Figure 2) but also by irregular variations of the air motions on a smaller scale similar to the wind gusts observed close to the
earth1s surface. Differences in the transfer are due to advection (l)J or mixing (2). We
shall carefully distinguish between these two mechanisms in the future and try to determine
their intensity as a function of elevation and latitude.
The organized meridional motion (1) is so weak that it can hardly be determined by
direct wind measurements except in the tropical troposphere (Figure 3). It ls J on the other
hand) possible to infer some basic features of such a circulation in the stratosphere from
tracer data. The proper evaluation of the turbulent transfer means a determination of the
covariance of the winds and the concentrations of the tracer considered. Present data from
the stratosphere are insufficient for such a determination. while some information from the
troposphere is available as far ~s the horizontal transfer is concerned. Vertical motions
cannot be determined with sufficient accuracy) making it impossible to deduce vertical transfer rates. It has) however) been Shown (Durst J Crossby and Davis s 1959) that the rate of
north-south diffusion in middle latitudes in the troposphere can be related to the variance
of the north-south wi~ds. On the basis of such a hypothesis meteorological data from the
stratosp~ere can be used for interpretation of available data on the tracer distribution.
We shall make use of such an assumption later.
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Before giving a brief survey of our present knowledge of tracers in the atmosphere
a few other concepts should be mentioned.
To get a first estimate of transfer rates it has been customary to introduce the
concept of turnover time for a certain part of the atmosphere (e.g. the troposphere of the
northern hemisphere the stratosphere) as the ratio of the total amount of ai.r in that part
of the atmosphere divided by the total flux in (or out) of it per unit time or that of residence time which is the average time spent by an air molecule in the part of the atmosphere
considered. Obviously the turnover time or the residence time will depend on the size of
the reservoir considered. It should furthermore be stressed that the definition of such
reservoirs in the atmosphere and the characteristic turnover or residence time does not imply
that the hold-up is at the boundary and that the air is well mixed inside. The delay in transfer from such a reservoir into another (e.g. from the stratosphere into the troposphere) is
usually due to a finite rate of transfer within the reservoir. With this note of caution in
mind the concepts of turnover time or residence time will give an overall idea of the transfer rate between different parts of the atmosphere which is of general interest.
J

III.

ATMOSPHERIC TRACERS

A.

Stable tracers

(1)

Carbon dioxide

The atmosphere contains approximately 315 ppm of carbon dioxide. Fossil fuel combustion yearly adds an amount corresponding to 1.6 ppm while the observed increase of CO
2
in the atmosphere is about 0.7 ppm (cf. Bolin and Keeling, 19(3). The rest is being absorbed
by the oceans. The rate of transfer between the atmosphere and the ocean thus implied agrees
with tf4 residence time of CO2 in the atmosphere of about five years, which has been deduced
from C -data (@ee below). The partial pres9Ure of CO2 is higher in tropical ocean wat~rs
than in the polar seas due to (a) the circulation of the oceans, (b) the carbon dioxide being
consumed and released by organic production and decomposition in the ocean and (c) the differences in temperature of the ocean surface in polar and equatorial regions. A net transfer of CO2 therefore take.s place between low and high latitudes, which is of interest for
deducing the transfer properties of the atmosphere. Seasonal variations of the CO2 content
of the atmosphere are introduced by the assimilation of CO2 in northerly latitudes in summer
and released due to decay of organic material during the rest of the year. Possibly also
the difference in fossil fuel consumption during winter and summer has a similar effect, but
data on C13/C12 in atmospheric CO clearly indicate that land vegetation is mainlyrespon2
sible for the observed variations (Keeling, 1960). The observed seasonal variations as a
function of latitude are displayed in Figure 4 ·(from Bolin and Keeling, 1963). Of particular
interest is the maximum range of the variations at high latitudes in the northern hemisphere
(approximately 10 ppm), the steady decrease with latitude and the delay in phase of the
seasonal wave and the penetration of these variations into the southern hemisphere. The data
on which the graph in Figure 4 is based are not yet abundant enough to ascertain all details
shown, but the main features mentioned above are most likely significant.
Finally, recent measurements of CO2 at the tropopause level show a distinct difference
between tropospheric and stratospheric air amounting to several ppm (Bischof,1963). This
result indicates that CO2 probably could be used as a tracer for atmospheric motions also
in the lower stratosphere, which would be of particular interest as the sources and sinks
of CO2 are in the troposphere, while most other tracers used for circulation studies in the
stratosphere are introduced above the tropopause. Possibly also a delay of the steady increase of CO in the atmosphere due to fossil fuel combustion can be detected higher up in
the stratosptere relative to the troposphere. An expanded network of careful measurements
1s needed here.
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Ozone

Ozone is formed in the stratosphere by photochemical reactions. In spite of some
uncertainties about the ultra~violet part of the sunls spectrum and also the rate coefficients for the chemical reactions, we know with fair accuracy the equilibrium distribution
of oZOne as a function of latitude and elevation for summer and winter that would prevail
if the atmosphere were at rest. With the aid of Dobson's spectrophotometer, measurements
of total Ozone have been made and the Umkehr method has provided some information about
the vertical distribution. During the last few· years the ozone-sonde has provided considerably more accurate data. Figure 5 shows a mean cross-section of the ozone distribution from
pole to equator for the two extreme seasons, spring and autumn (Paetzold and Piscalar, 1961).
The network of ozone stations in operation over the North American continent since 1 January
196) should give Us accurate information on the distribution of ozone in the stratosphere,
which will undoubtedly be of great value for studies of the general circulation of'the stratosphere.
(3)

Water vapour

------------

Since- the presence of water vapour in any appreciable amount h~s an influence on
the air motion, water vapour can hardly be considered as a true tracer in the troposphere.
We shall therefore restrict ourselves to consider the distribution of water vapour in the
stratosphere where the amounts are small and the relative humidity well below 100 per cent.
There are~ however~ relatively few reliable measurements essentially only from middle latitudes. It ·is thus not possible to construct a meridional cross-section of the mean water
vapour content of the stratosphere as a function of season.
A summary of available data is presented in Figure 6. The mixing ratio shows a
minimum at about 16 kIn with a value of about 10-5 • Considerable spread of the values is
observed. The reality of the increase of water vapour above 16 kIn has therefore been ques~
tioned. The very fact that humidities are very low in the stratosphere is~ however, unquestionable and of considerable interest.
B.

Radioactive tracers

(1)

222
220
and Rn
are formed in the earth's crust due to the radioactive decay of
232
u )8 and Th
• Some of these gases escape into the atmosphere and diffuse upwards. Rn220
has a half life of only 55 seconds and is thus found in very small concentrations. No determinations of its daughter products are available from the free atmosphere. Rn222 on the
other hand as well as some of its daughter products have been measured well into the stratosphere.
The decay of Rn222 is summarized in Table 1.
2

Rn

218
214
We shall in this context not be concerned with Po
, Pb214~ Bi
or po214~ since
222
they are in approximate equilibrium with Rn
due to their short half lives. Rn222~ Pb2lO ,
2lO
2lO
Bi
and Po
bn the other hand are of great potential interest for atmospheric circulation studies. Me~surements of Rn222 at the earth's surface have existed for,many decades
(cf. Israel, 1962). Similarly several of its daughter products have been measured in surface air on a routine basis (BliffOrd et al.~1952). These data are of limited interest for
global circulation studies. During the last few years measurements of both Rn222 (Machta
and Lucas, 1962) and Pb2lO (Burton and Stewart~ 1960). have become available. More extensive
measurements are also made at present under the Stardust programme in U.S.A. Figure 7 shows
radon measurements up to about 20 km over tropical (Hawaii) and polar (Alaska) latitudes and
Figure 8 is a mean profile of Pb2lO over England.
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Table 1

222

Rn

Po218
Pb214
Bi 214

Po

21O

Rn

0(

3.8 days

RaA

0<

3 min

RaE

~

27 min

RaC

t3

RaC

IX

1.6 10- 4 sec

RaD

~

19.4 years

214

Po
210
Pb
Bi 210

20 min

~

RaE

5 days

0(

RaF

206
Pb

(2)

