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ABSTRACT

With a new equipment allowing the eontinuous recording of the atmospheric thoron
content with a sensitivity of 0.5-10-4 ¢/l and a resolution time of 220 sec, thoron was
measured at different levels between 1-8 m for several months and related to meteoro-
logical variables. By studying the dependence on the wind direction and the increase
with height of the thoron concentration we could verify the homogeneity of the thoron
exhalation in the near surroundings of the measuring place at Mainflingen. By compar-
ing the decrease of thoron with height with the theory we succeeded in determining
the eddy diffusion coefficient K. It was found that, on an average, K increases linearly
with height between 1 and 8 m, and that it is proportional to the mean wind velocity
#. The average eddy diffusion coefficients elaborated from the results of thoron meas-
urements are compared with the corresponding diffusion coefficients of momentum

having been calculated from the wind profile.

Introduction

In the last decade, natural radioactivity of
the atmosphere has won & lot of interest as a
tracer for meteorological investigations.

The behavior of radon (Rn???), its daughters
and of the thoron daughters in the atmosphere
is researched thoroughly since some years ago
at different places and discussed in connection
with meteorological variables.

The atmospheric thoron (Rn???) was excluded
from these researches until recently, as it was
impossible to lay hold of it, because of its short
half-life time (54 sec) on one side and its small
concentration rate on the other.

By development of an equipment measuring
continuously the atmospherical thoron con-
centration with a sensitivity of 0.5-10-1¢ ¢/l
and a resolution time of 3 minutes, it became
possible to close this gap.

With this method, which is described thor-
oughly by G. W. IsraivL (1964, 1965) and H.
Israfr & G. W. IsrafiL (1966), we registered
the atmospheric thoron content for several
months at different places.

First results of these measurements were
published by the author (1965), which showed
up the usefulness of thoron as a tracer for
atmospheric researches.

This paper, which represents a continuation

Tellus XVIII (1966), 2

of our investigations on the behavior of atmo-
spheric thoron and their application to meteoro-
logical problems, shows how it is possible to
derive the eddy diffusion coefficient in the lowest
atmosphere from thoron measurements and
give a comparison between the diffusion coeffi-
cient calculated from thoron data and from the
vertical wind profile. Furthermore a method is
described allowing to test if there is a homo-
geneous surface source of thoron at the meas-
uring place or not.

Theory

If we have a homogeneous surface source of
thoron, i.e. no horizontal gradients in the
exhalation rate from soil, the vertical decrease
of the thoron concentration is governed by the
atmospheric turbulence only. The vertical
equilibrium profile of thoron may be described
in this case in analogy to Fick’s law by the
differential equation (JacoBl & ANDRE, 1963).

[/ dc
—(K—) —Ac=0. (1)
oz oz

z =height coordinate
¢ =thoron concentration

K =eddy diffusion coefficient
A =decay constant of thoron
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Fic. 1. Decrease of thoron concentration with height
for different parameters K. The numerals give K
in fem?/s] at z=1 m.

To solve (1) we introduce as boundary condi-
tions:

(@) c(c0) =0 as a consequence of radioactive
decay. ¢(0) =const;

() f :o icdz = B, where E is the exhalation

rate of thoron.

This condition means that the total thoron
activity in a vertical air column is equal to the
exhalation rate of its ground surface area
(stationarity condition).

Until now, there exist solutions for K{z) =
const or K as power function of z (ScEHmIDT,
1926; PriesscH, 1932; WIiLkENING, 1959; MA-
LAKOV, 1959; PaILIP, 1959) only.

Generally, it is assumed that K increases
linearly with the height z in the lowest deca-
meters of the atmosphere (Jacosi, 1962).

With this assumption we get the following
approximate formula for the vertical thoron
profile:

c{z) Inz ("

‘=_GXP[—V1,(Z V_)Az], 2)

c(z,) Ingz, i=o I K,
where c(z) is related to the concentration c¢(z,)
at a height 2z, to eliminate the exhalation rate
E. The interval (z4,2z) is subdivided into =
intervals of width Az. K; means the K value
at z=2z, +¢-Az and is assumed to be constant
in the interval [z, +%- Az, 2z, + (¢ +1) Az].

