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Abstract. The vertical equilibrium distributions of Rn™, Rn™, and their decay products
in a horizontally isotropic atmosphere are calculated from diffusion theory with the help of a
digital computer. The change of the turbulent diffusion coefficient with altitude and the re-

moval of Pband Po*” by fallout were taken into account. Vertical 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 boundarylayer near groundlevel
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 [1918], Schmidt [1926], Priebsch

[1932], Philip [1959], and Malakhov [1959],
whocalculated the vertical distribution of Rn”

assuming a 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™ a. possible, but they represent only

rough appro’imations to the real conditions in

the atmosphere.

For morerealistic results we solved the diffu-
sion equation by a numerical method which en-
abled ns to use any vertical profile of the tur-

bulent diffusion coefficient. Furthermore, this

method can be applied to all decay products of

Rn™ and Rn™ by taking into consideration their
removal from the atmosphere bydiffusion and

washout. The computations involved in this
method are considerable. They could be done

only on a fast electronic computer.

THE Dirrusion Equation anv Its

Bounpary CONDITIONS

209
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,

1e., by the removal of aerosols to the earth’s
surface.

Because of these processes the concentration
of a nuclide in the decaychain at a point having

horizontal coordinates z and y st an altitude z
above ground level (z = 0) is g:,en by the gen-

eral expression

on,

ot
 

= V (KVn,) —u Vn,

+ 9, on + Y-imi- — Ox + A,)n, (1)
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where

2 = the index for the positionof the nuclide
in the decay chain (Rn™, Rn™ : i = 1;

Po™, Po:i = 2; °°: *)
Uz, Uy, Us = the components of the mean wind

velocity.

K = the turbulent diffusion coefficient.

v, = the mean sedimentation velocity of the

ith nuclide, according to sedimentation
of their carrier particles (Rn™, Rn™ :

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.

Weare primarily interested in the mean verti-

eal distributions for steady-state conditions at

constant exhalation rates of Rn™ and Rn™.
These equilibrium profiles are obtained from (1)
if dn./dt = 0. To solve (1) we makethefollow-

ing additional assumptions:

1. dn,/dx = 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. u, = 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.
8. uv, == 0. The mean radius of natural radio-

active particles in the atmosphere is smaller
than 1 uw; the corresponding sedimentation veloc-

ity is smaller than about 1 m/h,ie., small com-
pared with the transport velocity caused by

turbulent mixing.

4. A, = constant = A. This meansthat 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-

cause for the short-lived Rn™ decay products

and all Rn™ decay products A, > A.. For Pb™
and Po™ nearly the same removal rate can be

expected.

With these assumptions the equilibrium verti-

cal profiles of Rn™, Rn™, and their decay prod-
ucts can be obtained from the following system

of differential equations:

d am)
— — —_— = 0

“(x dz Aim

(x dn) +n rv, + A)n; = 0

&
/
=

for t> 1 (2)

To solve (2), we introduce the following

boundary conditions:

1. f."X.ndz = E, where F, 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. m(z = 0) = 0 fori > 1. This takes into

account the fact that all atoms and carrier par-
ticles of the decay products reaching the ground

surface by diffusion will be deposited.
4. n(ze—> 0) > O for? = 1,2,3,....

This condition is a consequence of radioactive

decay.

The diffusion coefficient K is quite variable
with altitude according to the vertical 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 ofalti-
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

o
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Fig. 1. Vertical profiles of the turbulent diffusion coefficient.

profiles with time result in fluctuation of K by
about 2 or 3 orders of magnitude in the ground
layer and by about 1 or 2 orders of magnitude
in the upper troposphere. The influence of these
uncertainties on the vertical distribution of the
natural radionuclides was estimated from solu-

tions of (2) for twenty different K profiles.