Half life

Mode of decay

Element

1)8 days

stable

~~~~~~_:~~_~:~~~~:~_:~~~~~~~~~~~~

The cosmic ray bombardment of the air causes nuclear disintegrations of constituents
of the air (essentially N, 0 and A). Thereby various radioactive isotopes are formed, which
are summarized in Table 2
(cf. also Lal and Peters, 1962; Haxel and Schumann, 1962).

Table 2
Radioactive isotopes formed by cosmic rays
Isotope

Half life

H3

12.3 years

Be 7
lO

Be
14

c

22
Na
Si 32

53 days
2.5.106 years
5.600 years

2.6 years
700 years

p 32

14 days

33
p

25 days

S35
Cl36

87 days
3.105 years

C1 39

55 minutes

Of these Be lO , 8132 , Cl36 and C139 are of no interest for large-scale circulation studies
because of unsuitable half lives. They will not be discussed here. Very few measurements
ofH3 (tritium) are available from the time before nuclear testing in the atmosphere be~an
and the tritium in the atmosphere today is essentially bomb-produced and will be discussed
later. Variations of C14/C 12 in the atmosphere are either due to variations in C1202~ which
will be dealt with here~ or to nuclear testing discussed below (3b).
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A gradual decrease of the C14;C12 ratio has occurred during the last 100 years due
to release of fossil carbon into the atmosphere by combustion and thus a dilution of the
approximately constant C14 _amount (Suess, 1955). The data indicate somewhat larger values
of this II'Suess effect" in the northern than in the southern hemisphere, but most likely

this difference is due to local contamination and thus is not a global feature of the C14/C
ratio which, as will also be Shown, is consistent with the rate of north-south exchange in
the troposphere (see IV).

12

The five isotopes Be 7 , Na22 , p32 , p33, and S35 all have suitable half lives for
atmospheric circulation studies. Except for 3 35 probably nothing or very little of these
isotopes is produced by nuclear detonations. Their production functions due to cosmic rays
are identic~l except for a numerical factor and Figure 9 gives the number of nuclear disintegrations per gramme of air and second due to cosmic rays as a function of pressure and
latitude (Lal 1963). To obtain the production of the various isotopes the values in Figu=-'es 9 and 10 should be multi~lied by the yield factors given in Table 3. In Figures 9 and
10 the values for Be 7 and Na2 are also given.
J

Table 3
Yield factors for isotope production
Yield factor
Be 7
22
Na

p32
p33
35
8

4 .5.10 -2
-4
0.3.10
4 .5.10 -4
3.9.10-4
8.5.10

-4

A number of measurements of the concentration of these isotopes in rain-water have
been made. They depart from the expected equilibrium values for the lower troposphere and
the Be 7/p32 ratios indicate irradiation times J i.e. the times elapsed since last complete
removal, betweeri 0 and 200 days. An average of about 40 days is obtained (Lal and Peters J
1962). These data also indicate that in equatorial regions rain falls from air masses, the
major part of which have spent at least six months in the troposphere.
Particularly interesting in the present context are recent measurements of Be 7 and
22
air
in the stratosphere /(Friend and Feely, 1961), summarized by Bhandari and Rama,
Na
in
1963)7. Figure 9 shows a swrunary of available data on Be7 averaged for October 1959 - June
1960and one year's data (November 1960 - August 1961) for Na22 are displayed in Figure 10.
(3)
A large number of radioactive isotopes are formed in nuclear explosions in the
atmosphere. Here we shall only deal with those that are of direct interest for large-scale
atmospheric circulation studies. Since the exact amounts and the exact elevations of the
injections are not well known, and since several months must elapse before an adequate mixing arqund the earth zonally has occurre~, the available data are often difficult to interpr~t. Some of the most useful data come from the 1958-1961 period whep no testing took place
and it was thus possible to study the gradual change of the distribution of radioactivity
in the atmosphere, particularly in the stratosphere, without new activity being introduced.
(a)

Total ).> - activity
---------------~--

One of the main lOY programmes was the measurement of total

j3-

activity of the
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air. Since it represents a mixture of a large number of radio nuclides the interpretation
of such data is not simple.. Data are primarily available from the surface layers of the
atmosphere. The regular observations along the meridian 80 0 w as presented by Lockhart et al.
(1960) are of particular interest (Figure 11). The very rapid change from rather high concentrations in the northern hemisphere to very low values to the south of the equator gives
the impression of an equatorial barrier for north-south exchange. This change usually 00lhcides with the intertropical convergence zone.

(b)

Tritium

Tritium is formed in the atmosphere by natural processes at a rate of about 0.5
atoms cm- 2 sec- 1 (Craig and Lal, 1961). The large amounts of bomb-produced tritium, however,
completely over~adow the natural distribution of tritium at present. Tritium is found in
the form of HT, HTO and CH T.
3
Most of both naturally formed and bomb-produced tritium goes into forming water
99 per cent). Measurements of the tri tiuro content of atmospheric water are at present
being made at a number of places around the world, and Figure 12 shows the variations of a
few selected places over a five-year period. Marked differences exist between middle and
low latitudes (cf. Stockholm and Valentia with Entebbe), southern and northern hemisphere
(c~. Stockholm and Valentia with Pretoria) and between oceanic and continental areas (compare
Valentia and Stockholm).

(>

(c)

Carbon-llf

~~-~~~;-long half

life of Cllf implies that the distribution of Cllf;C12 would be
constant in the atmosphere if it were not for
12
(i)
the industrial output of C 0 ;
2
(ii)
the formation of C14 in nuclear explosions.
Variations of the C14;C12 ratio before 1952 can be obtained from the analysis of
organic material grown before 1952. These data are of great interest for discussions of the
atmosphere-sea exchange of CO2 , but will not be dealt with here. Since 1956 a pronounced
increase of the C14 activity in atmospheric CO has occurred amounting to about 25 per cent
2
above the pre-bomb data in .1961 and reaching almost 100 per cent in 1963. The increase has
been slower in the southern hemisphere, lagging a year or two behind that of the northern
hemisphere. A summary of some representative data is given in Figure 13 (cf. Mlinnich, i963).
Particularly since 1959, a clear seasonal variation of the C14/C12 concentration has been
observed in high and middle latitudes with a maximum in late spring and early summer similar
to the variations of tritium. Since the exchange rate of CO2 between the atmosphere and
the sea is more than 100 times slower than that of water vapour, a return to normal concentrations does not occur for C14 as rapidly as is the case of tritium.
Rather extensive measurements of Cl4 in the stratosphere were made in 1956-1959
(Hagemann et al., 1959). The distributiun is very similar to that of Sr90 (see below), the
differences being too irregul~r to permit a determination of the difference in the transfer
of bomb debris in gaseous (C 14 ) and particulate (Sr90 ) form. The data from the period mentioned are furthermore difficult to interpret in terms of atmospheric circulation since tests
took place on many occasi§ns during this time. As we shall see, the Sr90 from 1958-1961 are
more useful as well as WI 5 and Rhl02 (see below).

(d)

Tungsten-185

------------

Radioactive tungsten (Wl85 ) was introduced in the stratosphere during the American
test series at latitude lION in the summer of 1958, but presumably not at any other time
(Feely and Spar, 1960). Since the source in this case is rather well defined in time and
space, the variations of W185 in the atmosphere, particularly in the stratosphere, are of
great interest. Alrdady in June and July 1958 tungsten was found in appreciable amounts in

- - - - - - -

THE GENERAL CIRCULATION AS DEDUCED WITH TRACERS

middle latitudes in both hemispheres but relatively little in equatorial regions. In the
following winter and spring the concentration was considerably larger in the northern hemisphere than in the southern one. Figure 14 shows the distribution in September-October 1958
and November-December 1958 in the stratosphere, corrected for radioactive decay. For further
details see Feely and Spar.
(e)

Rhodium-102

Another unique injection of a radioactive tracer, rhodium-102, was made on 11 August
1958 in the Pacific at lION. Most of the radioactivity probably rose with the fire ball to
about 100 km elevation before the transfer processes of the atmosphere took over (cf.
Ka1kste1n, 1962).
Figure 15 shows a schematic representation of the appearance of Rh l02 in the lower
stratosphere in course of time. Particularly noticeable are again the comparatively high
values first found in the middle latitudes. No direct observations from higher elevations
are available and therefore only some general conclusions Can be drawn regarding atmospheric
circulations in the upper stratosphere and mesosphere.
(f)

Other radioactive nuclides

Extegsive measurements ~f a number of bomb-produced radionuclides have been made.
Some (e.g. Sr 9, Zr 95 , Nb95, Ba l 0) are useful for dating debris but systematic global measurements, also from the stratosphere, have mainly been published for Sr90 • Since information on the amounts being injected and the elevation are inadequate we shall limit the present discussion to data from the period 1959-1961, during which no appreciable injections
took place.
Figure 16 shows variations in deposition of Sr90 OVer the earth; the figure is also
representative for the variations in the concentration of Sr 90 in surface air. A pronounced
spring maximum occurs Which decreases during these three years of observation, similarly to
the case for tritium and C14 • Variations in the southern hemisphere are again considerably
less. Figure 17 shows the average Sr90 -concentration in the stratosphere during JanuaryAugust 1959 and January-June 1960. A significant decrease of the total inventory seems to
have occurred during the year. The maximum vertical gradient is found in the lowest kilometres of the stratosphere. The relatively high Sr90-concentration immediately above the
tropical tropopause in both cross-sections is to be noted; for ozone the increase above the
tropical tropopause is less pronounced.

IV.

THE GROSS CIRCULATION OF THE ATMOSPHERE

Even if data are still sparse for many of the tracers briefly discussed in the
preceding section a simultaneous treatment of all available data yields some interesting
vesults concerning the gross circulation of the atmosphere. As yet, much of the discussion
must be qualitative, but we may hope for considerably more quantitative results during -the
next year.
A.

The troposphere

The gross circulation of the troposphere is rather well known from studies of wind,
temperature and pressure variations in time and space. Thus transfer of angular momentum
and energy is brought about by large-scale eddies in middle and high latitudes, while meridional circulation cells also are of importance in the tropics (cf. Starr, ~954; Palmen and
Vuorela, 1963). We cannot, however, directly infer the relative importance of these processes for the g~obal transfer of matter from- such computations of the momentum and energy
budgets. Here tracers will aid us, as will be discussed below, but estimates can also be
made directly from wind observations and have been reported in the literature. The tropical
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circulation cells are thus fairly well established (see Figure 3)~ (Palmen and Vuorela~ 1963)~
and studies of trajectories and the variance of the wind (Durst, Crossley and Davis, 1959)
give an estimate of the large-scale eddy diffusivity in middle latitudes. Since a separatioDof wave motion and turbulence has not been made, the values obtained in this way are
probably upper limits, but should not represent a gross over-estimate. In middle latitudes
we obtain values for the north-south eddy diffusivity (K.D) between 0 5. 10 10 and
10
2
-1
1
11 2
.
10
em sec
at the surface of the earth and approaching about 10 em sec-1 at the tropopause level in the vicinity of the jet stream. No corresponding e.stimates of the horizontal
d~ffusivity are available from tropical regions, but the smaller values for the wind variance
10
~
1
indicate less intense mixing. Values about 10
erne sec- in the free -atmosphere seem likely
in comparison with middle latitudes, while even .somewhatsmaller values should be characteristic for the surface layers.
Abundant enough data on the covariance of wind and concentration variations are
not available for any true tracer for an adequate discussion of the transfer properties of
the troposphere. Some information can be gained from transfer of wa~er vapour but the dynamic importance of water vapour in the atmosphere makes a generalization to transfer of other
properties of the air questionable. The following inferences can be drawn on the basis of
the tracer data briefly summarized in the preceding section.
The distribution of C02 in the troposphere as a function of latitude and season is
essentially a result of exchange processes in the troposphere, since sources and sinks are
at the earth's surface. Both uncertainty in the data and inadequate knowledge of the sources
and sinks makes a detailed treatment of the problem unjustified at present. Neglecting the
existence of meridional circulation cells in the tropics and interpreting the data in terms
2
of an eddy diffusivity K\f ino.ependent of latitude, yields a value K'f ";::;: 2'1010 cm sec- l
(Bolin and Keeling, 1963).* In this computation the vertical transfer from the earth's surface to the upper layers of the troposphere~ where the meridional exchange is most vigorous,
has not been considered and the value for Kf thus obtained therefore is probably less
than the mean north-south eddy diffusivity for the troposphere as a whole. The available
data indicate that the seasonal wave penetrates into the southern hemisphere and there is
nO indication of a hold-up at the equator. This is seemingly in conflict with the very
abrupt change of total f3 -act:i.vity in the air as we cross the equator (Figure 11). This
rapid change obviously occurs across the intertropical convergence zone. An explanation
for the different behaviour of C02 and total f3 -activity may be a more variable position
of this zone of convergence over the Pacific Ocean so that the sudden change h~s been
smoothed out by the averaging process. The intertropical convergence zone represents a
rather sharp boundary (a few hundred kilometres) between the two trade wind belts originating in subtropical latitudes in the two hemispheres. Within this zone the air rises and
north-south mixing takes place as indicated by increasing variance of the wind as we proceed upwards. The rather sharp transition zone of the earth1s surface should therefore
become much less well defined aloft. Continuous measurements of total ~-activity (or some
appropriate isotope) in north-south flights at different elevations across the equatorial
belt might therefore yield interesting information on the intensity of the meridional exchange due to large-scale turbulence. SUch data are not available at present.
The injection

of bomb-debris in the troposphere is periodic and apparently takes

place in middle or high latitudes in the spring (see B below).

MUnnich (1963) has computed

the mean horizontal eddy diffusivity with the aid of C14 data and obtains K~ ~ 2· 1010 cm2
sec-I, while tritium and Sr 90 _data are subject to a relatively rapid wash-out process in the

*

Two different computations are made by Bolin and Keeling yielding somewhat different results. Later considerations of the ocean circulation and its effect on the CO2 -transfer
in the atmosphere makes the lower value (2. 1010 cm2 sec -1) the most likely one.
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troposphere which makes it more1ffficult to compare data from different latitudes.
agreement between the

CO~

and C

The

data 1s good.

Tracer data also yield some information on the rate or vertical transfer through
the troposphere. The frequency distribution of cosmic-ray induced radioactlYity (Be 7 and.
p32 ) in rain indicates an average residence time of about 40 days. Since most of the activity found in rain 1s formed in the uppermost part of the troposphere, this time 1s the average time for transfer from these levels into layers of the atmosphere, where precipitation
forms, 1.e. 2 - 4- km above the earth's ~rface. This rate of vertical transfer corresponds
to a vertical eddy diffusivity, Kz = 10 cm2 sec-I. Again the data do not permit an esti_
mae of changes of Kz as a function of latitude and season Rather extensive computations
of the distribution of natural radioactivity (Rn222 , Pb21 Oand Po21O ) in the troposphere
(and lower stratosphere) under varying rates of vertical transfer have been presented by
Jacobi and Andre (1963). The interpretation of the observed vertical profiles in terms
of these resul.ts is difficult because of inadequate knowledge of the importance of the horizontal transfer. Generall~ the Rn222 profiles seem to indicate Kz ~ 105 cm2 sec-1 possibly
as much as K = 5 . 105 c~ sec- l in rower latitudes during summer. The PV 10 over England
is consistent with a vertical transfer coefficient equal to 105 crn2 sec-I. Generally the
values quoted above agree with the estimates on the basis of ordinary meteorological data
given by Lettau (1951).
t

B.

The lower stratosphere (below 30 kin)

Measurements of wind} temperature and pressure are much less abundant at these
levels than in the troposphere and we also know considerably less about the general circulation of the atmosphere. Ordinary wind-data do not permit the determination of meridional
circulation cells in the stratosphere with certainty} except possibly by dynamic compi.1tations. Since the vertical stability of the atmosphere is much greater and the transfer
rates accordingly less} concentration gradients become more pronounced and therefore tracers are potentially more useful at these levels than in the troposphere} provided radioactive isotopes with appropriate half lives are chosen.

Libby (1956) gave the first estimate of the residence time for radioactivity and
thus of air in the stratosphere of about 10 yearS I essentially based on an estimate of the
inventory and the fallout. Similar computations later (Martell, 1959; Machta, 1959) have
given values of about a half and three years for the polar and equatorial stratosphere respectively . The gradual decrease of the spring peaks in the fallout (Figures 12, 13 and 16)
during the period 1959-1961 is an implicit measure of this rate of overturning in the stratbsphere~ since mixing in the troposphere is considerably faster.
The residence time iS I
however I obViously a function of latitude} altitude and season.
A few qualitative conclusions can be drawn on the basis of the data presented in
the previous section :

(a)
The fact that a very steep gradient is maintained in the vertical direction in
equatorial latitudes as compared with polar regions indicates much weaker vertical exchange
in low than in high latitudes (see Figure 14 and also Figure 17).
(b)
The transfer into the troposphere takes place at middle or high latitudes and has
a maximum in late winter and spring leading to a fallout maximum in middle latitudes in
spring or early sununer (see Figures 12, 13 and 16).
(c)
The fact that the W185 maximum in low latitudes is stationary (Figure 14). or even
moves somewhat towards the equator while obviously a net transfer takes place towards the
(winter) pOle, implies that horizontal eddy diffusion is of primary importance for this
transfer rather than an organized meridional circulation. Qualitatively the same inference
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can be drawn from the Sr90 -data. On the other hand the low ozone values in the low tropical stratosphere as compared with the photochemical equilibrium necessitate organized upward motion in the tropics as was pointed out (cf. Dobson, 1957) many years ago.

(d)

The transfer from equatorial latitudes to middle latitudes in the lower strato-

sphere and further into the middle latitude troposphere is much more effective than transfer directly into the tropical troposphere. As seen from-Figure 5, maximum production of
ozone occurs in the tropics but maximum concentration is fOWld at high latitudes in late
winter. The fallout of Sr90 (Figure 17) and WW5 also takes place at high latitudes in
spite of major injections at low latitudes (for W185 exclusively so). On the assumption
of pure eddy diffusion, ~eel;Y: and Spar (1960) deduce a value for 1<" "'" 103 cm2 sec- l in the
tropics and Kz:<:: 4 • 10 cnf sec- l for middle latitudes and K'I'''''109 cm2 sec- l using the
W185_profiles.
The data on Be 7 and Na22 (Figures 9 and 10) give residence time for matter in the
lower stratosphere between 3 and 20 months - also in agreement with inventory computations
mentioned previously.

(e)

(f)

The ratio Ce144/sr90 indicates that the debris in the polar lower stratosphere
20 kin) 1s considerably yotmger than the debris at the corresponding elevation over the
equator. This may be due to more rapid mixing vertically over the poles but may partly
depend on the comparatively large injections from the Russian tests in October 1958.

«

Definite conclusions regarding the exchange processes in the stratosphere cannot
be drawn merely on the basis of an inspection of cross-sections as those presented in the
previous section. A number of assumptions are implicitly made in computing the values
quoted above. The data for all tracers should be treated simultaneously along lines as
indicated in section I I and making use of available meteorological data.
Some interesting results have been obtained from covariance computations of the
north-south wind at 100 and 50 mb ("'" 16 and 21 km) and total ozone (Newell, 1963). Since
variations of the total ozone essentially depend on variations at levels between .12 and
24 km (very little ozone is found below 12 km and the departures from photochemical equilibrium decrease considerably above 24 kIn) we obtain a first idea of the large-scale turbulent transfer in this way. On the basis of an estimate of the total ozone budget Newell
(1963) concludes that the transfer of ozone across latitude 40° or 50 0 N is essentially
maintained by transient eddies in January to March. In the summer (of both 1957 and 1958)
the eddy transport is insufficient for explaining the observed changes poleward. of these
latitudes. As now regular ozone measurements with balloon-borne instruments are made over
the North American continent we shall soon be able to compute the eddy transfer with considerable accuracy and resolve some of these questions with more certainty.
Quantitative determinations of the relative importance of meridional circulation
cells land eddy diffusion have recently been made by Sundstrom (1964) using the ozone-data
given in Figure 5. The undetermlnacy of the problem using only one tracer was eliminated
by permitting only a relatively simple meridional flow pattern and by assuming that both
the horizontal and vertical eddy exchange is proportional to the wind variance only having
two undetermined constants to be computed from the tracer data. In swmnary the following
results were obtained

(a)

A meridional circulation cell exists with moderate downward motion (~0.5 em/sec)
from latitude 45° to the winter pole and rather weak (
0.02 em!sec) upward
motion elsewhere (Figure 18).

(b)

The vertical eddy diffusivity in the low stratosphere varies between
over the winter pole (polewards from latitude 45 0 ) to values of'

<

sec

-1
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2 . 103 cm2 sec-1 in equatorial regions and in the summer hemisphere, generally
decreasing upwards.
(c)

The horizontal eddy diffusivity is less than 5' 109 crrF sec- 1 and plays a relatively

insignificant role in the global transfer of ozone.
We note that these results differ from those of Newell (1963) in that the horizontal eddy diffusion seems to be relatively unimportant also over the polar cap in winter. The

ozone data on which these computations are based (Figure 5) are, however, too uncertain to
permit a definite conclusion. The large wind variance at these levels in the atmosphere
and the magnitude of the horizontal eddy ef8~e in_r.he troposphere associated with corresponding values makes it likely that K¥,~lO
em sec
in the lower stratosphere over the
winter pole and that horizontal diffusivity should be important (north of latitude 30'0.40°)
as concluded by Newell (1963).
The transfer rates in equatorial regions are small and the meridional circulation
cell implies for example a displacement of a belt of high concentration over the equator, a
distance of about 20° latitude in half a year. During the following half year the direction
of the motion would be reversed and the belt would return towards its original latitude. The
Wl85 data or any other data are hardly accurate enough to tell whether this happens or whether large-scale turbulence 1s the dominating process. It should finally be mentioned that
a 26-month periodicity of the stratospheric circulation in the tropics has been discovered.
The possible implications regarding the transfer of matter is still far from clear~
In conclusion it is quite obvious that much more data for a few good tracers are
needed to understand transfer in the lower stratosphere properly. Ozone will undoubtedly
be one of them~

c.

The upper stratosphere and the mesosphere

Very little can be said at present about the general circulation of the atmosphere
at these levels. Hardly any direct observations of tracers are available and also rather
few ordinary meteorological observations exist. The Rhl02 experiment in 1958, however,
yieldS some interesting informationw The first significant observations of Rhl02 were made
in porthern hemisphere middle latitudes at 19 km elevation a little more than one year after
the injection (which occurred at about 100 kIn) (see Figure 15). Kalkstein (1962) computes
the residence time above 20 kID for the injected Rhl02 to about 10 years, corresponding to
an average value of Kz somewhat more than loS cm2 sec-I, Even if rapid transfer takes place
down to about 50 km elevation, which possibly is the case d~e to the relatively low static
stability particularly in the sununer, a mean value above ldl- cuF- sec- l is required between
20 and 50 krn elevation to account for this residence time. Figure 15 also clearly shows
the delay of the increase in tropical latitUdes, while any differences between the northern
and southern hemisphere are difficult to ascertain due to insufficient data from the southern
hemisphere during the most interesting time of observation. Since no data are available
from above 20 kIn hardly any further conclusions can be drawn with certainty.
Possibly further experiments with injected known amounts of radioactive isotopes
in the mesosphere can yield further information on transfer rates in the mesosphere and
stratosphere, but observations must then be made at these levels. Use Should also be made
of naturally occurring tracers. Thus there is evidence that water vapour is present at the
mesopause in sununer when noctilucent clouds appear (Hemenway, Soberman and Witt, 1963). The
very low temperatures (130 0_1400K) observed on these occasions indicate mixing ratios not
much different from those observed at 30 km (Figure 6). Water vapour is, however, dissociated by ultra-violet radiation and reactions also occur with other components found at
these levels in the atmosphere. Nicolet has thus pointed out that an even higher water
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vapour - air mixing ratio than that observed in the lower stratosphere can be explained by

an upward transfer of methane through the stratosphere and mesosphere, photodissociation
at the mesopause and a net production of water vapour at these levels. There are, however,
hardly enough data to permit reliable quantitative estimates. Other constituents such as
NO, N02 .l1 etc., are also formed at the rnesopause and in the thermosphere and may penetrate
doWnward. Clearly we need observations with the aid of rockets to establiSh the distribution of a number of these constituents in the upper stratosphere and the mesosphere before
we shall understand the major mechanisms of transfer at these levels.

V,

LIKELY FALLOUT DISTRIBUTIONS FROM KNOWN INJECTIONS OF RADIOACTIVITY IN DIFFERENT
PARI'S OF THE ATMOSPRERE

It should be emphasized from the very beginning that the atmosphere is in a state
of turbulence. Large'Hscale cyclonic or anticyclonic eddies form, grow, and dissipate while
they constantly move .across the earth's surface. The motion and development of a radioactive
cloud, particularly during the first few weeks, very Imlch depends therefore on the prevailing weather pattern. In one case it may move a few thousand kilometres to the south in a
couple of days, in another situation it may be found the same distance to the north of the
point of injection. The conclusions that can be drawn from the general discussion above
are therefore statistical in nature. We may say that on the average the distribution of
radioactivity from an injection will be such and such after a certain time. Even more important perhaps are statements of this nature : Less than, say, 1 per cent of the radioactivity will be found outside a certain area in a prescribed period. The average radioactivity will be such and such in a given point and, with a probability of 99 per cent, not
exceed a specified value.
The general information summarized in the preceding paragraphs is becoming specific enough to permit statements of such a nature. In Figure 19 we first illustrate the
effect of horizontal di.ffus:l.Dn. A number of transosonde balloons were released at 9 kIn elevation from Japan and followed for 10 days or more. Within the closed areas in Figure 19,
50 per cent of all sondes were found after ~, 1, 2, 4, 6 and 10 days respectively. The
increase in the area, which is somewhat different in longitudinal and latitudinal direction

(anisotropic), implies vai~es for t~e horizontal diffusivity of abo~t K~ = 6 ' 1010 crrF/sec
(longit~dinally), K'I' = 3 • 1010 em /sec (latitudinally), The distance from the centre of

the area to the boundary is proportional to the square-root of the eddy diffusivity. The
increase of the linear dimension of the cloud with time is also proportional to the squareroot of the time.
If the eddy diffusivities were 1/10 of those given above, the area for 10 days of
diffusion would be about the size· of the area for one day in the f1gure.
It is important to realize that an individual cloud will not spread as shown in
Figure 19. Instead, a marked deformation of the cloud will occur due to the prevailing
wind pattern. This effect is shown in Figure 20 which shows the form of an area, initially
a square, after
~, 1, 1~ , and 2 days. Figure 19 should thus be interpreted as follows:
In 50 per cent of all cases the centre of gravity of a cloud, being deformed as in Figure 20,
will be found within the areas shown in Figure 19 after .~, 1, etc., days. Similar pictures
can be constructed for arbitrary levels and latitudes if the characteristic eddy diffusivities and zonal winds are known.
Vertical diffusion also plays a role.

This is shown in Table 4 on the next page.

The marked difference between the troposphere and the tropical stratosphere stands
out clearly. The major part of the fallout at the ~arth 1 s surface is due to scavenging by
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clouds and rain.

Since the average lifetime of a water molecule in the atmosphere is about

10 daYs before it rains out, and 90 per cent of the water vapour Is fOWld below about 4 km,

the average lifetime for radioactivity in the atmosphere below

4 km Is about 10 days.

This

value varies., however, considerably from the wet middle latitudes, where the polar front
disturbances bring about a more rapid turnover of water vapour and radioactlvitYj to the dry

subtropical latitudes with relatively low fallout rates.

Table 4
The depth (km) of a layer in the atmosphere within which
50 per cent of radioactivity injected in a point will be found

K
104 cm2 sec- l
(Polar stratosphere)

injection

103 cm2 sec- l
(Tropical stratosphere)

1

0.13

0.40

1.3

2

0.18

0.57

1.8

4

0.25

0.8

2.5

8

0.36

1.1

3.6

16

0.50

1.6

5.0

32
64

0.7

2.2

7.0

1.0

3.2

10.0

Days af'ter

105 cm2 sec- l
(Troposphere)

After a few weeks or a month the cloud from an injection has usually been very
much deformed while travelling around the earth. Mixing along latitude circles will soon
thereafter have distributed the debris in a band around the earth which gradually grows in
meridional and vertical directions. We can now make use of some of the results found in the
previous section. Using the values for Kf and Kz . and the meridional circulation for different times of the year we can deduce the most likely changes of such a band of radioactivity around the earth in course of time. This requires numerical integration of the diffusion equation with due regard to the advection vertically and in the north-south direction.
As yet data are too uncertain to justify many detailed computations of this kind" but a few
have been made in Stockholm" in which the fallout values for Sr90 and Wlt35 have been used
as checks. In presenting the results of such computations it is important to present the
results in a general form but still permit an easy interpretation. Figure 21 thus shows
a very preliminary distribution of "probable delay of fallout ll • The time indicated as function of latitude and elevation is the probable time it takes for 50 per cent of an injection
to appear at the surface of the earth as fallout. Another important question is : How will

the fallout from an injection at a certain latitude and elevation finally be distributed at
the earth I s surface" when will it appear? A test-co~putation using some of the values presented in the previous section has been done as is shown in Figure 22. As initial values the

meridional distribution of Sr90 in November 1958 was used and the fallout obtained should

thus be compared with the observed fallout as given in Figure 16. Similar' diagrams can be
constructed for point injections at different latitudes, altitudes and times of the year.
The long-range fallout from a series of injections then is simply the appropriate sum of a

series of such fallout. patterns properly weighted and displaced in time according to
amounts being injected and the times of the injections.

the

The discussion in this section is very- tentative and qualitative. The intention
was merely to indicate the kind of computations that would be of interest in the present
context. We are at present accumulating enough data on the motion of the atmosphere to
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permit quantitative estimates ·of this kind. The next few years will undoubtedly yield much
more precise information than has been available so far. It should once again be emphasized
that the statements that can be made are statistical in nature and the behaviour of an in-

jection of radioactivity into the atmosphere can never be foreseen in detail.
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Figure 3
The mean meridional circulation cell in the tropical troposphere (Palmen and
Vuorela, 1963). The transport capacity of every tube corresponds to 25 . 106
tons sec-I.
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The meridional circulation cell deduced from the ozone distribution in Figure 5.

Figure 19

Average distance travelled by transosonde balloons during
10 days following release over Japan. Within closed area
50 per cent of all sondes released were found (Angell, 1959).
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Figure 21 - Probable delay
of fallout. An approximate
sketch of the time in
months required for an injection at a given latitude
and elevation to appear at
the surface of the earth
as fallout.
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SOME COMMENTS ON METEOROLOGICAL PROBLEMS OF TIlE GLOBAL DISTRIBUTION
OF STRATOSPHERIC RADIOACTIVE FALlOUT

INTRODUCTION

1.
Meteorological factors affecting the global distribution in the atmosphere of the
radioactive products of nuclear explosions are being actively studied at present. At the
same time information on atmospheric radioactivity is used in the study of meteorological
processes. There is already an extensive literature on these problems (see for instance
Styra, 1959; Karol and Malakhov, 1962; Israel and Krebs, 1962; Junge, 1963; Stebbins, 1961).

The purpose of the present paper is to point out some gaps in our knowledge of the mechanism of global -fallout from nuclear explosions and to indicate some possible lines of research. In so doing we shall limit ourselves to considering the global fallout of radioactive aerosols from the atmosphere.

RADIOACTJ:VE AEROSOLS

2.
Of all the non-meteorological factors determining the nature of radioactive fallout, the least known are the physico-chemical composition and the structure of radioactive
aerosols produced by nuclear explosions, and especially the distribution of the number and
the activity of the particles according to their size as well as to the distribution of
individual isotopes over particles of different size and activity (fractionation of isotopes). The world-wide distribution of radioactive substances of artificial origin depends,
in particular, on the size of the particles, their transport in the upper atmosphere and
the rate of their removal by clouds and precipitation (waShout) in the lower troposphere,
and also the deposition rate of the so-called lIdry deposition" of aerosols on the earth's
surface.
The physico-chemical properties of radioactive aerosols produced by nuclear explosions are at present studied mainly for "hot particles", comparatively very active large
particles found in the atmosphere several months after a series of nuclear tests (Malakhov
and Makhonko, 1962). The properties of radioactive aerosols - in particular their size change noticeably during their residence in the atmosphere as a result of
(a)

Coagulation of radioactive aerosols with natural aerosols of the stratosphere and
troposphere;

(b)

Conglomeration of radioactive and non-radioactive a~rosols in aggreg~tes under
the influence of cloud elements and of precipitation in the lower troposphere;

(c)

Accelerated graVitational deposition of larger aerosols, including those consisting of hot particles.

All these processes are as yet insufficiently 'known, even qualitatively, and the
laboratory methods of physico-chemical research about aerosol composition and structure
Should be more extensively applied on models in addition to direct studies under natural
conditions
a

DISTRIBUTION OF RADIOACTJ:VE ISOTOPES IN TIlE STRATOSPHERE

3.
We already have quite detailed information on the meridional distribution of the
concentration of certain isotopes - products of nuclear explosions - at various levels of
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the lower stratosphere, and on seasonal variations in this distribution (Stebbins, 1961).
There exist several opinions on the way in which radioactive debris is disseminated in the
lower stratosphere. One of these opinions - or perhaps more appropriately hypotheses - is
that the observed distribution is determined by b~ganized meridional movements of air in
the stratosphere .. whereas in other hypotheses,; the macroturbulent diffus:l.on of radioactive
contaminants is considered to be the main factor. The protagonists of the first hypothesis
are in favour of a theory advanced by Brewer (1949) and Dobson (1956), assuming an organized
meridional transport of air from the upper tropical troposphere towards the extra-tropical
stratosphere, followed by gradual descent and return of these masses through the tropopause
to the troposphere in the middle and high latitudes. The transport of air masses from the
equator to the high latitudes takes - according to various estimates - several months to a
year and it is especially intensive in winter (Goldsmith and Brown, 1961).
Another hypothesis has been advanced by Feely and Spar (1960) who proceed from the
idea that the different characteristics of the stratosphere at various latitudes and levels
during different seasons are responsible for the observed meridional distribution and for
the seasonal variations of the global fallout of radioactive debris. The less intensive
exchange of radioactive debris between the stratosphere of the northern and the southern
hemisphere and the more protracted period of its residence in the equatorial stratosphere
would then be due to the less intensive macroturbulent mixing process in the stable tropical
stratosphere. The intensive vertical exchange in the lower extra-tropical troposphere,
especially in winter, leads to a peak of fallout in the middle latitudes in spring. This
view 1s borne out by stratospheric measurements of certain isotopes, in particular of tungsten-185, and so far no serious flaws have been found in this hypothesis (Stebbins, 1961).
These and a number of .other hypotheses offer only a qualitative explanation for
the mechanism of the distribution in the stratosphere a~d the removal of the radioactive
products of' nuclear explosiops; most hypotheses take into account only one type of atmospheric motion while ignoring the others. In reality, however, it is highly probable that
all atmospheric motions enter into the distribution process and what is needed is a quantitative appraisal of their in4~vidual role~.
4.
The available measurements of the concentrations of radioactive products of' nuclear
explosions in the free atmosphere are insufficient for the quantitative study of organized
and" macroturbulent motion in the stratosphere. A strong increase in the amount of such data
can hardly be expected. Taking into account the cost and the complexity of measurements of
the concentration of radioactive isotopes in the free atmosphere, a much wider Use should
be made of' other tracers in the study of the stratosphere.
The use as tracers of naturally radioactive isotopes emitted into the atmosphere
from the 'earth (radon, thoron and their decay products) or present in the atmosphere as a
result of cosmic radiation (Be-7, P-32, Na-22, etc.) has a number of advantages over the
use of the products of nuclear explosions. The sources of natural atmospheric radioactivity are comparatively well known, stable and are so situated that the isotopes in the troposphere and lower stratosphere are disseminated both upwards (radon, thoron and their
decay products) and downwards (Be-7 and others)o The stability, or more properly the periodicity, of the process inyolved in the distribution of naturally radioactive isotopes in
the atmosphere $implifies the quantitative study of their transport and makes it possible
to determine anurnber of parameters from the data acquired by the measurement of the concentration of these isotopes in air and precipitation (Karol and Malakhov, 1962; styra,

1959).
5.
In order to estimate the rate of exchange through the tropopause and between the
hemispheres, let us take as an example the results of ~easurements in the free atmosphere
of the concentration of Ra D (Pb-2l0), a decay product of radon with a half life of 22.4
years
0
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o
Aircraft measurements of the Ra D concentration in May 1960 and 1961 at 70 N, 35°N,
0
lOON and 40 Sat the level of the tropopause and at a number of levels in the upper troposphere and lower stratosphere are shown in Figure 1 (Stebbins, 1961).

The figure shows that the meridional distribution of the Ra D concentration in
the stratosphere is almost uniform, in contradiction to the meridional distribution of Sr-90,
shown on the same chart.

Figure 2 shows that the distribution of the Ra D concentration

at the height of 4.6 kin corresponds to the percentage of the land surface in the total area
of the zona' concerned. The total land surface in the northern hemisphere is three times
that in the ,southern hemisphere .. and the same ratio is observed in the average concentration of radon in the surface air (Lambert and Polian, 1963) and, as shown in Figure 2, also
in the troposphere. Thus, radon and Ra D enter the atmosphere mainly in the northern hemisphere
As a result of a comparatively long residence of Ra D in the stratosphere, its
concentration in the northern and southern hemisphere becomes uniform. From the vertical
distribution of the Ra D concentration at 40°3, it can also be irtf'erred that Ra D flows from
the stratosphere to the troposphere of the southern hemisphere. The passage of Ra D from
the northern to the southern hemi sphere through the stratosphere invalidates the hypothesis
of regular meridional transport in the lower stratosphere, as described by Brewer and Dobson,
and makes it possible to evaluate the following meteorologically important parameters
0

(1)

The coefficient of the vertical turbulent diffusion of the aerosol in the stratosphere, Ks • Depending on various assumptions about distribution and size of
natural stratospheric aerosols, the value Ks varies from 5 x 102 to 4 x 103 cm2jsec,
the highest value being observed in spring in middle and high latitudes of each
hemisphere and the lowest in the equatorial Zone where there are no seasonal
changes
These data tally with the existing qualitative views on seasonal and
latitudinal variations in the speed of the vertical turbulent mixing in the stratosphere (Stebbins, 1961).
0

(2)

The coefficient of the vertical turbulent diffusion of radon (average for the
troposphere) at extra-tropical latitudes of the northern hemisphere, Kt, the value
of which varies from 6 x 104 to 4 x 10 5 cm2jsec depending on various estimates
of the mean rate of radon exhalation on the global scale.

(3)

The mean coefficient of the Ra D washout from the troposphere by clouds and precipitation and the mean height of the. washing layer, which in the middle and high
latitudes of the northern hemisphere are 2 x 10-6 _ 5 x 10-6 sec- l and 6-8 km
respectively.

If we postulate, in addition, that the flow of radon and Ra D through the tropical tropopause is much less than through the tropopause of other latitudes owing to greater
stability of the tropical stratosphere, and that the Ra D concentrations measured in the
upper troposphere and in the stratosphere may be regarded as average values for all ~ones,
it becomes possible to estimate the mean annual flow of the radon-atoms, wh~ch form Ra D
in the stratosphere, through the extra-tropical tropopause. (This might also show that
tqere is almost no passage of Ra D which is formed in the troposphere into the stratosphere.)
By estimating the total number of the atoms of Ra D in the stratosphere it is, moreover~
possible to determine, by me~s -of a simple balance calculation, the average period of
tb,eir residence in the stratosphere of the northern:and southern hemispheres and-the average
time of exchange between the stratospheres of the hemispheres. This period varies from 1.5
to 2.5 years, whiCh is very close to the figures obtained from measurements of radioactive
products of nuclear explosions and other tracers (Junge, 1963; Israel and Krebs, 1962;
Stebbins, 1961). It appears, moreover, that radon entering the stratosphere of the southern hemisphere via the -tropopause amounts to only 20 percent of the annual -infloW of Ra D
atoms from the stratosphere of the northern hemisphere to the stratosphere of' the southern
hemisphere.
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Figure 1
Meridional distribution of average monthly concentration of Sr-90 and Pb-210 in
May 1960 and 1961 at the tropopause level ~ and at a number of equidistant levels.
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6.
Of all the other tracers which could be used for the quantitative study of atmospheric motions and transport through the tropopause, special mention should be made of
ozone. It is known that below the layer of photochemical balance (25-30 kIn) ozone 1s a
stable and almost inert gas, the total amrurrt of which is comparatively easily measured from
the earth I s surface. This total amount adequately reflects the ozone content of the 12-241IDJ.

layer, i.e. in the lower stratosphere (Junge .. 1963; Karol, 1963). Comparison of the observed
global distribution of ozone and the concentration of the radioactive products of nuclear
explosions reveals an obvious similarity, especially in the stratosphere and the lower troposphere
(Karo1~ 1963).
The physico-chemical difference between gaseous ozone and radioactive aerosols is evident when the two interact with the earth's surface and with the elements of clouds and precipitation in the lower troposphere; in the upper troposphere and
lower stratosphere this difference becomes of little importance.
At the present stage, ozone is perhaps the only tracer which can be measured on
the synoptic scale (daily, provided the network of stations is dense enough) and which
together with the ro~~sUrements of meteorological elements could be used both for qualitative
and quantitative studies of atmospheric motions.
One example of such quantitative study is the work of Newell (1963J • The data
obtained by daily measurement of the meridional component of the wind, V, in the middle
latitudes of the northern hemisphere during the International Geophysical Year at the
levels of 100 and 50 rob (16 to 21 kmJ and the total content of ozone, Q, at 24 stations
at these latitudes may be combined in order to compute the mean values of the transport of
ozone for various seasons around various latitudinal circles. By separating the mean value
and its fluctuations
Y ~

V + yll y =[y] + Y*,

V being the time average and
[v] the latitudinal average
one obtains
QY = Q.

V+Q'y',

[QY]

~

["Q][V]

+ [Q:* v*] +

[Q.iy~

that is, the seasonal average of the transport of ozone around a latitudinal circle, [Q,v],
is the sum of the regular meridional transport ["Q;"] •[V] , the transport as a result of standing eddies ['Q* V*] , and the transport resulting from transient eddies (macroturbulent
diffusion) [QIVi]. The values of these transports as calculated by Newell are given in
the following table :
Total flow in 103 standard rn3 ozone/sec around the latitudinal circle
40"N

~
transpo

Jul. , Aug.,
Sep~

, 1957

50"N

Jan. , Feb.,

Jul. , Aug. ,

,Jan., Feb.

Mar., 1958

Sep. , 1957

Mar., 1958

["QJ ['iT]

-2.3

-3.8

-0.9

-1.9

[Q*

+0.4

+5,0

+0.3

+4.0

+0.4

+12.6

+2.9

+10.4

'1*]

[QiY'J

~

The table Shows that the direction of the organized meridional transport of ozone
in the periods under consideration is north-to-south (positive direction to the north), i.e.
the direction opposite to that described by Brewer and Dobson. It can also be seen that in
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spring the main contribution to the total transport of ozone to the north comes from the
macroturbulent diffusion. These estimates are only tentative; they should be verified on
the basis of much more extensive information.
THE PASSAGE OF THE RADIOACTIVE DEBRIS THROUGH TIlE TROPOPAUSE

7.
Many scientists regard the transport of air masses through the subtropical break.
in the tropopause as the main channel for radioactive aerosols entering the troposPhere from
the stratosphere and a-s the cause of the maximum concentration observed near the ground at
middle latitudes (Feely and Spar, 1960; Goldsmith and Brown, 1961).
The measurements of the Sr-90 concentration over the United States in March 1960
showed a noticeable horizontal gradient of the isotope concentration in the break zone

(Giles, 1961). The absence of exact estimates of the values of the vertical and meridional
turbulent diffusion coefficients and of the speed of regular currents in the zone makes it
impossible to estimate with any certainty the transport of Sr-90 through the break zone and
to compare it with the vertical transport through the tropopause~ Rough estimates, however,
show that these -values are approximately of the same order per unit area.
The analysis of the meridional distribution of concentrations of this isotope in
May and November 1960-61 at several levels of the upper troposphere and lower stratosphere
(Figure 3) suggests the following oonolusions I (a) the transport of Sr-90 through the
equatorial tropopause is much less marked t~ that through the tropopause at extra-tropical.
latitudes;
(b) the latter transport is nearly uniform in these months at all latitudes
(Karol, 1963).

The air mass exchange through the tropopause takes place to a considerable degree
in high-level, troughs, upper cold-lows, etc. During the passage of these phenomena the
height of the tropopause above the observation point changes considerably and, in the case
of a trough, strong downward currents are present in the rear (western) part. The maxima
of surface concentration and deposition of radioactive products of nuclear explosions
observed in winter and spring at middle latitudes coincide with the maxima of frequency of
these phenomena (Miyake et al., 1962).

There is also a need here for quantitative comparisons of the role of the subtropical break in the tropopause and that of the upper-air systems. Furthermore one would
wish :to obtaIn additional knowledge about a number of other factors, as there are the
seasonal change of the height of the tropopause, the increased radioactive isotope concentration as observed in spring in the layer of the stratosphere adjoining the tropopause,
etc.

The papers of Junge (1963 b) and staley (l962) are examples of such investigations

in which data on radioactive tracers were used.

DISTRIBUTION OF STRATOSPHERIC DEBRIS IN TIlE TROPOSPHERE
8~

Measurements of radioactive iEotope concentration in the troposphere are even more
scarce than those in the stratosphere, and we have little knowledge of the mechanism by
which such isotopes are transPorted from the tropopause to the lower layers and to the
precipitating cloud layers, or of the mechanism that determ.ines the concentration and distribution in surface air. In some studies the transport in the troposphere of the fallout
originating from the stratosphere is not discussed at all and it is assumed that the maximum
of surface concentration of the radioactive fallout observed at subtropical latitudes is
