
Nuclear weapons produce aton~ic 
clouds which rise to heights dependent 
principally on the energy released and 
also on the type of burst (air, surface, 
under~round, and so forth). Weapons 
in the kiloton range leave most of their 
radioactive debris in the troposphere, 
while megatort weapons are powerful 
enough to inject significant quantities of 
radioactive material into the strafos-
phere. Once the debris is injected into 
the atmosphere, it is rapidly spread over 
the earth by atmospheric processes, and 
eventually deposited on the surface of 
the earth, in a complex manner. Among 
the many problems are included ( i )  the 
way in which debris is mixed and trans- 
ported by the atmosphere, both verti-
cally and horizontally; (ii)  the mechan- 
ism of removal from the troposphere and 
deposition on the ground; and (iiil the 
rate of penetration from the stratosphere 
through the tropopause and into the 
troposphere for eventual removal. 

Categories of tallout. The problem of 
the removal of radioactive debris from 
the atmosphere and its deposition in the 
biosphere may be divided into three 
phases: ( i )  early or "close-in9' fallout-- 
that which occurs within the first 10 to 
20 hours following a nuclear explosion; 
( i i )  intermediate fallout-that which 
occurs during the first weeks following 
the burst; and (iii) deiayed fallout-
the slo~v removal of sn-iall particles 
ivhich may continue for months and 
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the summary report of the Committee on Meteor- 
ological Aspects of the Effecls of Atomic Radiation. 
It is one of six reports prepared for the Study 06 
the Biological Effects of Atomic Radiation by the 
National Academy of Sciences. The members of 
the committee are Barry Wexler, U.S. Weather 
Bureau, chuirmaq; Charles E. Anderson, Geophys- 
icq Research Directorate; R.R. Braham, Jr., In-
stitute of Atospheric Physics; Merril Eisenbud, 
U.S, Wtotnic Energy Commission; D. Lee Harris, 
U S .  Weather Bureau; B, G .  Nolzman, Air Re-
search and Development Co~amand; H. G. Rough-
ton, Massachusetts Institute of ?‘ethnology; W. W. 
Kellogg, Wand Corporation; Heina Lettau, Air 
Force Cambridge Research Center; N. M. Lule-
jian, A3r Research and Development Command; 
W. J. List and Lester Machta, 1J.S;. Weather Bu- 
reau; and William K.  Widger, Geophysics Research 
Directorate. The following changes have been 
made in the text: some subheads have been 
omitted and others have been shortened; all units 
of measurement have been spelled out. The dull 
texts of all six summary reports are available from 
the National Academy of Sciences. The texts of 
the technical reports will be published in mono-
graph form by the NAS. 

Meteorological Aspects 

of Atomic Radiation 

even years, palticularly after a high-
!icld rhernnonuclear explosion, 

The principal mechanisms by which 
the removal occurs are gravitational set- 
tling, scavenging of radioactive particles 
by falling precipitation, and deposition 
by diffusion resulting from the ever-pres- 
ent turbulrnt eddies of the atmosphere. 
Altllough all principal mechanisms of 
removal play a role in each phase of the 
fallout. the primary emphasis shifts 
from gravitational influences in the early 
fallout to precipitation scavenging in the 
intermediate phase to an as yet poorly 
understood combination of diffusion and 
scabenging in the delayed fallout, 

M e a s i ~ r e m c n t ~ ,The most direct meas- 
urement of radioacti~ e deposition is that 
made from the soil since it represents 
the main natural surface onto which the 
particles fall. Difficulties arlse from the 
fact that rain may remove some of the 
activity by runoff or soaking deeper into 
tile ground. As a measure of the true 
ladioactivity on the ground in determin- 
ing plant or animal intake of strontium- 
90, for example, soil sampling is obvi- 
ously the most acceptable solution. But, 
for an accounting of the amount which 
ha9 been deposited, the soil analysis may 
he unsatisfactory if the sampling is per- 
formed, at say, yearly or multiyearly fre- 
quency. Soil sampting on a frequent 
basis may be impractical. 

Measurement of radioactivity by lxsr 
of hand monitoring equipment is stand- 
ard practice in areas where the radioac- 
tive deposition is significantly above nor- 
mal background. 'This kind of observa-
tion is almost entirely useless outside of 
the areas of close-in fallout. 

For daily, weekly, or monthly fallo~at 
collections, the New York Operations 
Office of the U.S. Atomic Errergy Corn-
mission recornmends the use of a 1-
square-foot sheet of gummed film 
mounted hori7ontally on a stand 3 feet 
above the ground. An extensive, world- 
wide network of daily gummed film 601-
lection at about 250 locations has been 
operated by $he AEC for several years, 

Finally, since there is evidence that 
much of the radioactivity deposited out- 
side of the close-in area is brought down 
in precipitation, the collection of whole 
water samples is a method of obtaining 
thc radioactivity of particles. 

Measurement of air concentration 
near the earth's surface has been 
achieved by a variety of sampling pro- 
cedures. Filtration equipment of many 
types has been scrccessfully errrployed, 
but the efficiency of the filter material 
for varjo~ts particle sizes, particularly in 
the submicron range, must be deter-
mined before quantitative interpretation 
of the data can be made. 

Tile fact that the upper atmosphere 
contains significant atornir: debris has 
b ~ e n  known for several years. Sampling 
of the upper air by aircraft has been 
achieved by using the motion of the air- 
craft to pass air through a filter paper. 
The British report the presence of fission 
protlucts ar the peak altitude of their 
aircraft, 48,000 feet. 'Phe Japanese have 
nieacured the radioactivity by carrying 
aloft Geiger counters on balloons. By 
subtracting the cosn~ic ray counts from 
the total, the remainder is ascribed m 
fission products. American scientists do 
not view this procedure with f:wos for 
the low levels of radioactivity found 
over most of the world. 

Instrurnentatiorr for the measurement 
of radioactivity by its effectr on the elec- 
tric properties of the atmosphere also are 
of L1.e only in those regions tcrhere the 
fission-product concentrations are com- 
paratively high. 

Close-in fallout is the radioactive ma- 
terial from an atomic explosion which i s  
deposited on the ground within a few 
hundred miles of grotma zero, and which 
is down in some 10 to 20 hours. 

