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ABSTRACT

We undertook the study of the diffusion of radon, thoron and their radioactive daughter
products in the lower strata of the atmosphere in relation to the variations of certain
meteorological parameters, with the object of a possible future application to the
measurement of the pollution and the diffusion of the air. We give the results of
measurements which we have taken between 0 and 30 metres in altitude for the study
of the vertical distribution of natural radioactivity, and in different regions in order
to define the influence of certain local parameters.

The study of vertical distribution is carried out at the National Meteorological
Observatory in Magny-les-Hameaux (Seine-et-Oise). A tower 30 metres high permitted
us to take air samples continuously at several heights above the ground. We measured
simultaneously the concentrations of radon, thoron and the daughter products of
these gases. The variations in the concentrations and in the radioactive equilibrium
between gas and daughter products are related to the variations of meteorological

parameters and, in particular, to the diffusitivity of the air.

Introduction

The existence of radioactive elements, sus-
pended in the air, certain of which can be easily
identified, suggests their use as tracers for the
study of certain problems of atmospheric
physics. Natural radioactivity originating in
the earth’s crust, i.e., isotopes of element 86
and their radioactive daughter products, which
are gaseous elements or very fine particles, are
diffused in the atmosphere as are the other
constituents of the air. They can consequently
be useful for the measurement of stability and
turbulent diffusion.

With this objective in mind, we undertook a
study of the diffusion of radon, thoron and their
daughter products in relation to the variations
of certain meteorological parameters. These
elements, besides having the above mentioned
properties, also have the advantage of common
origin, i.e., the ground, and very different radio-
active periods. Radon has a half-life of 3.8 days:
it gives birth to elements which can be grouped
approximately into two groups: short-lived
elements with apparent half-lives of 40 minutes.
The latter in disintegrating give long-lived
elements, RaD and RaF, the respective half-
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lives of which are 22 years and 140 days.
Thoron, which is an isotope of radon, has a
half-life of 54 seconds. Its daughter products
have a half-life of 11 hours.

The concentrations of these gases or particles
vary differently according to the time since
their formation and it is interesting to study
the evolution of their concentrations in relation
to the distance from the source of radon or
thoron, i.e., in relation to the height above the
ground.

1. Theory of the diffusion of natural radio-
activity

Radon and thoron are formed in the ground.
They are set free in the atmosphere where they
bring about a series of radioactive daughter
products which are rapidly fixed on the dis-
persoids of the air. The action of gravity on
these particles imparts to them a sedimentation
speed v. Moreover, certain atmospheric phenom-
ena (rain, snow etc.) bring about the precipi-
tation to the ground of a part of the aerosols.
One calls 1 the wash-out constant which can be
considered identical for the various natural
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radioactive elements independent of the altitude,
at least in the lower layers.

The diffusion of gas and different daughter
products is generally represented by this equa-
tion for an element 4 with a concentration @
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U,, U,, U,, are the 3 components of the wind.

ky, k,, k, are the coefficients of diffusion ac-
cording to the three components z, ¥ and z.

A, is the radioactive constant of the 7tn daughter
product.

z represents the altitude above the ground.

Some hypotheses make it possible to simplify
this equation:

(1) One takes x parallel to the average wind
direction.

(2) v being of the order of 1 m/h for particles
of the order of a micron, the term v(8Q,/a,)
can be neglected.

(3) One examines the phenomena in steady
state, i.e., 8Q,/at =0.

(4) The emanation above the ground is taken
as uniform in the z, y, plane, there is no hori-
zontal gradient
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we thus obtain the following system of diffe-
rential equations.
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for the radioactive gas2s; and for the daughter
products:
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Two important points complicate the search
for the solution: The definition of conditions
at the limits and the form of variation of k,
with the altitude.
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Conditions at the limits

For the gases, the conditions at the limits
are easy to establish., The flux which crosses
the surface of the ground is Z,.

for the daughter products, one still has

Q—0 for

2—00.

The second condition is more difficult to
determine. In fact, the aerosols reaching the
ground have a quite large probability of settling
there. Let P be this probability (0 <P <1) from
which it results that the flux to the ground
of daughter products is negative. The simplest
hypothesis in expressing this flux is to say
that it is proportional to the aerosol concentra-
tion at ground level. In this case we can write:

aQ\
(kz dZ)sz—PaQi,

where « is a scale factor whose dimension is
L~-*T-! and which has to be examined experi-
mentally. As for P it seems probable that it is
equal to 1.