the direct result of its transport from the stratosphere through the subtropical break in
the tropopause (Goldsmith and Brown, 1961; Feely and Spar, 1960). Although the analysis of

an upper-air trough passing over the United States has shown that occasionally air masses
from the lower stratosphere may descend to the level of 1~0-l.5 km in the course of a few
hours, the frequency- of this phenomenon remains unknown (Staley, 1960). At the same time,
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various estimates give an average of 20 to 40 days for the mean residence time of radioactive aerosols~ both natural and artificial, in the troposphere (Karol and Malakhov, 1962;
Junge, 1963 a,b). Both vertical turbulent exchange and organized meridional motions in
the troposphere play some role in the transport of the products of nuclear explosions
(La:"rentchik et al., 1963). The well-defined intensive Hadley cell in the tropical belt
of each hemisphere undoubtedly accounts for at least part of the above-mentioned maximum

of surface concentration of radioactive debris in the subtropics. The other meridional
cells are much less well defined and could hardly play a considerable role in the tropo_
spheric transfer. However.. there is a need for quantitative evaluation of this transfer
and an appraisal of the role played by turbulent exchange. Various numerical models involving the use of a great deal of climatological data for the troposphere may be designed for
this purpose and the result obtained could then be compared with actual measurements.
The comparison of the meridional distribution of Sr-90 concentration in the air,
near the ground and in the middle troposphere for May and November 1960-1961 (Figure 3)

shows that the mechanism responsible for the subtropical maximum -of the surface con.centration during these months in all probability acts only in the lower section of the troposphere. This may not only be due to the downward current in the zone of the subtropical
anticyclones, but also to macroturbulent exchange and, possibly, intensified convective
exchange over land in summer (Karol J 1963). The quite numerous s,ynoptic observations of
individual cases of high levels of fallout and surface concentrations of radioactive debris
have, unf'ortunate1y, not been supplemented by measurements: of concent;ration, even in the
troposphere of the region itself and at the time when the intensification occurred; in consequence, it is impossible to obtain a more exact picture of this phenomenon. The study
of synoptic conditions leading to such Ilhot spots Tl should be supplemented by statistical
investigation of the frequency of' those conditions in various areas.

DEPOSITION OF RADIOACTIVE AEROSOLS ON THE EARI'H'S SURFACE

9.
The processes by which radioactive aerosols are captured by elements of cloud and
atmospheric precipitation, thus removing from the lower troposphere up to 90 per cent of
nuclear explosion products initially accumulated in the stratosphere, are comparatively
well known (Zimin, 1962~ Israel and Krebs, 1962~ Styra, 1959).

Eoth the mechanism and the

role of the so-called "dry depositionll of radioactive aerosols, including, their gravitational settlement and capture of aerosol particles by small obstacles at the earth 1 s surface (vegetation, sea waves and spray), are much less clear. It is known that the effective
speed of dry precipitation J which is defined as the ratio between the downward flux of
radioactive aerosols and their surface concentration, declines from several centimetres per
second during the series of nuclear explosions to some tenths of a em/sec after one year and
may do so differently for different isotopes (Gambrayand FiSher, 1963). The relative contribution of dry deposition to the total global fallout sometimes increased during the
6-12 months following a series of tests;. this is probably due to the fact tbatmore easily
washed out fractions of the aerosol size spectrum present in the troposphere (1.0 )S-to
several microns in diameter) have been eliminated by that time (Shvedov ~., 1961).

Dry deposition is probably the key to one of the main unsolved problems in meteorology of fallout, namely the problem of the differences in intensity of fallout on sea
and on land in the same zone and over the same period. Measurements of radioactive debris
in sea water show that in most cases the total fallout is two to three times greater than
that over land (Sereda, 1962).

On the other hand, the few measUrements of the Sr-90 fall-

out in rain obtained from ships and islands in the oceans indicate that the fallout on
islands is almost the same as on land (SCEAR, 1964).

It is probable that the more inten-

sive global fallout over oceans is connected with higher dry deposition on the surface of
the sea due to "waShout" by spray and coagulation of radioactive aerosols with sea salt
particles (Shvedov ~., 1961).
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Figure 3

Meridional distribution of average monthly concentrations of Sr-90 in
May and November 1960 at different atmospheric levels.
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Quantitative and qualitative studies of aerosol washout and dry deposition processes, especially on the surface of the sea, must be continued both on models, in laboratories, and under natural conditions. A better knowledge of the washout conditions in
various regions during various seaSORS is also required.
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OZONE AND WATER VAPOUR IN THE UPPER TROPOSPHERE AND LOWER STRATOSPHERE

Introduction
A few years ago, when large quantities of radioactive materials were first introduced into the lower stratosphere by atomic weapon tests, there was little information on
the nature of the atmospheric circulation there and consequently it was difficult to predict
the movement of the radioactivi ty and its transfer down to the lower atmosphere.
The only
acceptable model for the air movements in this region was that postulated by Dobson and
Brewer (Brewer, 1949; Dobson, 1956) of the Clarendon Laboratory, Oxford, based on their
study of water vapour and ozone concentrations, which indicated air rising through the equa-

torial tropopause followed by poleward motion in the stratosphere and descent in high latitudes. In recent years this model has been modified and extended (e.g. Goldsmith and Brown,
1961) and questions of the relative transport of these tracers by mean and eddy motions have
received considerable study (e.g. Newell, 1963a).
Throughout it has, however, proved to be
a broadly correct means of acoOlUlting for most of the SUbsequently observed distributions of
radioactive elements.
As interest in the subject has grown, together with the ability of
meteorologists to make measurements of many different types to sucoessively higher levels in
the stratosphere and above, there has been considerable extension of measurements of all
sorts of tracers both natural and artificial, radioactive and non-radioactive, and also
studies of quasi-conservative derived parameters such as potential temperature and potential
vorticity. Water vapour and particularly ozone (which can be measured by indirect methods
from the earth I s surface) have continued to be very useful tools in tracing motions in the
stratosphere and also transfer down from stratosphere to troposphere. Like the radioactive
materials, these substances are transported by all scales of motion.
The smaller-scale
features of the wind and temperature fields are not adequately revealed by even the present
large and expanding world network of measurements from balloons, rockets and aircraft, nor
are these direct methods capable of giving accurate values for the small but important vertical wind components, so that the stUdy of tracer distribution of all types continues to
be important for the meteorologist as well as for the atomic physicist concerned with the
spread of materials.

One of the main advantages in the use of ozone and water vapour as tracers is that
they are complementary, the ozone concentrations being produced photochemically in the upper
stratosphere and decreasing rapidly by ahemical processes below the tropopause to very small
values near the earth's surface and the water vapour decreasing steadily from the grotmd up
to at least 16 kin. The lower stratosphere and the tropopause region are thus areas where
the ozone is increasing and the water vapour is decreasing with height (i.e., their concentrations are negatively correlated) and where deviations from this horizontal stratification
are mainly due to vertical air motions. Most generally a region of relatively low ozone and
high water vapour concentration would suggest that the air has ascended from below and vice
versa, since their latitUdinal and longitudinal gradients are both nonnally much less than
their vertical gradients. When the ozone and water vapour concentrations are SUfficiently
large they are usually easier to measure with good resolution than concentrations of radioactive material whose sampling is often restricted to rather coarse measurements in time and
space using rather difficult techniques. The sources of the ozone and water vapour are also
of course much more regular than that of the artificially injected radioactive materials.
In the following sections short discussions will be given of the distributions of
water vapour and ozone in the upper troposphere and stratosphere and the application of this
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knowledge to the problem of the general circulation in the stratosphere and interchange with
the troposphere.
The measurement of water vapour

For use as a tracer the water vapour content of the air is most conveniently 'expressed as a mass mixing ratio, g. of water vapour to g. of dry air in any given volume.
This ratio is a conservat~ve property ~less water is added to or subtracted from that volume
by evaporation or condensation and sublimation.

In the stratosphere where cloU(is are almost
entirely absent the previous movements of air may often be deduced from the mixing ratio.
Moreover, since condensation normally occurs at the dew point or at the frost point if the
air is found to be very dry, it· must sometime have passed through a region where the tem-

perature is equal to its frost point, a fact which was used in formulating the Dobson-Brewer
circulation scheme.
The routine upper-air measurements of humidity made by radiosondes using elements
primarily dependent on the absorption of moisture from the air causing some change in their
physical properties or electrical characteristics (e~g.hair, goldbeater's skin, lithium
chloride, carbon elements, etc.) have usually not been sensitive enough, i.e. not been able
to absorb sufficient moisture quickly enough, to follow variations when the mixing ratio is
below about 2.10- 4 gig (corresponding to saturation at about _400 c). Hence it was not until
instruments of considerably greater sensitivity were developed that mixing ratios of about
2.10- 6 gig (frost point -BoOc) were measured and found to be the usual order of values in
the lower stratosphere. The most common instrument with this performance is the frost-point
hygrometer, first produced in England for aircraft use as a manual instrument by Dobson,
Brewer and Cwilong (1946) and sUbsequently used extensively by the Meteorological Research
Flight of the British Meteorological Office. Since then various countries have developed
automatically operated versions for balloon use and series of measurements have been reported
from the U.S.A. and Japan. The different sets of results are not all in general agreement
with one another and questions of the accuracy of the measurements have received considerable
discussion in the literature. The main problem is contamination; the question has arisen
whether the instrument and its balloon ascending from the damp lower atmosphere into the dry
stratosphere carry up enough moisture to diffuse i"ntothe measuring system and thus produce
spuriously high readings. For this reason it is often advisable to accept the lower values
rather than the higher when differences are reported. Another difficulty is that the nature
of the frost deposit varies with temperature and it may not be visible below frost points of
-90°C to _100°C.
In addition to the frost-point hygrometer other instruments ~ave been used to a
lesser extent. The amount of solar radiation in the Iiear infra-red has been measured using
spectromgters carried on aircraft or balloons. The radiation received at a given wavelength
depends on the attenuation of the solar beam between the sun and the instrument due to absorption by the relevant oonstituent, e.g. H20 in this case, so that the contribution by given
layers requires measurements both at their top and bottom surfaces for differenci~g purposes.
Some comparisons between this method and manual frost-point hygrometer measurements on aircraft by Houghton and Seeley (1960) gave reasonable agreement. The interpretation of the
results in terms of water vapour concentration requires good spectra and also a detailed
knowledge of the absorption coefficients at the pressures concerned and these are not known
with certainty for the higher stratospheric levels.

Another method is to attempt to remove all the water vapour from a given voltune of
air, e.g. by freezing it out (Barclay et al. J 1960; Brown et al., 1961) or by some Chemical
absorption such as a zeolite filter (Steinberg and Rohrbough, 1961). Goldsmith (unpublished)
has also made some progress in developing a phosphorouS pentoxide electrolytic ·cell which
will work as a radiosonde element. The measurements with these devices so far reported are
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few in nwnber and confined to a few areas in temperate latitudes so that they have only
contributed to knowledge of the vertical humidity profile. For tracer studies latitudinal
measurements are required as well and these are only available in quantity from frost-point
measurements which will be discussed in a later section.

The vertical profile of humidity
Following Brewer's (1949) early aircraft measurements,the Meteorological

Research

Flight (MRF) continued to make measurements in the vertical over England using the manually
operated frost.....pointhygrorneter. At the lowest values of humidity mixing ratios measured,
this instrument requires very .skilled observers. About 300 ascents were made with piston-

engined aircraft to nearly 40,000 ft (200 mb level) and from 1954 to 1956 nearly 100 with
jet aircraft to the region of 50,000 ft (125 mb level), (Tucker, 1957). The mean values
obtained are given in Table 1.

Table 1
Humidity mixing ratios from MRF results
Level

Mixing ratio

mb

g,/g 10- 6

No. of
observations

400
300
250
200
150
125

144.3
41.3
17.7
6.5
2.0
1.9
17·9

333
Jr9
382
295
67
60
328

Tropopause

By most standards these are a very limited number of observations
following deductions to be made :

(i)

but

they

allowed

There is a very rapid decrease of humidity mixing ratio with height.

the

Even at the

400 mb level it is only about one fiftieth of surface val~es in middle latitudes.
The lapse rate of htunidity mixing ratio decreases with height in the stratosphere
and there is a tendency to a constant value fot the humidity mixing ratio of

2.10- 6 g/ g at the highest levels.

The corresponding relative humidity

in

the

stratosphere is generally very low with values of only a few per cent.

(ii)

The tropopause did not coincide with any marked discontinuity

in

the

humidity

mixing ratio, although when the tropopause Was sharply defined, with a temperature
inversion above, the lapse rate of humidity mixing ratio in the lower stratosphere
was most steep.

(iii)

Both in the upper troposphere and the stratosphere the sununer appears to have the

highest values of mixing ratio (but lowest relative humidity in the stratosphere
due to the comparatively large seasonal temperature change).
The differences
throl.l.f>hout the year are, however, barely significant at the highest levels.

(iV)

The higher the tropopause (i.e. the more equatorialh the lower were both its temperature and frost point. Moreover, at any specified pressure interval above or
below the tropopause, the frost point was low if the temperature was low.
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(v)

The

wat~r
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vapour concentration in the upper troposphere and to a lesser extent in

the lower stratosphere can vary wi thin wide limits from day to day with the changes
of air mass and circulation type. Examples of this are

(1)

For similar tropopause helghts~ cyclonic circulations most often are associated
with higher temperatures and lower frost points in the neighbourhood of the
tropopause than are anticyclonic circulations. This suggests in general descent in the upper troposphere in cyclonic situations and ascent in anticyclonic

situations (Bannon et a1., 1949).
(2)

The humidity field round polar Jet streams has a characteristic distribution
(Briggs and Roach, 1963) and frontal surfaces have well-marked humidity patterns (Sawyer, 1956). There are indications also that the humidity varies
markedly in the region of the subtropical jet stream. These various features
may be linked dynamically with the motion field and will be discussed further
in a later section.
The aircraft measurements have so far been limited to about 50,000 ft by the
aircraft1s performance and the data above that level have been restricted to
measurements by automatically operating equipment on balloons. The results
obtained by the various investigators, although conflicting and not alwaYB
reliable,are now summarized:

(a)

The early automatic frost-point hygrometer ascents in the U.S.A. (Barrett, Herndon
and Carter, 1949) gave measurements up to about 30 kin. The values obtained were in
the region of 6.10-5 to 10.- 4 gig, i.e. 20 to 30 times those reported by the MRF at
comparable heights, and they also indicated that the humidity mixing ratio increases
with height between 15 and 30 km.
A series of ascents with further.developments of the automatic frost-point hygrometer has been made over the last few years by the workers in the U.S.A.
(Mastenbrook and Dinger, 1961). ~eir results in the neighbourhood of the tropopause, although usually somewhat moiste~did not differ sUbstantially from the MRF
values. They found, however, that the mixing ratio increased by a factor of at
least 20 between 15 and 30 km. More recently however (Mastenbrook, 1963) a comparison of measurements made on ascent with the balloon and descent by parachute
after the balloon had burst showed that, whereas the readings on ascent indicated
an increase of humidity with height, those on nescent gave rather constant values
of 2 to 4.10- 6 gig at ,all levels. The implication from this recent work is therefore that the increase with height previously found was not real but probably due
to contamination effects and that the stratosphere has this low value of humidity
up to at least 30 km. Goldsmith (unpublished) experimenting with \lis phosphorous
pentoxide instrwnent has also recently obtained a similar result.

(c)

Gutnick (1962) also quotes Ballistic Research Laboratory work (Marks, 1960) which
gave very simiiar results to the earlier ascents by Mastenbrook and Dinger. A recent
cross-section by Brown and Pybus (1963) shows lower values in the stratosphere particularly at latitudes north of 50 oN.

(d)

A series of observations obtained by the Japanese Meteorological Agency (1962) using
an automatic frost-point hygrometer has also shown an increase of humidity mixing
ratio with height. The values at all levels ~ the stratosphere were very moist,
ranging from 1.1.10-5 gig at 15 km to 1.2.10- gig at 30 km.
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Using a nitrogen-cooled vapour trap Brown et .al. (1961) have obtained a number of

spot samples at different heights in the U~Their results are listed in Table 2.

Table 2
Nitrogen-cooled vapour trap results
Date

2.5.58
13.5.59
5.6.59
15·6·59
18.6.59
7.7.60
1l.9.60

Height (km)

Mixing ratio gig 10-

27
27
24

44
45

28

27
27

49
74
34

30

35

6

9

This also indicates an increase with height to a value at 30 km of 20 to 30 times

that obtained by MRF at 15 kin.
One result using an absorption

tec~que

with a molecular sieve has

by General Mills (Steinberg and Rohrbough, 1961) giving about 70.. 10(f)

geen reported
gig at 22 kin.

Th~ radiation studies using balloon-borne apparatus by Murcray et al. (1961) at the
University of Denver and aircraft measurements by the staff of Johns Hopkins University have also indicated an increase of humidity mixing ratio with height, typical

values being about 10.10- 6 gig at 20 kin to about 50. 10-6 gig at 26 kin.
Previous
work by Gates et al. (1958) had, however, suggested that the mixing ratio did not
increase with height.

Radiation studies by Houghton (1963) in England were best fitted by a humidity
mixing ratio distribution showing an 1:Bcrease from 1.5. 10- 6 in the lower stratosphere to

about 50. 10- 6 above 25 kin. Previous work by Hotlghton and Seeley (1960) had, however, suggested no increase with height.

The only clouds found in the middle stratosphere are mother-ot-pearl clouds which
sometimes occur in winter at high latitudes when the temperature is about -Boac (Hesstvedt,
1962a) which suggests that the frost po~nt at about 25km is usually below this -value, and
the mixing ratio probably about 15. 10- (assuming that the clouds are composed of ice

crystals) •
Thus although there appears to be a good deal of evidence that there can be some
increase of humidity mixing ratio with height in the stratosphere (see Figure 1 taken from
Gutnick (1962))"the recent ascents by Mastenbrook, Goldsmith, and Brown and Pybus cast considerable doubt on this conclusion. Moreover, if this increase does occ~r, a theoretical
explanation involving a second source of water vapour in the stratosphere or mesosphere is
required. It seems unlikely that this is extraterrestrial but it might occur through some
photochemical process involving hydrocarbons in this region of the atmosphere. Water vapour
is dissociated in the upper mesosphere and ionosphere but some evidence of ~ts presence in

these regions is afforded by noctilucent clouds (e.g. Hesstvedt, 1962b) which occur at high
latitudes in summer at about 80 km and by the presence of strong hydroxyl

spectrum of the night sky.
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Figure 1 - The distribution of humidity mixing ratio
with height (after Gutnick, 1962).
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The latitudinal distribution of humidity
As mentioned above, the humidity distribution at a given point in the upper troposphere and lower stratosphere varies with the ridge and trough situation. There will be a
tendency, however, for the mean value to be rather constant over a large range of latitudes
in temperate regions due to the continued successions of these transient eddies. Similarly
the effect of these eddies and the strong zonal winds will tend to equalize the mean values
over all longitudes. However,the effect of large standing eddies (which for eddy transport
of heat and momentwn may have a comparable importance to the transient eddies in the stratosphere (Newell, 1963a)) would be to tend to create longitudinal variations. This has been
observed for ozone by London (1963) who found three main ridges of total ozone in the northern
hemisphere but the comparable data do not yet exist for water vapour concentrations.
Measurements of humidity from pole to equator ina given longitude will give a first
indication of the general north_to south distribution and thus provide further insight into
the circulation and transfer problem but of course will need to be supplemented by series of
measur~ments over a period of some years at other longitudes for a detailed study.
furthermore" since the equatorial tropopause is at about 17 kin (57" 000 ft)" the measurements are required to at least 20-25 km to cover the height range of interest. The problem is therefore basically one for a balloon network" but a start towards obtaining some preliminary
data has been made by the Meteorological Research Flight. The results are limited to about
15 Ion and only consist of the few sporadic measurements in the series listed in Table 3" but
they are the most comprehensive yet available.

Table 3
List of MRF measurements at different latitudes
Series

Dates

Areas

Previous ret'erence

No.
40o _68°N Malta-England
North of Scotland
50o-22"N England-Idris
(33°N) - Sahara
50oN-lOoS England-Africa
(Nairobi) and south

1

Spring 1956
Spring 1957

2

Summer 1956

3

Summer 1958

4

January 1960

As 3

Roach and Kerley
(unpublished)

5

Summer 1960
Winter 1960-61

England-North Africa
50o-33°N-22°N

(unpUblished)

6

Summer 1961

England-North Norway
50 o-68°N_80oN

Roach (1960)

7

Winter 1961-62

England-North of Scotland

Roach (unpublished)

50·~-70oN

Helliwell (1960
Helliwell and Mackenzie
(1957)
Kerley (1961)

The data obtained" although only a small fraction of what is required to investigate
at all fully the circulation problem" are much too extensive to describe in detail here but
their main findings will be described in a later section. Meanwhile Figure 2 gives a mean
global humidity cross-section (frost points °C) obtained from this set of observations.
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As presented it merely shows the troposphere to be moister at low than at high latitudes and
the frost point to decrease steadily with height with a tendency to a uniform low frost point
at all latitudes at about _80 0 c around 50,000 ft (15

km).

Some of the humidity isopleths

(and also those of potential temperature) pass directly across the tropopause gap from equatorial troposphere to polar stratosphere so that air can pass in this way between them still
conserving its hwnidity mixing ratio. This diagram, mainly because it is based on average
values, does· not show very clearly any marked region of low humidity in the troposphere in
the subtropics, nor does it describe the distributions commonly foUnd around jet streams but
these and other smaller-scale features are revealed better in individual cases.
Above the aircraft ceiling the data are more sparse but some information on latitudinal distributions based on results from automatic frost-point hygrometers mounted on
balloons have appeared in the literature. Figure 3 shows a spring-time cross-section of
frost points (8 April 1960) based on ascents at five North American stations from 80 0 to
lOON (Brown and Pybus, 1963).

At the highest level where isopleths are given (say 24

km),

the standard atmosphere, given by Gutnick (1962) based on observations of the hwnidity increasing with height between the 15 and 30 km levels as in FigLire 1, would have a frost point
of -73°C whereas the values shown of _80 0 to -90°C are more in line with a continuation of
the MRF drier values to these greater altitudes. Since nb upper source of water vapour has
been established in the higher stratosphere or mesosphere, the most simple interpretation of
the isopleths showing the drier air at the higher latitudes and especially in middle lati~
tUdes in the lower stratosphere may be relative subsidence there, which is not inconsistent
wi th the ozone distribution in spring (although of course these water vapour observations
refer to only one day's observations). The Japanese results (Kitaoka, 1962) Hayashi, 1962)
given for July 1959 and January 1960 for Kagoshima (32°N), Tateno (36°N) and Sapporo (43°N)

show Kagoshima to be the driest in the lower stratosphere in both seasons with Sapporo the
most moist in January and Tateno the most moist in July. The latitude range is of course
small and the latitudinal distribution given here may be largely determined by more local
features (e.g. the strong tropospheric jet stream) but it does not agree with the distribution given above. On the other hand Kitaoka shows from measurements of electrical conductivity made in the same region that there is likely to be a downward current in the northern
portion of the core of the jet stream or above the polar tropopause and an upward current in
the southern and lower portion of the jet core or below the tropical tropopause.
These
results appear to require a stratosphere high level moisture source w~ch is greatest at the
higher latitudes.

It is difficult therefore to make any further deductions using water vapour as a
tracer above the ceiling of the aircraft measurements until the question of whether the
humidity mixing ratio increases with height in the middle stratosphere (15-30 km) and the
question of a possible high level source is settled. Meanwhile, however, ozone is much more
easy to measure reasonably accurately in this region and to use as a tracer there so this
will be discussed before returning to a more detailed consideration of the aircraft
measurements.
Ozone in the atmosphere
Ozone, triatomic oxygen (03)' is fanned photochemically following the action of the
sunls ultra-violet radiation on the upper atmosphere. The process may be outlined simply as
follows
(1)

Molecular oxygen 02 is dissociated by the action of solar radiation with wavelengths
less than 0.24;U to form atomic oxygen. Above about 100 kin recombination is slow
and the oxygen remains permanently in its atomic form. Coming lower down into the
atmosphere, this radiation is steadily more attenuated and there will be regions
containing increasing proportions of molecular to atomic oxygen until, below
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about 20 kIn, the amotult of atomic oxygen is negligible and the Bolar beam in these

wavelengths less than one per cent of its value at the top of the atmosphere.

(ii)

Below about 80 km ozone is formed when three body collisions take place between an
oxygen atom, oxygen molecule, and some third molecule (e.g. oxygen or nitrogen).
These collisions are of greater frequency at higher air density and hence the amount
of ozone increases downwards in the atmosphere until the effect of the decreasing
number pf atomic oxygen atoms becomes important. In terms of mass mixing ratio the
ozone concentration is greatest between 30 and 35 .km.

(iii)

Ozone molecules colliding with oxygen atoms result in a re-formation of oxygen molecules, a process which is important above about 50 kIn.
In addition, solar radiation below about l.l~ will dissociate ozone molecules into oxygen molecules and
oxygen atoms ..

The equilibrirun state between the dissociative effects due to sol-ar radiation and.
the recombination effects due to collisions of atoms and molecules can be calculated for
ozone, molecular and atomic oxygen at each height provided the intensity of the solar radiation and absorption coefficients at each wavelength, the reaction rates in the collision
equations and the air density are known. These calculations, which are complicated, have
been made by several investigators (see

e.g. Craig (1950);

Jolmson et aL

(1952)) and the

principal conclusions of interest for the tracer problem are :

(i)

The vertical distribution of ozone concentration shows a maximum of mixing ratio of
order 10-5 g/g at about 30-35 kIn with a steady decrease down to very small values

(......." 10-7 ) at the tropopause and also a rapid exponential decrease above to negligible amounts at 80 kIn.

(11)

Since.the amount of absorption of the solar beam depends on the mass of atmosphere
traversed, the beam will penetrate further down,the greater the solar elevation.
As a result the photochemical theory prediots that the greatest amounts of ozone
will be found at the equator with decreasing amounts towards the poles.

(11i)

During the night-time the radiative influences will be removed and only the reactions resulting from oollisions will continue. These reactions depend on the relative abundance at each level of oxygen atoms and ozone, and thiseffeot is small
in the lower stratosphere but actually results in a night-time increase of ozone at
the higher levels. During the polar night there will be a tendency for the ozone
values no longer to be determined by the photoohemistry but to be distributed
according to the air motions at all levels below about 50 km, once the oxygen atoms
have been removed by collisions.

(iv)

The length of time required to reach photochemical equilibrium inoreases very rapidly
as the altitude deoreases, being of the order of hours at 40 km, da.ys at 30 kin, and.
years at 25 km. This means that any disturbance in the photochemioally determined
value will be restored almost immediately in the upper parts of the ozonosphere.
Below 25-30 kID the restoring effect, however, is very slow and in the lower stratosphere it can be ignored and photochemioal equilibrium will not generally be found.
Hence in this region large deviations will be expected from the photochemical equilibrium values and observed distributions will be almost entirely due to the mean
and turbulent air motions. In addition any conoentrations measured in the upper
troposphere will be mainly due to transfer downwards from the stratosphere. Above
about 30 kIn there is, in the presence of sunlight, a continuous source of ozone
which would ultimately replace any ozone lost by transfer downwards. Between the
tropopause and this level there is a large reservoir of ozone, some of which is lost
to the troposphere. In the troposphere there is a sink of ozone as it is destroyed
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reacting with dust and the earth's surface. There are tropospheric ozone sources
in speoial situations, e.g. thunderstorms, Los Angeles smog, etc. but these are
only local. In general, since the total amount of ozone in the upper layers is
comparatively small and also constant, being controlled by the sun, and the amount
in the troposphere is also small, the variation of total amount of ozone in a vertical column is largely determined by that of the amount in the reservoir region.
Downward motion in the lower stratosphere will generally result in an increase in
this total value since the amount in the lower part of the reservoir is increased
by it without any diminution in 'the amount in the upper part. Similarly, upward
motion would tend to decrease the total amount. Moreover the total oz-one integrated
through the atmosphere at any given time need not be equal to the value that would
be predicted by the photochemical theory. In general it will be expected that the
total ozone at any given place will be determined by the ridge-trough systems in
the stratosphere both by virtue of their associated vertical motions and the
horizontal advection they produce from other areas and it is one of the problems to
separate the two effects.
The measurement of ozone
The most widespread observations at present available are those of total ozone in
the vertical coltuTll1 above the measuring instrrnnent. These measurements are made at the surface using the Dobson spectrophotometer either observing the solar beam directly or the light
scattered from the zenith sky. The method can be most readily applied in clear sky conditions
during the day but has also been adapted for Use in cloudy conditions and also in clear conditions at· night. Ozone absorbs very strongly in the Hartley bands below O.3"..u- and removes
this r.ange of wavelengths from the solar beam reaching the surface. Other weaker bands
exist in the near ultra-violet 0.3-0.~ (Huggins) and in the visible (Chappuis). The Dobson
spectrophotometer allows the comparison of intensities in a number of pairs of wavelengths
between 0.3 and 0.45r, one of each pair absorbing strongly and the other weakly.
From
measurements-made at different solar elevations it is possible to eliminate the effects due
to scattering by air molecules and dust particles and arrive at an accurate measurement of
the total ozone amOlUlt. Details of the instrument and the methods used are described in
several publications (e.g. Goody, 195~; Taba, 1961;
lGY Instruction Manual 1957; the
original papers by Dobson; and Normand and Kay, 1962). More direct information on the
vertical distribution of ozone can also be obtained by the Umkehr method using this instrument (Gotz, Meetham and Dobson, 1934). In this caSe a series of observations is made at low
solar elevations, i.e near dusk or dawn using the same pair of wavelengths and the scattered
light from the zenith sky. The method is complicated but it does allow the mean amount in a
number of layers, e.g. -0-6 km, 6-12 km, 12-18 km, 18-24 kIn, etc. to be found (e.g. Ramanathan
and Dave, 1957). Extensive sets of measurements using this technique have been reported
(IGY-IGe ozone cards; DUtsch, 1963; Ramanathan and Kulkarni, 1960; Mateer and Godson, 1960;
Muramatflu, 1961; Shimizu, 1962; to mention a few). The interpretation of the measurements
is difficult and trial and error solutions of the optical equations are necessary (DUtsch,
1957; Ramanathan and Dave, 1957) but the published results, although their resolution is
poor, are quite consistent and in general agreement with those obtained by more direct
measurements.•
There are also a considerable number of other techniques depending on optical observations some of which, such as deductions based on spectral observations of the shadow of
theearthrs atmosphere on the moon during an eclipse (Paetzold, 1956), are of 1im~ted application but others, based on the use of spectroscopes carried to higher levels on balloons
and even rockets, have provided a considerable amount of data. Firstly spectrographs were
used (Regener, 1934) but more recently ozone sondes based on this prihciple and using filters
(e.g. Paetzold J 1956) have been developed. As with the similar type of water vapour measurements, once the total amount above a number of levels has been found, the amount in the laye~
between is found by differencing.
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Some measurements have also been made on the surface using the

9. 6~ band. in the

infra-red. The absorption coefficients in this band are pressure dependent and so, when
observations are made at the same time as.total ozone measurements in the ultra-violet, an
estimate can be made of the effective mean pressure of the ozone layer and hence its height
(Strong, 1941). If emission measurements are also made at this wavelength an estimate can
also be made of the effective temperature at this level (Adel, 1940; Goody and Roach, 1958).

Finally there is now a considerable amount of information based on measurements
using chemical methods. Usually these depend on the reaction of the ozone with a potassilUTI
iodide solution which then releases iodine. The latter may be measured by titration with
sodium thiosulphate (Ehmert~ 1949) or by the current it produces in an electrolytic cell
(Brewer and Milford~ 1959). Radiosonde and aircraft instruments based ,on the latter method
have been used considerably in the last few years. Regener (1960) has also developed a
chemiluminescent method in which ozone produces luminescence on a sensitive surface (silica
gel treated with an organic dye, Rhodamin B). The light produced, which is a measure of the
ozone concentration~ falls on~ a photomultiplier and appropriate valUes are telemetered to
the surface recording station. Hering (1963~ 1964) has reported the first synoptic measurements made by a network of stations in North America using this ozone sonde and presented
preliminary results. Both the Brewer and Regener sondes are very sensitive and have small
lags so the resolution of their measurements is much better than that of the optical sonde
methods, which in turn give much better resolution than the Umkehr method. In recent years
this has been found to be important because the vertical ozone profile often exhibits
double maxima with height and there is considerable evidence of laminated structures probably
caused by motions which are mainly horizontal and of rather limited vertical extent, i.e.
with considerable Shear&
The vertical and horizontal distribution of ozone
The principal features of the distribution of total ozone established by the
trophotometer observations are :

(i)

spec~

In middle and high latitudes the total ozone is a maximum in spring and a mlnlmum
in autumn. At low latitudes the maximum is in summer and the minimum in winter
this being the only region where the observations and the photochemical theory's
predictions of temporal changes agree.
J

(ii)

In the northern hemisphere the total amount increases with latitude almost to the
pole in late winter and spring at least. In the southern hemisphere except during
early summer the increase is to about 60° with an apparent decrease at h:j.gher latitudes (Kulkarni, 1962, 1963; MacDowall, 1960). Important differences exist between
the distributions in the two hemispheres, probably due to differences in their circulation patterns in the stratosphere.

(iii)

Irregular variations occur connected with day-to-day weather and w~th the variability
in the upper atmosphere parameters. The standard deviation of the total ozone is
greatest in the late winter,~ Le. earlier than the highest mean monthly value. It
is much smaller in the summer and autumn and is small throughout the year in low
latitudes.

The main finding from the ~mkehr observations is that at any latitude the ozone dis~
tributions in the vertical have characteristic features which are linked with the total ozone
amount. In particular the amounts below the ozone maxim-wn are smallest near the equator and
increase with latitude. The difference between the autumn minimum and the spring maximum
appears to be due to the lower stratosphere reservoir gradually filling during the winter
months. According to the published Umkehr results there is an almost direct relationship at
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any latitude between the amounts in any layer below 30 kin and the total amounts. There may
be important divergences from this particularly when total amounts are low and some authors
using other techniques (Haurwitz et aL ~ 1957) have not. obtained this result-. Nevertheless
this appears to be a good firs.t approximation (Ramanathan.. 1956; Ramanathan and Kulkarni ..
1960; Mateer and Godson .. 1960), RBIDEl.1lat.han and Klllkarn:l. have given global cross-sections

based on Umkehr measurements. Using further Umkehr data and assuming that this relationship
is broadly valid.. Figure 4 shows cross-sections of ozone amount (expressed in ozone thickness
at NTP in each kin of height, an absolute measure of ozone amount at any height frequently

used in the optical measurements) for the different months (northern hemisphere) as derived
by the author. The method was to use lGY total ozone amount data in conjunction with representative relationships between total ozone and mean ozone amounts in the 6 kIn layers for
the different latitudes,. obtained from a survey of the literature. Figure 5 obtained by a
rather similar technique shows also the variability of the ozone distribution in the stratosphere. The mean features of these diagrams are :
(1)

The relative constancy of the ozone amounts above 30 km together with the largest
amounts between 25 and 30 km being at low latitudes with a decrease towards the
poles. These features are in agreement with the photochemical theory and were
expected in view of the short times needed to reaoh equilibrium at these altitudes.

(2)

Between 10 and 25 kIn the large increase during the winter to a maximum in spring at
high latitudes with a steady decrease to the autumn minimum.

(3)

The variability (standar4 deviation of daily values referred to the monthly means)
is a maximum at about 15 km in January with a steady decrea~e with latitude and
also during the summer. The position of the maximwn also appears to move equatorwards in the spring and summer.

The simplest interpretation of these results is that poleward and downward motion
in the winter transfers these large amounts to the lower stratosphere. From then onwards
the reservoir is depleted by leakage downwards into the troposphere and possibly by vertical
motions upwards at higher levels. The large variability in the latter part of the winter is
almost certainly linked with large disturbances ot the Rsudden warming" type with vertical
motions extending into the middle and upper stratosphere. Newell (1961, 1963a, 1963b) has
also assumed that total amount of ozone is a good indioator of ozone amount in the lower
stratosphere and has used it quantitatively in the equation

[OVJ

~

[oJ [VJ + [OX- V"] + [

o'V'J

which describes the transport of ozone in the stratosphere in terms of meridional wind component V in the lower stratosphere and total ozone 0. (Measurements of ozone in the stratosphere are not yet available in sufficient quantity.) Here Lis the total transport
of ozone meaned in space (represented by square brackets) and time (represented by over-bars)j
L- OJ Lis th.<e. oontribution by mean motions, L- O"V"J the oontribution by standing
eddies and L O'VIJ the contribution by transient eddies. His calculations showed the
eddy fluxes to be the major factor on the right-hand side of this transport equation and the
transport by the transient eddies to be sufficient to accoUnt for the winter build-up of
ozone in the lower stratosphere even allowing for a reasonable drain to the troposphere. His
picture is therefore that in winter at least the ozone is moved northward and downward from
the major source region in the low-latitude stratosphere by eddy mixing and is then mixed in
the high latitUde stratosphere down to regions where it can pass into the troposphere. This
result is the same as the Dobson-Brewer hypothesis as regards the transport of tracers but
of course is fundamentally different as regards the contribution of the different types of
air motion, sinoe the latter would require
to be the dominant term.

OVJ

vJ

L- oJ L- VJ

The measurements by the optical and chemical sondes are not yet very numerous but
have already added some detail to the general picture above. Firstly comparison tests of the
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Vassy and Paetzold optical, Brewer and Regener chemical sondes and indirect methods (infrared spectroscopy by Migeotte at ale and Umkehr method by Perl and DUtsch) have been reasonably
satisfactory. In particular they have indicated that the Umkehr method needs improvement in
resolution (Brewer et al., 1960; DUtsch, 1963) although it usually shows the broad features
of the vertical distributions fairly adequately. From a series of ascents in Weissenau
(Germany), Uccle (Belgium), Tromso (Norway) and Leopoldville (Congo), Paetzold (1961) has
been able to produce a broad mean latitudinal cross-section of ozone distribution for spring
and auturrm up to about 35 kin. The picture is not dissimilar to that given in Figure 4. One
of his findings was that the increase of ozone concentration in the equatorial stratosphere
starts considerably above the tropopause .. from which he concluded that there was upward motion there.
He also found that a meridional circulation or a large-scale eddy exchange
was required between 20 and 30 kIn to transport ozone to higher latitudes followed by downward transport in the lower stratosphere. The strength of the transport mechanism is
strongest in the late winter and early spring when the amount of polar ozone quickly increases
by subsidence. The time constant for the meridional transport is about six months.
From
individual ascents it was also found that the ozone in the lower polar stratosphere is transferred through the tropopause gaps near jet streams into the troposphere.
The Brewer sonde has also been used at a number of stations spread over the globe Tromso (Norway), Liverpool (England), Arosa (Switzerland), Malta, Nairobi (Africa), and
Halley Bay (Antarctica). As with the results of the Paetzold sonde at Leopoldville~ the
Nairobi results showed the concentration to be low in the lower equatorial stratosphere
(Griggs .. 1963) in contrast to a sharp increase at or just below the tropopause of temperate
latitudes (Brewer and Milford.. 1960). The details of the ozone profile are revealed very
much better with this instrwnent than with most of the other methods and a laminated profile
is usually found illustrating the importance of horizontal motions and also wind shears in
the transport problem. In the region of the subtropical jet the ozone amounts are large on
the polar side in the lower stratosphere and have a minimwn at about the 100 mb level. On
the tropical side the ozone increases at the (higher) tropopause or just above with a minimum
very closely above this and then rises to the main ozone layer. Further south of the jet
there is a significant layer of ozone free air at the base of the stratosphere. The middle
latitude ascents generally gave low concentrations in the lower stratosphere in autumn and
high in the spring. Substantial features ~ e1ther a minimum or a region of rapidly increasing
concentration with height~ also occurred in different situations.
From these results Brewer (1960) suggested that the transfer of ozone must include
the following features :
(1)

Slow non-adiabatic descent across the high latitude (polar) tropopause.

(2)

Motion along isentropic surfaces across the tropopause at mid-latitudes.

(3)

Motion along isentropic surfaces from polar stratosphere to equatorial troposphere
and vice versa.

(4)

There may be a IfDobson-Brewer" type circulation arOlUld the 100 mb level with a
return leg just above the poiar tropopause (300 mb level) back from high latitudes
to the break in the tropopause near the SUbtropical jet stream. The results from
the chemilumine~cent sonde (Hering, 1963, 1964) are not yet published in fully
analysed form but will oertainly contain results of comparable interest.

Sho~t

period variations of ozone

It has already been mentioned that in middle latitudes the day-to-day variability
of total ozone amount is large and it can be as large as the variability of the monthly
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the year. Furthennore high correlations with the variations of upper-air
parameters have been established and also with the'surface weather situation (see e.g.
Normand, 1953). The general findings may be summarized as follows

mean throughout

(1)

The high-level trough in the region of the tropopause is associated with a low
tropopause~ relatively high temperatures
(and high potential temperatures) and high
total ozone values. The reverse occurs for ridges at this height.

(2)

In general the structure of the atmosphere is such that troughs at this height are
displaced somewhat to the west of surface troughs and cyclones and high-level ridges
similarly to the west of surface ridges and anticyclones. Thus high ozone is observed
to the rear (west) of cyclones with low ozone ahead and the reverse for anticyclones.
The association of fronts with cyclones 7 i.e. a warm front ahead of a cold front 7
similarly is associated with low ozone ahead of warm fronts and high ozone behind
cold fronts. As the fronts Qcclude 7 the tilt of the system becomes less and the
highest ozone- tends to be directly over the occlusion.

(3)

In the upper-air trough-ridge system the latitudinal gradient of ozone in the lower
stratosphere, i.e. an increase towards the poles 7 is such that southerly (equatorward) air motion will cause an-increase and poleward motion a decrease of ozone by
advection. Henoe equatorward wind components behind troughs or ahead of ridges produce increases or ozone in the trough and similarly decreases are caused in the
ridges. In addition since the troughs in the lower stratosphere are warm and the
ridges cold 7 the troughs there will in general be associated with subsiding air and
the ridges with ascending air. The effect of the vertical motions is also to in~
crease ozone in the trough and decrease it in the ridge areas. The relative contributions of vertical motion and horizontal motion to the changes in ozone amounts
were found by Reed (1950) to be about in the ratio 1:37 a result which was found to
be br.oadly true also in the middle latitudes of the southern hemisphere by Kulkarni

(1963) .
(4)

';I'he juxtaposition of warm apd cold air masses in fro.ntal zones and near depressions
produces large horizontal temperature gradients which in turn lead tocQnsiderable
increases of wind speeds with height (through the thermal wind. equation) and the
formation of jet streams. In many cases the frontal zone spreads up under the jet core
into the tropopause gap_ which is produced when two air masses with widely different
tropopause heights are brought together. It has been found by geveral investigators
that this gap provides a region where stratospheric air can readily transfer into
the upper troposphere through the upper part of the frontal zone. The earlieIi'
findings of the Meteorological Research Flight that dry regions may exist in frontal
zones (Sawyer, 1956;

1958) are consistent with a supply of dry ai.r from the polar

stratosphere by this mechanism. Later flight investigations of the distribution of
water vapour and ozone around jet streams have given a more detailed picture (Briggs
and Roach, 1963).

Figure 6 shows the type of result obtained which clearly

shows

the stratospheric air as marked by high ozone and low water vapour content extending
in a tongue into the upper frontal zone below the jet stream core. The amount of
transfer will clearly depend on the strength of the circulation and dynamically
would be expected to be strongest in the strongest jets and in th~ region where the
air is accelerating. The possibilities of transfer across the tropopause are not 7
however 7 limited to the well-established gaps associated with jet streams.
Progressive distortion and folding of the tropopause is likely in any situation where
the tropopause is sloped and has curvature or when new developments are taking place
in the trough-ridge situation with formation of multiple tropopauses and this also
is an important mechanism for the transfer of tracers. In all these cases it should
be noted that the transfer or mixing primarily takes place along sloping surfaces
that are nearly horizontal. The details of these processes have been discussed
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by Reed (1955), Danielsen (1959), Reed and Danielsen (1959), Staley (1957, 1960)
and Danielsen et al. (1962).

(5)

Finally there is the question of transfer to lower from middle stratosphere. It has
been shown (e.g. Boville and Hare; 1961; Godson~ 1960) that ozone, as well as being
correlated ·with lower stratosphere conditions with variability ,on a scale of a day
or two, is also closely associated with middle stratosphere. systems which have a