There 1s a furidamental difference be- 
tween the fallout from an atomic device 
detonated at the ground and the fallout 
from one detonated so high that the fire- 
ball does not touch the ground. Tn the 
case of the surface burat, large quantities 
of surface rriaterial are broken up, melted, 
and even vaporized, and some of this 
matr r~a l  comes in intimate contact with 
tllc nadioactive fission products. Then, 
aftei the atomic cloud has stopped rising 
and the kiolent updrafts associated tvith 
the explosion Rave subsided, the larger 
and heavier particles start falling back 
to the ground. The result is arr area 
around ground zero and extending down- 
wind ~chich is covered in a more or less 
systematic way with radioactive particles, 

Tn the case of an air bulst in which 
thc \\hit?-hot fireball never reaches the 
surface, the radioactive fission product\ 
never come into close contact with the 
s u ~ f a c ~  as an ex- material; they remain 
cecdln~ly fine aerosol. At first sight, thfs 
might be tliought to be an obersimplifi-
cation, since there have been many cases 
in 74 hich the fireball never touched the 
qround. but the surfare material was ob- 
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serlcd t o  have been sucked u p  in to  t h e  
rising atomic cloud. Actually, however,  
i n  such cases a survey o f  t h e  area has 
shorvn tha t  there has been  a negligible 
amount  o f  radioactive fallout o n  the  
ground. T h o u g h  tons of sand and dust  
may have been raised b y  the  explosion, 
they  apparently did n o t  become contam- 
inated b y  fission products. 

Experience has shown tha t  a n  atomic 
devicc exploded o n  t h e  surface distributes 
about 70 t o  80 percent o f  its fission prod- 
ucts  o n  t h e  ground wi th in  a f e w  hundred 
miles o f  t h e  burst point, A somewhat 
iargcr percentage will take  part i n  t h e  
close-in fallout f r o m  a n  underground 
burst, and a smaller percentage will b e  
scavenged f r o m  a near-surface burst or 
tower shot, 

I n  order t o  m a k e  a quantitative study 
o f  the  manner i n  w h i c h  close-in fallout 
occurs, o n e  mus t  have a knowledge o f  t h e  
following parameters: wind structure, 
yield and height  burst, and kind o f  
surface. 

As each particle falls, it  is carried hori- 
zorntally b y  t h e  wind at each level. T h e  
t i m e  during w h i c h  it is falling through a 
given layer is inversely proportional t o  
its rate o f  fall.  T h u s  its horizontal travel 
during its entire fall f r o m  a n  initial 
height  can b e  expressed as a sumn~atbon  
o f  its horizontal travel i n  each layer. 
T h e  rates o f  fall o f  atomic particles vary 
114th particle size, shape, and density, as 
~ v c l las the altitude. 

A l though n o  experimental in format ion  
is available o n  t h e  e f fec t s  o f  precipita- 
t ion  during t h e  initial stage o f  t h e  atomic 
cloud,  i t  is evident  tha t  significant deposi- 
t ion  can occur f r o m  this cause. However,  
the  e f fec t  would b e  mos t  marked  f r o ~ a  
smaller yield bombs ,  since t h e  bulk o f  t h e  
debris f r o m  larger b o m b s  rises well be-  
yond t h e  rain-bearing strata. 

Height and size of the atomic cloud at 
the time of stabilization. It is evident  
that  t h e  physical size o f  t h e  atomic cloud 
will have a n  e f f e c t  o n  the  distribution o f  
t h e  close-in fallout. T h e  height  t o  w h i c h  
t h e  debris is carried will determine h o w  
far downwind a given particle size will 
d r i f t ,  and t h e  horizontal extent  will. serve 
t o  spread t h e  fallout: over a larger area. 

I n  t h e  first f e w  seconds following an' 
atomic detonation, t h e  fireball grows 
rapidly unti l  t h e  pressure inside t h e  fire- 
ball is roughly tha t  o f  t h e  ambient  air. 
A t  this point its temperature is still m a n y  
thousands o f  degrees higher t h a n  tha t  of 
t h e  atmosphere around i t ,  so it is m u c h  
less dense, and t h e  buoyancy o f  t h e  at- 
mosphere forces i t  t o  rise. However,  it 
does no t  necessarily rise like a h o t  
"bubble" or a balloon, b u t  i n  mos t  cases, 
i t  develops a strong toroidal internaI cir- 
culation and rises in t h e  f o r m  o f  a smoke  
ring. 

A s  t h e  smoke  ring rises, its internal 
circulation draws air i n  at t h e  b o t t o m  

'and incorporates this n e w  air in to  t h e  
cloud. T h c  result is a very large growth 
i n  t h e  size o f  the  cloud as it rises, d u e  
mostly  t o  the  entrainment o f  t h e  air f r o m  
each level through w h i c h  i t  passes. 

I t  is clear tha t  t h e  cloud will gradu- 
ally cool during its rise, d u e  t o  radia- 
t ion,  t h e  entrainment o f  t h e  outside air, 
and  adiabatic expansion. W h e n  t h e  
Incan temperature inside the  cloud is the 
same as tha t  o f  t h e  ambien t  air a t  t h e  
same level, there will b e  n o  further 
buoyancy and the  cloud as a lv'hole twill 
cease rising. However,  a t  this  point t h e  
kinctic energy o f  t h e  toroidal circulation 
m a y  still b e  considerable. For devices 
w i t h  yields o f  a f e w  kilotons, t h e  smoke  
ring circulation breaks u p  at about  t h e  
same t i m e  tha t  i t  reaches its point o f  
stabilization, b u t  for devices i n  the  mega- 
t o n  range this toroidal circulation con- 
tinues t o  p u m p  air i n  at t h e  b o t t o m  for 
10 t o  20 minutes.  

T h e  net  result o f  this pumping action 
a f t e r  stabilization is a significant increase 
i n  the  horizontal size o f  t h e  atomic cloud,  
since t h e  air w h i c h  is drawn i n  at t h e  
b o t t o m  is forced o u t  radially. Observa- 
tions o f  this e f fec t  i n  the  case o f  megaton  
devices are hindered b y  t h e  fact  tha t  t h e  
structure o f  t h e  cloud becomes confused.  