These profiles cover the total range of fluctua-
tion of the turbulent diffusion coefficient that
seems to be possible according to the diffusion
diagram given by Lettau [1951].
Five characteristic K profiles which corre-

spond to typical conditions of turbulence in the
troposphere are shown in Figure 1. The K pro-
file SSN is an exampleof strong vertical mixing,
and the profile WNN is an example of rather
weak vertical mixing throughout the lower
troposphere. For JWN,diffusion in the ground
layer was assumed to be very weak, which is
typical for a strong inversion near ground. The
profile NNN is likely to be representative of
normal turbulence conditions throughout the
troposphere. In all these five typical cases a

rapid decrease of the turbulent diffusion coeffi-

clent was assumed in the tropopause region ap-
proaching a constant value of K = 3 x 10* em’/

sec between 20 and 30 km.In either case the gas

kanetic diffusion coefficient, which is about 0.05
em’/sec for Rn™ and Rn™ atoms, can be neg-
lected,

NUMERICAL TREATMENT

We use the abbreviations

r,* Ay for v= 1

=A, tA for vp > 1
Putting

i-l

, , Ag yy

ve}

, = mh, ¢g, = apt

2~> 1 (3)
and defining a,,, recursively by

A,
Oia» = r,* _ r,* Or ysl

¥ =lye eryut — 1 (4)

We yoo. Los

e-° we ~ an :
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and

a= 1

we obtain from (2) the following homogeneous

system of differential equations for the ¢,:

(Ke,’)’ = rL*p; (5)

The boundary conditions for? = 1 are

gi(o) = 0

K(0)¢1’(0) = —&£,

and forz > 1 they are

v,(o) = 0

9,(0) = o;,171(0)

After evaluating ¢,, g2, °** successively, we deter-
mined the functions n, from (3). For the evalu-

ation the exhalation rates of Rn™ and Rn™ were

standardized to H = 1 atom/cm’sec.

For the numerical treatment the given K pro-
file was approximated by a step function. If z. =
0, 2:1, °**, 2, are the points of discontinuity of K,

and if K(z) = K;, forz; <z < 2, ,4,, the yare

linear combinations of exp(@,z) and exp(—8,2),
where 8, = (A,/K,)’, when z is restricted to an

interval in which XK is constant. », and Ky,’ must
remain continuous at the points of discontinuity
of K.

In particular,

¢.' (2; -—-O= (K;/K;-e.'(z; + 0) (6)

where 9,’(z; — 0) and ¢,’(z,; + 0) denote left
and right limits, respectively.

An easy computation shows that the function
values at the left and right ends of the interval

are related by the linear transformation

e(2;) | = ul gz; +1) | (7)

g'(2; + 0). ¢’(2,.1 — 0)

where

M, = = 8,4;

— 8; sinh 6; 6;

and 8, = 2;,1— 2).

Using (6) and (7) we determine the values
gs(0) and 9,’(0) from 9s(z,) and gi (2a). It

seems reasonable to replace the boundary condi-

tion ¢.(0) = 0 by g.(z,) = 0. For the K profiles

—8;"' sinha

cosh 8,6;

given in Figure 1 this is sufficient for Rn™ anc

its short-lived decay products, if z, = 3 = 10
cm, as in our case. However, the concentratio:

of the long-lived Rn™ decay productsis still not

negligible at this altitude. For this reason the
calculation was, in general, extended to the re-

gion z, = 30 km < z < o by putting K =
constant = 3 x 10‘ em?/sec for z > z. We then

have ¢’(z,)/(z,) = —8,. Starting with an arbi-

trary initial value, 9(z,) = c, and the initial
value, y’(z,) = —B,c, we computed the values
g(z,) and ¢’{z,) for j = n — 1, ***, 0, succes-

sively. The boundary condition at z was then
satisfied by multiplication with a suitable factor.

To avoid floating-point overflow—the 9, in-

crease rapidly as z decreases—it was sufficient to
choose ¢ sufficiently small in most cases. The

computer used (Siemens model 2002) admits

values between 10° and 10” for variable point

computations. To includethe less favorable cases

we started with z, instead of with z, for which

pal e

> a,6;< 100 > ia,s, > 100
1 1

This procedure is suggested by the exponential
behavior of the solutions (e= 10°). In fact,

after satisfying the boundary conditions at z =

0, the values at z, are negligible if p <n.

To estimate the error caused by replacing the
K profile by a step function the computation

was repeated in some cases with a larger number

of steps. The deviations were negligible.