variability on a scale of a week or two. (In general the systems of the troposphere
may extend into the stratosphere to a level of about 50 mb but above.. the strato-

sphere has its own much larger-scale systems, Hare 1960.)
The effect of the sudden
warmings on the ozone distribution is very large and probably even aCcolUlts for the
major spring peak in total ozone at high latitudes. This correlation with largescale phenomena has also been noted in the southern hemisphere (Kulkarni, 1963).
Here, however, the sudden warming phenomenon is not so well marked and is apparently
later in the season, the ozone appearing to increase to high latitudes in late spring
or early summer. For the rest of the year there is a ring maximum at about 600 3
which is presumably the main area of subsidence and is perhaps more dominant in the
northern hemisphere where this feature is also found but is not so evident. Another
difference between the hemispheres is that the leakage to the troposphere after the
spring maximum is apparently stronger in the northern hemisphere, since the ozone
contents in the lower stratosphere remain higher in the summer in the southern hemisphere. It has also been noted (Funk and Garnham, 1962) that the total ozone content
at )808 has a two-year periodicity whereas this effect is more difficult to findcin
records of northern hemisphere stations (Ramanathan, 1963). It is probably cormected
with the well-known 26-month oscillation of zonal wind and temperature in equatorial
regions and is a mid-stratosphere effect (above the 100 mb level at least) and this
again points to some differences between the circulations of the two hemispheres.

Aircraft observations of lat! tUdinal variation of ozone and humidity
A list was given in Table 3 of the various series of flights made by the Meteorological Research Flight to stUdy the details of ozone and humidity distributions at different
latitudes. The results that they have given are of course very limited but at least give an
indication of the general conditions and point to where further work is needed. The principal
findings were as follows :
(1)

Tbe flights in temperate latitudes (35-70 0 N) showed little variation of the frost
point in tbe lower stratosphere (46,000 ft, 140 mb) except in the region of upper
fronts or jet streams.

(2)

At 33°N tbe frost point at 46,000 ft was very little different from tbat at 50oN.
At all lower altitudes it was" however, somewhat higher.. There was some evidence
of drier conditions in the upper troposphere between 33°N and 22~N.

(3)

The equatorial atmosphere over Africa was moister than that of the temperate zones
at all levels up to about 48,000 ft where the frost points in both regions converge
to a value
about _Boac (which is near the temperature of the equatorial tropopause).. This observation is not entirely in accordance with the Dobson-Brewer model
since the height of the equatorial tropopause is 55,000 to 57,000 ft, i .. e. some
6,000 or 8,000 ft higher. It was again noted that the upper troposphere at about
25°N wae drier then at 50oN.

of

(4)

In equatorial regions and in SUbtropical regions, allowing for seasonal displacements,
the findings of the winter flights were in agreement with the summer results. The
observations of clouds in both cases also gave a consistent picture, showing cloudy
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regions near the equator and cloud-free areas to the SQuth of the subtropical jet
stream. In addition tenuous high clouds were observed well above the aircraft
ceiling (50,000 ft) particularly in the region a little tc the scuth of the driest
zones. This picture of the cloud distribution agrees with an analysis by Kerley
(1960) based on in-flight reports by civil aircraft on the route London~South
Africa (Figure 7).

(5)

The series of flights in the region of the subtropical jet stream again confirmed
broadly the picture of a comparatively dry region in the upper troposphere lying
between the tropical convergence zone and the southern side of the jet stream. On
some flights it appeared that the core of the jet stream itself was in the region
of descending motion and it was suggested (Roach, 1960) from a consideration of
both the water vapour and ozone measurements that in this descending air the equatorward part originates mainly from the equatorial upper troposphere while the
poleward part originates partly from the lower polar stratosphere. Figure 8 is an
overall mean picture of the results derived from the Flight Series 2, 3, 4 and 5
over the latitude range 50 0 N to the equator for summer and winter. But considerable
variations from this occurred especially during the winter flights. The subtropical
jet stream in this season was stronger, more to the south, and oscillated more in
the north-south direction. Depending on its position, rising air, as indicated by
Cirrus cloud, appeared frequently immediately south of the core, whilst on other
occasions dry air and large tongues of ozone spreading downwards and southwards
through the jet core into the equatorial troposphere were observed. Occasionally
areas of high ozone and low humidity appeared well south of the jet stream and not
obviously linked directly with it. Roach has suggested that these might have been
residues of polar stratospheric air transported downwards and southwards during an
equatorward incursion of the jet stream and left in a comparatively stagnant situation near the axis of the Hadley cell.
The indications so far from this work are therefore that the Hadley cell is effective in transporting air upwards in the convergence zone and downwards in the
subtropics to produce the water vapour and ozone concentrations of the type shown
in Figure 8. The migration of the subtropical jet stream and the position of its
ridges and troughs will however affect the vertical circulations and hence the
tracer distributions very considerably. The height and location of its core relative to the polar tropopause may also be important. The details of the circulations around the subtropical jet stream require further stUdy, probably in terms
of individual situations, and it will be expected that the transport of tracers
between polar stratosphere and equatorial stratosphere will be very considerable
in this region but irregular in time and space, as both the mean circulations and
turbulent transfer vary with the situation.

(6)

The summer flights to 800 N showed the lower polar stratosphere to be very dry
(mixing ratio 2-3. 10- 6 ) and to have comparatively large ozone concentrations (mixing
ratio 5-8. 10-7 ). There was a sharp discontinuity in the lapse rate giving a wellmarked tropopause with an inversion above, a feature which has also' been noted in
other regions by Hare (1960). Compared with the mean results over England (50 0 N),
the polar stratosphere appeared to be richer in ozone and possibly slightly moister
than the temperate stratosphere during these flights. The gradients of water vapour
(negative) and ozone (positive) with height were steeper than at lower latitudes and
the ozone profile was not so laminated, suggesting little effect due to vertical
variations of advection. Horizontal gradients of water vapour and ozone concentration were also very small. In general all these observations are consistent with a
general rather slow subsidence of air in the Arctic stratosphere. From continuity
considerations this may well be followed by transfer through the tropopause into the
troposphere, although this will require some process of intermittent erosion at the
base of the stratosphere which requires further explanation.
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(7)

Finally the winter flights to 70 0 N were undertaken primarily to investigate conditions during "sudden warmings lf • It 1s known that, during the late winter, regions of
the stratosphere may rapidly become very much warmer (c. 40°C in a day or two) and
that when this occurs the ozone content of the lower stratosphere increases markedly
(Godson, 1960). This is probably due to large-scale subsidence, presumably with
compensating ascent in other regions. In genera~disturbed conditions, often baroclinic in type, are frequent during the winter compared with the quieter conditions
of summer and in this season most of the transfer of tracer materials may well take
place during these disturbances. If the water vapour increases with height between
15 and 30 kID, as many authors have suggested, it might have been expected that some
accompanying increase (from say, _80 0 to -700 C in frost point) would also have been
detected by aircraft flying at about 15 km.
The observations on some of the flights did in fact contain humidity mixing ratios
of two to five times those previously found at this height at other latitudes and
the stratosphere tended to be moister during the warm periods and drier during the
colder periods than the mean for southern England. On the other hand.. the correlation between high water vapour and high ozone concentrations was not significant
and only on one flight was the gradient of water vapour with height observed to be
reversed. The question then arises whether the damper air was in fact brought down
by the subsiding air associated with warming or whether it was an unusually deep
injection of damp tropospheric air along a sloping trajectory into the stratosphere.
The latter could possibly have occurred in association with circulations round jet
streams; at one stage a stratospheric jet stream was superimposed above the tropospheric jet stream during these flights. The question of the history of the damp
air in the lower stratosphere was not resolved in this series of flights and further
observations of this.type are desirable. (The "sudden warmingsllalso were not well
marked in the lower stratosphere in 1962 and better cases might be found in other
years.) It is, however, clear that vigorous interchange of air through a deep layer
extending from the upper troposphere to the middle stratosphere takes place at these
latitudes in winter. These must be accompanied by large transfers of tracer materials and in fact· the ozone values observed in the lower stratosphere were the
highest yet encountered on any of the MRF flights.

Concluding remarks
The flights at low latitudes by the Meteorological Research Flight have produced
distributions of water vapour and ozone which appear to follow from- the tropospheric Hadley
cell being the dominant factor in distributing the tracers there. It is consistent with such
features as the cloud distribution.. the lack of ozone in the upper equatoria·l troposphere and
the dry region in the subtropics. The penetration of the central portion of the rising air
into the equatorial stratosphere as required by the Dobson-Brewer model has also received
some support from the ozone sonde observations. One feature ... however, requiring further
study is the comparative dryness of the higher regions (above 45,000 ft) of'the equatorial
troposphere found in the MRF observations. This region is often characterized by stable
lapse rates almost amounting at times to multiple tropopauses with only limited convective
penetration. The rising. and descent of tropopauses and their distortion.. destruction and reformation have been associated with transference of air between stratosphere and troposphere
by several workers quoted above (e.g. Danielsen.. Staley.. Reed) and this mechanism may well be
important in explaining this feature near the equatorial tropopause. But further work is
required to provide a full explanation (probably based on slow subsidence compensating limited
convective ascent regions) of why the upper equatorial troposphere is apparently as dr,y (frost
point of about -80 0 c) as the lower equatorial stratosphere. At the same time since they both
have very small ozone amounts .. a slow residual mean upward motion seems to be required in the
lower stratosphere.
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The large gap between equatorial and middle latitude tropopauses al,lows ready int~r
change along isentropic surfaces between the upper part of the ~;quatorial troposphere and the

lower polar stratosphere.

This (and possibly similar flow at higher levels

in

the

lower

$tratosphere) can aCcollilt for the dry polar stratosphere and also some inflow of ozone and

other tracers into the equatorial troposphere J Where the ozone will be rapidly destroyed.
At higher latitudes ~n the troposphere the mean meridional cells are not as evident
as the Hadley cell and the main transf3r mechanism of heat, momentum and the various tracers
is thought to be the tri."'"'1.s1ent. eddies.

The polar jet

s~rearn

itself, as.soclated with the gap

between the middle latitude and high latitude tropopauses"is a transient feature and the
transport from stratosphere to troposphere associate~with it will vary markedly with the
synoptic situation. Similarly the other mechanisms such as tropopause folding will vary
considerably in space and time. Since the polar summer tropopause is sharp with an inversion above and apparently with few lamina-tions in its structure" the transfer here is likely
to'be by slow non-adiabatic subsidence. The polar winter tropopause appears" however" to be
not very well marked and transfers of a quasi-horizontal nature are very likely here between
stratosphere and troposphere (and vice versa).
In the stratosphere it appears probable that the Dobson-Brewer type o.f circulation
only extends to about· 20 km or so, from consideration of the radioactive tracers. Moreover"
momentum oonsiderations and also direct measurements (Newell, 1963b; Teweles, 1963) indicate
that. if it exists it must be limited to the region from the equat0r to temperate latitudes"
where there is considerable subsidence. This is not inconsistent with the winter temperature
pattern in the stratosphere or the southern hemisphere total ozone pattern. The northern
hemisphere ozone pattern" however" is greatly affeoted by the large-scale eddy systems associated with sudden warmings and baroclinic instability phenomena in the middle stratosphere"
and a similar relationship there although it may very well exist, is more difficult to
isolate.
j

The middle s-tratosphere circulation has as yet received camparatively little attentioh" although preliminary ideas can be gained of the mean flows required to satisfy expectations froin the field of radiative heating (Murgatroyd and Singleton, 1960). Excess heating
in the upper part of the ozone region in summer would demand ascending currents in the upper
part of the stratosphere and this may contribute considerably to tile summer depletion of
total ozone. Similarly downward currents might be expected in the winter hemisphere above
30 km at the higher latitudes which would help to fill the reservoir in the lower stratosphere.
Sl.:perimposed on the mean circulation will be the standing arid transient eddies and
these may well be the dominant transfer mechanisms. They will be required in any case to
complete the balance of angi.lla.:r momentum and the evidence (jr the MIT investigators is that
they are responsible for most of the heat and ozone transfer also. The mechanism of transfer

by these eddies is complicated (ShepPard, 1963) and cannot be desoribed simply in terms of
mixing length or similar theories as, in the type of slantwise convection which occurs" the
resolved flux and concentration gradients may not be in the same direction. In general the
question has to be examined in terms of correlations between the variables concerned" e.g.
vertical and horizontal wind components, standard deviations of wind and tracer amouhts,
slopes of the concentration isopleths relative to the isentropes" etc. but its detailed consideration is rather beyond the scope of this paper.
Finally" it should be noted that although considerable studY has been given to the
detailed distribution of tracers in the upper troposphere and lower stratosphere, this has
not on the whole been sufficiently matohed by studies in the lower troposphere. It is known
that water vapour has an equivalent lifetime of about ten days in the troposphere (Sutcliffe"

1956) and details of the flux of water vapour and its divergence have been the object of
several studies (e.g. Tucker, 1962). On the other hand only Junge (1962) appears to have
made a study of the global budget of the ozone in the troposphere.

He considers that ozone
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becomes well mixed there and its transfer time from stratosphere to the surface is about two
months compared with about one month for particulates. Clearly, however, the mixing must take
time and considerable variability of ozone conoentration must exist in the upper and middle
troposphere associated with fronts, inversions, etc. and it may be possible to use these also
in further studies of the detailed transfer mechanisms.

REFERENCES

Adel, A., 1950 - Cent. Proc. R. Met. Soc., p. 5.
Annals of IGY, Vol. 5, Parts I-VI, 1957.
Bannon, J.K., Frith, R. and Shellard, H.C., 1952 - Met. Office, Geophys. Mems., No. 88.

Barclay, F.R., Elliott, J.W., Goldsmith, P. and Jelley, J.V., 1960 - Quart. J.R. Met. Soc.,
86, p.259.
Barrett, E.W., Herndon, L.R. and Carter, H.J., 1949 - J. Met., 6, p.367.

Boville, B..W. and Hare, F.K., 1961 - Quart. J. R. Met. Soc., 87, p.490.
Brewer, A.W., 1949 - Quart. J. R. Met. Soc., 75, p.351.
Brewer, A.W., 1960 - Planetary Circulations Project, M.I.T. Cambridge.

Brewer, A.W., 1961 - WMO Tech. Note No. 43, p.l0L
Brewer, A.W. and Milford J.R., 1960 _ Proc. R. Soc., A.256, p.470.
Brewer, A.W., et al., 1960 - Ann.

G~ophy.,

Paris, 16, p.196.

Briggs, J., and Roach, W.T., 1963 - Quart. J. R. Met. Soc., 89, p.225.
Brown, F., Goldsmith, P., Green, H.F., Holt,

A.~

and Parham, A.G., 1961 - Tellusl 13, p.407.

Brown, J.A. and Pybus, E.J., 1963 - J. Atmos. Sci., 20, p.471.
Craig, R.A., 1950 - Met. Monographs, Vol. 1, No.2, Amer. Met. Soc.

Danielsen, E.F., 1959 - Arch. Met. Geoph. Bioklim., A. 11.3.
Danielsen, E.F., Bergman, K.H. and Paulson, C.A., 1962 - Univ. Washington, "Radioisotopes,
potential temperature and potential vorticity".

Dobson, G.M.B., 1956 - Proc. R. Soc., A. 236, p.187.
Dobson, G.M.B., Brewer, A.W. and Cwilong, B.M., 1946 - Bakerian Lecture.

Proe. Roy. Soc.,

London, A. 185, p.144.
Dobson, G.M.B., Brewer, A.W. and Houghton, J.T., 1962 - J. Geophys. Res., 67, p.902.

DUtsch, H.U., 1956 - Arch. Met. Geophys. Bioklim., A.9. 87.
DUtsch, H.U., 1957 - Scientific Report No.1. Zurich.
DUtseh, H.U., 1961 - Chemical reactions in the lower and upper atmosphere. p.167

(Wiley

and Sons).
DUtsch, H.U., 1963 - Tech. Report No.1. Vertical ozone and stratosphere circulation.
Boulder, Colorado.

NCAR,

Ehmert, A., 1949 - Z. Naturf., 46, 32l.
Funk, J.P. and Garnham, G.L., 1962 - Tellus, 14, p.378.

Gates, D.M., Murcray, D.G., Shaw, C. and Herbold, R.J., 1958

~

J. Opt. Soc. Amer., 48, p.IOIO.

OZONE AND WATER VAPOUR IN THE UPPER TROPOSPHEHE AND LOWER STRATOSPHEHE

92

Godson,W.L., 1960-- Quart.J. R.Met. Soc., 86, p.3Ql.
Goldsmith, P. ,and Browll, F., -1961 - Nature, 191, p.1033.

Goody, R.M., 1954 - The P4Ysics of the stratosphere, C.U.P.
Goody, R.M. and Roach, W.T., 1958 - Quart. J. R. Met. Soc., 84, p.319.
Gotz, F.W.P., 1951 - Compendium of Meteorology, Amer. Met. Soc., p.275.

Gotz, F.W.P., Meetham, A.R., and Dobson, G.M.B., 1934 - Proc. R. Soc., A.145,

p.416.

Griggs, M., 1963 - Quart. J. R. Met. Soc., 89, p.284.
Gutnick, M., 1961 - J. Geophys. Res. 66, p.2867.
Gutnick, M., 1962 - Air Force Surveys in Geophys.,No. 147.

Hare, F.K., 1960 - Quart. J. R. Met. Soc., 86, p.127.
Hau~it~J

B., Londo~, J. and Valovcin, F., 1957 - Scientific Report No.2., New York. Univ.,
Dept:Met. and Oceanography.

Hayashi, E., 1962 - J. Aero. Obs., Tateno, 7, p.ll.
Helliwell, N.C.

J

1960 -, Met ..Office, Scientific Paper No. I,

Helliwell, N.C. and Mackenzie, J.K., 1957 - Met. Office M.R.P. 1024.
Helliwell, N.C., Mackenz~eJ J~K. and Kerley, M',J., 1957 - Quart. J. R. Met. Soc., 83, p.25'7.
Hering, W.B., 1963 - Abstracts of Papers~ Vol.IV, p.61, IAMAP Meetings of XIII General
Assembly IUGG, Berkeley, California.

Hering, W.S., 1964 - Air

For~e

Cambridge Research Laboratories, AFCRL-64-30(1).

Hesstvedt, E., 1962a - Tellus, 14i p.297.
Hesstvedt, E., 1962b ~ Tellus, 14, p.290.'

Houghton, J:T., 1963- Quart. J. R.-Met. Soc., 89, p.332.
Houghton, J.T. and Seeley, J.S., 1960 - Quart. J. R. Met. S06., 86, p.358.
Japanese Met. Agency, 1962

IOY,

Data on upper air (radiosonde) observations.

Jobnson,F.S., Purcell, J.D., Tousey, R. and Watanabe, K., 1952 - J. Geophys.

Res.~

57", p.157.

Jurlge; C.E. , 1962 - Tellus, 14, p.363.
Kerley, M.Jo, 1960 - Met.

Mag.~

89, p.297.

Kerley, M.J. , 1961 - Met.

Mag.~

90, p.3.

Kitaoka~

T., 1962 - J. Aero. Obs., Tateno, 7, p.l.

Kulkarni;'R.N., 1962 - Quart. J. R. Met. Soc., 88, p.378.
Kulkarni, R.N., 1963 - Quart. J. R. Met. Soc.,_ 89, p.478.
London, J., 1963 - Beit. Phys. Atm., 36, p.252.
MacDowall, J." 1960 - Proc. R. Soc. A., 145, p.416.
Martin, D.W. and Brewer, A.W., 1959 - Quart. J. R. Met. Soc., 85, p.393.
Mastenbrook, H.j., 196) - Abstra~ts~ Vol.IV,

p.34,IAMAP Meetings~ Berkeley, California.

Mastenbrook, H.J. and Dinger, J.E., 1961 - J. Geophys. Res., 66, p.1437.
Mastenbrook, H.J. and Dinger, J.E., 1960 - U.S. Naval Res. Lab. Rep., 5551.
Mateer,

~.G.

and Godson, W.L., 1960 - Quart. J. R. Met. Soc., 86, p.512.

OZONE AND WATER VAPOUR IN THE UPPER TROPOSPHERE AND LOWER STRATOSPHERE
Mauramatsu

3

93

Ho, 1961 - J. Met. Res., Tokyo, 13, p.117.

Murcray, D.G., Brooks, J., Murcray, F.R. ~d Shaw, C., 1958 - J. Geophys. Res., 63, p.28g.
Murcray, D.G., Murcray, F.R. and Williams, W.J., 1961 - Dniv. Denver, Sci. Report No.1,

Contract AF 19. (604) - 7429.
Murcray, DoG., Murcray,F.H., Williams, W.J. and Leslie, F.E., 1960 - J. Geophy. Res., 65,

p.3641.
Murgatroyd, R.J., Goldsmith, P. and Hollings, W.E.H., 1955 - Quart. J. R. Met. Soc., 81,
p·533.
Murgatroyd, R.J. and Singleton, F., 1961 - Quart. J. R. Met. Soc., 87, p.125.
Newell, R.E., 1961 - Geophys. Pura. App1., 49, p.137.
Newell, R.E., 1963a - Quart. J. R. Met. Soc., 89, p.167.
Newell, R.E., 1963b - J. Geophys. Res., 68, p.3949.
Normand, C.W.B. and Kay, R.H., 1952 - J. Sci. Instrum., 29, p.33.
Normand, Sir Charles, 1953 - Quart. J. R. Met. Soc., 79, p.39.
Paetzold, H.K., 1956 - Sci. Proe. Inst. Assoc. Met. ruGG, Rome, 1954. Butterworth, p.201.
Paetzold, H.K., 1961 - Chemical reactions in lower and upper atmosphere. p.181 (Wiley and

Sons) •
Ramanathan, K.R. , 1956 - Sci. Proe. Inst. Assoc. Met. ruGG, Rome, 1954.
Ramanathan .. K.R.

J

Butterworth, P.3·

1961 - Ind. J. Met. and Geophys., 12, p·39l.

Ramanathan, KoRo, 1963 - Quart. J. R. Met. Soc., 89, p.540.

Ramanathan, K.R. and Kulkarni, R.N. , 1960 - Quart. J. R. Met. Soc. , 86, p.144.
Ramanathan, K.R. and Dave, J.V., 1957 - A. Int. Geoph. Year, Part 1, p.23.

Reed, R.J., 1950 - J. Met., 7, p.263.
Reed, R.J., 1955 - J. Met., 12, p.226.
Reed, R.J. and Danielsen, E.F., 1959 - Arch. Met. Geophys. Biok1im.,

A.l~,

p.l.

Regener, E. and Regener, V.H., 1934 - Phys. Z., 35, p.788.
Regener, V.H., 1960 - J. Geophys. Res., 65, p.3975.
Roach, W.T., 1963 - UGGI Monograph No. 19, Ozone Commission Meeting, Arosa, 1961.
Sawyer, J .S., 1954 - Geophys. Mem. Met. Office, No. 92.
Sawyer, J.S. , 1956 - Geophys. Mem. Met. Office .. No. 96.
Sawyer, J.S., 1958 - Quart. J. R. Met. Soc. , 84, p.362.

Sheppard, P.A., 1963 - Rep. Prog. Phys., XXVI, p.213, Instit. Phys. and Phys. Soc.
Shimizu, M., 1962 - J. Met. Soc. Japan II, 40, p.136.
Staley, D.O., 1957 - Arch. Met. Geophys. Bioklim, A.10, p.1.
Staley, D.O., 1960 - J. Met., 17, p.591.
Steinberg, S. and Rohrbough, a.F., 1961 - Res. Dept., Electronics Group, Gen. Mills Inc.

Strong, J., 1941 - J. Frank. Inst. Philadelphia, 231, p.121.
Sutcliffe, R.C., 1956 - Quart. J. R. Met. Soc., 82, p.)85.
Taba, H., 1961 - WMO Tech. Note No. 36.

94

OZONE AND WATJ<R VAPOUR IN THE UPPER TROPOSPJlERE AND LOWER S~TOSPJlERE

Teweles, S., 1963 - Report '10. 8., Dept. Met., M.l.T.
Tucker, G.B., 1957 -Met. Office M.R.P.

1052.

Tuoker, G.B., 1962 - J. Geophys. Res., 67, p.3129.

C HAP T E RIll

REMOVAL MECHANISM OF ARTIFICIALLY RADIOACTIVE MATERIAL

W. Bleeker and W.N. Lablans

E. Eriksson

O. Suschny

L. Machta

Some remarks about the scavenging
of radioactive material from the
atmosphere by precipitation ...••

95

Vertical transports and depositions of atmospheric constituents

117

Radioactive contamination of the
oceans ..•.....••.•.•••.......•..

123

Fallout forecasting .....•.••••.•

95

SOME REMARKS ABOUT TIlE SCAVENGING OF RADIOACTIVE MATERIAL
FROM TIlE ATMOSPHERE BY PRECIPITATION

I.

INTRODUCTION

It is well known that most of the radioactive debris originating from the explosion of nuclear bombs reaches the surface of the earth in the form of wet deposition, 1.e.
by rain or by snow. The contribution of ~ deposition to the world-wide fallout is believed
to be relatively small. The ratio of wet to dry deposition will of course vary with time
and place and it will depend upon weather and climate.
As rain and snow are on one hand the most effective cleaning agents of the atmosphere, but on the other hand the worst pollution factors of the earth's surface and our
food chain, it seems important to obtain a detailed idea about the processes which playa
role in precipitation scavenging. It Is therefore logical that in recent years much theoretical and experimental attention has been given to the scavenging mechanism. In the _present study we will try to check a few of the existing theoretical ideas along certain experimental lines in the hope of making a small contribution to our understanding of a rather
complicated mechanism.
Basically there are several physical processes through which radioactive particles
could be enclosed in or could enter precipitation elements, such as raindrops or snowflakes.
These are the following :
(a)

Radioactive particles could act as condensation or sublimation nuclei for cloud
elements (tiny water droplets or ice crystals).

(b)

Radioactive particles could enter the cloud elements or adhere to them as a result
of :
(1)
(ii)

Brownian and turbulent motion;
Transport under the influence of a water vapour gradient 1n the direction of
the growing cloud elements.

(c)

Radioactive particles can be caught by the rapidly falling precipitation elements.

II.

TIlE FORMATION OF CLOUD ELEMENTS

It is perhaps wise to start with a few remarks on the physics of cloud and precipitation and to build up our story by gradually 1ntroducing a number of meteorological
ideas.
Cloud elements, i.e. the small droplets or ice crystals of which a cloud is composed, are formed in air which is saturated with water vapour. However, at relative humidities as present in the atmosphere, cloud elements form only when this air contains nuclei
on which the condensation of water droplets or the formation of ice crystals can easily
start. These condensation or sublimation nuclei are a part of a population of various particles 2resent in the atmosphere. The radius of these aerosol particles may vary from
5 x 10-'( to 10-3 em. They originate as a result of condensation of vapours during the formation of smokes and in gaseous reactions, or from mechanical disruption from the land- or
the sea surface. Sulphuric acid may be one of the main constituents in the first process,
sodium chloride in the second.
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The number of aerosol particles may vary considerably from several ten thousands

per em3 in the lower layers over land to less than 100 per em3 at heights of 5POOmetreso

Over sea the particle concentrations are smaller than over land. Not every particle of
this aerosol population will, as already indicated above, act as a nucleus for the formation of a cloud droplet or an ice crystal. The larger particles and those which have certain hygroscopic properties are important. In ascending air, in which the relative humidity increases to values of 100 per cent or slightly above, it is these particles which
are conducive to the formation of growing cloud elements. The number of cloud elements
per em3 appears to be appreciably smaller than the number of aerosol particles in the
lower layers~ it is of the order of 100 per cm3 . The radius of the cloud elements is of
the order of 10-3 em. The total water content in clouds is of the order of i gr per m3 •
The fall speed of most of the cloud elements is very small.

III.

THE FORMATION OF PRECIPITATION- ELEMENTS

In order to transform tiny cloud elements into' larger precipitation elements with
a sufficiently high falling speed there should exist, a'mechanism responsible.for bringing
cloud elements together. It is thaught that this m'echanism operates as a result of coalescence. As sbon as these exist in the cloud particles with' an appreciably larger radius
than the bulk of the other particles, and therefore also with appreciably greater fall speeds,
these- particles will collide and combine with the smaller particles, "and Itis this process
of coalescence that leads to the formation of raindrops, sn0wflakes and soft hail.
In middle latitudes the larger particles may form in so-called mixed clouds. These
are clouds the upper part of which consists of a mixture of ice particles and supercooled
droplets. The vapour pressure is larger over supercooled water than Over ice of the same
temperature, which means that water vapour diffuses from the supercooled droplets to the
ice particles and that the latter grow at the expense of the cloud drOplets, creating in
this way the faster falling particles with possibilities of coalescence.
In tropical latitudes the upper part of the clOUd may never reach temperatures
than O°C. Larger partic1e~ may however~a~e formed on so-called giant hygroscopic
nuclei.
l~ss

The size of the raindrops varies from diameters of 0.5 mm to approximately 5 mm.
The terminal velocity varies from about 2 to 9 m/sec.

IV.

THE IMPORTANCE OF BROWNIAN AND TURBULENT MOTION FOR THE SCAVENGING PROCESS

Let us now turn back to our radioactive particles. Old stratospheric debris only
contains very small particles with dimensions of the order of 10-5 em. It is not very probable that they will act as condensation- or sublimation nuclei. Even their electrical
charge will not bring them into a specially favourable' position, as has been shown by Best
(1955) •
A newly formed cloud therefore consists of a mixture of non-radioactive cloud elements suspended in the air with a number of smaller radioactive and non_radioactive atmospheric aerosol particles between. We have already indicated that these radioactive particles (and of course also the smaller non-radioactive particles) may enter the cloud elements as a result of Brownian or turbulent motion or as a result of the condensation or sublimation process' on the growing cloud elements. The,importance of the latter process has
been stressed by Facy (1961). However, some time ago Goldsmith, Delafield and Cox (1963)
made a very interesting experimental investigation of the possible quantitative influence
of this process and they concluded that it was of-minor importance.

Greenfield (1957) has made a theoretical study on the infiuence of Brownian and
turbulent motion on the collecting efficiency of cloud droplets. Figure 1 gives an idea of
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the fraction of particles of a given size picked up by cloud droplets of 2 x 10- 3 em in a
cloud with a liquid water content of 0.4 g/m3 • It is clear that i t takes time for the cloud
droplets to collect all the small particles. If, in the same air mass, rain is formed from
cloud elements which have already existed for a long time, then its specific radioactivity
will be higher than that of rain formed from cloud elements which have only existed for a
short period. Since a clOUd system may consist of parts of various "age" the specific radioactivity of the "cloud water" may vary considerably from place to place, and one should not
be surprised that also the specific radioactivity of short time samples taken from precipitation belonging to the same system will differ appreciably.
The third possibility of radioactive particles to enter precipitation is
that
they are caught by the larger falling precipitation elements. This process has been investigated by Greenfield (1957). Figure 2 shows that in a normal rain of 0.5 mm/hr radioactive
particles are not scavenged~ the larger clOUd droplets will however be caught more easily.
It is therefore clear that the Brownian and the turbulent motion play the most
important role in the process of bringing radioactive and other particles to the earth's
surface.

V.

THE IMPORTANCE OF EVAPORATION

In the above we have considered the processes that are responsible for the enrichment of precipitation with radioactive and other matter.
There is finally another process that determines to a high extent the concentration of radioactive and other matter in precipitation J namely evaporation. Evaporation of
precipitation elements and of cloud elements will lead to an increase of their specific
radioactivity and also to an increase of the concentration of the other trace substances.
The influence of evaporation on water droplets of various sizes is demonstrated
in Figure 3 from a publication by Mason (1952)J which shows the reduction of the droplet
diameters when falling from the cloud base to the ground where they arrive with a radius of
100 p-. The reduction of the volume will take place proportionally to the third power of
the radius J which means that the concentration of the radioactivity and other substances
will increase in inverse proportion to this factor •
Evaporation will also take place at the border of the cloud system J as a result
of the mixing of cloud air with the dry cloudless air of the environment. This so-called
lateral mixing process not only leads to a reduction of the volume of the cloud elements J
but it will also introduce into the cloud new air with a higher content of radioactive and
other substances. This air will mix with the air already partly depleted from radioactive
and other particles by the Brownian ahd turbulent motion and the result will be that the
smaller cloud elements will collect radioactive and other particles from a "richeI'll environment~

VI.

PRECIPITATION FROM SHOWER- AND LAYERED CLOUDS

Now that we have an idea of the processes which may determine the concentration of'
radioactiVity in precipitation J it is necessary to make a few remarks on the cloud systems
from which precipitation may fall.
We can distinguish precipitation falling from isolated shower clouds and precipitation falling from large layered systems. The shower clouds have horizontal and vertical dimensionsGJf five to ten kilometres. They develop from Cumulus clouds with sharp outlines.
It is to be expected that the lateral mixing process is of great influence on the distribution of the liquid water content in such a cloud whichJas shown by Zaitsev (1950L 1s
high in the centre and low at the borders (Figure 4).
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There is a strong vertical motion in such clouds, which varies with time and
place. In local updraughts the vertical speed is often more than 10 m/sec. With Ludlam
(1952) we will consider these updraughts as bubbles rising through the clouds (FigUre 5).
It is well known that the rain intensity may vary strongly during the passage of a shower
and it is to be expected that the strong updraughts are responsible for the periods of
high precipitation intensity, since the condensation and sublimation process is intensified
in each updraught.
The layered clouds form systems (frontal systems) of horizontal dimensions of a
few tens to many hundreds of kilometres and vertical dimensions of the order of 5 km
(Figure 6). Sometimes in such frontal clouds strong updraughts are also present; cloud
towers rise from· the even upper· cloud surface (Figure 6~ lower part).

VII.

THE CHANGE OF RADIOACTIVITY IN PRECIPITATION WITH TIME IN SHOWERS

If we first consider the isolated shower cloud one may ask what changes of the
specific radioactivity with time one could expect during the passage of the cloud. Usually
the cloud system moves with a speed which is approximately 70 per cent of the wind speed
at 3,000 - 5~000 metres~ i.e. with a greater speed than the surface air. At a fixed place~
the air unde~ the cloud base will become wetter and wetter as a result of the evaporation
of raindrops or snowflakes~ which implies that the evaporation of the precipitation elements decreases~ so that there is also a tendency of the specific radioactivity to decrease.
The precipitation at the beginning and the end of the shower is generally composed
of clQ'Ll-d elements w:b..1ch as a result of the mixing at the borders of the cloud have a high
specific radioactivity~ and it may therefore be expected that the radio:-wtiT,rity is high
during the onset and at the end of the precipitation period.
If~ during the passage of the shower, the rain intensity varies~ the influence of
the evaporation on the faster falling larger raindrops of the heavier rain will be less than
that on the slower falling smaller raindrops of the lighter rain~ and this is so for two
reasons. J;n the first place the percentage change of the volume of the larger raindrops
will be smaller~ in the second place their temperature may be much lower than that of the
environment which impedes the evaporation. Bleichrodt et a1. (1959) have already given
examples of the change of specific radioactivity with time and also of the rate of precipitation and they noted an inverse correlation (Figure 7).

One should not however expect too close a relationship. Even if we neglect the
"border" effects at the onset and the end of the precipitation period, the variation of
the specific radioactivity need not change only as a result of evaporation. When fast
rising bubbles~ from which the heavier preqipitation forms~ penetrate upwards through the
shower cloud with a speed of more than 10 m/sec the residence time of their cloud elements
is rather small so that they are not able to pick up a large amount of radioactivity by
Brownian and turbulent motion. The heavier precipitation which originates from these
updraughts will therefore have a lower radioactivity than the lighter precipitation which
is due to the coalescence of cloud particles with a longer residence time.
In other words the inverse correlation between Bleichrodt1s curves may be due to
the effect of evaporation and also to differences in residence times of the cloud elements.
We may expect that all the above remarks about the variations of the specific
radioactivity of precipitation also apply to the concentration of other substances in rain~
such as sodium~ chlorine~ calcium, etc.
There is~ however~ one factor which should not be forgotten; the source region of
the small radioactive particles lies in the higher troposphere or in the stratosphere and
that of the other particles at the surface of the earth. The concentration of radioactive
particles in the stratosphere is much higher than that in the troposphere. Kruger anQ
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Hosler (1963) have already indicated that strong updraughts which penetrate the tropopause
may pick up large quantities of radioactive matter which reaches the surface with the rain
in the central part of the shower. Kruger and Hosler are also of the opinion that it is
of importance to take into consideration the position of the shower with respect to the
jet stream and the tropopause gap-, where the concentration of radioactive particles is usual-

ly relatively high.
It may therefore be expected that in cases when radioactivity is collected from
the higher layers the variations in the specific radioactivity of rain and those in the
concentration of other substances are not parallel.

THE RESULTS OF SOME INVESTIGATIONS ON SBOWERS

VIII.

After this rather long introduction we will look at the results of the investigation of a number of showers in De Bilt (Netherlands).
- '"
Precipitation was collected in a stainless steel tray of 2 m2~ place~-under a
slope of 14 degrees. The tray formed the roof of a small room~ where the rain-water was
collected from an outlet furmel (Figures 8 and 9). Prior to every rain-storm the tray wasthoroughly cleaned with tap water and distilled water~ so that d~ radioactive fallout
and other substances were removed. Water samples of about 750 cm were collected during
the rain-storm; the water on the tray was regularly swept down by means of a screen wiper
in order to clean off that radioactive and other material still sticking to the tray.
The water samples obtained were divided into two parts. The artificial gross
radioactivity of one part was measured~ the other part was used to determine the content
of Na+- Cl--~ Ca++-ions~ and the conductivity.
3

Figure 10 shows the passage of a shower system (6 June 1963) with the results of
the measUrements ·of radioactivity, conductivity and Ca++- and CI- -ion concentration. It
is clear that the highest values of all "elementsll were present in the rain which fell at
the begirming, that the lower values were observed in the centre of the shower and that the
radioactivity had again a high value at the end. Unfortunately the last rain sample was
not sufficiently large to measure the other elements; Cl- already shows a rise in the
penultimate sample. It should be noted that the minimum in the radioactivity and the other
"elements" comes after the maximum rainfall intensity.
Figure 11 (21 July 1962) shows in principle the same picture with peak values of
radioactivity, conductivity, Na+- and CI- -ion concentration at the beginning of the Shower,
and somewhat lower maximum values at the end. In between there is a minimum with some irregular variations. Again the lowest values of the concentration are found after the period
with the strongest precipitation.
Figure 12 (8 August 1963) is again a good example of what has already been shown
in the previous figures. The conductivity and the Ca++- and Cl- -ion concentrations show
the Itidealll pattern; the radioactivity of the first sample seems too low, but beginning
with the second sample its pattern is again analogous to that of the other showers, There
exists again a slight shift between the maximum in the rate of precipitation and the minimum concentrations.
Figure 13 (11 August 19(1) shows only the ion-concentrations of sodiwn and chlorine
with again the usual pattern.
It is interesting to discuss the observed time Shift between the maximum of the
precipitation rate and the minimum concentration. As indicated in section VII the curve of
the concentration against time shows a minimum in the centre of the shower where the precipitation intensity is a maximum. If no evaporation were present under the cloud base
both extremes might occur at the same moment. As a result of the evaporation under the
cloud base, which evaporation gradually decreases with the passing of the Shower, both the
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rainfall intensity maximum and the concentration minimum shift to a later moment. This time
shift is nat necessarily the same for both extremes. The influence of the evaporation
under the cloud base on the position of the rainfall intensity maximum is apparently less
than the influence on the posttioD of the c<;mcentration minimum. Another suggestion is the
following. We have already expressed the view that high rain intensity is preceded by the
formation of a strong updraught with a bulging up of the upper part of the cloud. As a
result of the wind shear (stronger winds in higher levels) this upper part is shifted to
the "lee side'l of the cloud, that is the side which arrives first at the station. The first
precipitation formed out of this updraught with cloud particles of a short residence time
will pass through a lower part of the cloud where it will pick up cloud droplets with a
longer residence time and which are also nearer to the border of the cloud and for these
two reasons carrying a higher specific radioactivity.

The later precipitation from an extensive updraught or from the following updraughts
will also find cloud particles in the lower layers with a shorter residence time, so that
the radioactivity will decrease further with time. If now the first precipitation from the
updraught is the strongest, which often seems to be the case, then the precipitation maximum comes prior to the concentration minima.

IX,

1'fiE CHANGE OF RADIOACTIVITY IN PRECIPITATION WITH TIME IN LAYERED CLOUD SYSTEMS

The question finally arises how the patterns of specific radioactivity and the
concentrations of the other substances look in the case of large-scale layered precipitation systems.
Of course much will depend on the structure of the system and its movement. The
system of Figure 6 may move to the right (warm front) or to the left (cold front). Under
the high cloud base the evaporation will play an important role; it should furthermore be
realized that the influence of lateral mixing on the other side of the cloud system may
not show up in the concentration of the trace substances, since it may occur that the precipitation ends before the cloud system has passed (warm front) or that the cloud system
has already arrived some time before the precipitation starts (cold front).
There is another point which should be noted and that is the change of the air
mass regime with the passage of the system; the concentration of the trace substances in
the air mass at one side of the system may differ from that at the other side.
Figure 14 demonstrates the passage of a cold front (14 September 1961) with, in
generaL the well-known pattern with high values of the trace substances (radioactivity,
Na+ and Cl-) at the beginning and a high value of the radioactivity at the end; unfortunately the last sample was too small to allow for the determination of Na+- and Cl- -ions.
This figure possesses an extremely interesting detail, namely that during the period of
heavy rain one sample had a high value of the specific radioactivity, whereas the other
substances showed a minimum. Now, cold front cloud systems often show high build-ups. It
is therefore not unlikely that strong updraughts collect radioactive material from the
higher layers; in this way it is understandable why the specific radioactivity in the heavy
rain behaves differently from the other trace substances .. *
Figure 15 shows another cold front (16 February 1962) with a structure that again
is analogous to the shower structure and that also shows high values of the radioactivity
in the centre of the rain. It is important to realize that this cold front was situated
in the vicinity of a strong jet stream with a tropopause gap through which -radioactive
debris could enter the troposphere.**

*

**

It is to be noted that testing by U.S.S.R. was resumed on approximately 10 September
196r.
Very high values of radioactivity were observed in the lower stratosphere on 8 and
2) February 1962.
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"Fi€;ure 16 -gives 'the ·siti.xation durl?i t.he passcige" of a-' frontal :system -(i-February
1962) with snow. The very high values of '-tne rad±oactivit-y"and the ccm:centrations'of the
other- trace ;substances'!11ust "1:)e du~' ~o:~he~:evappratj,on prqoes,s .lfl}de~., tpe cloud -ba,se ..

Finally, Figure 17 shows some· data c~lleci~d by SalterJ KrUger and Hosler (1962)
of the Sr-90 concentration in rain during the passage of a warm front. It is interesting
to note the change of height of the cloud base in connection with the concentration. We
would like to observe that the resolution of our samples is much better than that of Kruger

and Hosler (1963) and of Salter et al. (1962), who have lost much detail since their
Shortest samples cover a period of approximately one hour.

X.

CONCLUDING REMARKS

Much more has to be done in this··research· field,. and one may perhaps say that the
collection of radioactivity has given a new impetus to the investigation of Showers and
frontal cloud systems. It is necessary to compare our findings with the recording of other
elements;_ we will have,. through the co-operation of Professor Dansgaard,. some information
about 0-18 abundance in our precipitation samples. We also hope to study our findings in
connection with radar pictures.
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t Liquid -wat~r content of clouds:
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Figure 8

Installation for the collection
of rain-water under construction.

Figure 9

Collection of rain-water.
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Passage of a shower (8 August 1963), rainfall rate, specific radioactivity, conductivity, Ca++- and Cl--ion concentrations versus time.
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Figure 15
Passage of a cold front (16 February 1962), rainfall rate, specific
radioactivity,. Na+- and Cl--ion concentrations versus time~
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12 JAN. 1960
(after Saller. Kruger and Hosler)
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VERTICAL TRANSPORTS AND DEPOSITIONS OF ATIIlOSPHERIC CONSTITUENTS

1.

INTRODUCTION

The vertical transport and deposition of various atmospheric constituents like sea
salts have been investigated to a considerable extent in recent years and quite important
differences have been revealed in the conditions of deposition over the oceans and the land
area (Eriksson, 1959). Since radioactivity released at high levels will eventually reach
the surface of the earth, it is important to know to what extent its vertical transport is
governed by the "normal" deposition of matter. There is one important difference between
the two groups : the deposited non-radioactive matter originates practically entirely from
the earth's surface whereas most of the radioactive matter so far originates from high altitudes, mostly at stratospheric levels. There are, of course, cases where the source of radioactivity is fOlUld at ground. level as in the case of radon and thoron or is due to the operation of nuclear plants like reactors, and in these cases it may be easier to relate the deposition of the radioactive matter to the normal turnover of non-radioactive matter.

II.

THE ROLE OF THE ATIIlOSPHERE IN THE TURNOVER CIRCULATION OF NON-RADIOACTIVE MATTER

1.

Description and definitions

A continuous release of matter from the surface of the earth to the atmosphere
takes place balanced by a continuous deposition of the same material, not necessarily at
the spot where it was released. The release is not a steady process in the proper sense of
the word; it fluctuates rather strongly but when averaged over a suitable time interval the
rate of release Can be asstuned to be constant at a particular spot althoUgh varying from
place to place. The same can be said about the deposition of the released matter so that
ordinarily we can speak of a stationary process of release and deposition with no net gain
or loss in the amolUlt of material suspended in the atmosphere. The release and deposition
of a special element are part of the circulation in nature of that element. In this circulation
the element spends a certain average time in the atmosphere. This time is often referred to
as the residence time of the element in the atmosphere. However, as it is mostly computed
from the amount present in the atmosphere divided by the rate of deposition, it is more
proper to speak of turnover time. The residence time and the turnover time will be equal
under certain circumstances, for instance, when the atmosphere is well mixed vertically,
which is, however, not always the case. Hence, we will use turnover time, whenever proper,
which is far easier to estimate from'observations.
.
2.

Vertical transport

mechanism

There are two mechanisms for the vertical transport of matter in the atmosphere.
One is called eddy diffusion and is a kind of diffusion because of the turbulent motion of
air which causes a net transport of matter from points of higher average concentrations to
points of lower average concentrations. The diffusion coefficient which can be used to
describe this transport is, of course, very much larger than the molecular one, except near
the earth's surface where it gradually levels off to reach a value of zero at the very surface where only the moleCUlar diffusion will playa certain role. Turbulent diffusion will
thus be mainly responsible for the vertical transport of gases in the atmosphere and also
for the upward transport of particulate matter.

118

VERTIL.L TRANSPORTS AND DEPOSITIONS OF A'lMOSPllERIC CONSTITUENTS

The se.cond. transport mechanism is fall of particulate matter due to gravity· forces
and these are always directed downwards. The terminal speed of a falling particle depends
on its size. As a rough guide the following terminal speed for sea salt particles of different radius in equilibrium in air with 91.4 relati~ehU1nidity cart be given (at a pressure of
about 1 atmosphere).

Radius
in/,

Terminal speed
in em sec- 1

Terminal speed

in m day-1

0.5

.0031

2.0

l.0

.0127

11.0

2.0

.050

43.2

3.0

.114

98.6

5.0

.31

268

8.0

.71

614

10.0

l.28

1110

20.0

5. 0

4320

The table shows that for the

si~e

ran,ge

speed varies from about 2 m day-l to

5'km

or

se~ ~~t

partioles in

~e

atmosphere the terminal

day-I.

It is also possible to obtain comparable figures for the transport rate by turbulence near the earth I s surface. The turbulenqe e,ffect can be expressed a,s the average velo-

city with which an air parcel at a certain level aIJproaches the earth's surface. Of ,90urse ..
the average velocity with which an air parcel,;l.s transported in. the reverse direction.. Le.
from the surface to that leve+ s wi~l be the same. H~nce.. this velocity can be called
exchange velqcity though many nl;llI1es have. been suggested in the past, inclUding transport
velocity and deposition velocity. From evaporation rates .. sea-water temperatures,an~ relative ;humidities ,over the sea.. it can be estimated ,that this exchange velocity amotu;l.ts to about
1 em sec- l (Eriksson.. 1961) between the sea' surface and a few metres above the surface. Over
land it is presumably greater becau~e of the greater turbulence at gro~d level, the surface
being aerodynamical:J,.y rough and offering greater, resistance" to moving air than the sea surface
and hence s~tting up greater turbulence. Available data, are few but from the work of
Chamberlainano. ChC!dwick (1953) and others a,n exch'ange, yeJ,.ocity ,of {3.bout 2 em sec,-l seems, to
be reasonable over grassland. Over forested reg~ons it, ~ust be greater, perhaps up to
5 em sec-I, but no measureJ1ients are available. At any rate 'we see that the exchange velocities due to turbulenc,e near the earth t s surface are about tlJ.e ?ro:ne as ,the fall yeloci ties
