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ABSTRACT 

The average stratospheric residence half-time of particulate radioactive debris, as 
represented by strontium-90 and manganese-54, was approximately 10 months during 
the two years following the last atmospheric tests of high yield nuclear weapons. 
During this interval, the carbon- 14 which was produced artificially by nuclear weapons 
tests showed a stratospheric residence half-time which increamed with time, but aver- 
aged about 18 months. It is suggested that the stratospheric residence half-time of 
particulate debris did not increase significantly during 1963 until early 1966 because 
in the upper stratosphere, above 20 km, the rate of particle settling of the debris ex- 
ceeded the rate of upward diffusion, and as a result, this debris remained highly con- 
centrated in the lower stratosphere throughout this period. It is also suggested that 
the relatively more rapid meridional movement of particulate debris, compared to the 
movement of carbon-14, into the stratosphere of the Southern Hemisphere during the 
second half of 1963 resulted to some extent from the partial separation of the particu- 
late debris from the carbon-I4 in the equatorial stratosphere as a result of particle 
settling. 

1. Introduction 

The U.S. Defense Atomic Support Agency 
has sponsored the sampling of the lower 
stratosphere for radioactive fallout from nuclear 
weapons tests since 1957 utilizing WU-2 air- 
craft and, recently, RB-57F aircraft. The current 
phase of this program is code-named Project 
Stardust. 

The Stardust sampling missions collect filter 
samples of stratospheric air using 1PC-1478 
filter medium and, since August, 1963, they 
also collect gas samples. At Isotopes, Inc., 
carbon dioxide from the gas samples has been 
analyzed for carbon- 14; the filter samples have 
been analyzed for fission products, such as 
strontium-90 and cerium-144, for products of 
neutron activation, such as manganese-54 
and cadmium-109, and for naturally produced 
radionuclides, such as beryllium-7, phosphorus- 
32, and lead-210. 

The purpose of the program has been two- 
fold: (1) to monitor the stratospheric burdens 
of strontium-90, carbon-14, and other radio- 
active debris, and (2) to obtain evidence on the 
nature and rates of the processes which pro- 
duce movement of radioactive debris in the 

stratosphere and between the stratosphere 
and troposphere. 

Sampling is currently performed between 
75"N and 55%. The flight tracks followed during 
1965 are illustrated on the map in Figure 1, and 
on the vertical cross-section of the atmosphere 
in Figure 2. The aircraft capabilities limit 
Stardust sampling to the lower stratosphere, 
below 22 km. Vertical arrows in Figure 2 rep- 
resent the approximate sampling positions for 
the U.S. Atomic Energy Commission high alti- 
tude balloon sampling program (SALTER, 1965 
A). Data from the balloon program have been 
used to extrapolate Stardust data concerning 
particulate debris to the upper stratosphere. 

The radiochemical procedures employed in 
Project Stardust and the calibration of the 
filter samples used in the program have bem 
described in reports issued by the U.S. Defense 
Atomic Support Agency (FRIEND et al., 1961; 
FEELY et al., 1963). It has been shown that the 
filter sampler used in the program has essen- 
tially a 100 per cent collection efficiency for the 
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FIG. 1. Flight tracks of Stardust missions during early 1966. 

particles carrying stratospheric radioactivity 
(VAN DEN AKKER, 1960; FRIEND et d., 1961). 
It haa been estimated that errors in sampler 
intercalibration, in recording of collection data 
(such aa actual altitude and airspeed of aircraft 
during filter exposure, and actual duration of 
exposure), and in sample analysis may give a 
random error of f 20 per cent in the final results 
for a typical Stardust filter sample analysis. 

The same types of poeaible errors in sample 
collection and analysis may be expected to give 

a random error of about & 20 per cent in results 
of radiochemical analyses of filter samplea col- 
lected during the balloon program. If  the filter 
sampler used in the balloon program has less 
than a 100 per cent efficiency for the collection 
of the particles which carry stratospheric radio- 
activity, however, the nuclide concentrations 
reported for the balloon samples may be too 
low. 

The filter sampler used since 1961 for the 
collection of samples for the balloon program 

L AT IT U DE 
Isolop*s. lnc. 