Form of variation of k,

Numerous hypotheses have been made re-
garding the form of variation of the diffusitivity
with altitude. A first approximation consists in
considering k, constant in relation to the alti-
tude, cf. HEss (1918), FonTaN (1964). Others
have adopted different laws of variation, cf.
Scamipt (1923), PriesscH (1931), MALAKHOV
(1959), Jacos1 (1963). In particular, Jacobi has
calculated numerically, for gases and different
daughter products, the variations of concentra-
tion with altitude for different profiles of k,.

We shall not go in detail into the various hypo-
theses and their justifications. It can be said
that outside of the friction layer where k, is
quite large, the variation profile of diffusitivity
is connected approximately with the profile of
the wind through correlations such as those
given by SuTtroN (1960).

In the boundary layer, the local meteorolo-
gical parameters have a great influence on the

Tellus XVIII (1966), 2



DIFFUSION OF RADON AND THORON

profile of k,. In one of the first stages of our
study of the diffusion of the natural radioac-
tivity of the air, we studied the relation between
the distribution with altitude of concentrations
of different natural radioactive elements and
the meteorological parameters, thermal gra-
dients, speed and direction of the wind, tem-
perature and humidity and precipitation.

2. Measurement of the vertical distribution
of natural radioactivity in the lower layers

From the earlier work on this same problem,
we shall mention that of SisiGINA in the USSR
(1964) who measured the distribution of radon
between 0 and 300 metres altitude. Sisigina
adsorbes radon on active carbon and measures
the concentration gradients which permit him
to define a series of air layers in which he
determines an average diffusion coefficient.

SERVANT (1964) and SERVANT & TANAEVSKY
(1961) measured the concentrations in daughter
products of radon at different altitudes of the
meteorological tower of Saclay and of the Eiffel
tower. Moses & Lucas (1960) at the Argonne
National Laboratory in the U.S.A. measured
radon between 0 and 40 metres by adsorbing
it on silica gel.

Measurements of the concentration of radon
were made at greater altitudes with the aid
of airplanes by several investigators (KI-
RICHENKO, 1962, in the U.S.S.R., MAcCHTA,
1960-1962, and WILKENING, 1956, in the U.S.A.

We, for our part, are interested in the
boundary layer between 0 and 30 metres and
we have measured simultaneously in a con-
tinuous manner the concentrations of radon,
thoron and short-life daughter products of
these two gases, at two heights above the
ground. These measurements make it possible
to examine the concentration variations of
different elements at the two levels.

3. Description of the experimental device

The experiments took place at the Magny-
les-Hameaux National Meteorological Obser-
vatory (Seine-et-Oise). The land is relatively
flat with low obstacles on the ground. A 30
metres high meteorological tower made it
possible to take samples at 1.5 and 30 metres
above the ground. The devices taking the
samples at the two altitudes are identical. We
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shall briefly go over the principle and the
characteristics (15, 18).

(a) Measurement of the concentration of gases

The air which is to be analysed for gas con-
centration is cleared of all its atmospheric
aerosols by filtering. It then goes into a dis-
integration chamber where a part of the gas
decays. The daughter products thus formed are
collected and their « and § activities are meas-
ured with two scintillation detectors placed
above and below the filter. The daughter pro-
ducts of thoron are separated from those of
radon by an electronic coincidence. The «
particle of the ThC’ is emitted with a period
of 0.3 microseconds. A coincidence selector with
a resolving time of a microsecond makes it
possible to eliminate the a particles emitted
more than one microsecond after a f§ particle.
The RaC’ of which the period is 1.6-10-¢ second
is thus eliminated. The number of coincidences
gives the activity due to thoron. The « activity
makes it possible to deduce the concentration
of radon in the air. These devices make it
possible to detect 1.4-10-% Cijl of radon and
5.5-10-1% Cifl of thoron. The latter value cor-
responds to a sampling time of 12 hours. For
an integration time of 2 hours, the sensitivity
is 2.5-10-1¢ Cji/l.

(b) Measurement of the activity of atmospheric
aerosols

Atmospheric aerosols are collected directly
on a fiber filter. The activity due to the daughter
products of thoron is separated from that due
to the daughter products of radon as in the
preceding case. The sensitivities are 10-¢ Ci/l
for the daughter products of radon and 4-10-%7
Ci/l for the daughter products of thoron. This
value is not more than 2-10-1¢ Cji/l for a sam-
pling time of two hours. Afterwards we shall
design all the daughter products of Rn by RaB
and RaC.

(¢) Measurement of meteorological parameters

The temperature under shelter, the speed and
direction of the wind, the ground evaporation,
the relative humidity, and the thermal gradient
between 20 and 30 metres are measured by
National Meteorology Department.

4. Experimental results

The vertical distribution of elements consti-
tuting natural radioactivity is, as we have just
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seen, a function of the diffusitivity of the air
which ig itself related to meteorological para-
meters. By means of examples we are going to
show some relations between the local meteoro-
logical parameters characteristic of the stability
of the atmosphere, and the concentrations
which we have measured at different levels
above the ground.