T h e  atmospheric stability will vary 
w i t h  t h e  season and latitude, and this 
accounts, i n  part, for t h e  d i f f erence  be-  
tween  t h e  altitude o f  a cloud detonated 
i n  a tropical atmosphere and o n e  o f  t h e  
same yield [tletonated] i n  a middle-lati-
t u d e  winter atmosphere. T h e  mos t  no-
ticeable d i f f erence  be tween  these t w o  
regimes is t h e  height  o f  the  tropopause. 

Distribution of radiactivity within the 
cloziil. Since it is dif f icul t  t o  obtain 
enough samples o f  t h e  radioactive debris 
whi le  i t  is still wi th in  the  cloud t o  de-  
termine its initial distribution, t h e  mos t  
reliable estimates o f  this distribution have 
b e e n  based o n  t h e  observed fallout and a 
reconstruction o f  what  this initial dis-
tribution m u s t  have been.  

I t  is clear f r o m  the  observations o f  t h e  
rising cloud that  almost all o f  t h e  lighter 
debris is carried a lo f t  i n  t h e  smoke ring 
cloud. Apparently a certain fraction o f  
particles are large enough t o  b e  throrvn 
o u t  o f  this ring, and these are l e f t  behind 
i n  the  stem. However,  i n  t h e  s tem there 
are violent updraf t s  for t h e  first f e w  m i n -  
utes, so all b u t  the very large particles 
will continue t o  b e  carried a lo f t .  

For a surface or near-surface burst, the  
t y p e  o f  terrain mus t  have a significant 
inf luence o n  t h e  particle size and activity 
distribution wi th in  t h e  cloud. 

Prediction of close-in fallout. A t  t h e  
outset i t  would b e  well t o  state tvhat use 
can be m a d e  o f  a prediction o f  the  tali- 
ou t  area f r o m  a n  atomic burst. A t  t h e  
risk o f  oversimpli fying the  case, here are 
some o f  t h e  pertinent factors. 

I j W i n d  observations, n o w  almost in-  

variably m a d e  w i t h  sounding balloons, 
give winds which  are no t  entirely repre- 
sentative o f  tlae winds w h i c h  will a f f e c t  
the  falling a tomic  debris. T h i s  is because 
winds change w i t h  t i m e  and place and 
because wind observations, as all meteor- 
ologists recognize, are snbject t o  a cer-
ta in  amount  o f  error. Forecast winds,  b y  
the  same token,  are usually e v e n  further 
i n  error. A number  o f  studies have  been  
m a d e  o f  this subject. For example ,  a re- 
cent  study b y  t h e  Air  W e a t h e r  Service 
indicates that  m e a n  vector errors i n  24-
hour forecasts range f r o m  about 60 per-
cent  o f  the  observed wind a t  middle  alti- 
tudes t o  over 70 percent o f  t h e  observed 
wind a t  100 millibars (about  53,000 
f e e t ) .  T h e s e  m e a n  vector errors corrc-
spond t o  wind errors o f  18 t o  29 knots. 
I t  is perhaps significant tha t  t h e  forecast 
crrors at t h e  higher levels (40,CiOCe to 
55,000 f e e t )  are about the  same as the  
root-mean-square deviation o f  t h e  wind  
f r o m  t h e  m e a n  w i n d ,  and at lower levels 
(about  20,000 f e e t )  t h e  24-hour forecast 
error is about ha l f  tha t  o f  t h e  normal cli- 
matological deviation. I f  one  had  t o  rely 
o n  forecasts 24-hours o ld ,  h e  would b e  
just about as well  o f f  as i f  h e  used cli- 
matological data or persistence i n  c o m -
puting t h e  fallout. 

2 )  T h e  m u s h r o o m  cloud f r o m  a mul t i -  
megaton  device m a y  rise entirely above 
t h e  normal coverage o f  our  radiosonde 
and RAWIN network,  since i t  is gener- 
ally considered impractical t o  plot and 
analyze current weather data at levels 
above 100 millibars. . . . 'Thus, unless 
special e f for t s  are m a d e ,  there will sim- 
ply b e  n o  wind  data at all for t h e  winds  
T\ hich  will a f f e c t  t h e  debris during t h e  
first part o f  their fall.  T h e  e f fec t s  o f  ver- 
tical motions i n  t h e  atmosphere,  possibly 
including currents arising f r o m  b o m b -  
produced hres, rnay also h e  enough to 
alter t h e  fallout pattern. 

3 )  I t  should be fairly evident  f r o m  the  
discussion i n  t h e  preceding section tha t  
there are still a number  o f  ouestions con- 
cerning close-in fallout about w h i c h  w e  
are still somewhat uncertain. A n y  fallout 
computation,  even  given perfect  in for -  
mat ion  o n  t h e  wind field, will have  a de- 
gree o f  uncertainty as a result of t h e  
assumptions o n  which  i t  is based. 

W i t h  these factors i n  m i n d ,  i t  appears 
unlikely tha t  a weather forecaster, e v e n  
given t h e  computing aids w h i c h  h e  
would need t o  compute  a fallout pattern, 
could o n  short notice and i n  a t i m e  o f  
emergency give a detailed and reliable 
forecast o f  the  close-in fallout. H e  could 
w i t h  a fair degree o f  assurance delineate 
t h e  general sectors i n  w h i c h  t h e  fallout 
would  b e  mos t  likely t o  occur, b u t  h e  
could no t  tell where a given dose-rate 
contour would  lie. If one  is dealing w i t h  
a military situation i n  w h i c h  a n  e n e m y  
is dropping a tomic  bombs ,  t h e n  t h e  fore- 
caster's problem ii: further complicated 



by the fact that he would presu~nably not 
have accurate knowledge of the height 
of burst and fission yield of the xeapon, 

I t  must be emphasized, how~:ver, that 
the nbove statements do not necessarily 
apply to the prediction of the fallout 
from a test device, where many of the 
uncertainties mentioned cdn be removed. 
I t  is possible, by the use of a special 
upper ail-sounding network, to obtain 
wind ir~forn~ationover a limited area 
which is considerably more reliable and 
current than that obtalned from the rou- 
tine upper air net, and xhich extends to 
a greater altitude. Moreover, there is 
usually no doubt about the yield and 
burst height of the device during a test. 
Thus, it is much more likely that an 
accurate forecast of the fallout pattern 
can be made under the favorable condi- 
tions which exist during a test. Even here, 
there remains a degree of uncertainty, 
as witnessed by the fallout ~zrhich oc- 
curred on some inhabited atolls during 
the 1954 tests in the Pacific--though this 
might have been forecast if there had 
been the refined fallout computing aids 
tvhich exist today. 