- 
I0 I-- 9 -  

t 

c 

c 

FIG. 2. Sampling corridor with Stardust and AEC balloon program flight tracks. 
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has been described by WOOD (1961; 1964). From 
the data presented by Wood, it appears that 
this sampler has collection efficiencies in excess 
of 75 per cent for particles with diameters 
greater than 0.026 micron. This size range 
should include the bulk of the stratospheric 
aerosol, and, probably, the bulk of the strato- 
spheric debris from nuclear weapons tests. 
DREVINSKY & PECCI (1965) attempted to meas- 
ure the size distribution of stratospheric par- 
ticles containing fission products, and found 
that with few exceptions most of the activity is 
carried by particles of about 0.04 to 0.30 micron 
diameter. If the results of these measurements 
are correct, it can be concluded that any bias 
in the balloon data due to incomplete collection 
of the stratospheric particles is less than 33 
per cent. 

We havo attempted to estimate the uncer- 
tainties in the calculated total stratospheric 
burdens of strontium-90, manganese-54 and 
carbon-14 which are given below, taking into 
account the possible errors in sampler calibra- 
tions, in collection data, and in sample analysis, 
and the probable representativeness of the 
sample collections. Generally 80 per cent or more 
of the total stratospheric burdens of stron- 
tium-90 and manganese-54 has been found to 
be in the lower stratosphere, where it has been 
sampled by Stardust aircraft. Thus even if the 
assumed collection efficiencies of the balloon 
filter samplers are too high, and the resulting 
concentration data are low by as much as 33 
per cent, the calculated stratospheric burdens 
will be in error by less than 7 per cent. If the 
balloon sampler collection efficiencies are essen- 
tially 100 per cent, of course, no error will be 
introduced into the burden calculations from 
this source. The random errors resulting from 
errors in sampler intercalibration, in collection 
data, and in sample analysis will tend to cancel 
each other, so that if enough sample measure- 
ments are used in calculating the stratospheric 
burdens, the resulting net error should generally 
be considerably less than + l o  per cent. An 
additional random error will be intro'duced into 
the calculated burden if the samples collected 
during a particular time interval are not truly 
representative of the radioactivity concentra- 
tions in the whole stratosphere. This danger is 
most pronounced during and immediately fol- 
lowing periods of atmospheric testing of high 
yield weapons, such as much of 1962 and the 

first few months of 1963. This danger is also 
present during periods of especially sparse 
sampling. Considering all of these factors we 
would estimate that the uncertainty in the cal- 
culated stratospheric burdens of strontium-90 
and manganese-54 is generally about +20 to 
225 per cent. The collection and analysis of 

carbon- 14 samples are subject to relatively small 
errors, and the main uncertainty in the cal- 
culated stratospheric burdens of this nuclide 
probably arises from questions concerning the 
repressntativeness of the sampling. We would 
expect this uncertainty to be less than 1 2 0  
per cent. 

Almost all of the gas samples analyzed for 
carbon- 14 during Project Stardust have been 
collected between 75"N and 15"N and be- 
tween 13 and 22 km. We have also used data 
from Argonne National Laboratory published 
recently (HACEMANN et al., 1965; Health and 
Safety Laboratory, 1966) to estimate carbon. 14 
distributions in the regions above 22 km., 
below 13 km., and south of 15" N. The results of 
measurements of carbon-14 in ground-level air 
a t  Westwood, New Jersey, and a t  Wellington, 
New Zealand (Rafter, 1965), have also been used. 
The data of Hagemann et al. have been used to 
estimate carbon-14 distributions in all strato- 
spheric regions before August, 1965, when Star- 
dust gas sampling began. 

On the basis of the results of measurements 
of stratospheric radioactivity made during 
recent years, several conclusions can be made 
concerning the stratospheric residence time of 
radioactive debris and the movement of such 
debris from one stratospheric region to another. 

2. The stratospheric residence time of 
radioactive debris 

The stratospheric burdens of strontium-90, 
manganese-54, and carbon-14 have been cal- 
culated from the observed distributions of 
those nuclides for a series of time periods during 
1963 to 1965. The stratospheric residence times 
of these nuclides during these years have been 
determined from the rates of decrease of the 
stratospheric burdens. 