1. Daily variations of the different elements

In figure 1 (a, b) can be seen a frequent case
of daily variations of the main elements and
of their relations to the meteorological para-
meters. The thermal gradient is periodically
positive, negative or zero, without ever reaching
any large values. The similarity can be seen
between the curves giving the concentration
variations of radon and daughter products of
radon and thoron, and those giving the meteoro-
logical parameters: relative humidity and
thermal gradient. The temperature under shelter

4 10 12 14 16 18 20 22 24 2 & €

8 10 12

— — 12/3/65 TIME IN HOURS
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varies in the opposite way from the previous
cases.

The concentrations of radon and of the
daughter products of radon and of thoron are
approximately the same at the two levels. The
unbalance, greater at 1.5 metre than at 30
metres between radon and its daughter pro-
ducts, is low. Thoron having a shorter period
shows different variations from those of the
other radioactive elements. The concentrations
which we are indicating are integrated over two
or three hours. It is thus not possible for us to
keep up with the rapid variations of the thoron
concentrations. As shown by IsraeL (1963)
experimentally, and by Jacosr (1963) theo-
retically, the variations are different according
to the altitude at which one makes the sampling.
The ratio of the concentrations between 1.5
and 30 metres becomes lower as the turbulence
becomes greater. Supposing a linear variation
of k, with the altitude between 1.5 and 30
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metres, the concentration ratio at these two
heights above the ground indicates that at

z = 1.5 metre, k, varies between 1 and 10-! m?/s

throughout the day.

At 1.5 metre above the ground one observes

a maximum followed by a decrease in the con-
centration of thoron while the stability of the
atmosphere between 0 and 1.5 metre increases.
In fact, when the atmosphere becomes very
stable, thoron disintegrates before having dif-
fused up to 1.5 metre. By assuming a linear
variation of k, between 1 ecm and 1.5 metre,
this maximum corresponds to %k, 10-2 m?/s at
1.5 metre.

Figure 2 shows the variations of radon and
thoron compared at 1.5 metre. The concentra-
tion of thoron reaches a maximum and then
diminishes, whereas the concentration of radon
continues to increase, which shows clearly an

increase in the stability of the air. Figure 3
(a, b) gives the corresponding recordings of

radon and its daughter products at 30 metres
and the meteorological parameters.

2. Temperature inversions located at ground level

We have just seen in the preceding example
the thermal gradient inversion shows itself as
an increase in the concentration of radon and
of its daughter products at 1.5 metre and 30
metres.

Temperature inversions are sometimes located
at the level of the ground and the variations at
1.5 and 30 metres are then very different.
Figure 4 shows such a phenomenon. The con-
centration variations of radon at 1.5 metre is
accompanied by a decrease at 30 metres which
clearly shows the absence of exchange between
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the 1.5 and 30 levels. The decrease in the
concentration at 1.5 metre is followed by an
increase at 30 metres, which corresponds to the
movement of the inversion layer upwards. The
ratio between the concentrations at 1.5 and 30
metres can reach a value of 10. The inversion
phenomenon is expressed at ground level by
an unbalance between radon and its daughter
products. It is due to the fact that the daughter
products lack the time to attain equilibrium
with radon during rapid variations, and also
to the proportion of daughter products which

Tellus XVIII (1968), 2
40— 662895

are deposited on the ground. The influence of
the latter is very great, the layer where the
accumulation takes place not being very thick.

These inversions are frequently produced
after rain or snow which brings about a cooling
of the ground. In figure 5, we can see the
increase of the radon concentration at 1.5 metre
level after a rain. In figure 6 the same phenome-
non is shown after a snow-fall. There is an
increase at ground level of the radon concentra-
tion and a decrease in the concentration of
daughter products. We attribute these varia-
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tions to the influence of the ground which
captures the daughter products, the inversion
layer being very thin.

3. Influence of precipitation

Precipitation in general does not bring about
a variation in the ratio between gases and

CONCENTRATIONS N Cifi
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daughter products. We have observed such a
variation only in the case of a fine rain or
drizzle (3). This means that the rain has only
a slight filtrating power for particles with dimen-
sions of the order of 0.1 micron. This finding is
moreover in agreement with those of other
investigators who have shown that the radio-
activity of the rain was fixed on the drops
mainly at the cloud level and at the moment of
formation.

Precipitations brings about a decrease in the
emanation of thoron from the ground. After a
long period of rain, followed by periods of
sunshine, one observes a slow increase in the
concentration average of thoron at the two
levels.