Finally, if one does not have to make 
use of forecast winds at  all, but can in- 
troduce all the detail of a careful synoptic 
analysis "after-the-fact," including the 
time variation of the wind at each level, 
and compute the fallout on a high-speed 
computer, it is possible to reproduce the 
fallout patterns which have occurred 
from the United States surface bursts 
with considerable accuracy. The radio- 
logical monitoring data show a certain 
amount of spread in the observations be- 
cause of the detailed effects of terrain 
and atmospheric turbulence. When the 
reconstructed pattern or computed fall- 
out patterns are compared with observed 
values, the minor differences are usually 
accounted for by small-scale features in 
the wind structure. Where the winds ao- 
parently behave as expected, predictions 
verify within a factor of 2 over most of 
the arca. Where they do not, the peak 
dose rate is often correctlv aredicted at  , 
various distances from ground zero al-
though displaced relative to the observed 
peaks. 

Intermediate Fallout 

Although gravitational settling con-
tinues to play an important role for many 
days and the do~vnward diffusion of de- 
bris from the atomic aloud as it is moved 
about by the upper winds also becomes 
important, the primary removal of debris 
after the first day or two following a 
burst occurs in areas of precipitation. As 
the cloud of debris continues to be di- 
luted by the atmosphere, concentrations 
decrease and it becomes necewary to col-
Icct the fallout and wait until tha natural 

radioactivity has decayed before meas-
urements can be made. 

From Nevada test series, i t  has been 
found that less than 5 percent of the 
total beta radioactivity produced is col- 
lected by the gummed film network in 
the United States. Stewart, Crooks, arid 
Fisher habe estimated from observations 
in the British Islcs that about half the 
radioactive dust in the troposphere frorn 
Nevada tests is deposited in approxi-
mately 22 days and that 80 percent of 
i h r  deposition by rain occurs during the 
first transit of the clo~nd over England. 

The importance of precipitation in 
bringing debris to thv ground after the 
iirst day or so following an atomic ex-
plosion is strikingly shown in the aver- 
age daily activity found on gummed films 
exposed in the United States during the 
Teapot Nevada test series in the spring 
of 1955. In light rain, on the average, 
over twice as n ~ u c h  activity is collected 
by the gummed film as compared to dry 
days and this increase becomes more ap- 
parent as the rain gets heavier. Various 
~tudies have shown that anywhere from 
4 to more than 10 times as much debris 
i c  ticpositecl during periods of rain as 
compared with dry days. 

On a few occasions, rain has coincided 
with the passage of a fresh cloud of de- 
bris from a Nevada test, resulting in local 
increases of background radiation to 
about 1 milliroentgtm per hour beyond 
a fiw hundred iniles fro~rl the test site. 

In the absence of precipitation, the 
effects; of turbulence as we11 as gravita- 
tional settlin? are important. 

Removal of debris by impaction on 
natural surfaces, buildings, and so forth, 
resultin? froin the movement of air 
around these surfaces tnust be appreci- 
able. Various studies have shown that 
radioactive particles are found on leaves, 
branches, and so forth. An experiment 
conducted at the Naval Research Labora- 
tory with an 80-mesh stainless-steel wire 
qcrcen and With ordinary cheesecloth 
faced into the wind s h o w ~ d  that in the 
absence of rain as much as 10 to 100 
times the activity collected on thc hori- 
7ontal gummed film can be collected on 
the screen or cloth. In a 2-month period 
clurinq the Teapot series, a total oh 50 
percent more activity was collected on 
thc cheesecloth than on horizontal 
gummed film of similar size. Studies of 
the vertical distribution of chloride par- 
ticles also indicate a depletion near the 
ground over land areas, presumably a 
result of impaction on natural ~urfaces. 

Delayed Fallout 

In contrast to the results from the 
Nevada tests, measurements of radioac- 
tive debris concentrations in the tropo- 
sphere showed a continued increase over 

England during the 10-month period 
following the thermonuclear tests in the 
Paclfic in 1954. Similar increases in 
ground-level concentrationrs have also 
been observed by the Naval Research 
1,aboratory in the United States and 
elsewhere. 

This delayed fallout is a consequence 
of the extreme heights reached by debris 
from thermonuclear explosions-more 
than 80,000 feet-which results in the 
storage of large amounts of small part- 
~cle-size debris in the stratosphere. The 
existence of such a distribution has been 
confirmed by aircraft measurements over 
the B~itish Ides in August and Septem- 
ber 1954 and again in eariy 1955 which 
show a very large increase in air conren- 
tration above about 35,000 feet. This de- 
blis eventually moves throuqh the tropo- 
pause into the troposphere, from \&ere 
it is removed by precipitation scavenging 
and by deposition. 

T r a n ~ p o r tia the stiatosphere. The 
stratospheric levels in question are 
mainly in a region where relatively sparse 
synoptic data on the structure or air cur- 
rents are available. However, they are 
mainly in a region of hydrostatically 
stable air, and soundings indicate, in gen- 
eral, a relative high degree of steadiness 
of stratospheric currents. 

The winds in the stratosphere seem to 
have a predominant zonal component. 
?he material injected at a certain locat- 
ity will spread to other longitudes faster 
than to other latitudes. Material injected 
at a certain time in a vertical column 
map move more rapidly, or even in a 
different clirection, a t  one level with re-
spect to another. This shearing motion 
of tht, large-scale air currents represents 
a powerful factor for the spreading of an 
originally localized cloud to a11 longi- 
tudes within a few weeks. 

,411 stratospheric circulation cells un-
dergo more or less marked changes dmr- 
ing the course of the seasons, Super-
imposed on the seasonal trend are day- 
to-day wind fluctuations caused by mi- 
grating or oscillating pressure systems. 
The present-day knowledge of independ- 
ent stratospheric pressure systerns is very 
limited. But it can be assumed that the 
stratosphere reacts, a t  least partly, to the 
migrating cyclones and anticyclones of 
the troposphere. Over periods of several 
weeks the net effect of the stratospheric 
wind variability will be similar to a proc- 
ess of large-scale eddy diffusion acting 
mainly in the horizontal directions. 