The apparent distributions of strontium-90 
in the stratosphere during January-April, 1963, 
1964, and 1965 are shown in Figure 3. The 
apparent distributions of manganese-54 during 
the same periods, with concentrations corrected 
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FIG. 3. Distribution of strontium-90 in the atmosphere (dpm Sr9"/IOOO SCF). 
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for radioactive decay to 31 December, 1962, 
am shown in Figure 4. The period January- 
April 1963 immediately followed the last at-  
mospheric tests of high yield nuclear weapons, 
which were performed in December, 1962. 

The stratospheric burdens of strontium-90 
and manganese-54, calculated from apparent 
distributions such as those shown in Figures 3 
and 4, are plotted as a function of time in 
Figure 5. The decrease with time in the burdens 
of both nuclides during 1963 and 1964 cor- 
responds to a stratospheric residence half -time 
of 10 months for this particulate radioactive 
debris. 

The apparent distributions of carbon-14 in 
the stratosphere during January-April 1963, 
1964, and 1965 are shown in Figure 6. The 
distribution for January-April, 1963 is based 
almost entirely on the data of HAGEMANN et al. 
(1965). 
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We have used apparent distributions such as 
those shown in Figure 6 to calculate the car- 
bon-14 burdens of the stratosphere for a series of 
periods during 1963 to 1965. The calculated 
burdens are plotted as a function of time in 
Figure 7. The data indicate that during 1963- 
1964, this gaseous radioactive debris had an 
apparent residence half-time of about 16 
months in the stratosphere of the Northern 
Hemisphere, and about 18 months in the 
entire stratosphere. Of course, part of the 
decrease in the burden of the Northern Hemi- 
sphere stratosphere resulted from movement 
of carbon-14 into the stratosphere of the 
Southern Hemisphere. Because of the relatively 
slow removal of carbon-14 from the troposphere, 
moreover, the tropospheric burden of this nu- 
clide was increasing during 1963 to 1965. It 
should be expected that the build-up of 
tropospheric concentrations would result in a 
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gradual lengthening of the residence half-time 
of carbon-14 in the stratosphere. This pheno- 
menon may be distinguished in the data for the 
total stratosphere in Figure 7, with the effective 
residence half -time increasing from about 15 
months during 1963 to about 36 months by the 
end of 1964. 

3. The distribution of radioactive debris in 
the stratosphere 

It is evident from Figures 3, 4, and 6 that in 
early 1963, only a few months after the last 
atmospheric test of a high yield weapon in late 
December, 1962, the highest concentrations of 
radioactive debris, both particulate and gase- 
ous, were present in the lower stratosphere 
of the Northern Hemisphere. The concentra- 
tions in the upper stratosphere, at  about 30 

km, were factors of 5 to 10 lower. The concen- 
trations in the lower stratosphere of the 
Southern Hemisphere were factors of 10 to 100 
lower. Of course, most of the radioactive debris 
in the lower stratosphere of the Northern 
Hemisphere, and much of that in the other 
stratospheric regions, waa injected during the 
1961-1962 weapons test series; the strato- 
spheric burdens had increased between mid- 1961 
and early 1963 from less than 1 to more than 6 
megacuries of strontium-90, from less than 2 to 
over 20 megacuries of manganese-54, and from 
about 10 x loz7 to over 50 x lo*' excess atoms 
of carbon-14. It is noteworthy that so much of 
the debris, even from the very high yield 
devices tested by the U.S.S.R. during 1961 and 
1962, waa injected into the lower stratosphere. 
This lends additional weight to the conclusions 
reached in the past (FRIEND et al., 1961; 
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1961 1962 1963 FEELY et aZ., 1963) that very little debris from 
high-yield weapons tested at high latitudes 
before 1961 was injected into the stratospheric 
regions above 20 km, and that relatively little 
debris, even from the very high yield 1961 
tests, was injected above that level. 

