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Wl profiles of the natural

radionuclides in the atmosphere are presented for several typical profiles of the turbulent
diffusion coefficient. Agreement with available experimental data is rather good. The results
indicate the importance of the natural radioactive tracers in the study of mixing processes in
the troposphere and in the mechanism of transport from the troposphere into the lower

stratosphere.

INTRODUCTION

Our knowledge of the processes of diffusion of
aerosols in the atmosphere and removal from it
is rather limited, although these processes are of
considerable importance in estimating the haz-
ards following the release of radioactive and
inactive toxic materials in the free air. Rn*?
Rn™, and their decay products are valuable,
natural tracers for the study of these processes
in the troposphere and lower stratosphere, but
except for the boundary layer near ground level
only a few measurements of Rn**, Pb™, and Po™
are available at present.

For a general view of the vertical distribution
of Rn*?, Rn™, and their decay products in the
atmosphere under different conditions of tur-
bulence, theoretical computations on the basis of
the exchange theory are useful. Previous at-
tempts in this direction were made by Hess
and Schmidt [19i8], Schmidt [1926], Priebsch
[1932], Philip [1959], and Malakhov [1959],
who caleulated the vertical distribution of Rn**
assuming 4 constant value or a power law for
the increase of the vertical diffusion coefficient
with altitude. Under these assumptions analyti-
cal solutions of the diffusion equation for Rn™*
and Rn™ a2 possible, but they represent only
rough appro‘imations to the real conditions in
the atmosphere.

For more realistic results we solved the diffu-
sion equation by a numerical method which en-
abled us to use any vertical profile of the tur-
bulent diffusion coefficient. Furthermore, this

method can be applied to all decay products of
Rn*2 and Ro*™ by taking into consideration their
removal from the atmosphere by diffusion and
washout. The computations involved in this
method are considerable. They could be done
only on a fast electronic computer.

Tue Dirrusiox EquatioN axDp 118
Bounbpary CoNDITIONS

The spreading out of Rn™ and Rn™ in the
atmosphere after their exhalation from the
ground is caused by turbulent diffusion and
convection and is limited only by the radio-
active decay of the two nuclides. In contrast to
the emanations, the decay products, being iso-
topes of heavy metals, become readily attached
to aerosol particles and precipitation clements.
The distribution of these decay products s thus
controlled not only by radioactive decay and by
diffusion but also by sedimentation and washout,
ie., by the removal of aerosols to the earth’s
surface.

Because of these processes the concentration
of a nuclide in the decay chain at a point having
lorizontal coordinates z and y =t an altitude 2z
above ground level (z = 0) is g:ven by the gen-
eral expression

on;

T VYV (KVn) — u-Yn,

+ v %1;1 + XNcmin — 4 + Adng ) (1)
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v, = 0).

A¢ = the radioactive decay constant of the ith
nuclide.

A = the mean removal rate the ith nuclide,
caused by washout and rainout (Rn*?,
Rn™ : A, = 0).

‘The terms on the right side of (1) refer, in this
order, to turbulent mixing, convection, sedimen-
tation of radioactive particles, radioactive build-
up from the mother nuclide in the decay chain,
radioactive decay, and removal by washout and
rainout.

We are primarily interested in the mean verti-
cal distributions for steady-state conditions at
constant exhalation rates of Rn™ and Rn™.
These equilibrium profiles are obtained from (1)
if dn./8t = 0. To solve (1) we make the follow-
ing additional assumptions:

1. dn./9z = on,/dy = 0. This means a hori-
zontal isotropic distribution, which will occur
when the vertical turbulence profile and the
Rn** and Rn™ exhalation rates are the same at
each place.

2. wu, = 0. A reasonable mean value of the
vertical wind velocity cannot be given, but in
most cases it will be small compared with the
velocity of vertical turbulent diffusion.

