Radon in the Upper Atmosphere

Radon measurements near the equatorial and polar
tropopause suggest the nature of atmospheric transport.

Lester Machta and Henry F. Lucas, Jr.

Radon is a decay product of uranium-
238 in the earth’s surface. As the first
gas in the uranium decay chain, it can
breathe out of the soil and rocks. Fur-
ther, its 3.8-day half-life permits it to
be carried upward without undue loss
while participating in normal atmos-
pheric transport processes. It has a
series of short-lived daughters (with
half-lives less than 30 minutes) before
decaying to long-lived (22-year) lead-
210.

There have been numerous theoreti-
cal studies computing the vertical dis-
tribution of radon (or its daughters)
from an equilibrium theory in which
the divergence of the flux due to vertical
mixing balances the loss due to its
radioactive decay (/). An early and
simple derivation of Schmidt’s (2), pre-
dicts a simple exponential decrease of
concentration with altitude by assuming
a constant coefficient of vertical mixing.

A few measurements in the tropo-
sphere have confirmed a decreasing con-
centration with altitude (3-5) but with
the same kinds of irregularities char-
acteristic of humidity mixing ratio. The
troposphere, on the average, is well
mixed and the observed decrease in
radon concentration—which at about
30,000 feet is about one-tenth of that
measured at ground level—is consistent
with well-established mixing intensities
in this layer. Special conditions within
a few tens of feet of the ground on
nights with little wind and strong noc-
turnal thermal stability have been fre-
quently noted by Moses et al. (6) but
do not affect the broader picture to be
described in this article.

The stratosphere, on the other hand,
is thought to be characterized by slow
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vertical exchange such that one might
expect little or no radon to be found
in this upper layer of the atmosphere;
it should have decayed before being
transported deeply into the stratosphere.
It was therefore felt that measurements
of radon below and above the tropo-
pause might prove to be a means of
identifying the top of the well-mixed
troposphere.

Two attempts were made to measure
the short-lived radon daughters (which
are a direct measure of the radon itself)
by filtration aboard a B-57 aircraft
above and below the tropopause. The
first took place over Alaska in mid-
winter. It revealed a radon daughter
concentration 5000 feet above the
33,000-foot tropopause at least 20 times
smaller than that 5000 feet below the
tropopause on the same day. Due to
possible contamination of the filter
paper during descent of the strato-
spheric flight through the troposphere
it was possible that the decrease might
have been far in excess of the factor of
20. The second attempt took place over
Albuquerque, New Mexico, in the late
winter. Again the radon daughter con-
centration just above the tropopause
was roughly 20-fold smaller than below
the tropopause and again the difference
might have been larger had the sam-
pling been conducted without contami-
nation of the stratospheric sample.

Because of the difficulty of sampling
for the radon daughters in the strato-
sphere, advantage was taken of the
United States’ world-wide sampling op-
erations in May—June 1961 to measure
the radon gas itself. Two of the geo-
graphically extreme stations were se-
lected: one at 70°N (roughly, over
Point Barrow, Alaska) and a second
at 12° to 20°N (south of Hawaii).
Steel bottles containing about 70 cubic
feet of air at standard temperature and

pressure (STP) were shipped by air
freight to Argonne National Laboratory,
where the radon content was deter-
mined.

The radon concentration was ob-
tained by collecting the radon from
500- to 1000-liter samples of air on
activated cocoanut charcoal at Dry Ice
temperatures with subsequent transfer
to an alpha scintillation radon counter
(7). This system has a sensitivity of
5.45 count/min per 1 X 107 curie
(picocurie) and a background counting
rate of about 0.1 count/min.

Complete removal of carbon dioxide
and water vapor is required for quanti-
tative retention of radon on the char-
coal (8). This was accomplished by
passing the air through two spray-type
gas washing towers in series, each filled
with 380 grams of potassium hydroxide
in 1.5 liters of distilled water, and then
through a water-cooled condenser and
six dip-type water freeze-out traps im-
mersed in Dry Ice and carbon tetra-
chloride-chloroform slurry (1 :1) (9).
Warming of the air between each water
trap was required to prevent ‘“‘snow”
carry-over.