The possibility has been discussed (MACHTA 
et d., 1963) that a large fraction of the debris 
from the 1961 and 1962 U.S.S.R. weapons tests 
was injected above the highest balloon sam- 
pling altitudes (32 km), and waa still there in 
mid-1963. It seems unlikely that such was the 
case, for measurements of balloon samples 
collected in the Northern Hemisphere in the 
stratospheric layer between 24 and 32 km 
during mid-1963 to mid-1965 show a rather 
rapid, continuing decrease in the concentra- 
tions of strontium-90 and other long-lived 
components of radioactive debris in this region 
during this period. So rapid a decrease would 
not be expected if large quantities of debris 
were reentering this region from higher at- 
mospheric layers during this period. Moreover, 
debris from the very high yield U.S.S.R. events 
of October, 1961 appears to have contained a 
high ratio of certain products of neutron ac- 
tivation, such as manganese-54 and iron-66, to 
fission products, such as strontium-90 (Feely & 
BAZAN, 1965). This debris was characterized 
by a Mn64/Srgo activity ratio of about 100, 
when corrected for decay to October, 1961. It 
seems reasonable to assume that debris from 
these very high yield events was the most 
likely to be injected a t  high altitudes, if any 
debris at all from the 1961 Soviet low altitude 
events was so injected. Had any significant 
quantity of such debris reentered the region of 
the' stratosphere between 24 and 32 km during 
mid-1963 to mid-1965 it should have produced 
a marked increase in the Mn64/Srgo ratio found 
in samples collected there, but this ratio re- 
mained below 15 during 1963 and 1964, and 
generally decreased with the passage of time. 
Similarly the fission product ratios in these 
samples showed no changes such as would have 
been produced by the reentry of old debris 
from the 1961 events. 

It might be hypothesized that radioactive 
debris from the very high yield U.S.S.R. tests 
during 1961 and 1962 was indeed injected at 
altitudes above 32 km, and that most of it had 
not yet reentered the atmospheric layers below 
32 km by early 1965. This also seems unlikely 
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for less than one per cent of the mass of the 
atmosphere is present in the region above 32 
km, and the injection of large quantities of 
weapon debris into this region would produce 
very high concentrations of radioactivity there. 
Vertical mixing within the stratosphere, espe- 
cially during the winter seasons, would pro- 
bably, within two years, transfer most of this 
debris into the layer between 24 and 32 km. 
This layer constitutes about two per cent of the 
atmosphere and by 1964 contained compara- 
tively low concentrations of radioactive debris. 

Even if rates of vertical mixing in the upper 
atmosphere are too slow to bring down into the 
lower atmosphere within a year or two most of 
the debris originally injected a t  high altitudes, 
particle settling would probably accomplish 
this transfer. Rates of particle settling are quite 
rapid in the thin air above 32 km, even for 
particles as small as 0.01 micron in radius 
(JUNGE et d., 1961). Aspherical particle with this 
radius and a density of 2 g cm-* would settle 
from 50 km to 30 km in less than a year. 
Debris from weapons tests would probably be 
present on much larger, much denser particles, 
and thus would settle much more rapidly into 
the lower stratosphere. 

During both Project Stardust and the U.S.A. 
E.C. balloon sampling program, measurements 
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have been made of the cadmium-109 tracer 
nuclide injected into the upper atmosphere by 
the Starfish Prime event, detonated a t  400 km 
over Johnston Island on July 9, 1962. We be- 
lieve that the results of these measurements 
indicate that much, and perhaps most, of the 
debris from this event was present in the 
stratospheric layers below 32 km by the end of 
1964. If this is true it appears very unlikely 
that much debris from any of the low altitude 
events in the 1961 and 1962 test series could 
still be present in the atmospheric regions 
above 32 km. 

It is also noteworthy that the maximum con- 
centrations of both particulate and gaseous 
debris persisted in the lower stratosphere of the 
Northern Hemisphere for at  least two years. 
Measurements made a t  Argonne National La- 
boratory (HAGEMANN et al., 1965; Health and 
Safety Laboratory, 1966) do show, however, 
that during late 1964 and early 1965 the highest 
concentrations of carbon-14 a t  35" N were 
found at  about 24 km, rather than a t  20 km 
where they had been found during all of 1963 
and, for the most part, during the first half of 
1964. 

Assuming that the most important process 
causing the movement of radioactive debris 
within the stratosphere is eddy diffusion 
(FEELY & SPAR, 1960; NEWELL, 1961), we 
would expect upward movement of some debris 
from the region of highest concentration. We 
would also expect that as the stratospheric 
concentrations decreased, the level of maximum 
concentration would be found at higher and 
higher altitudes. This gradual change in the 
distribution pattern should be expected be- 
cause removal of the stratospheric debris, both 
particulate and gaseous, can occur only a t  the 
lower boundary of the stratosphere, and the 
most rapid decreases in concentration should 
take place in the lowest of the stratospheric 
layers. Depletion of these layers would lower 
the concentrations in them to values below the 
concentrations in the higher layers, more distant 
from the tropopause, and would result in an 
upward migration of the level of highest con- 
centration whether or not any of the radioac- 
active debris was also diffusing upward. 