3. v = 0. The mean radius of natural radio-
active particles in the atmosphere is smaller
than 1 u; the corresponding sedimentation veloc-
ity is smaller than about 1 m/h, i.e., small com-
pared with the transport velocity caused by
turbulent mixing.

4. A = constant = A. This means that the
removal rate is independent of altitude and
equal for all decay products. The independence
of altitude will be approximately true in the
troposphere, whereas above the tropopause A
will be zero. This assumption is of importance
only for the distribution of Pb™ and Po™, be-

—K_—)\l‘m:o

(K %) + Necimio — (A F A, =0

Sl kg

for 7> 1 (2)

To solve (2), we introduce the following
boundary conditions:

1. foxmdz = E, where E, is the exhalation
rate of Rn™ and Rn™ atoms from the ground
surface (z = 0). This condition means that the
total activity of Rn*® and Rn™ in a vertical air
column is equal to the exhalation rate of its
ground-surface area.

2. E. = 0 for ¢ > 1. This condition reflects
the rapid diffusion of newly formed Po®® or Po™
atoms in ground air and their deposition on the
ground material.

3. mi(z = 0) = 0 for i > 1. This takes into
account the fact that all atoms and carrier par-
ticles of the decay produets reaching the ground
surface by diffusion will be deposited.

4. n(z—> 0) > 0fori =1,2,3,....
This condition is a consequence of radioactive
decay.

The diffusion ecoefficient K is quite variable
with altitude according to the vertieal variations
of wind velocity and atmospheric stability. Some
characteristic air layers can be distinguished
from the relative slope of the function K(z). In
the boundary layer near the earth’s surface K
increases rapidly with altitude, following an
approximately linear or power law of z. Ap-
proaching the gradient wind height, dK/dz de-
creases and becomes nearly independent of alti-
tude in the upper troposphere under normal
conditions. Owing to the high stability of the
stratosphere, K again decreases rapidly above
the tropopause and is likely to approach a
rather constant value in the lower stratosphere.

The changes of wind velocity and temperature
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Fig. 3. Comparison of observed and calculated Rn profiles near ground leve! under inversion
‘ conditions.

theoretical results. Figure 4 shows two relative
Rn™ profiles which were observed by Wexzler
et al. [1955] during two jights over Ohio. They
are compared with Rn™ profiles which were
calculated with equal exhalation rate from the
K profiles WNN, NNN, and SSN (see Figures
1 and 2); the Rn™ profile NNN was stan-
dardized to a concentration of 15 cpm/g at 2-
km altitude. The profile observed on the first
flight (Oct. 25, 1951) agrees rather well with the
theoretical vertical distribution for the turbu-
lence case WNN. The slope of the profile from
the following day corresponds in the lower
troposphere to the caleulated Rn** profile for
strong turbulence (case SSN) but approaches

the profile for the NNN case (normal turbu-
lerce) in the upper troposphere. The mean
profile of both flights agrees rather well with
the calculated profile NNN for which the Rn**
concentration at an altitude of 2 km is about
one-half the concentration near ground level.
This is also consistent with observations of
Wigand and Wenk [1928] and Wilkening [1953].

This comparison indicates that it is possible
to derive the vertical profile of the turbulent
diffusion coefficient from measurements of the
relative vertical Rn* distribution. The available
measurements within the troposphere give some
confidence that the K profile NNN, given in
Figure 1, indeed represents average turbulence
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conditions in the troposphere. If we assume
normal conditions of turbulence in the tropo-
sphere, ie. the profile NNN in Figure 1, a
rather rapid decrease of the Rn™ concentration
should be expected in the tropopause. In this
case the part of the total activity in a vertical
column of air which reaches the layer above
12 to 13 km (mean altitude of the tropopause
in the temperate zone) is only about 1 to 2 per
cent. If we assume the K profile SSN (strong
tropospheric turbulence), however, this part in-

Altitude

ulated relative Rn profiles in the troposphere.

creases to about 10 to 15 per cent. This suggests
that considerable amounts of Rn* can penetrate
through the tropopause into the lower strato-
sphere only during periods of strong vertical
turbulent mixing or convection, e.g. in case of
cumulonimbus formation.