Di f z~r ionin the  ~tratosphere.  One may 
approach the question of vertical diflu- 
sion in the stratosphere in three ways: 
( i )  by using first principles; (ii) by using 
natural gaseous tracers; and (iii) by us- 
ing man-made probes. 

1) First principles. If asked for cri- 
teria to predict vertical mixing at  the 
ground from metcrologically observed 



parameters, one would point, in all like- 
lihood, to three items: vertical temper-
ature gradients, wind speed, and wind 
shear. T h e  greater the temperature sta-
bility, the less the vertical mixing. I t  is 
primarily on this ground that the strato- 
sphere has been vieaved as a region o f  
quiescence in comparison with a turbu- 
lent troposphere below it. 

W i t h  regard to avind speed, it seems 
fairly clear that an absence o f  horizonta& 
kinetic energy will be associated with 
little or no vertical motions, but it is not 
evident that high wind speed necessarily 
will produce vertical turbulence. In  any 
event, the lower stratosphere has a vari- 
ety o f  speeds. 

I n  the Richardson number, which un- 
der special conditions predicts the onset 
o f  turbulence, it is the shear rather than 
the wind speed which is significant. 
'There is as large an assortment o f  wind 
shears in the stratosphere as in the tropo- 
sphere, barring the layer adjacent to the 
jet streams in  the troposphere. 

One  must conclude that on one count 
--probably the most important--stratom 
spheric vertical mixing should be muck 
smaller than tropospheric and that on 
the other two scores, it need not be. 

2 )  Gaseous tracers. Ozone is the first 
such atmospheric property which comes 
so mind. It has been established that the 
oaone c~ncentrations below the ozone 
max imum (about 25 kilometers) are 
o f t en  i n  excess o f  the photochernicai 
equilibrium amounts. It appears that the 
day-to-day variation and much o f  the 
seasonal variation o f  total ozone reflects 
cha-nges in the nonequilibrium ozone in 
the "protected" region below the maxi- 
mum.  It is generally accepted that ex-
change processes transport ozone dowa-
ward from the region o f  ozone maxi-
mum. Three types o f  exchange process 
have been considered. T h e  first involves 
large-scale meridional circulations in the 
stratosphere. There  are sorne reasons for 
accepting such a meridional circulation 
involving both hemispheres, but the evi- 
dence is not very impressive. A second 
exchange process is turbulent mixing, 
This  is difficult t o  evaluate because o f  the 
lack o f  information on the magnitude of 
the mixing coefficient. I t  does seem, 
however, that the mixing coefficient re- 
quired to provide the needed flux o f  
ozone is not unreasonable. T h e  third ex- 
change process may be called Gross aus- 
tuusch. since it involves the vertical mo-
tions associated with traveling cyclones 
and anticyclones. There  is good evidence 
for this effect in  the correlations between 
total ozone and the pressure field. It also 
provides a qualitative explanation fur 
the annual variation o f  total ozone, 

W i t h  the possible exception o f  the 
large-scale meridiorral circulation, the ex- 
change processes described here will np- 

crate to bring ozone Into the troposphete 
\\here it is destroved at lower levels bu 
particulate matter, T h e  study a id  meas- 
urement o f  the ozone exchange should 
be applicable to the exchange o f  nuclear 
11 eapon debris. 

Water vapor probably has no ma~kecl 
sink (due  to cloud formations or precipi- 
tation) near the tropopause, Thus ,  
changes i n  the gradient o f  water lapor 
mixing ratio should be a clue to the coni- 
parative upper tropospheric-lower strac-
ospheric mixing intensities. T h e  use o f  
moisture as a tracer suggests but doer; 
not clearly indicate little vertical mixing 
in the lower stratosphere. 

3 ) Man-made probes. Both parachutes 
and balloons have been used regularly to 
measure srnall-scale vertical. motions in 
the stratosphere, and the results generally 
reveal the stratosphere to have greater 
vertical motions than the troposphere. 
Also, aircraft report turbulence in the 
stratosphere. Th i s  evidence for compara- 
tively short-period vertical motions is 
clouded by the question o f  the role o f  
the platform. T h e  growth o f  the rising 
balloon, for example, alters the flow 
around it which mav be the cause for the 
apparent vertical motions deduced from 
rts ascent sate. Further, as with any meas- 
ure o f  vertical motions, the probe does 
not distinguish between nondisperslve 
vertical motlons like gravity x9dves and 
t m e  diffusing elements. 
Mixing through the tropopuuse. In a 

practical definition the tropopause is the 
levet o f  rninimum ternperature o f  a high- 
altitude sounding, or the layer o f  maxi- 
mum change o f  vertical lapse rate of 
temperature when no minimum tempera- 
ture is encountered. Mean height-lati-
tude cross sections o f  the atmosphere 
sho~v that the tropopause is quasi-hori- 
zontal only in equatorial and polar re-
gions, at approximately 18 and 9 kilo-
meters, respectively. T h e  break occurs 
normally between 30 and 60 degrees 
latitude, where the mean tropopause has 
either a significant slope or lacks unique- 
ness o f  definition so :hat multiple tropo- 
pauses are assumed by some authors er.en 
for mean conditions. Individual sound-
ings may show considerable day-to-day 
fluctuations o f  the tropopause level in 
connection with the passage o f  cyclones 
and anticyclones. Therefore, the tropo- 
pause is far from being a well-defined 
geometric surface and can hardly be 
considered an internal boundary which 
separates two distinct kinds o f  air masses. 
-4ir rnay move vertically through rhe 
mean tropopause level, or horizontally 
through the tropopause breaks. However 
net radiation and convection processes 
are assumed to exist which result i n  a 
marked tendency toward reestablish-
ment o f  the tropopause at preferred levels 
just above the atmospheric layer in  

which the content o f  iiquid and vaporous 
.ivater is significant and condensatic)n-
precipitation cycles are domirrant. 

Four main types o f  exchange of air, or 
air properties through the tropopause 
may be distinguished: j i j  smali-scale 
\ el tical exchange, or vel tical eddy di f fu-  
sion; ( j i )  medium-scale penetration o f  
tropospheric air into the stratosphele 
above extremely intense convectivc cells 
(heavy squall lines, frequently connected 
with tornadoes! ; ( i i i )  large-scale en-
trainment o f  stratospheric air into tropo- 
spheric systems, such as cyclones, jet 
streams, hurricanes; and ( i v )  mean 
transport by vertical branches o f  large- 
scale to  world-wide circulation cells. 