Indeed, there was a significant increase in 
carbon-14 concentrations a t  altitudes above 
24 km, a t  35" N during 1963, and this may have 
resulted in part from the upward diffusion of 
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carbon-14 from the layer below 24 km, which 
contained very high concentrations. In addition, 
the level of maximum concentration, which 
was found at about 20 km during 1963, was 
found a t  about 24 km by the second half of 
1964. Thus the changes which occurred in the 
stratospheric distribution of carbon-14 during 
1963 to 1965 were consistent with the behavior 
expected if the injected radioactive debris were 
affected mainly by eddy diffusion. 

On the other hand, concentrations of stron- 
tium-90 and manganese-54 in the upper strato- 
sphere in general, and in the upper strato- 
sphere of the Northern Hemisphere espe- 
cially, were decreasing during 1963 to 1965. In  
addition, the level of maximum concentration 
of this particulate debris remained in the lower 
stratosphere during this period. It has been 
proposed that this effect indicates that par- 
ticulate debris in the upper stratosphere during 
1963 to 1965 was moving downward as a result 
of particle settling more rapidly than it could 
be moved upward by eddy diffusion (FEELY & 
BAZAN, 1965). It is probably because particle 
settling has caused the level of maximum con- 
centration of particulate debris to remain in the 
lower stratosphere that the apparent strato- 
spheric residence time of such debris has not 
increased significantly during the past few 
years. Of course, the rate of particle settling 
decreases with increasing air density, and in the 
lower stratosphere, the effects are probably 
small compared to those produced by air mo- 
tions. 

4. The movement of radioactive debris into 
the Southern Hemisphere 

While concentrations of radioactive debris in 
the stratosphere of the Northern Hemisphere 
were decreasing during 1963, concentrations in 
the Southern Hemisphere were increasing. Bi- 
monthly mean concentrations of manganese- 
54, strontium-90, and carbon-14 a t  the 20 km 
level at  35"-40" N and 35"-40" S are shown in 
Figure 8. The figure shows that concentrations 
of particulate debris at  20 km at 35"-40" S more 
than doubled between MayJune 1963 and 
September-October 1963, during the late 
winter and early spring of the Southern Hemi- 
sphere. Concentrations of carbon-14 a t  this 
location increased only about 11 per cent a t  the 
time, however. In  Figure 9 are plotted the ra- 
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FIQ. 9. Ratios of nuclide activities at 35"-4OoS to 
the activities at 35"-40" N, both at 20 km. 

tios of the nuclide concentrations a t  20 km a t  
35"-40" S to the concentrations at 35"-40" N. 
These ratios are a measure of the concentration 
gradient across the tropical stratosphere: Lo., 
a steep concentration gradient is indicated by a 
low ratio. The ratio of carbon-14 concentrations 
increased from about 0.07 in early 1963 to 
about 0.16 in early 1964 and to about 0.40 in 
early 1965. This indicates only a gradual de- 
crease of the concentration gradient across the 
tropical stratosphere during 1963 to 1965. 
The ratio of strontium-90 concentrations in- 
creased rapidly from 0.06 in mid-1963 to 0.3 
by the end of 1963 but then increased only 
slowly with fluctuations between 0.27 and 0.43 
during the next 18 months. Similarly, the ratio 
of manganese-54 activities increased rapidly 
from 0.01 in mid-1963 to 0.16 by late 1963, 
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but then rose only slowly, with fluctuations 
between 0.15 and 0.37, during the next 18 
months. Thus during the Southern Hemisphere 
1963 winter season there was a rapid decrease in 
the gradients of strontium-90 and manganese- 
54 concentrations across the tropical strato- 
sphere; but subsequently, there was only gradual 
further decrease in these gradients. 