of particles of 10-20/, radius. Consequently, it can be, stated tbat particl.es of 1O_:i!0 J'"
radius as a result of their great terminal speed will give an important contribution to the
deposition of matter whereas particles of about l~ radius do not contribute much to the
deposition as a result of their much smaller tenninal speed. On the other hand, the falling
process of the latter particles may be important in the upper part of the atmosphere for the
transport of matter from the stratb'sphere, where turbu.lence is not very strong, to the troposphere. Particles below O.5r radius will not mOve appreciably.. hence if their q.ownward
transport is to be enhanced, it must be ~Y the operation of some other mechanism.
3.

Deposition

Although turbulence caIi be important for tbe transport 9£ particulate matter in tbe
atmosphere, it has no direct effect on deposition'Qecause clQse t~ the earth1s surface there
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is gene~ally a boundary layer through which the particles have to pass by gravitational fall.
For gases the situation is different~ because they pass through the boundary layer by molecular diffusion and if the concentration at the earth's surface is considerably reduced a
molecular transport takes place; it is balanced by a turbulent diffusion above it.

Over land the deposition of particulate matter is more complicated than over the
oceans, because various obstacles can catch the particles directly from moving air. There
is -evidence that sea salt particles are deposited readily by this process over Sweden where
pine and spruce make up a large part of the vegetation.

Presumably only comparatively large

particles are liable to be deposited in this way.
From the above we can conclude that for gases and relatively large particles, effective deposition processes exist. However, for small particles with small terminal speeds (it
would take several hlUldred days for a ljA particle to fall from the tropopause to the earth r s
surface), there must obviously be other processes operating, which remove them from the air;
otherwise they would build up very large concentrations) which w·ould show little variation
in time and space, and they would have long turnover times in the atmosphere. As there is
on the contrary a large variation in their' concentrations, something must happen to them.
The only thing that can happen is a transfer o·f their mass to large particles with adequate
fall velocities. Occasionally, there are large particles in the atmosphere, cloud droplets
and raindrops, so one must also consider these in this connexion.
The problem is then to
find whiCh processes can transfer matter occurring as small particles to large particles.

4.

Coagulation of particles

It is known that small particles exhibit Brownian motion which makes them behave in
a manner akin to molecular diffusion though the Brownian diffusion coefficients are much
smaller than the molecular ones. Junge (1963, pp. 29-l30) has discussed the effect of the
Brownian motion on the rate of coagulation of small particles (Aitken nuclei) and has computed
how a certain size distribution will have changed after the process has been going on for
some time. The coagulation is very rapid for particles smaller than O.ljA, but it slows down
considerably in the range of O.l?
So unless matter stays a very long time in the atmosphere
no appreciable changes will occur in the particle size distribution of particles greater than
O.Ij4.
However, the rate of coagulation can be speeded up considerably, when cloud droplets
are present, as has been shown by Goldsmith, Delafield and Cox (1963).
As is well known, cloud droplets are generally formed around hygroscopic particles.
If such a particle is too small it requires a certain supersaturation of water vapour before
it can grow' to a cloud droplet. As long as there exists an ample number of larger hygroscopic particles sufficient supersaturation may not be reached so that the smaller particles
will no~ be activated. The size limit of the activated particles depends on many factors
like the rate of cooling of air during condensation and the number of part+cles per unit
volume. Mordy (1959) made some computations on the formation of cloud droplets using
various particle size distributions and rates of cooling and it appears that the lower limit
of particle sizes for formation of cloud droplets is in the range ar01md 0 .l? radius.
As
pointed out by Mordy, after condensation has taken place there will be a certain gap in the
particle size distribution between the non-activated, i.e. dr~particles and the cloud
droplets.
The lower size limit of the activated particles is as Junge (1963) points out, probably somewhat lower over the oceans than over continents because of the fact that despite
their large total mass the number of particles over the oceans is much smaller than over the
continents.
When a particle has grown to a cloud droplet its fall speed will of course be appreciably enhanced. Normally, however, the lifetime of cloud droplets is not very large and
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even the chances that they will be_ incorporated into a raindrop are relatively small under
most circumstances. Further, they are mostly formed in regions of updraught where their

increased fall velocity is counteracted. What is important about the cloud droplets is
their role in absorbing small non-activated particles, indicated nicely in the computations
carried out by Goldsmith et al. (1963).
When cloud droplets have formed, the rate of coagulation oro, better.. the rate of

incorporation of small non-activated particles into cloud droplets will be proportional to
the size of the cloud droplets. '!his rate depends, of course, also on -the number of the
droplets per em3 • Measurements on cloud droplet distribution in clouds (Squires and Twomey J
1960, pp. 211-219) indicate that in oceanic regions their number may be about 50 cm- 3 and in
continental regions about five times as large. The average radiUS of' the cloud droplets in
mari time clouds is about 13;U while in continental clouds the average radius is about 6jU..
It appears that the rate of incorporation of non-activated particles in maritime regions is
about half that in continental regions. From data on the Brownian diffusion ooefficients
given by Goldsmith et al. (1963) it is possible to compute the time oonstant of the incorporation into cloud droplets using the- figures above for cloud droplet sizes. The following
values are obtained f
Time constant of accretion for
Particle size
in/"

Mariti.me
clouds

Continental
clouds

0.005

0.6 hour

0.3 hour

0.01

2.4 hours

LO hour

0.05

2.4 days

LO day

0.1

5.9 days

2.6 days

As an example J to reduce the number of particles with a radius of O.005~ by a
factor of lie in a maritime cloud J 0.6 hour
i.e. about 35 minutes J is required.
J

5.

Coalescence of cloud droplets

Precipitation from a cloud is generally considered as due to the scavenging of small
droplets by larger ones because of differences in fall velocities. This process is often
referred to as coalescence. A broad spectrum of cloud droplet sizes favours this process.
Maritime cloud droplet spectra are generally much broader than continental ones. Growth of
droplets in the cloud due to coalescence will not necessarily lead to precipitation as these
larger droplets can evaporate after having fallen out of the cloud. This process will occur
more frequently in maritime clouds than in continental ones J because of the broader maritime
cloud droplet spectrum. As these large cloud droplets which fallout also will have a large
salt content especially over the sea~ the coalescence process will lead to a gradual transfer
of matter from small particles to large particles and the fall velocity will play a more
important role in the deposition process. That such processes are very likely to take place
over the sea can be inferred from a comparison of the size distribution of sea salt particles
in the atmosphere with the size distribution of sea salt partioles produced by the main
mechanism of salt particle production over oceanS J bursting bubbles. Eriksson (1959) noticed
a rather pronounced shift in the size distribution of salt particles in the atmosphere compared to that of newly formed sea salt particles. Also J from considerations of the actual
size distribution in the atmosphere~he concluded that without a transfer of salt from small
to large particles the turnover of the small particles" would be so large as to be incompatible
with the fluctuations in the actually observed concentrations.
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Conclusions

There are thus processes in the atmosphere whereby matter in small particles is
transferred to larger particles. In other words, the matter present in various size groups
of particles is transferred into the other groups. This is especially true for the lower
troposphere J the moist layer J where cloUds appear and evaporate frequently.

It does not

hold for the stratosphere where condensation phenomena are practically lacking.
Jung~
(1963, p. 253) also points out the fundamental difference between stratospheric and tropospheric particles in this respect, his conclusions being based on measurements of radioactive products in various size ranges.

III.

APPLICATIONS TO DEPOSITION OF RADIOACTIVE DEBRIS

The transfer of matter in small particles to large particles, so important for the
removal of the small particles from the atmosphere, may not be complete because, if it were,
one would expect the concentrations of matter in the precipitation originating as small particles of stratospheric origin to show the same variations as the matter in precipitation
originating from large particles, for instance sea salts. This is, however, not the case,at
least not for matter originating at high altitudes, in which case the concentration in precipitation averaged monthly is practically constant over large regions independent of the
precipitation rate. On the other hand, this fact can be taken as a good indication of the
importance of the incorporation process in clouds in which small particles are added to cloud
droplets. Here the time of exposure will determine the concentration in each drop and, because
of the uniform size of cloud droplets, especially in continental areas, all the droplets Will
have about the same concentration. The same concentration will be found in precipitation
,independent of how much water actually falls down.
This case is most likely to occur in
lar~e-scale disturbances with large regions of layer clouds of long persistence moving over
large areas. It is, of course, such systems that are responsible for most of the precipitation in temperate latitudes from whe~e also most of the observations on the constancy of
.concentration in space originate. Under conditions of convection the lifetime of cloud
droplets is small and a smaller fraction of radioactive particles is removed; hence corresponding particles have great chances of going through many periods of droplet formation,
growth by collisions with other cloud droplets and evaporation. It is under such circumstances that a good deal of matter in small particles can be removed-by dry fallout~ especially over oceans where available data indicate a turnover time of sea salt particles of a
couple of days at most. One can thus expect regional differences in the vertical transport
and total deposition of matter which is introduced into the aunosphere as small particles.
To this group belong radioactive fission products. Bowen and Sugihara (1960) observed that
the areal rate of fallout of Sr-gO over the Atlantic was much great'er than that estimated
for the continental areas.
In arid regions soil particles may perform an analogous function as cloud droplets.
In Israel (personal communication by Dr. J.R. Gat, Isotope Department, Weizmann Institute,

Rehovoth) high rates of dry deposition of fission products were found during sandstorms and
it was concluded from the decay curve of the samples that it could not be radioactivity
accumulated earlier on the soil by fallout.

N.

CONCLUDING REMARKS

In concluding it seems as if cloud formation is the most important process for transferring matter in small particles, e.g. radioactive debris, to large particles which can be
expected to fallout within a reasonable time.
There are two processes which act in this
case, the first process being incorporation of the small dry particles in cloud droplets,
the next being coagulation between cloud droplets into larger drops which either evaporate
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or reach the ground. Even if they evaporate .. the residual particulate matter will be of a
size that favours removal of the residue by gravitational forces.
Over land suspended soil matter in arid regions may be important as a scavenger for
radioactive debris.

For further evaluation of the importance of cloud formation processes .. statistics
of the occurrence and lifetime

of clouds should be assembled.
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L

INTRODUCTION

The oceans cover an area of 3.6 x 108 km 2 of 71 percent of the earth 1 s surface.
Their average depth is 3,800 m, their greatest depth 10,400 m (1,2). The total volume of
the water contained in the oceans is of the order of 1 .• 4 x 109 kin 3 , its mass 1.4 x 1018 tons.

This mass of water is not entirely homogeneous. While the upper layer to an average depth
of about 75 m is well mixed by wind motion, seasonal changes of temperature and surface
currents, movement and mixing of deeper waters a:'e comparatively slow. In equatorial and in
temperate regions., the upper layer is separated from the lower layers by a zone in which

temperature decreases while density and salinity increase with depth. This zone,the thermocline or pycnocline, is an effective barrier against convective vertical movement. It lies
between.( 100 and'> 1,000 m in the equatorial oceans, rising to the surface at high
latitudes.
In evaluating man-made contamination of this large body of water and i tf.! possible
influence on man we must bear in mind. the ratio of the total contamination introduced into
the oceans to the volume of the oceanSj we must further consider inhomogeneities of distribution of the contamination brought about by local higher rates of introduction and incomplete mixing as well as by physical or biological accumulation processes. In order to
see the problem in its right perspective, we also do well to compare the quantity of artificial radionuclides in the ocean with that of natur~l ra4io:Q.ucl:I.d~s present there
already.

2.

AVERAGE LEVELS OF RADIOACTIVITY IN OCEAN

WATER

We have three main sources of radioactivity in the oceans : primordial radioisotopes,
cosmic-ray produced radioisotopes and artificial (man-made) radioisotopes.
2.1

Primordial radioisotopes

The most important isotopes in this group are K-40 Rb-87 and the members of the
three large natural decay chains starting from Th-232, U-235 and U-23B.
J

2.1.1

Potassium-40

The potass·ium content of sea-water 1s 0.035 per cent and varies veFY little with
location (3). The natural abundance of the radioactive potassium isotope K-40 is 0.0118 per
cent and its half-life 1.3 x 109 years (4). Working with these figures one arrives at a
concentration of K-40activity in sea-water of 290 pc!l. Dunster (5) gives a similar figure
(300 pc/l), Brown and Pritchard (6), probably using an older figure for the potassium concentration, viz. 380 mg/i (1), arrive at 330 pcll. The total quantity of K-40 in the oceans

is about 400,000 Me.
2.1.2

Rubidium-87

The concentration of rubidium in sea-water is L 2 x 10- 5 per cent (7). The abtuldance
in nature of the radioactive isotope Rb-87 is 27.9 per cent and its half-life 4.~ x 1010 years
(4).
From this we arrive at a concentration of rubidium activity of 3.0 pc!l an.... a total
amotult of about 4,200 Me Rb-87 in the oceans.
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2.1.3
The concentration of uranium in ocean water is believed to be rather uniform. Values
varying from 2.7 to 3.4 x 10-7 per cent have been reported (8). Different values are only
found in enclosed basins with reduced salinity or under-chemically reducing conditions (9).
An amoWlt of 3 x 1O-6g/1 of natural uranium, consisting of 99.27 per cent u-238 and
J.72 per cent U-235,corresponds to 1.0 pcll u-238 and 0.045 pcll U-235. In complete equilibrium with all daughter products of the two series the overall activity would amount to

14.5 pc/L Measurements of sea-water have failed, however, to show up any Th-230 activity,
and it can be concluded that the amount of that nuclide present is less than one per cent of
the amount t'equlred for equilibrium with u-238. Th!s is not surprising, since the half-life
of this member of the u-238 decay chain is 8.0 x 10 years and, to come to equilibrium with
its parent isotopes, Th-2)0 would have to stay in solution -for several half-lives. Koczy
et aL (10), however, have shown that the residence time of thorium in sea-water is less

than 300 years. Similarly, Sackett (n) has failed to find arry Pa-231 activity in water
samples taken from the Pacific Ocean and has come to the conclusion that the amount of
Pa-2)1 present must be less than 3 per cent of that required for equilibrium with U-235.
We must conclude from these findings that u-238 and U-2)5 in ocean water are in equilibrium
only with their immediate, comparatively short-lived, daughter products Th-2)4, Pa-234,
U-234 and Th-23l.
The quantity of Ra-226, on the other hand, is again much larger than expected from
the upper limit of the concentration of Th-2)0. Radium concentration is not lUliform. From
a value of 0.05 - 0.09 pc/l in surface water it decreases to a minimum at 500 m depth. From
there it increases again, reaching 0.10 to 0.18 pC/l in bottom water (8). A likely overall
mean value is 0".1 pc/L A probable explanation for these findings is that radium is supplied
to ocean water from the two following sources : transport ?f radium in river water and in
airborne dust from the continents, which leads to an ihcreased actiVity in the upper layer
of ocean water, and the dissolving action of ocean water upon the radium produced by the
decay of Th-230 in the bottom sediments which leads to a higher concentration in bottom
water.
Measurements of daughter products of radium-226 in ocean water are not available.
However, these products are all fairly short-lived and it seems reasonable to assume"that
they are in equilibrium with radil.Ull. On this assumption the concentration in ocean water of
all members of the u-238 and the U-235 series together amoWlts to about 5.0 pcll and their
total activity in the oceans to 7,000 Mc.

2.1.4
Attempts to determine the thorium content in water have been unsuccessful (10, 12).
The upper limit of Th-2)2 was estimated to be 2 x 10- 9 per cent, corresponding to 2 x 10-3 pc/L
Values found or calculated for Ra-228 and Th-228 are somewhat higher, viz. 3-4 x 10-3 pcll (8)
pointing to sources other than water-borne Th-232 as their origin. The total activity due
to the thorium series is small. Even if we consider all decay products lower than Th-228 to
be in equilibrium with that nuclide and with Ra-228, their activity will not amount to more
than 0.0) pc/lor to 42 Mc in the entire water mass of the oceans.

2.1.5
While traces of other natural radioisotopes such as In-115, La-l38J Nd-144, Sm-147,
Hf-174, LU-176, Ta-180, Re-187, Pt-190, pt-192 and Pb-204 are known to exist in ocean water,
their low concentrations or small activities did not encourage investigations. They are of
no importance for the purpose of this review.
2.2

Cosmic-ray produced radioisotopes

Radioisotopes are produced by the reaction of cosmic rad~ation particles with gases
in the atmosphere. By far the most important members of this group are tritium md carbon--14.
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Tritium

The amount of tritium (half-life I 12.26 yrs) produced by the action of cosmic
radiation particles on nitrogen and oxygen in the atmosphere has recently been estimated to

::t~:~;::nh~~~4b::~~i~S:t~:SlP:~o:i~~~ds::d(~~)~m2S~~s~t~:~~~f:l~U:~~~:~~3~~it~~lier
formed in the atmosphere combine chemically to give tritiated water, only a small fraction

of about 1 per cent going into H2 o

The water formed enters the natural water cycle, thus reaching the oceans. Prior
to bomb-testing, levels of tritium in the various compartments of the environment can be
assumed to have been in equilibrium. The amount of tritium injected into the atmosphere
following thermonuclear explosions has been large compared to the amounts naturally formed
so that the levels in all compartments have been increased significantly and a new equilibrium has not yet been reached.
Only very few measurements of tritium concentrations in
ocean surface water exist which were made prior to large-scale bomb testing. They indicate
values well below 1 T.U. for that period (15). (1 T.U. ~ 1 T_atom/1018 H atoms, in water
1 T.U. equals ).2 pc of tritium per litre.) Since most of the tritium which is found in
the ocean today is of artificial rather than of natural origin, tritium levels in ocean water
will be dealt with under section 2.).).
2.2.2

Carbon-14

Most of the cosmic-ray produced neutrons in the atmosphere react with nitrogen-14
to give carbon-14, an isotope with a half-life of 5,730 years.
Jl14
nl---..7 C14
Hl

'r

+

0

6

+ 1

The rate of formation of c-14 by cosmic radiation is 2.6 atoms/cm2 sec according to Libby (1..6).
Later authors give values of about 2.0 atoms/cm2 sec (17, 18).
An atom of carbon-14 formed in this reaction is comparatively quickly oxidized to
carbon dioxide by atmospheric oxygen. In thi.s form it enters the exchangeable carbon cycle
involving the atmosphere,- the biosphere" terrestrial humus and the oceans. The present-day
natural radiocarbon concentration C-14/C-12 in terrestrial wood subject to certain corrections is 1.24 x 10-12 (19).
Craig (20) assumes that of the total amount of 7.9 g/cm 2 of exchangeable carbon in
the system 7.5 g/cm2 are in the sea and. 98 per cent of this amount in the deep sea. The
residence time of carbon in the atmosphere is only of the order of 7 ± 5 years and the size
of the atmospheric reservoir is 0.13 g/cm2 • The carbon-14 activity in the ocean will then
depend on the residence time of carbon in the deep sea relative to the upper, mixed layer
of the ocean. There is a considerable divergence of opinion on this point. In particular,
"radiocarbon ages" of deep sea water found by experiments and calculations do not agree well
with ages determined from measurements of shorter-lived fission products.
In Craig's opinion, the average residence time of carbon in the ocean is about
years. (The residence time of an element in ocean water is defined as'the amount of
that element q contained in the oceans divided by its input into the ocean dqjdt.) It does
not seem permissible, however, to assume that the age of a water mass is equal to the age
of the carbon contained in it. As Bien, Rakestraw and Suess (21) point out, the Pacific
deep water obtains its c-14 through exchange with the atmosphere south of the Antartic convergence below 600 s latitude or through admixture of surface water from lower latitudes.
It has been shown that this exchange is incomplete and that the water masses sink with a
C-14/C-12 ratio corresponding to an apparent age of 1,200 - 1,500 years (22).
Settling of
particulate organic matter from the ocean surface and SUbsequent oxidation, on the other
hand,will add younger carbon and decrease the apparent radiocarbon age. Broecker et aL (23)
calculate the average difference in the ratio C-14/c-l2 of ocean carbon from that ~a
1~000
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contemporary standard to be -16 per cent. Using their figures in combination with those
previously mentioned one arrives at an average carbon-14 activity of 0.12 pcll Or 170 Me·in
the entire mass of ocean water.

2.2.3
Radioisotopes other than H-3 and C-14 are produced only in relatively small amOlmts.
Lal (24) gives a summary of their estimated concentrations in the mixed layer and in the
total water mass of the OCeans. The figures in Thble 1 referring to these isotopes have been
calculated from his data. They should not be regarded as more than rough estimates.

2.3

Artificial radioisotopes

Man-made radioisotopes are introduced into the ocean as the result of nuclear weapon
testing and~ in much smaller quantities, as waste products from nuclear installations. The
number of different radioisotopes formed as fission products or by neutron activation is very
large; however, only a limited number ar~ of any practical importance as contaminants of
ocean water or ocean biota. Their levels in the ocean can be inferred from calculations
based upon estimates of their production and distribution in the environment, or from.m~asure
ments of their actual concentrations in samples of ocean water and marine biota. The first
method suffers from uncertainties in the knowledge of isotope production rates and in the
evaluation of the parameters governing their distribution, the secord from the paucity of
measurements available and from their uneven distribution across the large areas and to the
great depths of the world's oceans. In practice it has been found. profitable to combine thetwo approaches and this procedure has been followed in the treatment of the individual isotopes which are dealt with below.
2.3.1

Strontium-90

Strontiwn-gO.. an isotope of 28 years half-life, is produced in uraniwn or plutonium
fission. The chain yield of mass number go for U-235 fission with thermal neutrons is
5.8 per cent (25). The estimated prcduction rate of Sr-90 in nuclear explosions is about
0.1 megacurie per megatcn of fission yield. Hallden et al. (26) arrive at 0.109 Mc per
megaton as the best estimate.
----The total yield of atmospheric testing conducted by all naticns from 1945 to the
end of 1962 is estimated tc have been 511 megatons (27). The fission yield is assumed to
have been 193 megatons and the tctal amount of Sr-90 pI'dduced uptc December 1962, 19.3
megacuries. Of the inventory of 9.2 megacuries created up to the end of 1958 :it is estimated that approximately.3 megacuries,or one-third, had deposited as "close inll fallout
4.2 megacuries as world-wide fallout and 1 megacurie was l.eft-in the atmosphere by May 1961.
(Approximately 1 megacurie had decayed by that time.) The tests which were carried- out in
1961 and 1962 added 10.1 megacuries of strontium-90 to the total inventory. Presumably only
a small fraction of this amount was deposited locally. World~wide deposition in 1961 and
1962 amounted to about 2.0 megacuries (28).
Machta et al. (29) have calculated the global inventory of several nuclides as of
January 1963. Using Hallden's figure (26) for the fission yield, they arrive at a total
production (ccrrected for decay) of 19.1 Mc Sr-90. Of this total, 2.4 Mc are assumed te
have fallen out locally and 5.8 are assumed to be world-wide fallout.
Accepting these figures as a basis for our calculations and assuming that 70 per
cent of the total fallout has reached the oceans .. we arrive at a figure of 5.7 Mc for the
amount of Sr-90 in the oceans. This figure, for several reasons .. is likely to be an underestimate. It does not take into account a possibly higher fallout rate over the oceans,
for which there is some indication (144) and does not allow for .the runoff of continental
fallout to the sea with river water. Differences in precipitation are also disregarded.
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Data obtained from measurement of the Sr-90 concentration in ocean water are difficult to compare with each other. The samples have been taken at different times and at
different locations and their number has been far too small to allow an analysis of the
variations between thern even if we disregard experimental errors. While results obtained
in the analysis of samples taken prior to 1960 (30, 31, 144 -146) may still provide information concerning the mixing properties of the oceans, their use in an estimation of presentday levels would not be justified. Such an estimation can only be based on theoretical
calculations, SUbstantiated, as far as possible, by data available from somewhat more recent
measurements (1960-1962) (32-40). Some 5.7 Mc of Sr-90 delivered to the surface of the
ocean would provide on the average 17 me of Sr-90 to each km 2 of ocean surface. The average
concentration of Sr-90 in surface water will depend on the degree of vertical penetration.
Assuming complete mixing down to the thermocline and no transfer at all to intermediate and
deep water, this amount of activity would provide an average concentration of 0.23 pc/I.
Rocco and Broecker (37) in analysing samples from the South Atlantic, the eastern Pacific
and the Carribean Sea have found, however, that mixing does occur down to between 200 to
400 m (no Sr-go was found below this depth f
Samples of Antarctic ocean water showed
nearly uniform activity even down to at least 1,000 m. Bowen and Sugihara (39, 144) have
found Sr-gO in Atlantic Ocean water down to 500 - 1,000 m in concentrations roughly one
third as great as at the surface. Similar results were obtained by Miyake et al. (41) in
measurements of Pacific Ocean water.
3

Levels of Sr-gO reported in surface ocean water since late 1959 and up to 1962 are
summarized in Table 2. It appears that most values found in the open oceans at latitudes
south of 15°N range between 0.03 and 0.05 pc/I. Appreciably higher values are found in the
Atlantic between 15°N and 50 0 N (0.05-0.15 pc/l). At still higher latitudes levels decrease
again. In the Adriatic Sea, the North Sea and in estuarine and coastal waters values are
somewhat higher, ranging from 0.11 to 0.91 pc/I. No explanation is offered for the high
value found in the Red Sea, which is, however, the result of a single measurement. A particular case is that of the North Pacific from which values up to 2.3 pc/l have been reported
in 1959 (31). These value., which are about 15 times those found in the North Atlantic at
comparable latitudes, are attributed by Miyake et al. to the direct flow-out of fis~ion products from regions of high local fallout in the tropical region of the Pacific. Other investigators in Japan (42, 43) have not been able to find comparable values (see section on
Cs137 measurements).
If we take 0.1 pc/l as the average concentration of Sr-90 in surface water down to
75 m and one third of this, viz. 0.03 pc/I, as the average concentration between 75 m and
500 m depth and assume that there is no significant penetration below this level (this might
be considered a reasonable comprrnnise between the various opinions concerning the vertical
movement of Sr-gO), we arrive at a Sr-90 content in the mixed layer of 2.8 Mc and in intermediate waters of 5.3 Mc. The sum of these two figures gives us a total contamination of
8.1 Mc which is not too much different from the figure of 5.7 Mc arrived at from an estimate
of deposition over the oceans.
Caesium-137
--~--------

Caesium-137, an isotope of 30 years half-life, is produced with somewhat higher
yield in nuclear fission than is Sr-90. In thermal neutron fission of U-235, the chain
yield for mass number 137 is 6 per cent. Theoretical values tabulated by Bjtlrnerstedt (44)
for the relative fission yields of caesium-137 and strontium-90 in nuclear weapons indicate
that ratios of caesimn-137 to strontlum-90 in fallout should range from about 1.41 to 1.96.
Reported data on this ratio in fallout samples have shown considerable spread at individual
sites and have ranged from 1.2 to 7 on a world-wide basis (45). A good deal of the difficulty 1s undoubtedly traceable to errors in sampling and analysis techniques (46). Friend
et al. (47) report an average of 1.7 for 308 stratospheric air-filter samples and of
1.6 on the basis of soil data. Rainfall data summarized by Hardy (48) show values varying
from 1.5 - 1.8 for several cities of the United States (1958-1962) and of 2.2 for New Zealand
samples collected in 1962.
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Machta et .al. (29) use 1.7 as a reasonable average value.

at a direct input into the ocean of

9.7

On this basis, we arrive

Me from local aqd world-wide fallout.

Levels of caesium...137 in surface waters of the world's oceans are tabulated in
Table 2. Their distribution resembles closely that of Sr-gO. Bowen and Sugihara (39) have
found a fairly constant value of 1.2 for the ratio of Cs-137 over Sr-gO concentrations in
ocean surface water. In their opinion, the difference of this ratio from that of the fission
yield ratio of the two isotopes is due to a difference in the processes removing fallout
from air over the sea. Similar results have been obtained also by Miyake et al. ()1). Rocco
and Broecker (37L on the other hand, find a ratio of about 1. 6 which is in sufficiently
good agreement with the fission yield ratio to suggest that no large-scale separation of
Cs-~37 and Sr-gO has taken place either in the fallout
over the ocean or within the surface
ocean.
Tritiwn
Levels of tritium due to cosmic radiation ··have already been dealt with in
section 2.2.1. Recent levels of tritium in sea-water are primarily due to nuclear weapon
testing. Tritium is produced in fusion bombs by the reaction
D

+"D~

T + H + 4.0 MeV

(49)

In addition" some tri tilull originally present in the bomb may escape and some more can be

formed from escape neutrons by the reaction N-14 (n, T) C-12.
" The amount of tritiwn produced by nuclear testing up to the moratoriwn 1958-1961
has been estimated by Libby (13). Martell (49) has calculated the present-day inventory
from tests carried out up to the end of 1961. Using LeipunskY~'estimate (50) of 0.7 kg
residu~ T per megaton of fusion energy release, he arrives at about 110 kg of tritium. To
this' we must add the amount produced in a total of 140 megatons of fusion release in 1962
(27) which brings us to about 200 kg of tritiwn.
Libby (13), using a som~what higher figure for the tritiwn yield (52), arrives at a
'pre-moratorium total 'of 2 x l02tl atoms (or about 100 kg) of tritium of which he assumes that
w~ll 'over 90 per cent had been deposited by 1961.
He estimates that there was about a dozen
·times-as much tritiwn in the northern hemisphere during the moratorium as during the prebomb epoch, the pre-bomb inventory being about 10 27 T atoms (52, 53).
The deposition from the high yield tests carried out during 1961 and 1962 must be
assumed to be rather slow and similar to that observed for radioactive aerosols. Martell (49)
points out that tritium injected to mesosphere levels should have a residence time of about
ten. years.
The, tritium stratospheric fallout shows a peak at middle latitudes similar to that
found"for stratospheric particulate matter such as Sr-90 (54, 55). This distribution is
observed in rain measurements of which a large number have been carried out at continental
stations. Data of tritium in rainwater falling over the ocean or in ocean surface water
are, however, rather scarce. Some of such data are given by Libby (13, 56), Bolin (57),
Bainbridge (58-60) and in a list published by IAEA (61).
Libby (13) arrives at the conclusion that the mean precipitation rate over the
Pacific and the Atlantic in the 30° to 500 N latitude band is about 2.5 metres/year as compared to the earlier figure 'of about one-third of this and the U. S. land figure of
0-.68 m/y-ear. The discrepancy may be due to 1.7 metres per year of ocean spray which equilibrates with atmospheric moisture (62).
The few data available on the tritium content of surface ocean water are sununarized
in Table 3- Some caution must be exercised in their analysis. Some of the data on levels
in the central Pacific Ocean area show the influence of locally higher fallout rates from
the Pacific test series. The sample taken at Santa Cruz, on the other hand, is representative of an.up-wel1ing area. Old water from lower strata of the ocean is held to be

129

RADIOACTIVE CONTAMlliATION OF THE OCEANS

responsible for the low value given by this sample. Libby, in estimating the
over the ocean at mid-latitude from the measured increase in concentration of
Lake Michigan, arrives at the conclusion that the total tritiwn fallout up to
should have raised the tritium level in top ocean water to 15 T.U. in the 30°
tude band.

tritium
tritium
swnmer
to 50 0 N

fallout
in
1961
lati-

This agrees reasonably well with the few available experimental data.

Some investigations have been concerned with the vertical distribution of tritium
in the ocean. Recent measurements carried out in the Baltic Sea indicate a concentration
at 100 - 200 m depth of about 1/3 to 1/2 of the surface concentration.

Measurements made

in 1960 in the Dead Sea showed penetration only to 35 - 45 m. Bainbridge, in 1959, found
surface levels of tritium down to a depth of 2,,000 m in samples taken in the South Pacific
near New Zealand. This seems to be" however" a rather exceptional case.
From the change in activity of surface ocean water in the North Pacific during 1960
and 1961, Bainbridge (58, 63) calculates a residence time of 3-5 years for tritium in the
mixed layer. He arrives at the conclusion that of the total amount of tritiwn which has
been deposited on the ocean surface since 1952" 48 percent has remained in the mixed layer
and the remainder probably transferred into deeper layers. If the average depth of the
mixed layer is 75 metres" as is usually assumed" only one-half of the input to the system
may have come from precipitation" the rest from runoff in rivers" in situ explosions" or
direct molecular exchange. Alternatively, if precipitation is regarded as the only source"
the effective depth to which this tritium is being mixed is about 40 metres.
The total amount of bomb-produced tritium deposited in the northern hemisphere
by 1961 is estimated to be about 40 kg.
2.3.4

Carbon-14

A fair amount of carbon-14 has been produced by the action of escape neutrons from
nuclear explosions on nitrogen-14. However, while the quantity of c-l4 produced in this way
up to 1959 was sufficient to alter the ratio of C-14jC-12 in the atmosphere by an estimated
27 per cent (64), the same ratio in ocean water had only increased by about one per cent
at that time. In more recent measurements (17)" a definite increase in the c-14 content of
surface water was observed. This increase,which is ascribed to bomb-produced C-14}was found
to vary greatly with location and to be larger than one would expect if the water above the
thermocline mixes rapidly. It was concluded that the water above the thermocline takes
several years to mix and that the uptake of c-14 by the ocean over a period of' one or two
years affects only a thin surface layer.
Broecker (65) estimates the increase in c-14 in surface ocean water from pre-1957
levels to the end of 1961 to be 2.6 per cent, Bien et al. (66) arrive at a figure of' 1 - 2 per
cent. Machta (67) estimates that 2 x 10 26 c-14 ato~e produced per megaton of' total
nuclear energy in atmospheric tests and one-half of this figure in surface bursts in which
part of the neutrons released is absorbed by the ground or by water. Based on this estimate"
Machta et ai. (29) arrive at a total amount of c-14 produced in bomb tests up to April 1963
and on that part of it which has reached the oceans of 9.2 x 1028 and 1.2 x 1028 atoms,
respectively. The latter quantity, equivalent to about 1.3 Mc of c-14, if contained in "the
upper layer of the ocean" would be sufficient to raise the c-14 activity of this layer
(3.9 Mc) by well over 30 per cent, which is obviously too high compared to what we can extrapolate from the measurements discussed earlier.
Obviously, there is a significant amount of penetration to lower strata of the
oceans. If we make a similar assumption as we did in the Ca'32! of strontiwn-90, viz. that the
average concentration of activity in intermediate waters down to 500 m depth is one-third of
that in the mixed layer (down to 75 m), we arrive at 0.45 Mc c-14 in the mixed layer} corresponding to an increase of c-14 activity of 11 per cent. This figure, while still rather
high" is not too far from what we can expect if we extrapolate earlier measurements -to
spring 1963.

1)0
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Short-lived radioisotopes

-------------------------

Levels of short-lived artificial +adioisotopes In sea-water are of interest only
for immediate consideration during or shortly after a period of weapon testing~ a nuclear
accident or a controlled release. Analyses have been carried out to determine the distribution of radionuclides near regions of high local fallout (68). This distribution will, of
course, vary rapidly with time, not only because of the different half-lives of the many
isotopes involved but also because of their other physical and chemical characteristics.
A general treatise on the nature of local fallout formed in or near an oceanic environment is given by Freiling and Ballou (69).
Fission products of intermediate half-lives, in particular Ce-144 (half-life 284 d)
and Pm-147 (half-life 2.65 yrs) have been studied in somewhat greater detail ()8, 39, 70,
71). The authors show that both nuclides move in the ocean by processes different from those
responsible for caesium and strontium movement. It appears that lanthanide activity is moved
essentially by non-circulatory processes.
The distribution of these nuclides indicates
their vertical sediment ation in the Atlantic Ocean by association with sinking particles.

This process operates with different efficiency for the two elements~ promethium being removed preferentially and sinking faster. A rate of vertical movement of cerium of up to
100 m per month was found (72). In the Pacific Ocean, which contains a far smaller amount
of inorganic particles to act as absorbers, Harley (73) and Miyake (68) have found strong
labelling of plankton witb Ce-144. Tbe vertical transport of Zr-95-Nb-95 which is much
faster than that of cerium is ascribed to biological transport (74). Levels of Zr-95 and of
Ru-106 have recently been determined by Yamagata and Iwashirna (75) in Japanese coastal waters.
Zr-95 + Nb-95 was found to vary from l.0 to 2.6 pC/l and Ru-lO) + Ru-I06 from 5.9 to 11.8 pc/l.

Very little work has been done to determine concentrations of activation products
of short or intermediate half-life, other than tritium, generated in nuclear tests. A recent
investigation on the concentration of Fe-55 (produced by the action of neutrons on iron structures near the bomb) which was carried out making use of bio~ogical enrichment processes for
iron in sea-water indicated a level of the order of 0.4 pcll in surface water of the Pacific
Ocean (76).
2.3.6

Radioisotopes from waste disposal
------------------~--------~-----

Compared to the quantities of radionuclides introduced into the oceans by nuclear
tests and even more compared to radionuclides present there naturally~ peaceful operations
of nuclear energy have contributed only to a very small degree to the radionuclide content
of the oceans. Policy concerning the disposal of radioactive wastes into the sea has been
rather conservative in all countries.
Essentially two methods have been used~ the one consisting in dropping barrels containing the waste into deep ocean areas~ the other consistirg ~n the direct release of aqueous
solutions containing low concentration of radionuclides into coastal areas of the sea or into
rivers.
Regulations governing such releases and quantities actually released have been dealt
with at an international level at the second Geneva conference· in 1958 (5~ 20~ 78~ 77 - 87)~
at tbe Agency's conference in Monaco in 1959 (88-98) and at Agency panel meetings in 1960~9)
and 1961 (100). In addition~ several reports dealing with some aspects of this problem have
been published (2, 6, 101-104).
The WindscaJeWorks in the U.K. have been discharging since 1953 on the average
3,000 curies of mixed beta activity per montb into the Irish Sea (5). Recently this quantity has been increased to 80,000 C/year (105, 104). Over 50 per cent of this activity consists of Ru-106~ only 2 per cent is Sr-90. Release of alpha activity amounts to less than
100 C/year. Releases from other establishments in the U.K. are negligible by comparison~
those from six establishments mentioned in Dunster's report totalling 1,600 C of beta and
40 C of alpha activity per year. 1m additional l~OOO C of medium level beta activity from
Harwell are disposed of in strong drums dumped into the Atlantic Ocean.
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In the U.S. 300,000 to 400,000 C of mixed beta activity per year are released into
the Pacific Ocean via the Columbia river from Hanford reactors.
This activity consists
mainly of activation products formed in the cooling water. As a result of Hanford operations, approximately 38 C of .inc-65 (245 days half-life) and 850 C of chromium-51 (27.8 days
half-life) pass Vancouver, Washington, daily en route to the sea (106). Steady state equilibrium concentrations of Cr-51 and Zn-65 have been found to exist in coastal waters near
the Columbia River by Osterberg (107).

By comparison, the remaining present-known sources of radioactive materials entering
the sea are quite small. Disposal of packaged wastes from various sources in the U.S between
1946 and 1959 has amounted to some 10,500 curies disposed of in drums dumped on the floor of
the Atlantic Ocean and about 14,000 curies in drums and concrete boxes dumped in the Pacific
Ocean. Much of this material consisted of relatively short-lived activity and without
doubt only a small fraction of-the total a~tivlty was released to the marine environment.
About 2 to 3 curies of a total of 33 s 000 curies of induced activity contained in the steel
structure of the Seawolf reactor prototype dumped into the Atlantic Ocean near Sandy Hook
is estimated to be released per year due to corrosion of the structure (6).
Discharge of
radioactive wastes from nuclear-powered ships or from land-based reactors adjacent to the
sea-shore are negligible at t~e present time. When discharges fr§m such sources are increased s concentrations of Co Os Fe55-59~ zn65s cr 51 , p32 and Tal 2 may become more important (88, 101).
No build-up of long-lived radioactivity has been measurable either in the Irish
Sea or at the mouth of the Columbia River. The total amount of Sr-gO introduced into the
sea by disposal from Windscale from the start of the operation up to the end of 1960 amounts
to about 7,400 curies. About 60,000 curies of Ru-l06 will be in steady state equilibrium
in or near the Irish Sea as a result of the same operation.
The possibility of the disposal of larger ,amounts of radioactive wastes into the
oceans has been discussed (5,,80-82).
An IAEA panel under the chairmanship of Brynielsson
(99)" which was convened in 1960 to discuss the problems involved" has arrived at the conclusion that th~ disposal of highly radioactive wastes into the sea should not be permitted
at the present time. The disposal of wastes of low and intermediate activity should be
permitted only after a thorough investigation of the disposal area and adjacent areas to
prove that the quantity of radionuclides introduced into the areas would not give rise to
concentrations in the sea-water or marine biota which might be considered unsaf"e staking
into account the recommendations of the ICRP (108). Release of' radioactive wastes from
nuclear-powerEd shl.ps should be made in such a way that there is no resultant limitation of
man's harvest from the sea.
3.

SEDJMENTATION, TRANSPORTATION AN!) ACCUMULATION OF RADIOISOTOPES IN THE OCEANS

3.1

Influence of chemical factors

The fate of radioactive material introduced into the ocean will depend on the physical and chemical state of this material and on physical as well as biological transport in
the ocean.
Caesium and strontium isotopes move in ocean water in the ionic form and follow
the movement of water masses; ruthenium, zirconium, niobium" yttrium and the rare earth
metals such as cerium or promethium are normally present in particulate form; they tend to
sink to the bottom with a velocity depending on the size of the particles (39" 109). Some
elements of the iron group are removed from solution in sea-water by precipitation: manganese has a residence time in ocean water of a few thousand years and iron" titanium"
and aluminium have residenc~ times of only about one hundred years, compared to residence
times of between 107 and 10~ years for the common alkali and alkaline earth metals (see
Table 4).
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Alkalinity" salinity, oxygen content, temperature and chemical constituents Ci.vailable for reaction are contributory factors responsible for the ultimate chemical form
of radioactive nuclides introduced into the sea at any point.

An important mechanism responsible for the removal of trace metals from the oceans
is their absorption on'sedirnenting particles. Sediments on the continental shelf are formed
at a rate of tens of centimetres per thousand years; in shallow waters this rate is even
higher' and rather variable, depending upon the

loca~.

conditions.

In the deep sea, sedimenta-

tion goes on at the much slower rate of some ulillimetres per thousand years

(8, 99).

In particular, the following mineral species are significant for the uptake of elements dissolved in the sea: skeletal apatite which tends to absorb heavy alkaline earths,
rare earths and uranium~ phillipsite which takes up, by ion exchange, some metallic ions
wi th high charge and large radius and ferromanganese minerals which have an inner layer of
hydrous manganese or ferric oxide very suitable to pick up a number of transition elements
such as nickel, cobalt, zinc, copper, cadmium, lead, radium and thorium. Many elements are
remarkably concentrated in manganese nodules.

3.2

Transportation by water movement

Dissolved radioisotopes as well as suspended material will be transported and dispersed by the movement of the water mass in which they are contained. Sedimentation of solid
particles will be superposed upon this movement. Any material introduced into the mixed
layer of the ocean will be rapidly dispersed throughout the depth of this layer by wind

stirring or density convection. Revelle et al. (110) have reported that, when fission products were introduced at the surface, the activity became uniformly distributed over a surface
layer thickness of 100 metres in little more than a day. Further vertical mixing into the
pycnocline layer below 100 metres was extremely slow. In coastal-waters, tidal motions and
currents with velocities of up to s.everal metres per second will give rise to very intensive
mixing, both vertically and horizontally (99). In the vicinity of river estuaries mixing
can be reduced by stratification due to differences in density (92).
Over the continental shelf counter-flows of currents sometimes produce large-scale
eddy motions which favour the dispersion of any introduced contaminant (99).
In deep-sea areas, vertical dispersion to the depth of the mixed layer will be rapid.
The speed of penetration to deeper layers will depend on the properties of the intermediate
layer.

A well-established thermocline is regarded as a rather effective barrier in restricting movement of dissolved materiaL At high latitudes and in areas of larger vertical
movement of water masses, however, there will be little restriction to downward transporta
Rapid vertical transport at high latitudes is demonstrated by the uniform levels of
caesium-137 and strontium-gO fOlm.d in the Antarctic down to at least 1,000 m depth by Rocco
and Broecker (37). Considerable strontium and caesium levels down to several hundred metres
fOlUld in the Pacific Ocean by several investigators (39J 31, 41) cast some doubt on the
degree to which the thennocline prevents downward penetration even at lower,latitudes.
Horizontal transport of dissolved material in the upper layer of the deep sea will
depend on the surface layer currents of the region concerned. These currents are well known
(1). The large-scale permanent currents such as the Gulf Stream and the Equatorial
Current systems transport vast quantities of water and acti~"'ely disperse the waters of a
major segment of the mixed layer throughout the area of each ocean basin in a relatively
short time. Thus, the volrune of water flowing through the straits of Florida in the Gulf
Stream in a 15-year period is about equal to the volume of the upper 500 m layer of the
entire North Atlantic. It therefore appears likely that no area of the surface layers of
the world oceans can be considered to remain isolated from the rest of the surface waters
for any length of time.
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In addition to this transport by convection, dissolved material will also be moved
by diffusion. A rather comprehensive treatment of macro- and micro-diffusion processes
leading to the dispersion of·material intro¢l.uced into the ocean under various conditions
has been prepared by S.C. Schonfeld and is given in an annex to the Brynie1sson report (99).
Folson and Vine (111) report on experiments which indicate that 1,000 curies introduced at
one point in the surface layer in an open sea area would, after 40 days, be spread over
40,000 km 2 •

Hori:z;ontal movement in intermediate and deeper layers is slower. Deep sea current
velocities found by various investigators have been summarized by Revelle and Schaefer (80).
Calculations on data from the Atlantic indicate current velocities of 3 to 17 em/sec along
the western margin of the western trough at depths between 3,000 and 5,000 m. The calculated
currents on the eastern side of the deep South Atlantic, especially in the region of the
Angola Basin, were, on the contrary, very weak. 10 em/sec are found for the deep Antartic
Circumpolar Current and for the Sub-Arctic Bottom Current in the northern North Atlantic.
3.3

Biological transportation and accumulation

Mineral salts are used as nutrients by marine biota. This marine biota consists of
seaweeds, marine bacteria, phytoplankton, zooplankton, benthonic animals and fish. Radioactive isotopes will be taken up by marine life along with nutrient elements. In particular,
phytoplankton will take up dissolved salts directly from sea-water and concentrate some
radioactive elements at a high rate. Zooplankton, some filter-feeding fish and benthonic
animals feed on phytoplankton. They can take up and accumulate radioisotopes in this way or
directly from sea-water.
The same holds for fish which may feed on plankton" on benthonic animals or on other
fish. Some species of fish make rather large horizontal and vertical migration, benthos
also may have seasonal migrations into deep water during the early winter and back to shallow