THEORETICAL RESULTS AND COMPARISON

WITH EXPERIMENTAL Data

Rn™. Figure 2 shows the Rn™ profiles which
were calculated with the typical K profiles given
in Figure 1. They are standardized to a mean

exhalation rate of 1 atom/cm* sec. Exhalation
measurements at several places having normal

Ra™ content of the soil material indicate an

average exhalation rate of 0.2 to 1.5 atoms/cm?
sec [/srael, 1962], in rather good agreement with

the mean value of 1 atom/em?® sec which was
estimated theoretically by Jsrael [1958, 1962]
from the diffusion transport of Rn™ in the sur-
face layer of the ground. It follows that the

calculated Rn™ profiles in Figure 2 should be
directly comparable with the results of mea-
surements over continental areas having normal
Ra™ content.
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Figure 2 indicates that the Rn*” concentration

in the boundarylayer, being strongly dependent
on the mixing rate, varies by about a factor of 100
from a minimum value of about 0.3 x 107° ¢/m*

for strong turbulence (case SSN} to a maxi-
mum value of about 30 x 10° c/m? for a strong

inversion (case JIVN). This range corresponds

rather well to the observed fluctuations of the

concentration near ground level. Compared with
this variation, the influence of short time

changes of the Rn™ exhalation from the

#round is negligible. The theory indicates that

& mean concentration of about 10° ¢/m* should

be. expected near ground level, in agreement

with the mean values of most measurements at

continental locations [Hultguist, 1956; Israel,

1962],

Figure 2 also shows the interesting result
tht variations of turbulence have only a little
influence on the concentration in the region
from 0.5 to 2 km, because in this region the

ay

are intersecting. For the rather extreme cases 
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Kite. 2. Vertical profiles of radon (Rn**), calculated with Era = 1 Rn atom/cm® see for the
K profiles JVWN, WNN, NWN, NNN, and SSN.

which we have discussed, the concentration in

this region varies only by about a factor of 5
as compared with a factor of 100 in the air near

the earth’s surface.
The radioactive decay of Rn™ (t. = 3.8 d)

leads to a monotonic decrease of the concentra-
tion with inereasing altitude. According to the

theory, a significant concentration gradient
should be expected only in the boundary laver
and for very weak turbulence, ie., especially

during strong inversion periods at night (case

IWN in Figure 2). This theoretical conclusion

can be checked by the observations of Moses
et al. [1960]. Figure 3 shows observed Rn™

and temperature profiles at the end of nightly
periods which had high stabilitv and rather
constant wind velocity. The observed profiles
during strong inversions correspond rather well

to the calculated profile for this case (profile
TWN).
Beyond the ground laver over continental

areas we made only a few series of Rn™ mea-

surements which allow a comparison with the
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Fig. 3. Comparison of observed and calculated Rn profiles near ground level under inversion
conditions.

theoretical results. Figure 4 shows two relative
Rn™ profiles which were observed by Wezler

et al. [1955] during twoApehts over Ohio. They
are compared with Rn™ profiles which were

caleulated 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 epm/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 calculated Rn*™ profile for
strong turbulence (case SSN) but approaches

the profile for the NNN case (normal turbu-
ler.ce) in the upper troposphere. The mean
profile of both flights agrees rather well with
the caleulated 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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Fig. 4. Comparison of observed and calculated relative Rn profiles in the troposphere.

conditions in the troposphere. If we assume
normal conditions of turbulence in the tropo-

sphere, i., 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-

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™ measurementsin 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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saimples were taken in the polar region above
Ajaska (70°N) and in the equatorial region
south of Hawaii (12° to 20°N). All three pro-
files of the Alaska series indicate a large nega-

tive gradient in the 8- to 12-km layer, i.e., in
the tropopause. Above this layer in all cases
the concentration again increases to a maximum

at about 15 to 16 km and then decreases with

increasing altitude.

For the interpretation of these results, two
Rn*™profiles (A and B) are plotted in Figure 5.
They were calculated for an exhalation rate of
1 atom/em® sec and the corresponding K profiles
A and B are given on the right side of the figure.

In the tropopause the gradient of profile B is
similar to the observed slope during the Alaska

series. If equilibrium conditions are assumed,
this slope indicates a mean turbulent diffusion
coefficient of 1 x 10‘ to 3 x 10‘ em?/sec in this
air layer. In the Hawaii series the decrease in

the tropopause region is less pronounced; it

corresponds to an average diffusion coefficient of
5 x 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 te 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
im an atmosphere which is horizontally isotropic.