The bimonthly mean nuclide concentrations 
a t  20 km a t  35-40"s have been normalized 
relative to the activities a t  that location during 
January-February 1963, and the results have 
been plotted in Figure 10. The normalized ac- 
tivities of carbon-14 show little departure from 
1.0 during 1963 to early 1965. The normalized 
activities of both strontium-90 and manganese- 
54, on the other hand, increased sharply in late 
1963 to values of about 3 and 8, respectively, 
but showed a general decrease during the sub- 
sequent 18 months. During early 1965, in 
fact, the strontium-90 concentrations decreased 
below 1.0. 

It might be concluded, on the basis of the 
data summarized in Figures 8, 9, and 10, that 
in early 1963 there was between 35"-40"N 
and 35"-40" S a t  20 km a very large difference 
in concentrations of manganese-54 (a factor 
of loo), a smaller difference in concentrations 
of strontium-90 (a factor of 16), knd a still 
smaller difference in concentrations of carbon- 
14 (a factor of 11). Thus, across the tropical 
stratosphere a t  that time the concentration 
gradient of manganese-54 was very steep, that 
of strontium-90 was much less steep, and that 
of carbon-14 was still less steep. During late 
1963, there was a movement of radioactive 
debris into the southern stratosphere which 
raised severalfold the concentrations of stron- 
tium-90 and manganese-54 a t  20 km a t  35"- 
40" S. During subsequent months, the ratios 
of the concentrations of these nuclides a t  35"- 
40"s to their concentrations at 35"-40"N 
continued to rise gradually, though with fluc- 
tuations, in spite of the fact that the actual 
concentrations of strontium-90 and manganese- 
54 a t  20 km a t  35"-40" S were gradually de- 
creasing. Obviously, the ratios increased only 
because the concentrations a t  35"-40" N were 
decreasing more rapidly than were those at 

Unlike the particulate debris, the carbon- 14 
showed only a small increase in concentration 
at 20 km at 35"-40"S duringlate 1963, andduring 
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FIG. 10. Nuclide activities at 36O-4OoS at 20 km 
normalized relative to the activities at that location 
during January-February, 1963. 

subsequent months showed a fairly steady, 
rather than a gradually decreasing, concentra- 
tion there. Evidently, carbon-14 was moving 
from the stratosphere of the Northern Hemi- 
sphere to that of the Southern Hemisphere 
a t  about the same rate as it was moving from 
the stratosphere to the troposphere of the 
Southern Hemisphere. The ratio between car- 
bon- 14 concentrations at this location and those 
a t  35"-40" N rose gradually during 1963-1965, 
indicating a decreasing concentration gradient 
across the tropical stratosphere, but mainly 
because of a continuous decrease in concentra- 
tions at  the Northern Hemisphere location. 

This analysis of the data strongly indicates 
that the rate of transport of carbon-14 into the 
Southern Hemisphere differed significantly 
from that of par t ida te  debris during the second 
half of 1963. A possible explanation for this 
difference may be obtained in terms of the dif- 
ference in the concentration gradients and in the 
paths followed by particulate debris and carbon- 
14 in crossing the tropical stratosphere. The 
rate of eddy diffusion is directly proportional 
to the existing concentration gradient of 
material. Since it has been shown that the con- 
centration gradients of the particulate material 
were considerably greater than those of the 
carbon-I4 during the first half of 1963, it is to 
be expected that the rate of transport, in turn, 
would be more rapid. As a result, relatively 
more particulate debris than carbon- 14 should 
have reached the stratosphere of the Southern 
Hemisphere during those months when inter- 
hemispheric transfer was accelerated. It would 
appear, however, that an additional factor must 
have affected the relative rates of diffusion of the 
particulate debris and carbon-14, for by late 
1963, the concentration gradients across the 
tropical stratosphere, as indicated by the 
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FIG. 11. Vertical profiles of strontium-90, manganese-54, and carbon-14 concentrations at about 35" N 
during September-October, 1963. 

ratios in Figure 9, had become less steep for the 
particulate debris than for carbon- 14. 