Tropospheric remooal. T h e  very small 
particles which are originally in  the 
stratosphere and reach the troposphere 
weeks, months and even vears after the 
detonation o f  a thermonuclear weapon 
Inuit ebcntually be deposited in the bio- 
hphere. Flon,cver, the mechanisms by 
which these s~nall  particles are finally re- 
nloked frorrr the troposphere are not 
clear, and the data concerning this prob- 
lcln are inconclusive. 

In\ estigations o f  the rate o f  removal 
o f  natural radioactivity f rom the lower 
troposphere, both in  'he  U n ~ t e d  States 
and in Germany, indicate that about half  
the activity is removed In a period of 
about I or 2 wreks. I-Iowever, the par- 
ticles involved are extremely small (proh- 
ably less than 0.01 micron) and are 
concentrated near the ground, so t l~at  the 
iesults may not be applicable to the fall- 
our problem. On the other hand, Lnng- 
muir llas showr~ that the collectaon cfK-
cienry o f  precipitation for veay small 
dloplets (less than I micron) is small, 
but again the results nnay not be applic- 
able to the fallout problem, where elec- 
trostatic and surface tension nheaomena 
are different. Agglomeration between 
natural cloud plernents and sadloactive 
particles is  operative for small particles. 

Conflicting evidence on the rapidity o f  
tropospheric removal is also found in  
studies o f  the actual fallout. Stewarr, 
C ~ o o k s  and Fisher, in Britain, estimate 
ilonl indirect reasoninq that deposition 
111 rain exceeds dry deposition by a fac- 
tor o f  20 for therrnon~~clear rxplosiou~. 
\ srudy o f  gumnred film results ins the 

17rrited States does not bear this out -
average monthly deposition at 40 rnoni-
rollng stations durrng S eptember and 
October 1954 shows no correlation with 
either total rainfall during the nronth 
or the number o f  days wi th  rain at the 
station. Again, using the British data, it 
is seen that the specific activity of the 
lolver atmosphere showed a more than 
fourfold increase during the interva! 
from 10 week$ after the  Pacific tests 
to  50 weeks after i f  the data ara cor-
lected for decay. Similar increases were 



found by the Naval Research 1,aboratory. 
It  ir hard to reconcile this increase in 
tropospheric concentration with tllc 
rapid cleansing of the troposphere. 

Analysis of Stratospheric Storage 

from Radiostrontium Failout Data 

The fission product of greatest inter- 
est in terms of long-term hazard from 
nuclear detonations appears to be stron- 
tium-90. and estimates of the rate of de- 
position of this isotope in the biosphere 
are needed. Unfortunately, our knolvl-
edge of the physical mechanisms involved 
is too meager to deal .rvith this problem 
on a theoretical basis. Although it has 
been established that a considerable 
amount of debris is injected into the stra 
tosphere and that this debris slolvly 
mixes downward into the troposphere 
artd is eventually deposited on the 
ground, the average storage times in the 
stratosphere, and even in the troposphere, 
are uncertain. Among the many un-
knowns in attempting a theoretical analp- 
sls are the Initial distribution in the stra- 
tosphere and the physical mechanism of 
stratospheric removal. Elen if the latter 
were known, we are at present unable to 
make quantitative estimates of the rates 
or intensities of these physical processes. 
However, due to the biological uncertain- 
ties in estimating the halard from stron- 
tium-90, a precise answer is not needed, 
and even a gross estimate rvould be use-
f ul 

\V. F. Libby of the U S. Atomic Energy 
Cornnlission has published an estlmate 
of the stratospheric storage time based on 
the estimated stratospheric content and 
on the observed deposition, with little or 
no reference necessar) to the physical 
mechanisms involved. Essentially, tlie an- 
nual deposition is divided by the amount 
in the stratosphere, yielding the frac-
tional removal during the year. If the 
fractional removal rate is assumed con-
stant (that is, the stratospheric content 
is assumed to decrease exponentially) the 
mean residence time of the debris is given 
by the ratio of the stratospheric content 
to the deposition. 

Thc basic data used by Libby are the 
stratospheric content immediately after 
the completion of the Castle tests (spring 
195-4) in the Pacific and the deposition 
of strontium-90 during the follocving year 
or so as measured in three ways: a world- 
wide gummed film fallout network, the 
strontium-90 content of Chicago rainfall, 
and air-filter measurements at Washing- 
ton, D.C. From these results, Libby con- 
cludes that the mean storage time for 
debris in the stratosphere is approxi-
mately 10 -+ 5 years. 

Stratospheric storage not only serves to 
dclay the fallout of debris but also to dis- 

perse it over the globe, minirnizing the 
chance of locally high concentrations of 
clrbris. At present, the amount of stron-
tiunl-90 in the stratosphere from nuclear 
I\-eapon tests is far too small to approach 
lnaximunl pcrmissible concentration even 
if it were to be all deposited now. Won,- 
ever, if the testing programs of the sev- 
eral countries producing thermonuclear 
Iveapons were to be intensified, strato- 
spheric storage time rnay become a criti- 
cal item in terms of hazard to mankind. 
For this reason, a continuing program to 
investigate this phenomenon is needed, 
including actual measurements of the 
radioactivity in the stratosphere and ini- 
proved and more representative methods 
of observing fallout. 

Atnlospheric Radioactivity from 

Civilian Use of Nuclear Energy 

The hazards of at~iiospheric contami- 
nation from the military uses of atomic 
energy have tended to overshadow other 
possible sources of contamination, prin- 
cipally because, to date, relatively insig- 
nificant contamination has occurred from 
nonmilitary sources. Certainly the near 
f u t u r ~  will see a tremendous increase in 
tile utilization of nuclear energy for 
praceful purposes, including the produc- 
tion of electric power; medical, indus- 
trial, and agricultural applications; and 
nuclear propulsion of air, sea, and land 
vehicles. 

As far as can be seen today, the largest 
potential use of nuclear energy will bc 
in the production of electric power, and 
this discussion is based on this aspect of 
the problem; however, other applications 
could conceivably double the values used 
in the estimates given here. A consensus 
of estimates of global power requirements 
ancl of the proportion of this energy 
1,-hich will be supplied by nuclear sources 
indicates that by 1975 there will be a 
nuclear heat energy production of 108 
to 10" kilowatts and by the year 2000 
tliii \\.ill increase to 108 to 1010 kilowatts. 