Machta and Lucas [1962] recently reported
the first results of Rn™ measurements in the
tropopause and lower stratosphere which in-
dicate new aspects of the exchange process
through the tropopause (Figure 5). The air
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air layer. In the Hawaii series the decrease in
the tropopause region is less promounced; it
corresponds to an average diffusion coefficient of
5 % 10* to 1 x 10° cm*/sec. This high rate of
turbulence is not consistent with the high verti-
cal gradient of fission product and W' activity
in the lower equatorial stratosphere which was
observed after the nuclear weapons tests in the
equatorial stratosphere. It must be concluded
that the high Rn*® content in the lower equa-
torial stratosphere is mainly due to upward-
directed convection, which may occur especially
above continental areas, rather than to turbulent
diffusion.

The obseryed increase in concentration in the
12- to 15-km layer during the Alaska series can-
not be explained by a steady-state equilibrium
in an atmosphere which is horizontally isotropie.
It may be explained either by horizontal advec-
tion of Rn®-enriched air in the lower strato-
sphere, which overlaps the tropopause layer, or
by nonequilibrium conditions of the vertical ex-
change process at the sampling location.

The first interpretation was given by Machta
and Lucas [1962], who suggest that the Rn™ in
the 15-km layer comes from the equatorial
troposphere and enters the lower polar strato-
sphere through the tropopause gap. In this case
the Rn** in the 15-km layer above Alaska should
have a more recent tropospheric history than
that in the tropopause region below. Since the
Rn*™* content of this layer is about the same at
polar and equatorial sampling sites, the transit

above, and the result is a temporary, slow in-
crease in concentration with altitude above the
tropopause.

A check on possible contaminations of the air
samples and further measurements are necessary
to confirm these preliminary results. In any
event they indicate the value of Rn*™ as a tracer
in the study of the exchange between tropo-
sphere and stratosphere. The main reason for
its value is its rather short half-life of 3.8 days,
which sets a time scale for the processes in-
volved.

Short-lived Rn™ decay products. For the de-
cay products Po™ (t,, = 3.05 min), Pb™ (t,.
= 26.8 min), and Bi™ (ty. = 19.7 min), the the-
ory predicts, as expected, radioactive equilibrium
with Ro*® except in surface air. In the boundary
layer the radioactive equilibrium is disturbed
because of the deposition of decay products at
the earth’s surface which results in a downward
diffusion flux within the boundary layer.

Figure 6 shows the vertical profiles of Po™,
Pb™, and Bi™ (Po™) in the boundary layer,
which were calculated with the aid of the K
profiles given in Figure 1. In ail cases a lack of
the three decay products with respect to Rn™
must be expected for steady-state conditions
This deficiency decreases with increasing heigh:
above ground level. At a given height the Pb™,
Rn* and Bi™/Rn** ratios are nearly equal bu
are Jower than the Po™/Rn** ratio.

The height of the disturbed layer depends o
the mixing rate within the boundary layer. Fo
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Pb™ and Po™. The vertical distribution of
Pb™ (t,, = 194 years) and Po™ (t,. = 138
days) is limited by the washout and rainout of
these nuclides in the troposphere. Their re-
moval was taken into account by including the
term with the removal rate A in (1) and (2).
The corresponding half-life of elimination is
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Fig. 8. Vertical variation of the Pb¥™/Rn and Po™/Pb®® ratios for different values of the
removal half-life T (calculated with K profile NNN).

T = (In 2}/A. The assumption of a constant
value of A is but a rough approximation, valid
only for average conditions and time periods
which are long compared with the duration of
single precipitation processes. Because of the
nature of this assumption, calculations of the
equilibrium Pb™ and Po™ profiles were not
justified for extreme turbulence conditions;
therefore, the computations were restricted to
the mean K profile NNN given in Figure 1.
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