We will hypothesize that the additional fac- 
tor which was active was the separation of 
particulate debris from carbon-14 in the equa- 
torial stratosphere as a result of particle set- 
tling. It has been pointed out in an earlier 
section that the stratospheric distribution of 
particulate debris in the regions above 20 km 
appears to have been considerably affected by 
particle settling during the period 1963-1965. 
Such particle settling could strongly influence 
rates of interhemispheric transfer of radioactive 
debris if the southward movement of the air 
carrying the debris from the Northern Hemi- 
sphere source region into the equatorial strato- 
sphere is accompanied by an upward movement 
of the air into the regions above 20 km. The 
carbon-14, present as the gas carbon dioxide, 
would move with the air, but the particulate 
debris, under the influence of particle terminal 
velocities, would tend to follow a lower tra- 
jectory and enter the layer of air beneath that 
which originally contained it. In  this way, the 

movement of air into the equatorial strato- 
sphere could be accompanied by a partial sepa- 
ration of gaseous and particulate debris, 
with the carbon-14 in the equatorial strato- 
sphere concentrated in the layers above 20 km, 
and the particulate debris concentrated in the 
layer between 17 and 20 km. 

Based on the presentation by NEWELL (1963) 
of the distribution of the standard deviations 
of hhe standing eddy component and transient 
eddy component of the total wind vector, it  is 
evident that the meridional transport in the 
equatorial stratosphere would be greater in the 
layer between the tropopause and 20 km than 
in the layer between 20 and 25 km. This dif- 
ference in diffusion rates could have produced 
the preferential movement of particulate debris, 
concentrated in the lower layer, into the South- 
ern Hemisphere during the second half of 1963. 

The Argonne National Laboratory data for 
balloon samples collected at 35" N, provide 
some information on the vertical distribution 
of carbon-14 in the upper stratosphere, but not 
in the equatorial stratosphere, where we hypo- 
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thesize the separation of carbon-14 from par- 
ticulate debris will take place. Vertical concen- 
tration profiles of carbon- 14, strontium-90, 
and manganese-54 at about 35" N during Sep- 
tember-October 1963 are shown in Figure 11. 
At that latitude, the peak concentrations of 
strontium-90 and manganese-54 were found at 
about 20 km and those of carbon-14 a t  about 
22 km. Balloon samples of particulate debris 
have been collected at about 9"N since late 
1964 (SALTER, 1965B). Measurements of these 
samples have shown that, although roughly 
equal concentrations of radioactive debris 
occur a t  9"N and 31"N a t  about 20 km, the 
concentrations a t  about 24, 27, and 30 km are 
generally twice as high a t  9" N as a t  31" N. 
This is consistent with the hypothesis that 
large-scale eddy diffusion occurs along quasi- 
horizontal surfaces which slope upward com- 
paratively steeply from 31" N to 9" N. If such 
sloping surfaces do indeed exist, they could 
have resulted in the separation of particulate 
debris from gaseous debris in the equatorial 
stratosphere in 1963. 

5. Summary 

Particulate radioactive debris from nuclear 
weapons tests, as represented by strontium-90 
and manganese-54, displayed a stratospheric 
residence half-time of about 10 months during 
1963 and 1964. The stratospheric burden of 
strontium-90 decreased from over 6 megacuries 
in early 1963, to about 3 megacuries in early 
1964, and to about 1.3 megacuries in early 
1965. The statospheric burden of manganese- 
54, corrected for decay to 31 December, 1962, 
decreased from about 24 megacuries in early 
1963, to about 9.7 megacuries in early 1964, 
and to less than 5 megacuries in early 1965. 

The LLexcess" carbon-14 produced by nuclear 
weapons tests displayed a stratospheric resi- 
dence half -time which gradually lengthened 
during 1963 and 1964, but averaged about 18 
months. The carbon-14 burden of the strato- 
sphere decreased from about 36 x lop7 atoms 
in early 1963 to about 27 x loa7 atoms in early 
1964, and to about 17 x loa7 atoms in early 
1965. 

The highest concentrations of carbon-14 
were found in the lower stratosphere during 
1963 and 1964, but thelevel of the maximum 
concentration gradually rose from about 20 
km in early 1963 to about 24 km by mid-1964. 
The highest concentrations of strontium-90 
and manganese-54 were also found in the lower 
stratosphere during 1963 to 1965. "he level of 
the maximum concentration of this particular 
debris did not rise during 1963-1965, but 
remained a t  about 20 km. At sampled levels 
above 20 km, moreover, the concentrations 
decreased markedly during 1963 and 1964. It 
is concluded that these effects reflect the action 
of particle settling in the relatively thin air 
above 20 km. It is suggested that this particle 
settling also prevented any significant increase 
from occurring in the stratospheric residence 
half-time of particulate debris during 1963- 
1965. 