It may be explained either by horizontal advec-
tion of Rn*-enriched air in the lower strato-
sphere, which overlaps the tropopause layer, or
bynonequilibrium 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

time for the transport from south to north

through the tropopause gap must be rather

short, probably not exceeding a week.
Another interpretation of the observed pro-

file over Alaska is possible if a sudden tem-
porary decrease of vertical mixing or convection

is assumed. If, for instance, there is a sudden
change of the K profile from type A to type B
(Figure 5), the supply of fresh Rn™ from the
troposphere to the stratosphere is interrupted.

Because of the low turbulence rate in this layer,

most of the old Rn™ in the lower stratosphere
remains there until it decays. A fraction of the
old Rn™ in the tropopause will diffuse down-

ward into the troposphere or upward into the
lower stratosphere. Since the mixing rate is

higher in the tropopause than in the lower
stratosphere, the Rn™ content decreases more

rapidly in the tropopause than in the layer

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-

eay products Po™(&). = 3.05 min), Pb™ (ti.
= 26.8 min), and Bi™ (¢,. = 19.7 min), the the-
ory predicts, as expected, radioactive equilibrium

with Rn™ 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 boundarylayer.
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 all cases a lack of
the three decay praducts with respect to Rn™

must be expected for steady-state conditions
This deficiency decreases with increasing heigh
above groundlevel. At a given height the Pb™,
Rn™ and Bi™/Rn™ ratios are nearly equal bu
are lower than the Po™/Rn™ratio.
The height of the disturbed layer depends a:

the mixing rate within the boundary layer. Fc



transport from south to north

ropopause gap must be rather

“not exceeding a week.

rpretation of the observed pro-

a is possible if a sudden tem-

> of vertical mixing or convection

for instance, there is a sudden

K profile from type A to type B

2 supply of fresh Rn™ from the

the stratosphere is interrupted.

low turbulence rate in this layer,

j Rn™ in the lower stratosphere

until it decays. A fraction of the

ie tropopause will diffuse down-

troposphere or upward into the

here. Since the mixing rate is

tropopause than in the lower

he Rn™ content decreases more

; tropopause than in the layer

result is a temporary, slow in-

ntration with altitude above the

yossible contaminations of the air

rther measurements are necessary

ese preliminary results. In any

cate the value of Rn™ as a tracer

yf the exchange between tropo-

‘atosphere. The main reason for

rather short half-life of 3.8 days,

time scale for the processes in-

?n'* decay products. For the de-

0" (ty = 3.05 min), Pb™ (ti

nd Bi™(tj. = 19.7 min), the the-

expected, radioactive equilibrium

pt in surface air. In the boundary

oactive equilibrium is disturbed

deposition of decay products at

face which results in a downward

vithin the boundary layer.

yws the vertical profiles of Po™,

* (Po™) in the boundary layer,

Iculated with the aid of the K
n Figure 1. In all cases a lack of
y products with respect to Rn™

sted for steady-state conditions.

- decreases with increasing height

level. At a given height the Pb™/

/Rn™ ratios are nearly equal but
the Po™®*/Rn™ ratio.

of the disturbed layer depends on

e within the boundary layer. For
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TABLE 1. Calculated Deviation of Radioactive

Equilibrium between Rn”? and Its Short-Lived
Decay Products
 

Activity Ratio
 

 

Turbu-
Nuclide lence Height, m
Ratio Case 0.1 1 10 100

Pot4/Rn® IWN 0.66 0.98 1.00 1.00
WNN 0.56 0.85 0.99 1.00

NNN 0.77 0.88 0.95 1.00

SSN 0.90 0.938 0.96 0.98

Pb**/Rn2 IWN 0.31 0.73 0.99 1.00

WNN 0.31 0.54 0.82 0,99

NNN 0.66 0.76 0.84 0.94

SSN 0.83 0.85 0.88 Q.9L

Bi?4/Rn* IWN 0.23 0.62 0.97 1.00

WNN 0.25 0.45 0.73 0.88

NNN 0.63 0.7 0.80 0.90

SSN 0.80 0.82 0.84 0.88

 

low turbulence (cases IWN and WNN) the de-
ficiency is rather large near ground level but
decreases rapidly with increasing height. With

increasing turbulence the deviation from radio-

10"
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active equilibrium with Rn™ will be smal

near ground level but will extend to grea

heights (see Table 1).
An experimental proof of the disturbance

the boundary layer of the radioactive equil

rium between Rn™ and Pb™ or Bi™ is possi
by simultaneous measurements of Rn™with
ion chamberorthe scintillation chamber met!
and of Pb™ and Bi™ by the filter method.
few simultaneous measurements of this ki

though in a rather undefined terrain, were m:
by Jacobi et al. [1959]. The average Bi™/R

ratio for 35 measurements at a height of 1 to

meters—most of them during daytime—was
to 0.5; radioactive equilibrium was found c
during rather strong inversions at night anc
the morming. Minimum values of about 0.2
0.3 were observed in the noon and afternoo:

An exact proof of the theoretical results
quires measurements of the Rn™ and fT
(Bi™) profiles in the boundary layer during
riods of rather constant atmospheric stabil

But the theoretical results demonstrate the

sibility of obtaiming valuable information on

 
10
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Fig. 7. Vertical profiles of Pb™° and Po”, calculated with Ero = 1 Rn atom/cm* see and with
the K profile NNN (parameter 7 = half-life of removal).
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mixing rate in the boundary layer from mea-
surements of the ratios of Rn™ and its decay

products.

Pband Po’. The vertical distribution of
Pb”? (ti. = 19.4 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 ineluding the
term with the removal rate A in (1) and (2).
The corresponding half-life of elimination is  

} im 10m 100 rm km 10km 20km

05 |

LT

0,2 3 ——

j 2 0,1 es© Le a

°
eT

ON

£ 0,05 2
E o~ a

a,
—-

a 40

5
0.0! |

0 3 Altitude 10 1Skm 
Fig. 8. Vertical variation of the Pb™/Rn and Po”*/Pb”® ratios for different values of the

removal half-life 7 (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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TABLE 2. Calculated Mean Values of Pb*° and

Po? Concentrations and Their Ratio near Ground
Level as a Function of the Removal Rate
 

 

 

Removal
Half-Life Spec. Activity,* c/m!? Activity

T, Ratio
days Pb? Po™ Pb?!/Po?®

5 0.6 X10" 0.5 X 107 0.008
10 0.9 * 10-4 1.8 x 107 0.02
20 1.3% 10-* 6.0 * 107! 0.04

50 19 10-" 16 xX 107% 0.08
100 24x 104 29 «* 107% 0.12

200 2.7 *%104 46 * 1075 0.17

oo 3.5 * 10-4 9.8 * 10775 0.28

 

* Assuming a mean Rn”? exhalation rate of 0.4
atom/cm? sec.

Figure 7 shows the calculated equilibrium
profiles of Pb™® and Po™ for different values of

the half-life of removal 7’. The profile of Bi”
(t,,. == 5.0 days) is approximately identical with
the Pb” profile because both nuelides are prac-
tically in radioactive equilibrium. The distribu-
tion for T = o applies to the case with no
washout or rainout, so that fallout is effected

only by diffusion to the ground surface. All the
calculated profiles show a slow increase of the

Pb” and Po” concentrations with altitude in
the troposphere. We have to keep in mind that
the calculations are based on the assumption of
a constant removal rate throughout the tropo-
sphere and lower stratosphere. Since the pre-
cipitation processes are restricted to the
troposphere, the actual profiles in the lower

troposphere should correspond to profiles calcu-
lated for a finite residence time. Above the

tropopause, however, a higher Pb™° and Po™
concentration should be expected. The maximum
concentration should be reached at an altitude
of about 20 to 30 km.

An indicator of the fallout efficiency is the

change of the Pb™/Rn™ and Po™/Pb”™ratios
with altitude. The theoretical values of these
ratios are shown in Figure 8. The ratios are ap-
proximately constant up to an altitude of about
1 km. Above this altitude the Pb™/Rn™ ratio
increases rapidly aecording to the deerease of
Rn™ concentration and exceeds a value of 1 in
the lower stratosphere. The Po™/Pb™ ratio
rises more slowly with increasing height, until

radioactive equilibrium is reached approximat

in the lower stratosphere.
The theory shows the important result t!

rather low ratios must be expected in the tro]

sphere even without any removal of Pb™ a

Po” by washout or rainout. In this case Pb

Rn™ ratios of about 10° and Po™/Pb™ rat
of about 0.3 are obtained in ground-level 4
This result can be understood by considering t

buildup of the steady-state distributions
Pb™ and Po” atoms. The vertical distributi:
of the production rate of Pb™° atoms must

equal to the vertical profile of Bi™ or Rn™. B
cause of their comparatively long residence tir

in the atmosphere, the Pb™ atoms assume
much more uniform vertical distribution th:

their mother atoms. Supported by the diffusic
of Pb™ atoms toward the earth’s surface ar
their deposition thereon, this process results -
a lack of Pb” in the troposphere and in an e:
cess with respect to Rn™ in the lower stratc
sphere. The deviation of radioactive equilibriu:
between Pb”™° and Po** without any washol.

ean be explained in the same way. With dc
creasing residence time of Pb™° and Po™ atom

Le. with increasing washout efficiency, both re

tios are lowered.