Fig. 1 shows the resulting vertical distribution
of thoron with K as parameter. The concentra-
tion at the height z is referred to 2z, =1 m.

By comparing these calculated curves with
the measured vertical distribution of thoron,
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K can be determined by the thoron measure-
ments as it is done below.

But this is only allowed if the assumption
of a homogeneous surface source in the environs
of the measuring place is fullfilled. A method
to prove this assumption is described in the
following:

The time a thoron atom needs to be trans-
ported by the vertical exchange from the soil
to the measuring place at a height z is the
greater, the higher above ground the measuring
place is situated and the lower the vertical
exchange is. In consequence of the horizontal
transport of air by the wind, the distance be-
tween the exhalation place of the measured
thoron and the measuring place is the greater
the higher the measuring point is.

In the case of homogeneous exhalation, the
decrease of the thoron content with height is
described by equation (2). If there exist gra-
dients in the exhalation, we may suppose that
for a given wind direction the thoron at a
measuring height 2, or z, is exhalated from soil
at a rate of E(ry(K)) or E(r\(K)), where r means
the distance between exhalation point and
measuring point. Then equation (2) may be
extended to

E(ry(K))

c(zs)/e(zy) = mi(
1

K, 23,21}, 3)
where f(K,z,,2,) means the right hand side of
equation (2).

If one determines ¢(z,)/c(z;) by thoron meas-
urements and calculates f(K,z,,z,) from equa-
tion (2) if K is known, it is possible to compute
the ratio E(ry(K))/E(r,(K)). In case it is found
E(ry(K))/E(ry(K)) =1 for any r, K and wind
direction, one can conclude that no gradients
of E exist, i.e. there is a homogeneous surface
source of thoron.

Measurements

At Mainflingen (near Frankfurt) in a free,
plane and uncultivated tract of land the thoron
concentration was registrated with an ionization
chamber from October till December, 1964. The
thoron was measured at five levels between 1
and 8 m above ground one after the other with
a change-over-time of about 15 minutes. Si-
multaneous measurements of the wind velocity
at three levels between 1 and 8 m were realized.

Tellus XVIII (1966), 2
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F1a. 2. Thoron concentration in percentage of the mean in dependence on wind direction. (a) Aspirating

point: 1:m; ——— 2 m; —-—- 3.5 m. (b) Aspirating point: mean from 1; 2; 3.5 m; ——— 5.5 m;
—«—+ 8 m.
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F1c. 3. Dependence of the ratio c¢(z;)/c(z,) on the
mean wind velocity #%; curves: calculated from
equation (2) under the assumption of a homoge-
neous exhalation rate. Dots: measured ratios.

Results

A. Influence of the wind direction on the thoron
concentration

Fig. 2 shows the dependence of the thoron
concentration on the wind direction at the dif-
ferent levels. At 1, 2 and 3.5 m (fig. 2a), we
find, within the measuring accuracy, no depend-
ence on wind direction, i.e. there is no azimutale
change of the exhalation. The strong depend-
ence at 5.5 and 8 m level from wind direction
(fig. 2b) is caused by the influence of a gridded
platform of a transmitting mast at 6 m height,
where the aspirating points at these two levels
are fixed. For that reason a part of these meas-
urements must be excluded from the further
investigations.
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Fia. 4. Ratio of thoron concentration at height 2 to
thoron content at z=1 m. Full lines are calculated
for linear increasing K. The numbers refer to K in
[em?/s] at z=1 m. Dots are measured values.

B. Homogeneity of exhalation

The windrose having shown the absence of
azimutal dependences of the thoron exhalation,
we shall have to verify now that no radial
variations of the exhalation exist.

Measurements of the wind velocity between 1
and 8 m above ground gave a logarithmic wind
profile as result. From this behavior we can
conclude that, in the mean, we had an adia-
batic layering of this region of the atmosphere.
In this case the theory (see e.g. Krug, 1963)
requires proportionality between the eddy dif-
fusion coefficient K and the mean wind velocity
4. By comparison of the K value calculated
from the mean decrease of thoron with height
with the mean wind velocity, we found between
K and u at 2 m level the relation
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Fic. 5. Increase of the mean wind velocity % [m/s]
with height z for windy and overcast days.