It is observed that the rate of transport of 
particulate radioactive debris into the strato- 
sphere of the Southern Hemisphere during the 
second half of 1963 was more rapid than the 
rate of transport of carbon-14. It is suggested 
that an explanation for this difference may be 
obtained in terms of the difference in concen- 
tration gradients across the tropical strato- 
sphere in early 1963, and of the separation of 
particulate debris from carbon-14 in the equa- 
torial stratosphere as a result of particle 
settling. 
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ITEPEHOC kl BbIIlAHEHklE OCTATKOB PAJIJTOAKTHBHOI'O PACIIAAA B 
CTPATOCQEPE 

B T e Y e H a k i  ABYX n e T  nocne n o c n e n H k i x  amo-  
C @ e p H b I X  MCnbITaHMfi  MOIUHOI'O HJ(epHOr0  O P Y -  
H(kiR, C p e A H a f i  I I O J I y I I e p H O n  OYkiIUeHkiH C T p a T O -  
C@l?pbI OT P a A H O a K T H B H b I X  OCTBTKOB, TaKkiX 
BJIeMeHTOB KBK C T P O H q k i n  90 ki M a r H k i R  54, CBH- 
3 a H H b I X  C O Y e H b  MaJIeHbKUMki  YaCTklqaMH,  6 b I n  
I I p M 6 n H 3 A T e n b H O  p a B e H  10 M e C R q a M .  n O C K O J l b K Y  
Yl'JIepOA 14 0 6 p a ~ y e ~ c ~  BO B p e M H  H A e p H b l X  

C T p a T O C @ e p b I  y B e J I H 4 H B a J I C H  B T e Y e H I l l l  3 T O r O  
BpeMeHki ,  HO 6b1n B C p e A H e M  OKOJIO 18 M e C H q e B .  

4 e H k i H  C T p a T O C @ e p b I  OT C B R 3 a H H h I X  C M a J I e H b -  
KHMA q a C T k i q a M k i  OCTaTKOB H e  Y B e n H q A B a J I C R  
C y Q e C T B e H H O  C 1903 A 0  H a Y a J r a  1965 I'OAOB, no- 

licnmamfi, n o n y n e p H o n  o s k i l q e H k i H  OT H e r o  

 TO n p e A n o n a r a e T ,  YTO n o n y n e p k i o n  o w -  

TOMY YTO B B e p x H e R  c T p a T o c 4 e p e  ( B b I t u e  20 K M )  

C K o P O C T b  BbLnaAeHkiR  PaAHOaKTMBHbIX YaCTkir( 
I I p e B O C X O ~ H J I a  CKOPOCTb aki@@y3kiki  B B e p X .  

B p e M e H H  3TM P a H H O a K T H B H b I e  OCTaTKki MMeJIIl 
BbICOKYIO K O H q e H T p a q k i I O  B H k i X H e f i  C T p a T O -  

TeYeHI lk i  BTOPOfi  I IOJIOBPHbI 1963 r. ElMeJIO MeCTO 
OTHOCHTenbHO 6onee 6b1c~poe Meplr , I (AOHaJIbHOe 
ABkilKeHkie 3TkiX PaRHOaKTkiBHbIX OCTaTKOB, no 
C p a B H e H H H ,  C ABkiHteHAeM Y r J I e p O A a  14. ripen- 

HeKOTOPOf i  CTeI IeHI l  OT YaCT11YHOI'O P a a n W I e H l i R  
CBH3aHHbIX C MaJIblMki q a C T k i q a M H  OCTaTKOB OT 

B p e 3 y n b ~ a ~ e  3~01-0, B T e Y e H a e  y ~ a 3 a ~ ~ o r o  

c@epe. B c T p a T o c @ e p e  ~ o m ~ o f i  nonyc@epbr B 

n o n a r a e T c x  T a K m e ,  YTO BTO n p o k i c T e K a e T  B 

yrnepona 14 B a K s a T o p k i a n b H o i 8  c T p a T o c 4 e p e  B 
p e 3 y n b ~ a ~ e  B n n a E e H m  sacraq. 
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