Duplicate 500-liter samples were ana-
lyzed from 3 to 6 days after collection.
The volume of each sample was re-
corded on a wet test meter (/0) and
corrections to standard conditions
(STP) were made. The volume of each
sample was obtained to 0.3 percent or
better. Additional, 600- to 1000-liter,
samples were taken 4 to 8 days later,
and except for samples with less than
10 c/liter, agreement of replicate
samples was within 10 percent of re-
ported statistical error. All samples
were counted for 900 minutes, with a
repeat 400-minute counting interval for
all except a few of them. Counting
rates varied from a few tenths to 10
count/min. The statistical counting
error, 0.9 count/ min, was calculated on
0.35 of the net (radon 4 daughter)
counts to compensate in part for the
effect of -the very short half-life of the
radon daughters on the counting sta-
tistics (11).

Corrections were made for decay of
radon to mid-collection, radon contami-
nation from 2.3 pc radium-226 in the
potassium hydroxide, the 0.1 pc radium-~
226 in the charcoal, and the 0.002 pc
radon introduced through the rubber of
the radon transfer system. No correc-
tion was made for contamination by
radium within the sample bottle.

One such sample bottle, aged for 42
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days at 2000 1b/in.* (gage), was found
to have a radon -concentration of
0.4 x 10™ c/liter, which would cor-
respond to 0.2 X 107 c/liter at time
of analysis. This is very much less than
the 5 X 10™ to 5 X 107 c/liter found
previously for larger compressed air
cylinders (8). Since variations in the
radium content of the various sample
bottles and in the pressure and the
effectiveness of purging at time of
sample collection have not been evalu-
ated, the accuracy of values of less than
1 X 107 ¢/liter is limited.

The resulting concentration in 107
c/liter (STP) is summarized in Table 1.
Concentrations from less than 1 X 10
to 90 X 107 c/liter were found. These
can be compared to measurements of
normal ground-level air at Argonne
National Laboratory, measured by a
similar technique in which an annual
average of about 3 X 107 c/liter was
found (72). Under certain weather
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conditions, the radon concentration was
found to vary from 0.5 X 10™ to
17 X 107 c¢/liter. Over the oceans,
far removed from land, the concentra-
tion may decrease to about 1 X 107"
c/liter (13). The radon concentration
is also likely to be smaller over frozen
ground (/4). For these reasons, it is
difficult to assess a mean hemispheric
ground-level concentration for compari-
son with samples collected at altitude
but very likely will be within 1 X 107
to 1 x 107™ c/liter.

Alaska Series

The temperature profiles and the
radon concentrations are shown in
Fig. 1 for the three Point Barrow,
Alaska, observations. The three series
have common features both with regard
to the temperature structure and the
radon concentration. The 25,000-foot

samples lie in the troposphere and
uniformly have the highest values. The
40,000-foot samples lie just above the
tropopause in a layer characterized by
temperature increasing with height. The
radon content of these samples are the
lowest observed at any level on two of
the three days. On all three days, the
50,000-foot radon content increases
over the 40,000-foot value, the amount
of the increase appearing to correspond
rather closely with the rate of tempera-
ture decrease with altitude in the layer
in which the sample was collected.
Above 50,000 feet the radon concen-
trations decrease with altitude on all
but the last run.

It is evident that the layer of air in
which the 50,000-foot sample was col-
lected has had a more recent tropo-
spheric history than the 40,000-foot
layer. Thus separate layers with more
or less recent tropospheric history may
readily overlay one another within the
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Table 1. Radon concentrations of high-altitude air. The statistical counting error or average deviation
of the mean of replicate samples, whichever was greater, was 0.9. The Alaskan samples were collected
at approximately 1900 to 2300 GMT, and the Hawaiian samples at 0000 to 0200 GMT, on the

indicated days.

A(l};g;ie Counts (X 10~16) per liter (STP) Average
Alaska (between 67.5° to 71.5°N, 143.5° to 146°W)

2 May 4 May 9 May
25,000 69. =3 79. =6 55. =1 68
40,000 0.26 = 0.2* 2.0 = 0.4 1.2 = 0.4 1.2
50,000 149 = 0.2 8.3 = 0.3 3.0 = 0.4 8.7
60,000 7.2 = 0.2 3.1 =03 4.5 = 0.4 4.9
65,000 4.0 =02 2.8 = 0.3 0.9 = 0.1 2.6

South of Hawaii (12° to 20°N, 159°W)

6 Junet 8 June 15 June 20 June
50,000 122 = 0.4 21.7 = 1.2 19.3 = 1.0 18.7 = 0.2 18.0
60,000 6.1 =04 3.0 = 04 7.0 = 1.1 5.4
65,000 2.7 =04 0.5 = 0.2% 4, = 3. 2.4

*These values cannot be differentiated from zero values; see text.