K =4400- (4)

which defines the proportionality coefficient
between K and #. With this equation it becomes
possible to calculate the term f(K,z,,2,) of
equation (3) in dependence of the mean wind
velocity as done in Fig. 3.

Fig. 3 shows a good agreement within the
error limits among the measured ratios of the
thoron concentration and the under the pre-
supposition of homogeneous exhalation calcu-
lated ratios for all heights and wind velocities.
So we can conclude that no measurable radial
gradients of thoron exhalation did exist at our
station Mainflingen.

C. Determination of K from thoron measurements

Fig. 4 shows the measured mean decrease of
thoron with height for two different wind velo-
cities compared with the theoretical decrease
calculated from equation (2). As seen in both
cases, the measured decrease may be described
very good by one of the theoretical curves. This
behavior leads to the inductions:

(a} By comparison of the measured decrease
of thoron with these theoretical curves, K may
be determined with good accuracy from thoron
measurements.

(b) In the region between 1 and 8 m above
ground, in the mean, K increases linearly with
height.

(¢) There is found proportionality between K
and the mean wind velocity, in good agreement
with theory, as mentioned above.

To get & possibility of comparison between
the thoron measurements and the meteorolo-
gical exchange measurements, we calculated

F1c. 6. () Mean diurnal variation of thoron con-
centration. 1m ——— 2 m; ——- 3.5 m. (b)
Diurnal variation of thoron concentration and wind
velocity in percentage of the daily mean. ——
Thoron concent.; ——— wind velocity.

the eddy diffusion coefficient for very windy
and overcast days from thoron measurements
and from the wind profile, presupposing an
adiabatic layering of the atmosphere.

Fig. 5 shows the mean wind velocity plotted
against logz. Within the variation range, the
measured values lie upon a straight line, this
implying that, as an average, an adiabatic
lamination of the atmosphere can be assumed.
Following this theory, K is appointed by the
wind profile by:

) k‘l . 12 vz .
" log (z/zn)’ )
2o = ‘‘roughness length” =1 cm
k =Karman-constant = 0.4
z =height above ground
% =mean wind velocity

Starting from the wind profile of Fig. 5, the

equation yields:

K, =990 cm?ss for z=1m
for the exchange of momentum, while the thoron
measurements fix a K =7000 cm?/s being ap-
proximatively the sevenfold of K,. An expla-
nation of this discrepancy is still outstanding.

D. Daily variation of the thoron concentration

In Fig. 6, on the left-hand side, the average
daily variations of the thoron concentration at
1 m; 2 m; 3.5 m above the ground at Main-
flingen are plotted. The daily variations
of the thoron concentration being an intrinsic

Tellus XVIII (1966), 2
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consequence of the atmospherical exchange,
there should be a correlation among these daily
variations of the thoron concentration and the
wind velocity, while there is, as above men-
tioned,

K =f(u).

On the right-hand part of the figure, there
are drawn the percentual daily variations of
the thoron concentration (full line) and of the
wind velocity (dashed line). There apparently
exists an evident antiparallelity among the two
parameters, as theoretically expected. Accord-
ing to the calculations of Jacosr (1962) for a
K =103-10* cm?/s the thoron concentration in
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the tested range should decrease with increasing
exchange, i.e. growing wind velocity.
The investigations are continued.

Acknowledgements

The author is grateful for the stimulation of
these investigations as well as for the helpful
comments and suggestions given by his father
Prof. Dr. Hans Israél. Furthermore he wants
to express his thankfulness to Prof. Dr. Wipper-
mann for kindly having sponsored our work.

This work was sponsored by the Deutsche
Forschungsgemeinschaft and the U.S. Army.
The help of these organisations is very much
appreciated.

REFERENCES

IsrakL, G. W., 1964, Neues Verfahren zur Direkt-
messung des atmosphirischen Thorongehaltes.
Nat. Wiss., 1, pp. 134-135.

Israin, G. W., 1965, Der Thorongehalt in der
bodennahen Atmosphére. Dissertation an der
Mathemat. Naturwiss. Fakultit der Techn.
Hochschule Aachen.