These rates of production will produce 
enormous amounts of fission products. 
Horvever. most of these will be in solid 
oi liquid'form at present-day processing 
telmpetatures, and it can be expected that 
~ l i r h  material will not be Intentionally 
released into the atmosphere. Of the re- 
maining volatile fission products, storage 
and "cooling" of the fuel before process- 
iilq can reduce the activity materially. 
T ~ Ptwo volatile isotopes of most interest 
ale 10-vear krypton-85 and 8-day iodine- 
1 3 1  Only the 10-year krypton is suffi- 
cicntlv long-lived to be relatively insensi- 
tibe to the cooling time of the fuel before 
ploiessing. There are two aspects to the 
pioblem of radioactive hazard from these 
,oulces, large-scale contamination on a 

global or hemispheric basis and local or 
regional contamination in the areas of 
processing plants. 

'urge-scale contamination. The long 
half-life of krypton-85 results in the ac-
cumulation of this isotope in the atmos- 
phere. If by the year 2000 nuclear ther- 
mal power has risen to l0l0 kilowatts, the 
world inventory of radiokrypton would 
be of the order of 1010 curies. Mixed uni- 
forlnly through the mass of the tropo-
sphere ( 4  x loz1 grams of air), the re-
sulting sea-level concentrations would be 
less than 10-"curies, per cubic meter. 
Since most of the activity is likely to be 
released in the middle latitudes of the 
northern hemisphere, large-scale concen- 
trations of 3 to 5 times the global aver- 
age could be experienced in these Bati- 
tildes. 

No value for the maximum permissible 
concentration of krypton-85 is presently 
available. If, from the chemical and ra-
diological similarity, we assume that it 
is analogous to radioxenon, then the esti- 
mated world-wide concentration in the 
year 2000 is about two orders of mag-
nitude less than the maximum permis-
yihle concentration. FIowever. such com- 
parisons are extremely questionable and 
it is iinportant that maximum permissi- 
ble concentration Ievels be established 
for krypton-85. 

The problem of iodine-431 in the at-
mosphere is largely dependent on the 
fuel recharging interval and the cooling 
time. For each combination of fuel cycle 
and cooling time, it is possible to calcu- 
late the total amount of iodine-134 in the 
atmosphere. This is an equilibrium value 
assuming no removal at the source or 
after release. Total amounts of iodine-I31 
in the atmosphere based on the estimated 
nuclear energy production in the year 
2000 are given in the Table [I]. 

The present maximum permissible 
concentration of: iodine-13 1 is 3 x 10'" 
curies per cubic meter. Tf the iodine-131 
is mixed with the whole mass of the tro- 
posphere, then 1010 curies would produce 
tlie maximum permissible concentration. 
However, the assumption of world-wide 
tropospheric mixing is unwarranted for 
an isotope with a half-life of 8 days. As- 
suming the term large-scale contamina- 

Table 1. Total iodine-131 (curies) in the 
atmosphere per loi0 kilowatts of nuclear 
energy. 

Decay time before release 
Fuel --- -

rechargins 10 1on 

days days 


Onceayear  6x10 '  3x10 '  10@ 
'ren times a 
year 6 ~ 1 0 ' ~3 ~ 1 0 ' ~  1Os 

Continuous 2 X 10" 10lr 4 x 1 0 T  



t ion  i n  t h e  case o f  iodine-131 c a n  at rnost 
involve a 20Q-  or 30"-band o f  latitude i n  
t h e  northern hemisphere,  and tha t  verti- 
cal mixing m a y  be inconrplete, t h e n  e v e n  
for large-scale considerations, a n  atmos-
aheric burden  o f  108 or l o 9  curies o f  
uodine- 13 1 m a y  approach t h e  maximurra 
permissible concentration, and appro-
priate cooling or decontamination meas- 
ures mus t  be used. 

Local contamination, I t  is evident  tha t  
consideration o f  t h e  average contamina- 
t ion  over major  portions o f  t h e  globe can- 
n o t  approach t h e  hazard t o  b e  found in 
local areas downwind f r o m  sources o f  
contamination. Locally, higher concen-
trations tha t  would exist 10 t o  100 nniles 
% r o m  fuel  processing plants (assuming 
scamethinq o f  t h e  order o f  1 percent o f  
t h e  world's fuel t o  b e  processed at any 
single si te)  could add  a n  additional fac- 
tor o f  10 t o  100 In t h e  case o f  krypton-85 
and several thousand in t h e  case o f  
iodine-131. Also, transitory excess con-
centrations d u e  t o  unfavorable meteoro- 
logical conditions could raise local con- 
centration b y  a n  additional one  t o  t w o  
orders o f  magnitude.  

T h e s e  e f fec t s  are cumulative so tha t  
concentrations o f  iodine-131 about 104 
t imes  t h e  global average could occur 
reyularly near fuel processing plants in 
t h e  northern temperate latitudes, rising 
occasionally t o  X05 or l o G  t imes t h e  
global average during unfavorable m e -  
teorological conditions. Deposition b y  
precipitation could increase t h e  possibili- 
ties o f  h a r m f u l  e f fec t s ,  Further detailed 
analysis would b e  required i n  order t o  
indicate under  w h a t  conditions t h e  con-
centrations o f  kryp ton ,  iodine, o r  other 
isotopes would exceed permissible lirnits. 
I n  any case, i t  seems tha t  a combination 
of  reasonably conservative fuel  cooling 
periods, some progress i n  of f-gas cleaning, 
and a judicious choice o f  fuel processing 
locations is indicated t o  min imize  t h e  
adverse e f fec t s  o f  unfavorable meteoro- 
logical conditions. At t h e  larger plants, 
meteorological scheduling o f  gas releases 
m a y  b e  required. T h e s e  principles are 
applied today and will become increas- 
insly important ,  