The profiles of Pb™ and Po” shown in Fig
ure 7 are standardized to a Rn™ exhalation rat
of 1 atom/cm* sec. As was mentioned earlici
this value is reasonable for the calculation c

Rn™ profiles over continental areas when th
horizontal advection of maritime air with lov

Rn™ content can be neglected. Because of thei
rather long residence times in the atmosphere
this is no Jonger true for Pb™ and Po™*. As ar.

approximation it can be assumed that horizonta.
mixing leads to uniform Pb” and Po”® profile:
over land and sea within the samelatitude belt.
The land/sea ratio for middle latitudes of the

northern hemisphere is about 0.4. The calcu-
lated absolute concentrations should be multi-

plied by this factor to get values that are com-

parable with the observed average concentrations

in this region. Table 2 summarizes the result-

ing theoretical mean concentrations of Pb

and Po” near ground level for different valucs
of the half-lives of their removal.
Only a few measurements of Pb*™and Po™

are available for comparison with the calcula-
tions. Observed average values in ground-level
air at several places in temperate latitudes of
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ern hemisphere range from 0.5 « 10°“

towtoe c/m* for Pb™ [Biifford et al., 1952;

Lehmann and Sittkus, 1959; see also US-AEC

Fallout Program, 1958, 1959, 1960]. Simultane-
ous measurements were made only by Burton
and Stewart [1960] in Harwell and by Lehmann

and Sittkus [1959] on the Schauinsland near

Freiburg/Brsg. They obtained an average Po
concentration of 5 x 10“ to 7 x 10° oft and

a mean ratio of 0.05 to 0.1. These experimental
data are in rather good agreement with Table 2
for a removal half-life of 20 to 30 days. A half-

life of this magnitude is well established by
studies of the fallout of fission products [Stewart

et al., 1955] and cosmic-ray-induced Be’ and
P™ [Goel et al., 1959; Lal, 1959]. 1 the

Burton and Stewart [1960] measure .

vertical distribution of Pb” and Po™ over Eng-

land during a period of severalmonths. Mgure
9 shows the observed mean Pb™ profile an ne
theoretical profiles (calculated for the censity
profile in the ‘standard atmosphere ). The oe

served slow increase in concentration with ne
tude in the troposphere agrees rather re

the profile calculated with T = 20 to 50 ays.
Above the tropopause the concentrationin

creases more rapidly and approaches the c ia
lated profile for T = oo. This effect should be
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K-profiles IWN{-----), WNN(————)

NNN(——), SSN——)

 
  

 

0m

Altitude

lem 10cm im

   

100m Tkm km 30km

Fig. 10. Vertical profiles of Rn™ and its decay products, calculated with Z = 1 atom/
cm? sec.

expected from theory because of the lack of
precipitation in the stratosphere. This agree-

ment leads to the conclusion that the observed
profile ean be explained by vertical mixing with-
out assuming a horizontal advection of Pb”°-
enriched air in the lower stratosphere. Prelimi-
nary measurements of the profile over the
United States, which were mentioned by Machta
[1960], indicate no significant increase in the

concentration above the tropopause. If this dis-
crepancy is confirmed by further investigations,

a dependence of the Pb™ profile on longitude
must be assumed.
Burton and Stewart [1960] observed an in-

crease of the Po™/Pb™ratio in air with increas-
ing altitude as expected from theory. This is
also consistent with the observation of Lehmann
and Sittkus [1959] that the ratio in rain is
higher by a factor of about 2 than that in
ground-level air.
Rnand its decay products, Owing to the

rather short half-life of Rn” (é,. = 54 sec) and

its decay products, their vertical distribution is
restricted to the lower troposphere. Figure 10