16° to 20°N and 159°W.

stratosphere. This conclusion is also
evident from the detailed chemical
ozone measurements (/5). Radon,

however, having a 3.8-day half-life,
places a time scale on the process, al-
though some qualifying assumptions
must be made in deriving quantitative
time intervals. Thus, if one compares
the 8.7 X 107 c/liter at 50,000 feet
with the 1.2 X 107 c¢/liter at 40,000
feet, one can argue that the 40,000-foot
sample is 11 days older. Or, if the
8.7 X 107 ¢/liter was derived from
air which had, say, 25 X 107 c¢/liter
farther south where the 50,000-foot
level is in the troposphere, then there
has been about a 6-day quasi-horizontal
transit from this southern latitude to
Point Barrow. While there may be an
uncertainty in assuming 25 X 107
c/liter the true value is likely to be
larger than the 18 x 107 c/liter found
at 12° to 20°N and smaller than the
68 X 107 c/liter found at 25,000 feet
over Alaska. Thus, the transit time
might be as long as about 2 weeks or
as short as 2.5 days rather than 6 days.

The horizontal airflow pattern over
the Point Barrow area was dominated
at least up to 40,000 feet by an anti-
cyclone located to the west or north-
west of the sampling point. This weather
system weakened considerably toward
the end of the collection period. Air-
flow at the 25,000-foot level arrived
from the west to northwest quadrant.
At 40,000 feet the air came from the
northwest on the 2nd and 4th of May,
then from the south on the 9th. At
50,000 feet, however, the air appeared
to originate from the north on all three
days, despite its more tropospheric
nature. The winds at 60,000 and 65,000
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7This collection was made at

feet blew from an easterly quadrant on
all occasions.

One may interpret the changes of
radon concentration either in terms of
transport by organized circulations or
by turbulent mixing. Present meteoro-
logical thinking by Machta does not
suggest that there is organized rising
motion in the polar regions in the spring
season of the year. Such rising motion
would be required, in the absence of
vertical mixing, between all layers ex-
cept the 40,000- and 50,000-foot layers.
If present, it would amount to about
1 c¢cm sec™, assuming the concentrations
in the 50,000- to 65,000-foot layer to
be representative. But, if the vertical
flux between 50,000 and 65,000 feet is
due to vertical diffusion and a steady
state is assumed, then there is an aver-
age diffusion coefficient of 1 X 10° to
6 X 10° cm® sec™ in this layer. This
value (as well as the computed rising
current) is rather large for the strato-
sphere and probably reflects the lack of
reality of the assumptions. On the other
hand, many meteorologists have sug-
gested that vertical mixing is enhanced
over its normal stratospheric value of
1 x 10°to 1 X 10* cm® sec™ during the
polar spring season.

The correspondence between the high
radon concentration, a measure of
“tropospheric” air, and the decrease of
temperature with altitude in the “strato-
sphere” may require a reevaluation of
the ease with which exchange of air
between the two layers takes place
(16). Further, air at 40,000 feet may
be more “stratospheric” than air at
65,000 feet, despite the lower altitude
and apparent lesser remoteness from the
troposphere.

Hawaiian Series

Comparative temperature and radon
profiles for the equatorial observations
are not given because of the long in-
terval over which the collections were
made and the absence of weather data
at all but the northern end point. Ex-
trapolating from nearby radiosonde ob-
servations, the 50,000-foot sample col-
lected on 8 June, the highest value,
appears to have been obtained entirely
within the troposphere, and the 20 June
sample, entirely in the stratosphere, but
the three remaining 50,000-foot samples
are mixtures of air from both layers.
All of the 60,000- and 65,000-foot
samples were collected above the tro-
popause.

The surprising feature of this picture
is the large amount of radon at 60,000
and 65,000 feet compared with that at
50,000 feet. If a rising current is in-
voked to account for this transport into
the stratosphere, and the radon concen-
trations at sampling location are con-
sidered to be those at the points at
which the upward motion began, one
needs rising motions of the order of
0.5 cm sec™. It is likely that the upward
currents originate over continental areas
associated, in part, with convection. For
this reason, the radon concentration just
below the tropopause is likely to be
considerably greater than that reported
at 50,000 feet in the mid-Pacific. Thus,
the magnitude of the rising current just
computed, 0.5 cm sec™, is probably an
overestimate by perhaps as much as an
order of magnitude.