Figure 6 shows the influence of snow-fall on
the release of thoron. The ground being covered
with snow, a rapid decrease takes place in the
concentration of thoron at the two altitudes
1.5 and 30 metres.

This phenomenon is more difficult to observe
in the case of radon due to its longer half-life.
Even in the absence of release, its concentra-
tion in the air decreases only slowly.
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4. Influence of the winds

The number of measurements which we have
made at Magny-les-Hameaux is still not suffi-
cient to permit us to set up a local relationship
between natural radioactivity and the direction
of the wind. Magny-les-Hamesaux is located in
the Paris region, quite a way in the interior,
and far from the Atlantic Ocean. The sea air
has thus had the time to become charged with
radon. The wind comes in as a generator of
turbulence. There is evidently a relationship
between the direction and the speed of the
wind, but we think that it would first of all
be interesting to establish the correlation be-
tween the thermal gradient on the one hand,
and the speed and direction of the wind on the
other. The temperature inversions take place
mainly in continental air masses. One observes
in this case a strong increase in natural radio-
activity.

Figure 7 shows the influence of local winds.
They are accompanied by rapid variations in
the concentrations of radon, but also in the
stability of the air. Each gust of wind cor-
responds to a concentration decrease of radon,
mainly at 1.5 metres, and of the thermal gra-
dient (which is positive).

Conclusion

The first results obtained by measuring the
vertical distribution of natural radioactivity in
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the lower layers of the atmosphere, show that
the concentration of the different elements is
strictly related to the stability of the air.

Natural radioactivity should permit the
measurement of atmospheric diffusion. Thoron,
because of its very short period, is very interest-
ing for the study of the first few metres above
the ground. Radon and the daughter products
of radon and thoron can make possible the
study of exchanges up to altitudes higher
than the tropopause.

Certain points still have to be determined,
such as the rapid measurement of radon and
thoron flux from the ground without any modi-
fication of the release, the number of particles
which are caught by the ground, the irregularity
of ground release and the theoretical study in
the transient state.

The existing installation will be soon com-
plemented by the addition of an ionization
chamber for the instantaneous measurement of
thoron (ISRAEL, 1965), and from the meteoro-
logical point of view, by measurements of the
profile of the wind and the temperature gradient
between 1.5 and 30 metres.

We thank Mr Soissac for his efficient colla-
boration and Mr Le Guinio for the fruitful dis-
cussion we had with him.
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Turbulence.

USMEPEHUE IN®OPY3UU PATOHA (Rn?° 1 Rn*?) I IPOAYHKTOB EI'O PACIHHAJIA B
HMKHUX CJI0OAX ATMOC®EPEI 3EMJIN

Wayqaerca quddysna pagorna (Rn?2® y Rn2*?) n
NMPOAYKTOB €ro pagMOAaKTUBHOr0 pAcmajga B
HUMKHUX CIOAX aTMoc(epH M CBA3bL ee C U3Me-
MEHEHMEM MeTEeOpOJOTHYECKHX TapaMeTpoB ¢
LeJbIo NPUMEeHeHHA B OyAyIleM MJIA U3MEpeHHs
sarpasHeHna u pauddysmu Bosmyxa. Ilpuso-
AATCA Ppe3yJbTaThl M3MepeHW# PpaguoaKTHB-
HOCTHM BHIMOJHEHHHX B PasiMYHBIX MeCTax NJIA
OnpenesieHUA BIMAHNA MECTHHIX MeTeopoJoru-
4eCKMX NapaMeTpoB, M pacnpejejeHHe ecTecT-
BEHHON paJMOAaKTHBHOCTH II0 BbICOTe B ciaoe O
n0 30 MeTpOoB BHINOJHEHHl B HALMOHAJLHON

MeTeopoJorundeckoit o6cepsaropnu B Magny-les-
Hameaux (Seine-et-Oise). Haauume specs 30-
MeTpoBOH GaliHM 103BONAN0 Gparh Mpolsl BO3-
IyXa HemocpegcTBEHHO HA pasIM4YHOW BHICOTE
Haj| IO0BepPXHOCTHIO 3eMau. Bo BasATHX npobax,
HeMe[JIeHHO, W3MepAJIach KOHIEHTPAalMA pa-
AOHA W INPOAYKTOB ero pacnapna. llamMeHenusa
KOHUEHTPALlMM M PAAMOAKTUBHOI'0 PABHOBECHA
MeH(ly rasoM M MPOAYKTaMH pachnaja CBA3BHBA-
JIOCh C M3MEHEHHMAMHU METeOPOJIOrMYecKUX mapa-
MeTpOB, B YaCTHOCTH, ¢ Tudpysuelt Bosgyxa.
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