shows the vertical profiles of Rn™, Pb”, and
Bi™ calculated for the typical profiles of the

turbulent diffusion coefficient shown in Figure 1.
Because of its short half-life, the concentration

of Rn™ decreases rapidly with height. In the

ease NNN (average turbulence) about 80 per
cent of all Rn™ atoms will decay within 20
meters above ground level. For a strong inver-

sion in the boundary layer (case JWN) about
90 per cent of Rn™ is concentrated in a layer
1 meter thick. Po™ rather quickly approaches
radioactive equilibrium with Rn™.
The half-life of Pb™ (é,2 = 10.6 hr) greatly

exceeds that of Rn™. Therefore, the Pb™ atoms,
after their formation, can diffuse to greater alti-

tudes than Rn™ or Po™. As in the relations be-
tween Rn™ and Pb”, this difference in residence
time causes a low Pb™/Rn™ ratio in the bound-
ary layer near ground level and an excess of

Pb” over Rn™ at higher altitudes. Radioactive

equilibrium between the two is reached at only
one point, the altitude of which varies with mix-
ing rate in the range from 1 to 100 meters. For

a constant turbulent mixing rate the theory in-
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dicates a rather constant Pb™ concentration in

the range of | to 20 meters. For a constant Rn™

exhalation, changes of the turbulent mixing rate
will cause a variation of the Pb” concentration

in this laver by a fuctor of ubout 10.

The ealculated profiles shown in Figure 10 are

standardized to a Rn™ exhalation rate of 1
atom/cm’* see. Measurements of the exhalation

rate are not available, but on the basis of the
diffusion theory and the known Rn™ exhalation
rate, a rough estimation is possible. Since the
average Ra™ and Th™ contents of normal soil

material are about equal and amount to 1.10"
e/g [Rankama and Sahama, 1950], the Rn™
exhalation rate must be lower by a factor of
about \/Ace/Ae» =» 1/80 than the Rn*™ exhala-
tion rate, if both emanations escape from the

-oil material with the same efficiency into the
eround air (Israel, 1958]. Consequently, a Rn™

exhalation rate of 107% atom/em? see will be a
rough mean value for uncovered, dry ground of

normal Th content.
For comparison with natural conditions, the

verlicaul profiles shown in Figure 10 must there-
fore be lowered by a factor of about 0.01. For
the mean turbulence profile NV¥N the theory
predicts a mean Pb? concentration of about
3710" ¢/m?® and ao omeaun Pb’*/Rn™ ratio of

about 0.03 in surface air (sce Figure 10). Mea-

surements in this Inver xt several places [sce
compilation of Multyrist, 1956] indicate a mean
Pb™®concentration of 10°? to 10e/m® and a
mean ratio of 0.01 to 0.05, which is in rather

good agreement with the theoretical values. The

assumed A profile AVN and the mean Rn™
exhalation rate thus seem to be reasonable.

It follows from Figure 10 that it is impossible
to determine Itn* coneentration from Pb** mea-
surements under the assumption of radioactive
equilibrium. Sinee no direct methods for the de-

termination of low Rn™ concentrations in the
presence of Rnare yet available, the Rn™ con-
centration in the atmosphere is not known. The
agreement between theory and observation,
stated above, for Pb” allows us to conclude

that the calculated mean Rn™ profile for the
cease NNW is quite correct under normal condi-

tions. Therefore, a mean Rn™ concentration of

about 10°c/m? should be expeeted near ground

level, which is of the same order of magnitude
as the mean Rn™ concentration in this layer.

Conclusion, The theorctical calculations give

a general survey of the vertical distribution of

Rn™, Rn™, and their decay products in the at-

mosphere, and their dependence on the vertical

profile of turbulent mixing. The vertical dis-

trputions calculated for the average turbulence

profile NNN agree rather well with the ob-

served distribution of natural radioactivity in

the atmosphere. On this basis a reasonable pre-

diction of the Rn™ concentration in ground-

level air and its variation with altitude can be

given. On the basis of the theoretical results pre-

sented here it is necessary to revise the pre-

viously used method of estimating the mean

residence time of acrosols in the troposphere

from Pb™°/Rn™ or Po™*/Pb™ ratios.

The computed profiles show new aspects for

a successful use of Rn™, Rn™, and their decay

products as natural tracers in the study of mix-

ing processes in the troposphere and lower

stratosphere.
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