On the other hand, if the radon
reaches 60,000 and 65,000 feet by tur-
bulent mixing, and if, again, the mean
concentrations in Table 1 represent the
steady state, one computes a coefficient
of vertical mixing of between 0.7 X 10°
to 1.3 X 10° cm® sec™. This exceeds
the expected value in the lower equa-
torial stratosphere by perhaps an order
of magnitude. It may be in error, again,
since the main source of radon is over
equatorial continental areas, but in this
case it can be either too small or too
large. If about 1 X 10° cm® sec™ is
accepted as correct, the ozone and fis-
sion products (after a few months of
the injection anywhere in the lower
equatorial stratosphere), both of which
are tracers of stratospheric air, should
show virtually no vertical gradient be-
tween the tropopause and 65,000 feet.
In fact, there is a deficiency of ozone
over that expected from photochemical
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equilibrium theory, witn concentrations
not unlike those of the upper tropo-
sphere, and except during periods of
equatorial test operations there is a
very marked increase in fission product
concentration from the tropopause to
at least 65,000 feet. It is therefore
suggested that the radon which is found
above the equatorial tropopause has
been carried there by a slow rising (on
the average) current, through the tropo-
pause to at least 65,000 feet. Further,
this mode of transport dominates the
flux that results from turbulent vertical
exchange. The history of the radio-
tungsten introduced during the United
States 1958 equatorial tests suggests,
however, that the rising current does
not reach above 65,000 feet (/7).

The mean stratospheric radon con-
centrations at 60,000 and 65,000 feet
at both the polar and equatorial loca-
tions are very similar. It is unlikely
that intense horizontal mixing in this
part of the stratosphere could have pro-
duced the similarity, because even the
most extreme coefficients of horizontal
mixing would result in significant dif-
ferences if injection into the strato-
sphere occurred at either location, or
if injection occurred in the temperate
zone.

The initial collections of radon gas ifi
two extreme geographical locations have
proven to be far more interesting than
expected. In the case of the Alaskan

results, the reversals in concentration
with height are associated with features
of the thermal structure and indicate
that slices of recent tropospheric air
may readily interleaf the air normally
considered stratospheric. Further, semi-
quantitative estimates of the time scale
can be given, since radon has a com-
paratively short half-life of 3.8 days
and its presence in observable amounts
would probably not allow transit times
to the lower stratosphere from the

troposphere longer than about a month. -

More radon was also found in the lower
equatorial stratosphere than expected.
These observations, combined with the
vertical profiles of ozone and fission
products whose origin is the strato-
sphere, suggest that a rising motion,
rather than turbulent mixing, is the
more likely mode of transfer. The mag-
nitude of such rising currents of about
107* to 10" cm sec™ is about the magni-
tude predicted as upper limits by Mur-
gatroyd (I/8) and expected by Machta
(19).

It is expected that additional profiles
can be obtained in future aircraft opera-
tions at these locations and in the
southern United States. The usefulness

of radon to measure the coefficient of -

vertical turbulent mixing has been dem-
onstrated for the troposphere (4) and
in this article its potential value in the
lower stratosphere is equally evident
(20).

News and Comment

Playing with Numbers: The Public
Wants a Balanced Budget, So the
Public Gets a Balanced Budget

With the submission this week of
the Economic Report, the President
has completed his first full presentation
of the series of three messages that be-
gin each congressional session. The
State of the Union and Budget mes-
sages were reviewed here last week. In
the Economic Message, and its accom-
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panying Report of the Council of Eco-
nomic Advisers, the Administration of-
fers its view of the state of the econ-
omy, its estimates of the economic
significance of the President’s program,
and a rationale of the basis for the
budget.

As reported last year in a review
of Kennedy’s and Eisenhower’s ap-
proaches to economics (10 Feb. 1961)
the two administrations are in basic
agreement on any number of general
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principles (that greater investment in
science and education is necessary for
economic growth, that a major goal of
economic policy should be to limit in-
flation, that deficits are useful in com-
batting recessions, and so forth), but
are in substantial disagreement over
how these general principles should be
applied in practice. Kennedy obviously
believes in spending more money (as
reported last week, Kennedy’s new
budget increases spending by over $3
billion at the same point in the busi-
ness cycle that Eisenhower’s fiscal 1960
budget reduced spending by over $3
billion); he does not emphasize, as
Eisenhower did strongly, a reduction in
taxes as even a long-range goal; and he
does not share Eisenhower’s concern
over the question of whether the
budget is balanced.

Nothing contrasts so sharply between
the Eisenhower Budget and Economic

299