water during the spring. Additional transportation is provided by the sedimentation of
organic detritus to the bottom of the sea.
The accumulation of a radioisotope by an organism will depend on its concentration
in the water, on the concentration of other elements by which uptake is influenced, on the
concentrating power of the organism and on the rate of excretion of the isotope and its
physical decaY-r'ate. The degree of accumulation is expressed by the "accumulation factor ll
which is the ratio of the mass of an element contained in a gramme of tissue of the organism
concerned to that contained in a gramme of sea-water. Accumulation factors forseveralelements found for various 'organisms are given in Table 5.
Fish, benthos, seaweeds and even some zooplankton (squids) are used as human food.
The amount of radioisotopes which may be returned to man in this way is considered one of
the limiting factors in conside~ations of the danger which might arise to man from the contamination of the oceans and in calculations of maxinll.un permissible concentrations of radionuclides in sea-water (102).
It appears that in general accwnulation is low for alkali and alkaline earth elements; their comparatively high concentration in sea-water makes it necessary for organisms
to restrict their uptake so that-in some cases their concentration in the organism is smaller
than in the water and the accumulation factor smaller than one. Iron, zinc, phosphorus,
copper and a few other elements, however, are accumulated to a high degree.
Accumulation
factors ranging up to 10,000 have been reported also for cadmium, manganese and cobalt (99).
Algae can collect manganese-54 to a concentration 6,000 times higher than that in water (112).
The corresponding value for fish was found to be lower by one order of magnitude. Detailed
investigations on the uptake of various nuclides by different organisms were reported on by
a number of speakers at a symposium on radio-ecology held at Colorado state University in
September 1961 (113-132). In ooeanographio surveys following nuclear weapon tests, it was

1)4
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found that the radioisotopes of cobalt, iron and zinc were actively taken up by plankton
(114). Omnivorous fish, which feed on the plankton, almost completely excluded the fission
products and, on a comparative basis, concentrated zinc-65 and iron -55, 59, but discriminated against cobalt-57;1 58, 60.

Carnivorous tunas, which feed primarily on omnivorous

fish, discriminated in favour of zinc and manganese and against iron and cobalt in comparison to the relative percentages of these radionuclides in their food supply.
Oysters are reported to be rather efficient accumulators of certain trace elements.
Levels of zinc-65 in oysters-have been found which were 105 times higher than those in the
surrounding sea-water (147). Sea-weeds were found to accumulate cerium-144, rutheniurn-106,
plutonium-239J ~irconiurn-95J niobium-95J thorium and polonium-210 to- concentrations from 500
to 1,100 times higher than in the water (142) •
. Planktonic algae have high accumulation factors for the cerium isotopes ranging
from 2,000 to nearly 5,000 (148, 121, 88). Concentration factors between 200 and 500 have
beenreported for the uptake of zirconium-95 by algae (149); excretion J however, was found to
proceed rather rapidlYJ corresponding to a biological half-life of only 6 days.
Caesium and strontium are not concentrated to a significant degree by most algae.
Notable exceptions are Cantaria and Acantharia which have been reported to take up strontium
to a considerable degree (88, 89, 150).
Since most fish take up calcium in p~eference to strontium., observed ratios of
Sr-Ca in fish to Sr/Ca in water are smaHer than one. They range from 0.2 to 0.5 (133, 1)4).
Moreover J almost all the strontium-gO taken up by marine organisms is concentrated in the
calcareous parts of their bodies. The quantity found in their meat rarely exceeds 1 pc/kg
of wet weight (1)4, 135). In phytoplankton and in seaweed the observed ratios are somewhat
higher but still smaller than one. These ratios are remarkably constant wi thin groups of
related species (1}6). The possible hazard to humans resulting from radiation from Sr-90
ingested with marine food is very low at present levels. It has been estimated that even
in Japan only a small percentage of the radioactivity iIi the diet is contributed by marine
food. The figure for the United States is given as 0.1 per cent in 1961 (101).

4.

CONCLUSION

Most of the radioactivity in the oceans is of natural origin. Of that part which
is contributed by man., the predominant share cromes from nuclear weapon tests. Contribution
in the form of wastes arising from peaceful uses of atomic energy is at the present time and
on a world-wide scale relatively insignificant. Disposal of low-level wastes into coastal
waters might, however, give rise to some local concern. It must, therefore, be preceded by
thorough investigations to prove that the necessary dilution is achieved and J in particular,
that biological accumulation processes do not lead to a significant -return of radionuclides
to man. M-q.ch more research would be_ required into the mixing properties of the 9ceans and
into physical and biological transportation and accumulation processes before any really
large-scale waste disposal operation could be planned with the necessary degree of safety.
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Table 1
Natural radioactivity of ocean water

Nuclide

Half-life

Primordial

Inventor~r

Concentration

Mixed la:yer
pc/l

Deep layers

Mixed layer

All layers

pc/l

Mc

300

300

8.400

420,000

3

3

84

4,200

5·0

5.0

140

7,000

0.07

0.1

2

140

<:. 1

£... 42

Mc

radionuclides

1.27 x 109yr
10
Rb-87
4.7 x 10 yr
U-23S*+235* 4.5 x 109yr
and
8
7.1 x 10 yr
Ra-226
1.62 x 103yr
10
Th-232*
1.39 x 10 yr
K40

< 0.03

<

0.03

Cosmic-ray produced radionuclides

(mainly adopted from 24)
H-3

12.26 yr

c-14

5760 yr

0.6-3.2

Be-7

53.4 d

Be-l0

6
2.7xlOyr

1.3

Na-22

2.58 d

1.3

Al-26

7.4 x 105yr

1.7

Si-32

~

700 yr

2.9

P-32

14.3 d

4.8

P-33

25 d

4.7

S-35

87 d

1.8

Cl-36

3 x 105yr

Ar-39

265 yr

-4
2.5 x 10
-6
3.9 x 10

*

8.5

0.14
-2
x 10
-6
x 10
-4
x 10
-8
x 10
-6
x 10
-4
x 10
-4
x 10
x 10-3

Including daughter activities.

17 - 90
0.12
1.8 x 10- 5
4.6 x 10-7
4.4 x 10- 7
1.7 x 10-9
1.2 x 10- 5
8.9 x 10-9
-8
4.9 x 10
6.0 x 10-7
-4
2.5 x 10
-6
1.2 x 10

3·9
2.4
3.6 x 10- 5
3.6 x 10- 3
4.8 x 10-7
8.1 x 10- 5
-2
1.3 x 10
-2
1.3 x 10
5.0 x 10-2
7.0 x 10-3
1.1 x 10-4

170
2.4
-4
6.9 x 10
4.2 x 10- 3
-6
2.9 x 10
-2
1.7 x 10
-2
1.3 x 10
-2
1.3 x 10
-2
5.1 x 10
.
-1
3.6 x 10
1.8 x 10- 3
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Table 2
Levels of Sr-90 and Cs-l37 in surface ocean waters

Sr-90
Region

Period

Conce

pcll

Reference

Cs-137
Cone.

pcll

Reference

Northern hemisphere
North Pacific Ocean

(Western part)

late 1959

0.8 -2.3

·31

0.8 -2.6

31

0.10-0.65

42,43,139
137

late 1959

-

1961
1962

0.14-0.40

137

0.28-0.67

North Atlantic Ocean

(Northern region) 50 0N)

1961-1962

0.08

38,138

0.07-0.14 38,138

(Intermediate region 15-500N)

1960-1962

0.05-0.15

37-39

0.11-0.24 37-39.139

0.05

38

1961-1962

0.21-0.49

32,35,
138

Faroes and Greenland coastal
waters

1962

0.11-0.24

33,34

Tyrrhenian Sea

1960

0.07

40

Adriatic Sea

1960
1962

0.15-0.21
0·51-0·91

40
151

Sargasso Sea

1961

0.12

38

0.04-0.07

37-39

1961

4.3

36

South Atlantic Ocean

1961

0.03

37

South Atlantic to Indian Ocean
(Cape of Good Hope)

1962

South Pacific Ocean (Eastern
part 0.3°N to 400S)

1961

0.03-0.04

37

0.04-0:06 37

Antarctic Ocean (AI 500S)

1961

0.03

0.03

Tasman Sea (estuarine waters)

1960

0.12

37
141

(Equatorial region 0-15°N)
North Sea,. English Charmel ..

1961

Irish Sea

Carribean Sea

Red Sea (coastal waters)

1960-1961

0.28-0.45

138

0.19-0.24 40
0.22-0.47 151
0.08-0.10 37,39

Southern hemisphere

(A/ 200S)

0.04

37

0·09

140

37
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Table 3
Tritium content of some surface ocean water samples

Region

Period

Tritium content

(tritiurn units)

Reference

Atlantic Ocean
1963

1.2- 7.4
U
- 12

Atlantic City (coastal waters)

1960

23

Open sea (52°N, 35°W)

1960

3.6

57, 61

Baltic Sea

1961
1962

35.5
45·7

57, 61
57, 61

Johnston Island

1960

21

56

Fiji

1960

Samoa

1960

5.7 -

6.4

56

Santa Cruz

1960

0.55-

1.8

56

Average from several samples
of North Pacific

1960
1961

7.4 - U.5
6.5 - 7.8

63
63

Dead Sea

1960

8·5

61

California (coastal waters)

1961

13, 61
13, 61
56

Pacific Ocean

8.6

56
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Table 4
Residence time of some elements in the ocean (143)

Residence time

Element

8
2.6 x 10
7
4.5 x 10
2.2 x 107

Na
Mg
Li

u

1.6 x 107
1.1 x 107
6
8.0 x 10
6.5 x 105

Zn

1.8 x 105

Sr
K

Ca

Residence time

Element

(years)

(years)
4
6.5 x 10
4
1.8 x 10
4
1.0 x 10
7.0 x 103

Cu
Co
Si
Mn

2
1.4 x 10
2
1.6 x 10
2
1.0 x 10

Fe
Ti
Al

Table 5
Accumulation factors for some elements in members of the marine biosphere (80)

Element

Na
K

Cs

Concentration in
sea-water
(I'gjl)

107
)80,000
0.5

Accumulation factors
Algae

1

Invertebrates
Soft parts
Skeleton

0·5

25

10

1

10

°
0

Vertebrates
Soft parts
Skeleton

0.07
5

1
20

10

Ca

400,000

10

10

1,000

1

200

Sr

7,000

20

10

1,000

1

200

Zn

10

100

5,000

1,000

1,000

30,000

Cu

3

100

5,000

5,000

1,000

1,000

Fe

10

20,000

10,000

100,000

1,000

5,000

Mo

10

10

100

20

V

1

1,000

100

20

Ti

1

1,000

1,000

'jQ

Cr

0.05

300

p

10

10,000

10,000

10,000

40,000

S

9 00 ,000

10

5

1

2

I

50

10,000

100

50

10

2,000,000
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FALLOUT FORECASTING

INTRODUCTI:ON

The art ·of forecasting fallout of debris injected into the stratosphere by nuclear
weapon tests began in 1956. Credit for recognizing that the stratosphere could provide a
reservoir for a continued "dri p ll of radioactivity after the U.S. Pacific tests in 1954 must
be given initially to Dr. W.F. Libby (1). He realized that the normal sequence of events
which followed a nuclear test series at the Nevada Test Site in 1951 and 1953 in which fallout virtually ceased after a few months did not hold in late 1954 and 1955. The 1954 nuclear
tests at the Marshall Islands were so powerful that they could easily throw debris into
stratospheric altitudes.
Th~ initial forecast model used an analogy to chemical kinetics.
Two separated
fluid volumes were assumed~ a troposphere and a stratosphere. Each was assumed to become
thoroughly -mixed (i.e. containing uniform concentration per unit mass) on a time scale of
a few months. Slow transport through the tropopause impeded rapid exchange between the two
volumes. Mathematically, the predictive model becomes very simple; a fixed fraction of the
radioactive content of one volume transfers to the other per unit of time. The early fractional removal estimates for debris injected into the equatorial stratosphere lay between
10 per cent and 20 per cent of the inventory of the stratosphere per year (1). The mean
residence time is 1.45 times the half residence time in a reservoir with a fixed fractional
loss per unit of time. The concept of fixed fractional loss continues to represent a
simple and, in Some ways, fruitful approach to predicting stratospheric fallout.

Certain features of the stratospheric fallout either follow from the model or were
initi'ally associated w"ith it. Time has shown that most of these reqUire modifiCation as
listed in Table I.

ANNUAL FALLOUT RATES FROM CERTAIN NUCLEAR TEST SERIES

A.

Lower equatorial

During the spring and early summer of 1958, a unique radioactive tracer, radiotungsten, was produced by nuclear tests whose clouds stabilized in the lower equatorial
stratosphere at about lIoN. It is estimated that about 90 per cent of the radiotungsten
radioactivity remaining in the stratosphere lay initially between the tropopause (16-17
kilometres) and 21 kilometres. It is believed that distribution in this vertical layer
may have initially been uniform.
The estimate of the annual fallout rate of radiotungsten can be derived from two
somewhat independent techniques. In the first method, the decrease in stratospheric content at two dates a year apart is assumed to represent the amount deposited. The second
procedure compare-s the annual observed fallout with the stratospheric content at the
beginning of the period. Table II lists the results of the two kinds of analyses. Certain
cautions Should be exercised before accepting the numbers literully. First, the stratospheric content in August 1958 is in large part extrapolated from stratospheric observations available only after November 1958. Second, the amount of southern hemisphere data
is far less than that for the northern hemisphere which implies that the southern hemisphere
inventories are ;less reliable. Finally, the deposited radioactivity comes from radiotungsten
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deposited into pots or funnels over

land~based

stations.

It is likely that allY systematic

bias will cause the reported deposition to be too low. One must also point out that the
inventory to ~l kilometres does not contain t.he ent:lre stratospheric content. Further,
transfer from the northern hemisphere stratospheric reservoir can take place into

the

southern hemisphere stratosphere as well as into the northern hemisphere troposphere"
table assumes only transfer into the troposphere.

The

In spite of the above uncertainties and limitations, the results appearing in
Table II are surprisingly consistent. About 70 per cent of the content of the stratosphere
(to 21 kilometres) leaves the stratosphere during the first year following an injection

into the lower equatorial stratosphere.
10 months.
B.

This corresponds to a mean residence time of about

Lower Arctic

It has been found possible to identify radioactivity from the Arctic autumn 1958
nuclear test series by age determinations using the ratio of a short (strontium-89, 50-day
half-life) and a long-lived radioisotope (strontium-90, 28 years half-life). Table In
lists both the stratospheric content soon after the conclusion of thi~ test series and
the subsequent year's deposition. There is some uncertainty in ascriblrtg -a given fraction
of observed total Sr-90 to a given date of origin from the Sr-89 ratio because of differences in formation ratio ot the two isotopes depending on the ~clear device and because
of the presence of some Sr-89 from' earlier Pacific tests. Perhaps a more significant source
of potential error i's the technique used to find the stratospheric content in December 1958
when no observations were available. The stratospheric content in November 1959 was "added
to the l2-month deposited fallout attributed to the autumn 1958 tests to yield the content
in December 1958.
The result, 90 per cent of the initial stratospheric content depos:Ltedduring the
first year, is qualitatively in acqord'with the findings of most other sttldies, (2). " The
"mean residence time" would be of the order of five months.
However, if "the injection were to have taken place between ab.out March and October-,
it is believed that the main deposition would still have occurred in the sUbsequent spring.
The resulting "mean residence time ll would then be increased.
A comparison of Tables II and III reveals that debris injected into the Arctic
stratosphere deposits more quickly than that from the lower equatorial stratosphere. This
is consistent with most meteorological concepts of smaller mixing or bulk transport downward through the equatorial tropopause. Thus~ equatorial debris must be mixed or transported polewards to reach higher latitudes before exiting into the troposphere. This poleward transit is not required of the Arctic injections.
THE BASIS FOR 1963 FALLOUT PREDICTION IN THE U.S.A.
Most meteorological thinking derived both from-the study of bomb debri~ and from
more conventional information suggests that the supply of air for transfer ihto the troposphere comes from the' lower stratosphere in temperate and/or polar latitudes. Th~se ideas
received quantitative verification in an analysis by Telegadas and List (3), which forms
the basis for this section.
The U.S.A. detonated a nuclear device_ on 12 August 1958, at Jolmston Island,whose
cloud was estimated to have risen to over 100 kilometres. The debris was m~rked with a
tracer~ rhodium-102.
It was subsequently found that the same debris could also be identified by high cerium-144 to Sr-90 ratios (4).
The lines of first arrival in the stratosphere are drawn on Figure 1.. It was not
until April 1961 that the northern hemispherectroposphere was dominated by debris from this
rocket event.
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The main story which this picture reveals relates to the lower stratospheric 1sochrone pattern relative to the tropospheric arrival. The isochrones sink during the winter
and spring of 1960 to about 1) kilometres at high latitudes and 15-20 kilometres between
o
20 o _50 N. But they fail to pass through tropopause levels. This radioactivity does ~O~ show
up in tropospheric air until a year later. It is thus concluded that thealr lying above
the January isochrone does not transfer or mix into the troposphere during the spring season
of the same year.
This clue has led to the use of the radioactivity of the lower polar and temperate
stratosphere as an index of transfer into the troposphere as illustrated in the first two
lines of Table IV (5). Thus, in both 1959 and 1962, the computed annual northern hemisphere
deposition exceeded by a small amount the lower stratospheric Sr-90 content in January of
the same year. It is not claimed that the good correspondence in the absolute values proves
that strict accountability can be achieved. Rather, one may find the ratio of deposited
fallout in a given part of the world to the above segment of the stratosphere and apply a
similar ratio to predict the future fallout. In the case of Table IV, the entire northern
hemisphere constitutes the fallout area.
It would be preferable to provide an exact aC0ountability, i.e. that radioactivity
which leaves the stratosphere should be found on the earth I s surface. Unf'ortunately, the
incremental collectors such as pots and funnels are poor measurers of dry fallout; the fallout collecting network is relatively limited geographically; and there is still uncertainty
in extrapolating fallout to the surface of the oceans from land stations. Calculation of
the stratospheric inventory to about 17 kilometres is also uncertain but probably less so
than deposited incremental fallout over the globe.
The last line predicts that the northern hemisphere fallout in the year 1963 will
be 2.0 megacuries. It can be shown that the deposited Sr-90 in the wet eastern U.S. is
about 2~ times the hemispheric average and the dry western U.S. about equal to the average.
Thus, the prediction for wet U.S. called for about 20 mc/kll with the individual station .
readings likely to lie in the range from 12 to 24 mC/km2 • At Westwood, New Jersey, a station in the wet eastern U.S., the annual Sr-90 fallout for 1963 amounted to 22.5 mc/km2 (6).

SHORTCOMINGS OF THE PREDICTION

The verification of the annual 1963 forecast for the globe just given may, in part,
be fortuitous. There are two problems which may require a re-evaluation of the above prediction method.
(1)
Seasonal trends in 1963 departed somewhat from previous years. Experience had
suggested that the maximum monthly hemispheric deposition occurred in April or May. In 1963,
it appears likely that the spring maximum in Sr-90 fallout occurred in Mayor June and that
the precipitous decrease which in previous years normally began in June delayed until August
in 1963 (6). The delayed maximum probably reflects year-to-year differences in weather conditions rather than stratospheric radioactivity distributions. That is, it i8 erroneous to
assume that the exit from the stratosphere takes place in the same way, spatially or temporally) each year. Yet, until a full understanding of the transport mechanism is obtained,
there appears to be little hope of predicting differences from year to year.
(2)
It was possible to compare the stratospheric Sr-90 content in the volume from 30 0
to 90 0 N between the tropopause and 17 kilometres at times other than those listed in ~ble IV.
These appear in Table V for the years beginning May 1960 and November 1960. Attention
should be directed primarily towards northern hemisphere numbers, those in the southern
hemisphere being less reliable. Table V shows that the annual Sr-90 deposited fallout following each of the above dates exceeds the Sr-90 in the stratospheric boxes by a factor of
two or three; one needs to include a larger volume of the stratosphere in these years in
order to achieve the same one to one relationship noted in Table IV. One possible explanation
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lies in the fact that subsidence and/or mixing was both more intense and deeper in the stratosphere in 1960-1961 than in 1959, 1962 and 1963. There is a sharp gradient in stratospheric concentrations at the 17_kilometre level and relatively small increases in depth
of the lower stratosphere can provide significant increases in the Sr-90 content. However,
it must be admitted at this time that such explanations are speculative.

THE OUTLOOK FOR FALLOUT PREDICTIONS
There is no substitute for predictions based on real understanding of the atmospheric transport and diffusion. It cannot be said that such understanding now exists.
Nevertheless, it should be possible to replace both the forecasting using first order kinetics or empirical relationships such as just discussed by atmospheric modelling including
transport by mixing and mean circulations. One of these by Bolin appears in this Technical
Note (7). Others are being developed by Davidson and Machta. All employ horizontal and
vertical diffusion coefficients and meridional mean circulations in a mathematical mo~el and
numerically predict the subsequent history of any arbitrary injection. While this is an
excellent first step towards reality, it still falls short of what might be done with highspeed computers.
~e preferred procedure involves the use of general circulation models which include a stratosphere and which generate diffusion coefficients and mean circulations from
radiation and boundary layer data as applied to the atmosphere on a spherical earth through
the equations of motion, continuity, state and thermodynamic balance. This approach truly
tries to duplicate nature. In doing so, it offers the possibility of explaining year-toyear changes. Indeed, the use of past radioactivity data to verify general circulation
models offers one of the more constructive uses of artificial and natural radioisotopes.
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Table I
Changes in Ideas about Stratospheric Fallout
Present Thinking

Original Ideas
1.

Except for differences in precipitation scavenging, fallout is
uniform. over the globe.

A pronounced temperate zone maximum
can be found in the hemisphere of
injection (northern) and a lesser
one in the other hemisphere (southern);
a minimum in the eg~atorial belt.

2.

Again,except for differences in
precipitation scavenging, fallout
is uniform throughout the yeax.

Fallout data reveal a spring maximum
and autumn minimum in the hemisphere
of injection (northern) and a lesser
one in the other hemisphere (southern).

3.

The mean residence time of stratospheric debris is almost the same
for any injection up to about 30

Evidence for residence time dependence
on the latitude and altitude of
injection is convincing.

kilometres.

4. The mean residence time lies in the
range of 5 to 10 years for injections

Fallout during the first year
following certain nuclear test
series suggests a mean residence
time of the order of one year or
less.

no higher than about 30 kilomet re s •

5.

The annual fallout from an arbitrary
injection into the stratosphere is a
very complex story. In some cases,
like very high altitude tests} there
can be no fallout during the first
year or two after injection.

First order kinetic theory as applied

to the fallout problem implies the
greatest fallout during the first
year following any test series.

Table

II

11-185 INVEW£ORY
(Megacuries

~

Corrected for Decay to August 1958)

---------------'Stratospheric Content--

_

Dcposit1.on

(to 21 kIn)
Fiducial Date:

Aug. 1958

Aug. 1959

Hay 1959

11ay 1960

Aug. 1958"Ju1y 1959

N. R.

40

11

18

3

30

S•. R.

19

6

9

4

11+

o 10 Depletion/Year

.

~.

N. H.

70

80

80

S. H.

70

6G

70
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Table III

NORTHERN

H~lISPHERE

SR-90 INVENTORY

From Arctic Fall 1958 Test Series

(Megacuries)
Stratospheric Content
December 1958
(to 21 km)

0.8

Deposition

(December 1958November 1959)
o

0.7

/0 Depletion/Year

90

Table IV
Str~tospheric Sr-90 Fallout, Northern Hemisphere

(Megacuries)
January Stratospheric
content below 17 km
(300 _900 N)

Fallout during year

0.7
l.0

2.0 (Predicted)
Table

V

SR-90 INVENTORY
(Megacuries)
Stratospheric Content

below 30 km

May

Stratospheric Content
below 21 km

Stratospheric Content
below 17 km

Deposited
following
12 months

(0_90°)

(0_90°)

0.50
0.44

0.25
0.25

0.07
0.06

0.22
0.15

0.38
0.38

0.24
0.24

0.08
0.08

0.22
0.17

(30-90°)

1960:

N. Hemisphere
S. Hemisphere

November 1960:
N. Hemisphere
S. Hemisphere
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30
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BEFORE MAR. 1961

• BEFORE MAR. 1961
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AUG.
• BEFORE MAR. 1961
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DEC. 1-18
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GRADUAL
JAN 18-2

VI

II::
1&1

APPEARANCE
BEGINNING
MAY 1960

....
1&1

JAN 21-FEB 15

2:

0
oJ
:l'

JAN 20-31

MAR 1-12

15

AFTER
APR 5 1960

•

x

x

AFTER

NOV. 1960

Appeared in tropospheric air
by April 1961

10

x

5

x

x

x

x

x

x

x

NORTHERN HEMISPHERE
Figure 1

Arrival times of radioactive debris injected into the high
tropical atmosphere (17°N,) 100 km) on August 12, 1958.
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SOME ASPECTS OF THE U.S.A. FALLOUT PROGRAMME

This paper treats a series of unrelated subjects of Joint interest to the meteorologist and the United Nations Scientific Committee on the Effects of Atomic Radiation.
The data and analyses derive from the work of many scientists in the U.S.A.
INVENTORIES OF LONG-LIVED ARTIFICIAL RADIOACTIVITIES

This section will present the global Sr-90 and

c-14

inventories. A fUll discussion

of results to January 1963 and an analysis of errors appear in Machta~ List and Telegadas
(1). Tables I and II repeat the information presented in this reference and add an inven-

tory estimate as of July and September 1963, the most recent date for which complete information on Sr-90 and c-14 respectively is available.
Table I lists the amounts of Sr-90 residing in various portions of the atmosphere
and on the earth's surface. The atmospheric inventory derives from an integration of the
appropriate section of Figure 1 in September 1963 or similar figures on earlier fiducial
dates. In general, it was felt that the true atmospheric inventory to 30 kilometres, nine
chances out of ten, lies within 50 per cent of the number given for the total in the atmosphere to 30 km. The accumulated world-wide deposition is based on the U.S. Department of
Agriculture - U.S. Atomic Energy Commission soil sampling programme (2) augmented by fallout measurements collected in the U.S. Atomic Energy Commission pot and iqp e~chaQge ~aiD
fall network (3). The random uncertainty in computing global fallout deposition is about
40 per cent (i.e., nine chances out of ten the true value will lie within 40 per cent of
the quoted number). However, measurements by Bowen and Sugihara (4) suggest that the techniques used to extrapolate fallout over land applied to a sea surface may grossly underestimate the oceanic fallout, On this account, it is likely that systematic errors in worldwide deposition will tend to make the reported numbers in line 7, Table I, too low.
The estimated local fallout is not a measured number. It comes rather from an
estimate made in early 1959,implying that the approximately 9.0 megacuries of Sr-90 produced to that date according to the U.S. Government (5) could be apportioned into equal
thirds; one as local fallout, one as world-wide deposited fallout and one as the then existing atmospheric inventory. Radioactive decay corrections, 2
per cent per year, bring the
local fallout to about two and one-half megacuries in the 1960-1963 period~ There has been
negligible local fallout since 1958.

t

The sum of atmospheric Sr-90, world-wide deposition, and local fallout add to the
"Total ll • FinallYJ the last line represents an estimate of the production of, Sr-90, corrected
for radioactive decay, as announced by the U~S.Government (5). The fission yield from
nuclear tests to the fiducial date have been converted to megacuries of Sr-90 assuming one
megaton of fission yield produces 0,109 megacuries ·of Sr-90 (6). Between May 1960 and 1961,
there was no significant injection of fission products. The decrease in both the Total
(observed) and the Cumulative Production, the last line, reflects radioactive decay, The
same is true for the Cumulative Production between Jan~Rry and September 1963, although in
this interval there is an apparent increase in the Total (observed). This discrepancy,
allowing for decay, is less than 7 per cent. If it is due to errors in analysis and observation, the discrepancy falls far below the 40 to 50 per cent ascribed to the components
of the total inventory~

156

SOME ASPECTS OF THE U.S.A. FALLOUT PROGRAMME

The extra fallout over the oceans over that extrapolated from land could reverse
the sense of the comparison between the Total and Cumulative Production. At this point
it is not worth while to attempt a quantitative estimate of a higher oceanic fallout. But
it can be stated that (a) a doubling of the deposition over the ocean and almost zero local
fallout will result in approximate equality between the Total and the Cumulative Production
and (-b) the higher fallout over the ocean deduced from the sea-water sampling at various
depths could lead to a greater Total than Cumulative Production even if the local fallout
were zero.
J

The main loss of Sr-90 between January and September 1963 in the lower stratosphere of the northern hemisphere took place in polar and temperate latitudes. For example,
peak concentrations at about 20 kilometres in January exceeded 3,000 dpm per 103 SCF (103
SCF equals 34.7 kilograms of
air) but decreased to below 2,000 dpm/l03 SCF in September.
Equatorial stratospheric and southern hemisphere stratospheric concentration~ have increased.
The pattern of changes between January and September suggest transfer from high concentratiqns in the northern polar zone towards lower concentrations of the southern hemisphere.
However, the increases in Sr-90 concentrations at the balloon sampling station at Mildura,
Australia (34°s) between 21 and 30 kilometres may also be a consequence of downward transfer from higher altitudes rather than of cross-equatorial mixing.
Figure 1 shows the distribution of Sr-90 concentrations in a pole-to-pole cross
section of the atmosphere to 35 kilometres. There are approximately 300 pieces of information derived from aircraft samples to an altitude of about 21 kilometres; most of these lie
above 15 kilometres and in the northern hemisphere. Unfortunately, radiochemical analyses
were available on only 80 of the 300 samples, gross beta activity measurements being completed on all of them. Consequently, it was necessary to convert the gross beta to Sr-90
concentrations using observed ratios of these radioactivities in adjacent areas.
Figure 1 reveals a maximum in the 20-kilometre level over high northern latitudes.
At San Angelo, Texas (3l0N), balloon samples register a two-to fivefold decrease from 20
to 30 kilometres, for example. Tropospheric concentrations at polar latitudes, 73°N, are
at least fivefold greater than those at temperate latitudes, 35°N. The c-14 concentrations
in the troposphere are also greater in polar than in temperate latitudes (Figure 2), though
the difference is smaller because older bomb c-14 remains as a background at both places.
This difference (also found at other times of the year) suggests that the main exit from
the stratosphere may take place in polar rather than temperate latitudes. TropospheriC
Sr-90 concentrations are also greater in the south temperate zone than at the equatorial
station.
Table II lists information similar to that found on Table I for c-14 attributable
to nuclear testing. The atmospheric inventories, with one exception, derive from an analysis of direct measurements. The oceanic uptake has been computed assuming that 20 per
cent -of the tropospheric bomb c-l4 content enters the oceans each year. It will be noted
in Figure 2, from which the July 1963 atmospheric values are derived, that there is no
balloon sampling point in the southern hemisphere. The parentheses about the southern
hemisphere 21 to 30 kilometres volume numbers emphasize the uncertainty in-this pal;'t of the
inventory. The last line, "Cumulative Production'l, represents the amount of c-14 which has
been created by weapon testing using certain assumptions. The total yield (fission plus
fusion) of air bursts in megatons (5) has been multiplied by 2 x 1026 in order to obtain
the number of c-14 atoms. It is assumed that for surface bursts only half as many of the
escaping neutrons convert nitrogen to c-14 as in air tests.
In November 1960 and May-June 1961, the Total (observed) and the theoretical Cumulative Production agree to better than 15 per cent. SUbsequent to the resumption of nuclear testing in 1961, the agreement deteriorates to 30-50 per cent. The poorer agreement
for the latter period may be due to inaccuracy of the conversion factor and/or to the possibility that a large bomb c-14 reservoir may still reside above 30 kilometres.
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1963.

Figure ? depicts the distribution of bomb c-14 in the atmosphere as of June-July
All of the data available for analysis on this fiducial date appear on the chart.

Many of the fe~tures found in Figure 1, the distribution of Sr-90 in the atmosphere, repeat themselves in the c-14 pattern. Peak c-14 concentrations are found in polar
latitudes at about 20 kilometres; the isolines of maximum c-14 concentration in the stratosphere slope upward from lower altitudes over the station at 73°N to high altitudes at 35°N
and lie above the top of the data at 9°N; and polar tropospheric concentrations exceed those
at other latitudes. On the other hand, the equatorial tropospheric station contains slightly
higher concentrations than does the southern hemisphere station. Further 3 the ratio of
stratosphere to troposphere Sr-90 concentrations is about tenfold greater than for c-14 concentrations. The latter difference finds its explanation mainly in the different tropospheric residence times.

ARTIFICIAL PRODUCTION OF CERTAIN RADIOISOTOPES
L

Be-7

It has already been shown (7) that the ratio of Be-7 to Sr-89 strongly points to
production of the former radioisotope. Peterson (8) has summarized the concentrations
of Be-7 during the period October 1959 - September 1961 3 when artificial contributions were
negligible 3 and from September 1961 through December 1962 3 using various American sources
of data (9-15). These are depicted in Figure 3 together with a set of isolines delineating
equilibrium concentrations. The latter assume that the production estimate for Be-7 by
cosmic rays3 as given by Lal (16)3 equals the radioactive decay of this 53-day half-life
radionuclide.
bo~b

It is to be noted in Figure 3 that on1y four numbers exceed the equilibrium values;
but in the nuclear testing period of September 1961 through December 1962 3 many samples do
so. It appears probable that nuclear testing represents the explanation for the increases
in Be-7 concentrations to levels beyond those produced naturally.
The stratospheric deficiency of Ee-7 below equilibriUm during non-testing periods
has been noted before. The simplest explanation for this may be given in terms of mixing
between the stratosphere and the troposphere 3 the latter having much lower concentrations
due to smaller production and faster removal processes. AlternativelY3 one may minimize
the effects of mixing but invoke a poleward meridional circulation in the lower stratosphere
transporting air from low towards high equilibrium concentrations. The two alternatives
or some combination demand quantitative analyses in order to select the proper transport
and diffusion mode.

2.

Pb-210

A controversy concerning the possible bomb origin of Pb-210 in the atmosphere has
raged ever since Burton and Stewart obtained their original stratospheric measurements in
1954-1956 (17). They did not view the marked increase in Pb-2l0 as due to weapon testing
although they suggested that the meridional circulation which they thought had transported
the bomb debris from equatorial latitudes in the stratosphere to England was also responsible for the transport of the Pb-210. The latter entered the stratosphere in an upward
drift through the equatorial tropopause either as natural Pb-210 or as radon-gas decaying
into Pb-2l0. SubsequentlY3 American measurements.in the temperate latitude lower stratosphere suggested a much less marked increase in Pb-210 concentrations passing upward through
the tropopause. Stebbins (18) argued that bomb production of Pb-2l0 was not unreasonable.
Hence one might contend that the U.K. measurements in 1954-1956 could be 3 in part 3 Pb-210
formed during the U.S. nuclear tests at Eniwetok Proving Grounds ia 1954.
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Peterson (8) compared the Pb-210 concentrations during the moratorium, March 1960September 1961, with those of September 1961 through December 1962 from various sources of
American data (10-15). The results appear in Figure 4.
JLn inspection of the stratospheric concentrations of Pb-210 suggests, on the whole,
that the numbers are larger during the testing period than during March 1960-September 1961.
One ought be cautious in drawing the conclusion of a bomb origin of the Pb-210 from this
comparison. The variability in the point-to-point concentrations is disturbingly large,
suggesting possible observational or analysis errors or unexpected production and/or removal
processes in the stratosphere.
The evidence of Figure 4 favours an artificial origin for some of the atmospheric
Pb-210 but the conclusion is not without doubts.
).

Cd-l09

The rocket shot of 9 July 1962 at Johnston Island~ Starfish Prime~ contained a
few tenths of a megacurie of Cd-109~ a 480-day half-life radionuclide (19). The explosion
took place at an altitude of about 400 kilometres and possessed total energy of 1.4 megatons. The cadmium experiment~ in a sense~ parallels the 12 August 1958 high-altitude
Orange detonation which produced Rh-l02. A large measure of credit for both of these must
be given to Dr. Marvin Kalkstein of the U.S. Air Force Cambridge Research Center.
Figure 5 presents time-altitude crosS sections based on Salter (20) at three locations; Alaska (6S0N) and northern U.S. (45°N); San Angelo~ Texas (31 0N); and Mildura~ Australia ()4°3). All Cd-l09 results have been corrected for radioactive decay to 9 July 1962.
The first arrival of Cd-l09 occurred at 30 kilometres at Mildura by December 1962. This
appearance at 30 kilometres at Mildura less than six mont~s after injection is consistent
with the rhodium experiment~ in which the first arrival was noticed approximately six
months after injection. This occurred at the highest sampling altitude (28 km) on 1 March
1959. In the case of the Rh-l02 experiment~ the high altitude debris was also believed
to be marked by high Ce-144 to Sr-90 ratios. The early detection of the Orange debris
resulted from the use of this ratio rather than Rh-l02. The Cd-l09 tracer was injected
at a higher altitude than the Orange cloud; the latter was believed to have been stabilized
at a height of somewhat over 100 km from a detonation at about 40 kin in contrast to the
cadmium cloud which began at 400 km. A comparison of first observed arrival times indicates that the greater initial altitude had little effect on its total transient time'to
balloon sampling altitudes. It is thus suggested that the early downward transfer of the
Cd-l09 was the result of the settling of particles and/or that the debris was transported
through the upper atmosphere by very rapid motions or fast mixing.
The greater concentrations of Cd-l09 at higher altitudes on all cross sections is
consistent with a high-altitude source. But the greater concentration at Mildura (51° of
latitude from the source) compared with San Angelo (14 0 of latitude from the source) may
come as a surprise. It has been argued that part of the nuclear cloud from the Starfish
Prime experiment was almost immediately transported to the conjugate point of Johnston
Island in the southern hemisphere. Thus~ for meteorological considerations on a time scale
of months~ the source may have been~ in part~ in the southern hemisphere. This transfer
to the conjugate point in the southern hemisphere probably did not occur in the case of
the Orange event. Unfortunately, there were no 21-30 km observations in the southern hemisphere soon after these tests for the comparative concentrations.
The very few measurements taken at the same time and altitude in the northern hemisphere support another previous finding from the rhodium experiment; concentrations are
greatest towards the poles despite a tropical latitude origin of the contaminant. Thus~
the concentrations at 45° and 65°N are consistently higher than at 31 0 N wherever values
are reported.
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Mn-5if

Since 1961 a series of radioisotopes has been observed in the atmosphere. These
are present in larger amounts than prior to 1961 or were either not present or not sought
for in earlier years. They are given in Table III (21).

In this section, a time-altitude cross section of the Mn-54 will be discussed. It
is assumed that all of the Mn-54 was formed in the autumn 1961 Arctic tests with an origin
date of 15 October 1961. In Figure 6, isolines delineate the concentrations at the two
stations
San Angelo, Texas ()lON), and Mildura, Australia ()4°8). The data are found in
(21) .
The figure reveals higher Mn-54 concentrations in the northern than in the southern
hemisphere station. Over San Angelo, Texas, the highest concentrations are located at
about 22 kilometres. There is a suggestion that a new influx of Mn-54 might be arriving at
very high altitudes in March 1963 (i.e., the

36

km sample). In July and August 1963,

the

32 kIn samples (not shown) continued the higher concentrations.
The difference in concentrations between hemispheres indicates a lack of rapid
transfer between the two sampling sites on a time scale of a year. Perhaps more surprising is the peak concentration at 22 kilometres rather than much higher. It has been argued
that Mn-54 might have been formed by the very high yield Arctic tests whose debris rose to
well over 22km. At this time, one may only speculate whether the observations are better
explained by a lower altitude of formation or a downward transport mechanism.
5.

Arctic Sr-90

In early 1962, it was relatively easy to compute the portion of the total Sr-90
attributable to the autumn 1961 Arctic nuclear tests from the presence of Sr-89. This proc~qqr~, ~~ige from errors of observation and radiochemical analysis, is subject to
two
sources of uncertainty. First, a single date of origin is normally attributed to all of
the Sr-89 whereas, in fact, Sr-89 was produced from 1 September through 4 November. Second,
a single act~vity ratio of Sr-89 to Sr-90 is assumed whereas different nuclear bombs produce
varying ratios. It is not believed that either of these uncertainties can seriously affect
the pattern of isolines given in Figure 7.
The initial source of the Sr-90 attributable to the 1961 Arctic series lies at
0
latitude 70 to 75°N in a vertical column extending from the troposphere to above 30 km. The
highest concentrations in the stratosphere in Figure 7 appear north of latitude 60 0 N with
two tongues of maxima extending southward. The lower, at about 10-15 lan, terminates in
the troposphere at about 3O o N. The second is more interesting in that it slopes toward
higher altitudes equatorward from about 17 kilometres in the temperate zone to over 20 lan
at lOON. This is the same slope, qualitatively speaking, given by the line of maximum
radiotungsten concentration (whose source was lION) and many other stratospheric tracer
distributions (22). The southern hemisphere concentrations confirm the picture previously
described for Mn-54; i.e., very little of the debris from the autumn 1961 Arctic test series
transferred into the southern hemisphere by March 1962.

TRANSFER FROM THE STRATOSPHERE TO THE TROPOSPHERE

One of the most exciting applications of radioactivity as a tracer of air movements
was a study by Professor E. Danielsen of Pennsylvania State University in which he was able
to track t~n layers of air from the stratosphere to the troposphere (23). Danielsen took
advantag~ of the fact that fission product concentrations are much higher in the lower stratosphere than in the upper troposphere. Thus, if he predicts certain regions in which stratospheric air invades the troposphere, these should be marked by much higher radioactivity
concentrations.
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Figure 8 is a series of schematic north-south cross sections through the atmosphere.
The sequence of patterns given in Figures 8a 8b and 8e depict the folding of the tropopause (the heavy line) in the course of the development of a storm; the minimum point normally lying, to the south-west or south of an eastward moving disturbance as ~';i::;wn in Figure9.
The thin lihes in Figure 8 are isentropic surfaces which :_·("I~·resent the surfaces along which
air parcels may be expected to move over a period of a few uays. The folding and extrusion
process accompanying the cyclogenesis draws stratospheric air toward lower altitudes and
effectively packs the isentropic surfaces together in the extruded region. In earlier years
the classical meteorological analysis called the zone of closely spaced isentropic surfaces
a frontal zone separating two air masses (Figure 8d).
J

Previous: analyses (24 and 25) have already strongly suggested the stratospheric
origin of the air descending as indicated in Figures 8c and 9. First, the air in these
layers was found to be so dry that the conventional radiosonde could, not measure the low
humidity; stratospheric air is that dry. Second, a quantity called potential vorticity, a
property of the temperature and wind structure, is also found to be much larger in the
stratosphere than in the troposphere. Characteristically, it had been found that the thin
extruded layers possessed potential vorticity more characteristic of the stratosphere than
the troposphere.
The relatively small dimensions of the extruded layers, the need to predict their
location many hours in advance and usual aircraft operating limitations all combine to make
the problem of' aircraft sampling within and on either side of the layer a difficult one.
Professor Danielsen with the devoted help of the Star Dust sampling team was able to obtain
several successful penetrations. One of these is described below.
Figure 10 depicts a cross section extending_ from NNW to SSE beginning at Winnemuca,
Nevada, on the left and ending at Albuquerque, New MeXico, on the right. The heavy line
separates tropospheric from stratospheric air including the extruded zone which extends downward from the usual stratosphere toward the ground. Just ahead of the ground level position
of the zone a dust storm was reported by the pilots of the sampling aircraft over New Mexico.
The air to the left (or north-west) of the extruded zone is colder than that to the right
(or south-east). The greatest horizontal temperature contrast takes place within the zone.
A marked horizontal gradient of wind speed through the extruded zone (with cyclonic shear)
was present. In fact, it is the combination of very large cyClonic shear and vertical temperature stability (temperature increase with height) which results in the conservation of
potential vorticity at tropospheric levels of air coming from the lower stratosphere.
Danielsen was able to tell the aircraft pilots how to locate the extruded zone using theiT'
ambient air thermometers and wind drift meters to pin-point the exact location of the zone
after predicting its approximate position.
The radioactivity concentrations are given as gross beta concentrations; numerically in Figure 11 and graphically in Figure 12. The aircraft traverses appear in Figure II
as the se~ies of horizontal lines with small vertical ticks with the arrows oriented in
the flight direction. The concentrations in the stratosphere lie in the range 92-208 dpm/
SCF (1 SCF equals 34.7 grammes of air). These may be compared both with the concentrations
within the extruded zone (20 - 88 dpm/SCF) and the much lower truly tropospheric values
(1.1 - 11 dpm/SCF). The concentrations of radioactiVity in the zone are only slightly lower
than those in the stratospheric air from which they are thought to originate but much higher
than the adjacent tropospheric values.
Figure 12 plots the integrated or accumulated amount of radioactivity on a filter
paper and outside air temperature v. time along the abscissa as the aircraft travelled
first south-eastward from cold towards warm air and then reversed its track between 20 and
212. High radioactiVity concentrations are denoted by a rapid increase in the integrated
amount of radioactivity (an almost vertical orientation of the trace). Low radioactivity
concentrations appear as almost horizontal traces.
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The aircraft encountered the extruded zone at about 1830Z when almost simultaneously the temperature and integrated radioactivity curves abruptly rose. The exit was
marked by the levelling off of both curves at about 1900Z. The re-entry from the southwest, from the warm side, took place shortly before 2200Z. At this time the pilot was
asked to undertake a special manoeuvre in order to collect a large filter sample. In the
course of this manoeuvre, the aircraft inadvertently left the zone as evidenced by the
temperature drop beginning just after 2200Z and with a tendency for the integrated radioactivity curve to level off. A few minutes later he re-entered the zone; the temperature
dropped once again and with it the radioactivity concentration rose once more. Finally~
at about 22l5Z~ the aircraft left the extruded layer on the north-west or cold side.
It is believed that Professor Danielsen1s evidence from Figures 11 and 12 together
with other such cases presents important reasons for believing that stratospheric air transfers into the troposphere by the postulated extrusion process.

A COMPARISON OF VARIOUS STRATOSPHERE TO TROPOSPHERE EXCHANGE MECHANISMS

There can be little doubt concerning the validity of the existence of the tropopause folding and extrusion process as described above. Similarly~ there can be equal
confidence in the validity of other mechanisms which exchange air between·stratosphere and
troposphere. In this section, the question of the quantitative contribution of each of
several t.ransfer processes in bringing Sr-90 into the troposphere is examined. The reader
should be aware, in advance of a presentation of the numerical values~ that some of the
mechanisms are grossly oversimplified (some to the point of unreality) and that numbers
used as parameters may be grossly in error.
The summarizing table (Table IV) represents a first crude attempt to make a quantitative comparison of the amount of Sr-90 transferred to the troposphere by each of five
processes. The total deposition of Sr-90 during the indicated six-month period~ ~ 0.20
megacuries~ is probably correct (considering random errors only) to ~ 0.10 at the 90 per
cent ·confidence level. The UgFeateF thanl! sign.(
refeJ:?s to the .fact that the ocean
fallout has been extrapolated from land stations; if there is indeed more ocean fallout~
then the true fallout must exceed 0.20 megacurles.

»

In Table IV~ one ought to compare the calculated exit in the last line with the
0.20 megacuries just noted. In two models, the calculated exit falls short of the 0.20
megacuries wh~le in three models~ the calculated exit about equals the observed fallout.
Certain cautions concerning the reality of each of the models are in order :

(1)

Vertical mixing

It is very likely that the use of a gradient transfer mechanism described bya
single value of the coefficient of vertical diffusion misrepresents the true transfer
processes in the atmosphere. Probably, the main transfer (Which justifies a number as
large as 104 cm2 sec-I) occurs through synoptic scale eddies which are not necessarily
statistically random. The substitution of a coefficient of eddy diffusion for the real
mechanism responsible for the transfer to derive a flux through the tropopause may tend
to obscure the truth.

(2)

~~:~~~~~~~_~~~~~_!~:~~~_!~:_!::~~~!?~~~~_~~~~11

The comments under (1) above apply equally to the use of a diffusion theory to
horizontal mixing through the tropopause rt gap". The 11 gap lt often coincides with the core
of the jet stream. If significant horizontal mixing were present~ as postulated~ the
intense gradients of vorticity or momentum either could not form or would be quickly
dissipated.
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(3)
It Should be noted under this item that there is no reason why the air under the
"1iftedll t-:"opopause must be the same air which was in the stratosphere prior to its rise
in elevatinn. Further, the tropopause rises in consequence of atmospheric processes. This
model, again, hides the more fundamental features in atmospheric behaviour.

(4)

Vertical movements

The magnitude of the average descending motion taking place through one-half of
the northern hemisphere over a six-month period would be about 2 x 10-2 em sec-I, a value
VITlich might be considered to be reasonable. It remains to be demonstrated that such subsiding motions really exist. If the Sr-90 descends in consequence of its gravitational settling,the particle size (2-3 microns) far exceeds that which has been observed in most
stratospheric ~~~pling.

(5)