IsrakL, G. W., 1965, Thoron (Rn-220) measurements
in the atmosphere and their application in meteo-
rology. Tellus, 17, p. 382.

Israin, H., 1962, Die natiirliche und kiinstliche
Radioaktivitit der Atmosphére. In: Kernstrahlung
in der Geophysik. Hrsg. H. IsrAEL u. A. KREBs,
pp. 76-94, Springer, Berlin.

IsrakL, H., and IsrAKrL, G. W., 1966, A new method
of continuous measurements of radon (Rn-222)
and thoron (Rn-220) in the atmosphere. Tellus,
this issue.

Jacosr, W., 1962, Die natiirliche Radioaktivitét
der Atmosphére und ihre Bedeutung fiir die
Strahlenbelastung des Menschen. Ber.d.Hahn

Meitner Institutes fiir Kernforschung in Berlin,
HMI-B 21.

Jacosir, W., and Anxprg, K., 1963, The vertical
distribution of Rn-222, Rn-220 and their decay
products in the atmosphere. J.G.R., 68, pp.
3799-3814.

Krug, W., 1963, Zum vertikalen Windprofil. Beitr.
Phys. d. Atm., 86, pp. 226-253.

Maraxov, 8. G., 1959, Das Vertikalprofil der radio-
aktiven Emanationen (russ.) Izvest. Akad. Nauk
SSSR, Ser. Geofiz, 9, pp. 1344-1352.

Paivie, J. R., 1959, Atmospheric diffusion and
natural radon. J.G.R., 64, p. 2468.

PrieBscH, J., 1932, Die Hohenverteilung radio-
aktiver Stoffe in der freien Luft. Met. Zs., 49,
pp. 80-81.

ScamipT, W., 1926, Zur Verteilung radioaktiver
Stoffe in der freien Luft. Phys. Zs., 27, pp. 371-
379.

WiLkeNINg, M. H., 1959, Daily and annual courses
of natural atmospheric radioactivity. J.G.R., 64,
pp. 521-526.

BIVNAHUE METEOPOJIOTUYECKUX 9JIEMEHTOB HA PAJIOH (Rn22),
COOEPHAIIMNCA B ATMOCOEPE

Copepsranne Rn?%® Ha pasHEIX yPaBHAX MEKLY
1-8 M U B pasaMuyHbie MecAlLl OHIO M3MEpPeHO
C HUCHOJIb30BAHMEM HOBOro 006OpyHOBaHMA, MNO-
3BOJIAOIIEr0 HENPEPHIBHO 3aIUCHIBATH KOJU-
4eCTBO pajioHa C 4YycTBUTeJdbHOCTHIO 0,5.10-14
¢/l u paspemanmeM BpemeHeM B 220 cek. Ilo-
JydeHHble NAHHBlE CBA3BIBAJINCH C METEOPOJO-
THYeCKNMM BejuunmHamu. M3yuywmB 3aBHCHMOCTH
MeKIy HANpaBJIeHHeM BETPa M yBeJHWYeHHeM C
BHICOTOU woHUeHTpanmit Rn??°, aBTOpH NOA-
TBEPANIN ONHOPORAHOCTH BHIAedeHHMA Rn?2® B
oxpecrHocty Mecra wabmomenus (Mainflingen).
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N3 comocraBienun ymenbmeHnsa Rn?2® ¢ BEICO-
TOH C Teopueli OHII omnpepeseH KodpPUIMEHT
TypbynentHolt mupdysun K. YcranosueHo, uro,
B cpegHeM, K IuHelHO yBeaM4YnmBaerca C BHICO-
Tok MemaAy 1 u 8 M M nIponopunoOHaNed cpegHed
ckopoctn Berpa U. Cpennure KoadpPuuueHTH
TypOyinentHolt nuddysuu, morydeHHEHE H3 pe-
3yJbTaToB M3MepeHMsa Rn??°, cpaBHHBAWOTCA C
COOTBETCTBYIOIUMHE AuPOYy3NOHHBIMH HKod(du-
IMEeHTaMU KOJUYeCTBA [BMKEHHA BBIYHCICH-
HBIMU 0 TTPOPHII0 BETpa.