~~~~~_~~~~~~~~
The input parameters listed in Table IV are taken from Staley (25).

The first two diffusion mechanisms produce exit numbers about equal to the observed
fallout. The real transfer mechanisms are replaced by a classical, but probably inapplicable,
diffusion formula. It is true'that the arbitrary parameter, the diffusion coefficient, was
selected on the basis of other knowledge. But, on the other hand, a number differing by
that quoted for the diffusion coefficient by a factor of two or three would probably be
equally acceptable.
Fallout computed from the vertical movements also suggests agreement with the
observed deposition. The descent rate, 5 kilometres over 6 months, was specifically chosen
to obtain a fit between the exit and fallout amounts; the descending motion Was not estimated from. independent data.
The lifting of the tropopause releasing stratospheric air to the tropopause and
the dynamic extrusion proqess appear to fall short of explaining the total fallout. It may,
perhaps, be more a coincidence that the postulated dynamic extrusion process appears to
withdraw about as much air from the stratosphere as is observed to leave when the tropopause rises during the first six months of the year. The fact that the arithmetic given
in Table IV fails to support the dynamic extrusion process as providing all or most of the
fallout should not in itself be taken literally in the light of the many uncertainties in
all numbers. However, there is a further aspect which may support the negative arguments
against the predominance of this process in transferring Sr~90 out of the stratosphere.
Figure 2 and many similar tropospheric patterns suggest higher concentrations in polar
aO'-75'N) than temperate (3Q'-35'N) latitudes. One may be led to infer from this that the
exit into the troposphere takes place primarily at higher latitudes. Many meteorologists
feel, on the other hand, that the temperate zone0:l° _50 0 N) contains the majority of cases
of dynamic extrusion. If this thesis is correct, dynamic extrusion might be objected to
as the major contributor to Sr-90 stratospheric fallout both on the grounds pf inadequate
amounts (Table IV) and improper location.

MESOSCALE VARIATION IN Sr-90 DEPOSITION AND RAINWATER CONCENTRATIONS

The Illinois State Water SUrvey at the University of Illinois in Urbana, Illinois,
has been studying the mesoscale variation in Sr-90 deposition and rainwater concentration
under contract to the U.S. Atomic Energy Commission. The results for two storms in July
1962 are presented below (26).
The purpose of this discussion is to shed light on the natural variations in Sr-90
deposition and rainwater concentration on the space scale of a few miles to a few tens of
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miles averaged over an individual rainstorm and to note correlations between fallout and
various measures of rainfall.

Two sampling networks appear in these figures; a larger one in Figure 13 and on
the right-hand side of Figure 14 and a smaller one on the left-hand side of Figure 14. The
storms involving the passage of a series of intense thunderstorm cells produced great
amounts of rainfall in short periods (over 5 em in a few hours). The spatial distribution
of rainfall may be found in Figures 13b and 14e.
It is apparent in Figures 13 and 14 that station to station differences in both
the Sr-90 deposition and in rainwater ?oncentration distribution exist in both networks
independent of their scale. This is not surprising in the light of the marked spatial
variability in rainfall amounts.
J

Again, dealing wLth the two individual storms, Table V shows the correlation of
Sr-90 deposition and rainwater concentration with various measures of rainfall. The best
correlation coefficients may be found between Sr-90 deposition and the total storm rainfall.
The correlations between rainfall elements and Sr-90 concentration in rainwater are both
low and reverse sign between the two storms. This latter result reflects the complex nature
of the condensation and precipitation mechanism superimposed on changes in Sr-90 concentration with time and space.
If one has, as is usually the case, many more measures of rainfall than Sr-90 deposition, then the most reliable interpolation or extrapolation scheme from the single (or
limited number) Sr-90 measurement uses the total storm precipitation as the scaling factor.
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Table I
GLOBAL Sr-90 INVENTORY
(megacuries)

May 1960

May 1961

April 1962

Jan. 1963

Sept. 1963
(prelim. )

0.25
0.25

0.22
0.12

1.11
0.13

4.51
1.21

2.61
1.22

to 21 kin
21-30 kin

0.25
0.19

0.26
0.12

0.21
0.05

0.42
0.10

0.70
0.43

TROPOSPHERE

0.03

0.03

0.16

0.32

0.20

STRATOSPHERE
N. hemisphere
to 21 kin
21-30 kin

s.

hemisphere

Total in atmosphere
to 30 kin

1.0

0.8

1.7

6.6

5.2

World-wide deposition 4.3

4.2

4.9

5.8

8.0

Estimated local fa1~ 2.6
TOTAL (observed)
7.9

2.5

2.5

2.4

2.4

CUMULATIVE
PRODUCTION

8 .8

7.5

9.1

14.8

15.6

8.5

11.1

19.1

18.9

Table I I
GLOBAL EXCESS c-14 INVENTORY
(102 7 atoms)

November

1960

1961
May-June

N. hemi sphere
to 21 kin
21-30 kin

2.0
1.2

2.4
1.7

14.2
6.0

15.0
6.5

S. hemi sphere
to 21 kin
21-30 kin

1.7
(0.9)

1.7
(1.5)

2.1
(1,3)

3.2
(1.3)

TROPOSPHERE

10.5

11.8

24.5

28.4

PRELIMINARY

1963
March-April

1963
July

Total in atmosphere

to 30 kin
Oceanic uptake

TOTAL (observed)
CUMULATIVE

PRODUCTION

16.3

19.1

48.1

54.4

5.1

6.2

12.1

13.4

21.4

25.3

60.2

67.8

24.3

24.3

91.7

91.7
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Table III
Radioisotope

Half-life

(3) Mn-511-

)10 days

(11-) Fe-55

968

days

60 days

(1) Sb-1211-

1011- days

(2) Y-88

Table IV

Quantitative Estimates of Stratosphere to Troposphere

Exchange in 1960 and 1961
The Computed Northern Hemisphere Fallout for Either January - July 1960 or 1961
is 2:: 0.20 Megacuries of Sr-90

Gradient across

Vertical mixing

CALCULATED EXIT
(MEGACURIES)

ASSUMPTIONS

MODELS

tro~opause

= 20 dpm/10

3

scf/km

duration 6 months over 1/2 the area of the northern
Kv = 104 cm Z sec -1

Horizontal mixing thru
tropopause " gap ll

January to July
lifting of tropopause

Gradient thru

Depth

~ =

II

gap"

40 dpm/lO

3

scfl450 kIn

0

=

5 km extend 200 around globe
Z
9
2 X 10 cm sec-I; duration 6 months

8 X 10

7 X 10

19
19

gm of air are exchanges of Hhich
0
gm lie in the 30 - 500 belt;

concentration = 50 dpm/lO

3

0.24

0.05

sof

Vertical movements
(settling of 2-3p
particles)

Particles settle thru 5 km in 6 months

Dynamic -extrusion

motion

thru 1/2 of Northern

0.24

hemisphere

Ha~isphere

5 starns at any instant each with a descending
= 10 cmlsec over of 20,000 km2 at 500 mb
3 .
concentration = 50 dprn 110 scf; duration 6 months

0.20

0.07
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Table V

CORRELATION

COEFFICIENTS

STORM OF JULY 2-3, 1962
Sr-90 CONCENTRATION VS. TOTAL STORM RAINFALL

0.28

Sr-90 CONCENTRATION

0.20

VS. RAINFALL DURATION

Sr-90 CONCENTRATION VS. MAXIMUM 2-HOUR RAINFALL

-0.16

Sr-90

DEPOSITION

VS. TOTAL STORM RAINFALL

0.87

Sr-90

DEPOSITION

VS. RAINFALL DURATION

0.62

Sr-90

DEPOSITION

VS. MAXIMUM 2-HOuR RAINFALL

0.49

STI?RM OF JULY 22, 1962
Sr-90 CONCENTRATION VS. TOTAL STORM RAINFALL

-0.23

Sr-90 CONCENTRATION VS. MAXIMUM 30 MINUTE RAINFALL

-0.15

Sr-90 CONCENTRATION VS. RAINFALL DURATION

0.48

Sr-90

DEPOSITION

VS. TOTAL STORM RAINFALL

0.71

Sr-90

DEPOSITION

VS. MAXIMUM 30-MINUTE RAINFALL

0.78

Sr-90

DEPOSITION

VS. Ril.INFALL DURATION

0.61

(ILLINOIS

STATE WATER SURVEY)
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Figure 3 - Two pole-to-pole atmospheric cross sections of beryllium-7.
The upper cross section depicts average conditions (nunerical values above the dots) during a period in which
bomb-produced beryllium-7 must have been negligible. The lower figure presents a pattern which
could have been influenced by bomb-produced beryllium-7. The equilibriwn concentrations asswne
that the cosmic ray production of beryllium-7 exactly equals the decay of the radioisotope.
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Figure 4
Two pole-to-pole atmospheric cross sections of lead-210.
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section depicts average conditions (numerical values above the dots) during a period in
which bomb-produced lead-210 may not have been significant.
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a pattern which could have been influenced by bomb-produced lead-210.

SOME ASPECTS OF THE U.S.A. FALLOUT PROGRAMME

171

Cd-I09 (d/m/1000 sef) 7/9/62
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Figure 5
Time-altitude cross sections of cadmium-log. Cadmium-109
was created in a high-altitude rocket nuclear detonation
on 9 July 1962 at Johnston Island.
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SOME ASPECTS OF THE U.S.A. FALLOUT PROGRAMME

IIIIi
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a
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Figure 8
North-south atmospheric schematic cross sections according to Danielsen.
The clear area represents the troposphere; the shaded area stratospheric air.
The
thin lines indicate isentropic surfaces.
Air parcels moving without gain or loss of
heat maintain a constant potential temperature or remain on the same isentropic
surface.
Figures a-c reflect Dani-eIsen1s interpretation of,the zone of closely
spaced isentropic surfaces; Figure d depicts the more conventional analysis.

A three-dimensional view of air descending out of the stratosphere in
Figure 9
The thin lines in the horizontal plane are the isobars on a
the extruded layer.
surface map; the L and H being the centres of low and high pressure respectively.
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FIgure 10

Ari atmospheric cross section extending from north-west, on the left,
toward the south-east, on the right.
Heavy lines separate tropospheric from stratospheric air masses, thin lines are isentropic

lines or lines of equal potential temperature in oK and dashed lines
are isotachs or lines of equal wind speed in lmots.
Note that the
cross section starts at 11,000 feet or about 3.5 kilometres.
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An atmospheric crOBS sC!C'tloll with Lhe saJlle co-ordinates as FigUl'e 10.
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Heavy

J ll. 1 6caLc:::; t}[l?which blows roug})ly perpendicular to the cross section (from "tho"

tropospheric

from

stratocphcl'lc

air mass';O's,

the 5ymbol

1!

centl·c of the Jet stream
and the thin Llnes w1th t:lcks sho\'f the aircraft tracks (i:he arrOWI, are ori-entctl
aloHE Lhe direction of flight).
Swnples collected above about 27,000 feet were obtmlwd
by D-57 aircraft; tl10se below by t\'lo B-50 aircraft.
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Figure 12
'I'he time hist-ury of temperature imd acclllllulated l'adioacUvl.ly
(1n CQUntfl pel' llIinub;!) of the #2 B-50 aIrcraft 'I'lhose track appear;, on
Figui'e 11.
A steep slope of the integrated act:l.vity trace IflCDJ1S Lhat the
r,qriioactlvity concentration was high. 'l'he aircraft reynrscd i tfj -tra-ck bct1'1l"~n
20 and 21Z. Figures 8 through 12 1nclusive m'e takell from D<uijel~~0n (23).
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STORM OF JULY 22, 1962
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Figure 13
The strontium-gO rain-water concentration (a), the total storm
rainfall (b), and the strontium-90 deposition (c) collected
during a storm in Illinois on 22 July 1962 (26).
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STORM OF JULY 2 - 3, 1962
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The

strontium-90

deposition (c),

rain-water

concentration

and total storm rainfall (e)

(a)j

strontium-90

collected during a

stann in Illinois on 2-3 July 1962 in two adjacent networks (26).
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SOME REMARKS WITH RESPECT TO THE RIGH RADIOACTIVITY IN WESTERN EUROPE
DURING NOVEMBER 1962

In the first half of November 1962 high values of the gross radioactivity were
observed in western Europe. In Norway concentrations of approximately 1,000 pei/m3 were
recorded. High values were also measured in Sweden. However, not only in Scandinavia but
also in Austria, Western Germany, the Netherlands, Belgium and France, high values were reported.

Hvinden (1963) described the situation in Norway; Grliter (1963) noted values of
over 50 pei/m3 in Western Germany (MUnster) and Preining and others (1963) reported values
close to 100 pei/m3 in Vienna.
It is highly probable that the radioactive debris originated from one of the U.S.S.R.
nuclear devices which were detonated in Novaya Zemlya and in Semipalatinsk or Central Asia
during the last days of October or the first days of November.
According to the decay curves which were made by several investigators and which
were studied again by us~ it is most probable that the radioactive material stems from an
intermediate yield test which took place on 29 October 1962 near Novaya Zemlya.
On the assumption that all artificial radioactive material which was measured in
western Europe originated from this test, we have reduced the reported values in pCi/m3 with
the t- l • 2 _law to one date, namely 5 November 1962, which then gives us an opportunity to
study the distribution and motion of the material much better than when such a procedure is
not followed.
Figures 1-9 give a picture of the development of the situation.
On 5 November high values were already reported over southern Sweden, with two isolated spots of values over 25 units (pCi/m3 reduced to 5 November 1962) in France. On the
6th the values over southern Sweden increased to 125 units and the area covered with values
over 25 units increased considerably in size, not only over Scandinavia but also in southern
Europe, where values over 25 units were also reported from the Iberian peninsula. The general level of the radioactivity increased over all western Europe, especially in southern
Scandinavia, the Low Countries, Western Germany, France, Spain and Portugal.
On the 7th the highest values were observed over the Scan~inavian mountains, but
also over southern Sweden the values were high. The gradients of the concentration along
the Norwegian West coast were extremely steep. Over the Low Countries, the Rhineland area
and France and also over the southern part of the Iberian peninsula a large area of values
over 25 units was observed.
On 8 November the values were very high over the Scandinavian mountains and the
area of high concentration spread northward along the coast of Norway. High values were
observed in Austria and the area of over 25 units over Spain spread eastward over the Mediterranean.
On the 9th again extremely high values were observed along the Norwegian coast and
the impression was obtained that the area of high radioactivity moves towards the sea. A
region of high values was situated over Denmark and this area of high values seemed to become
enlarged towards the south-west. The southern maximum has now disappeared.
On the 10th the Norwegian maximum still seemed to move further towards the sea. In
the area of high values which moved further south-westward values of over 100 units appeared.
There was a new Mediterranean maximum.
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On the 11th the maxima ,oVer the Rhineland and southern Italy intensified.
The 12th Showed the disappearance of the high values over southern Norway.
Rhineland maximum was then connected with a maximum over western France.
over

25

The

On the 13th the pattern was somewhat erratic. With the exception of a few spots
units the regime of the high values disappeared.

*

*

*

The occurrence of, an e~treme case of contamination in a peripd which falls about
one to two weeks after an explosion require~ further investigation.
"The questioh arises whether the radidactive material has originated in the troposphere an4 has been transported in the troposphere from the area of detonation to western
Eur~pe.
Some preliminary .inve$tigations of trajectories at the 500 mb level shoW that this
is not_ impossible. The mater~al would then h~ve invaded western Europe from direction~
between south and west. However, if the transport had taken place in this way with continuous turbulent diffusion downward, it is likely that high values would also have been
observed at other places. Unfortunately we could for the time being only consult the values
of the 80th meridian U.S. Naval Research Laboratory network, which gives only averages over
periods of about one week. It appears that neither Thule, Moosonee nor Washington record
conspicuously high values. There is a good rise in Miami, to average values of approximately
20 pCi/m3 , , but there is nothing so excessive as in western Europe.
The question then arises whether the material originates from the-stratosphere.
If this is the case~ we have, in discussing the ,path, to deal with three factors, namely,
the transport in the stratosphere, the exchange process stratosphere-troposphere and the
transport in the troposphere. It is interesting to realize'that we are used to thinking
of a stratospheric-tropospheric exchange in terms of relatively old radioactive debris
which is transported from an already thoroughly mixed stratosphere to the troposphere. In
our case, however, we are probably dealing with the dumping of a large quantity of fresh
material into the troposphere.
A preliminary study of the trajectories in the stratosphere shows that it is not
unlikely that the debris from the Novaya Zemlya test on 29 October will arrive in western
Europe and the adjacent North Atlantic around the second pentad of November.
Now the meteorological situation in this area on 4 November was extremely favourable to the exchange between stratosphere and troposphere, since there exists at 300 mb over
the area of the British Isles a cold trough which extends southward towards Spain. A strong
north-westerly jet stream is present over the Atlantic; it bends southward and then over
Portugal northward over western Europe (Figure 10). The tropopause level on the left-hand
side of the jet-stream is low, on the right-hand side high. The height differences are
1,500-2,000 metres over a distance of 200-300 km, which indicates a large gap in the tropopause.
On the 6th (Figure 11) the trough moved somewhat westward and a separate upper cold
low is present over the Bay of Biscay. There is a pronounced jet around the system.
On the 8th (Figure 12) the cold low moved to Spain. The jet-stream situation continued over western Europe. On the lOth (Figure 13) the low and the jet moved eastward.
An interesting point in the concentration figures is that the high values are
found on the right-hand side of the jet and that generally speaking the low values are
present over the British Isles.
The transport of the material in the troposphere asks for a detailed study of the
isentropic surfaces and also of the possibilities of vertical mixing by turbulence and subsidence.
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There are many other points that call for a detailed investigation, such as for
instance the influence of the Scandinavian mountains on the radioactivity patterns, the
changes of radioactivity with frontal passages, the apparent movement of the maxima against
the surface wind, etc.
We hope to collect some further data from other areas and to intensify our study.
The main aim of this contribution has been to express our doubts about the general
validity of the statement which is found in paragraph 54 of Annex F of the previous report
of UNSCEAR to the seventeenth session of the General Assembly, namely:

llIn view of the large amount of work that has been done the world over in measuring
totalP-activity of air (and rain) one might express the hope that the general uselessness of total ft· -measurements might be more widely realized and modifications
introduced in future measurement programmes so as to yield meaningful results. 11
We believe that all possibilities of improving our knowledge of the behaviour of
radioactive matter in the atmosphere should be used and that the meteorologist in many cases
will obtain useful information from total p,-activity me&surements which are so easy to
perform.
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The distribution of total ~ -activity at the surface on 8 November 1962.
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The distribution of total 13 -activity at the surface on 9 November 1962.
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The distribution of total ~-activity at the surface on 10 November 1962.
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Figure 10
Air flow at 850 mb (altitude approximately 1,500 metres) and
300 mb (altitude approximate;Ly 9 kIn) on 1+ November 1962.
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Contours 850mb (gdam)

Figure II
Air flow at 850 mb (altitude approximately 1,500 metres) and
300 mb (altitude approximately 9 krn) on 6 November 1962.
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Figure 12
Air flow at 850 mb (altitude approximately 1,500 metres) and
300 mb (altitude approximately 9 km) on 8 November 1962.
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Contours 300 mb (9 dam)

Figure 13
Air flow at 850 mb (altitude approximately 1,500 metres) and
300 mb (altitude approximately 9 km) on 10 November 1962.
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Figure 14
Air flow at 850 mb (altitUde approximately 1,500 metres) and
300 rob (altitude approximately 9 km) on 12 November 1962.