Accidental releases, T h e r e  is t h e  possi- 
bility, even  i f  remote ,  tha t  a large high- 
power reactor or fuel  processing facility 
could b e  damaged or destroyed b y  acci- 
den t  and release part or all o f  t h e  con- 
taincd fission products t o  t h e  atmosphere. 
T h c  results o f  such a n  event  could well 
b e  catastrophic and extend over great 
distances. Estimates o f  areas o f  damage 
range upwards o f  thousands o f  square 
miles for very large reactors. By the  year 
2000 the  release o f  only about 1 percent 
o f  the  world-wide strontium-90 inventory 
tha t  could t h e n  exist, even i f  mixed  uni-  
formly  throughout t h e  global tropo-
sphere, could produce concentrations o n  
t h e  order o f  5 x 10-aO curies per cubic 

meter  or about twice the  currently rec-
o m m e n d e d  m a x i m u m  rsermissible con-
centration. T h i s  same 1 percent, if de-
posited o n  t h e  surface, could seriously 
contaminate t h e  entire area o f  the  earth. 
I t  is m o r e  likely, i n  the  event  o f  such a 
catastrophe, tha t  t h e  activity would  re-
m a i n  concentrated i n  a m u c h  smaller 
area near t h e  source. Still,  the  operation 
o f  any significant fraction o f  t h e  earth's 
nuclear reactors wi thout  proper safe-
guards would b e  o f  concern t o  all. 

Conclusions, Solut ion t o  t h e  radioac- 
t ive air pollution problem is the  same as 
i n  other air pollution problems-dpreven- 
t ion o f  the  escape o f  pollutants t o  t h e  at- 
mosphere.  T h u s ,  primary consideration 
nrust b e  given t o  engineering features 
l imit ing t h e  escape o f  llazardous gases 
either during normal operations or acci- 
dents. A s  a n  additional safety factor, 
meteorological research t o  locate plants 
i n  areas where unexpected releases will 
d o  t h e  least damage is desirable. Finally, 
it should b e  pointed ou t  tha t  t h e  release 
o f  a hazardous substance b v  anv  countrv z , 

' m a p  a f f e c t  other countries, particularly 
i n  t h e  same latitude bel t .  International 
control t o  establish and maintain h igh  
standards o f  safe plant operation is essen- 
tial. 

Use of Radioactivi ty  

in Atmospheric Studies 

Natural radzoactivity, T h e r e  exist t w o  
important  sources o f  naturally occurring 
radioactivity i n  the  atmosphere:  (i! cos-
m i c  ray interactions i n  the  stratosphere 
and ( i i )  t h e  rock and soil o f  t h e  earth's 
outer crust. T h e  study o f  t h e  cosmic-ray- 
induced products entails considerable 
difficulties because o f  t h e  l o w  level o f  
activity. O n  t h e  other hand ,  t h e  radio- 
active substances w h i c h  originate i n  t h e  
earth can be detected and measured w i t h  
relative ease. 

R a d o n  and thoron are released as gases 
i n  t h e  radioactive decay of r a d i u m  and 
thor ium,  w h i c h  are found i n  all rock and 
soil. T h e  concentration o f  these gases and 
their distribution irr t h e  atmosphere are 
determined b y  their half-lives and b y  m e -  
teorological conditions. A l though i t  is 
considered generally tha t  t h e  relative 
amounts  o f  the  various natural activities 
are dependent  o n  meteorology, very f e w  
correlations w i t h  specific meteorological 
parameters have b e e n  m a d e ,  i n  spite o f  
t h e  fact  tha t  measurements have  been  
carried o u t  over a period o f  m a n y  years. 
A t  the  present t ime ,  insufficient data are 
available t o  m a k e  reliable estimates o f  
the  global distribution o f  radioactivity i n  
t h e  air over land,  al though it is  k n o w n  
tha t  at some distance f r o m  large land 
masses t h e  radioactivity concentration is 
exceedingly low. Measurements indicate 
t h s t  t h e  amount  o f  radon decreases rap- 

idly xiith al t i tude t o  about one h a l f  t h e  
surface value at 1 k i lometer.  

R a d o n  and thoron  and their daughter 
products would seem t o  provide a n  easily 
detectable tracer for t h e  study o f  t h e  ver-  
tical Austausch. Ground-level rneasure-
ments  indicate tha t  exchange phenomena 
wi th in  e v e n  a f e w  fee t  o f  t h e  surface 
have marked  e f fec t s  o n  t h e  concentra- 
t ion  o f  radioactivity. S u c h  measurements 
might  \\ell b e  carried om i n  conjunction 
w i t h  n~icrometeorological  observations. 
From consideration o f  t h e  l i fet imes o f  
the radioactive isotopes w h i c h  are in -
l o l v e d ,  i t  is obvious tha t  e v e n  for  rela- 
ti\ e ly  I o ~ v  wind  velocities, horizontal 
transport o f  these radioactivities over d i s  
tances o f  several hundred miles is entirely 
possible. T h e  study o f  simultaneous vari- 
ations i n  concentration over these di i-  
tances should b e  valuable i f  t h e  locations 
Ivere careful ly  selected t o  avoid the  e f -  
fects o f  terrain. Land t o  sea measure-
ments  should b e  especially interesting. 

Instances o f  increases i n  radon concen- 
tration coincident w i t h  air uollut ion have  
been  reported. Since atmospheric radio- 
activity and pollution are strongly a f -
fected b y  the  stability o f  tile lower at- 
mosphere,  this e f f e c t  is n o t  surprising. 
For the  same reason, i t  is quite  possible 
tha t  a relationship could b e  established 
w i t h  t h e  tropospheric scattering o f  elec- 
tromagnetic radiation. 

Experiments have  shown tha t  the 
radon and thoron decay products are at- 
tached t o  submicron particulates. T h e  
details o f  t h e  at tachment process are no t  
well understood-for example ,  t h e  rela- 
tionship between various ionic species or 
the  n u m b e r  and kind o f  nuclei. 'These 
radioactivities exist i n  the  f o r m  o f  a read- 
ily detectable submicron aerosol w h i c h  
generally follows the  surface w i n d  pat-
tern. T h e s e  small particles, and inciden- 
tally other pollution, appear to b e  re-
moved  f r o m  t h e  iocver atmosphere i n  a 
matter o f  days, principally through prc- 
cinitation. Further study o f  this relnovai 
process, carried o u t  a t  d i f f eren t  locations 
and for  a variety o f  climatological con-
ditions, would  perhaps shed some l ight  
o n  t h e  scavenging efficiency o f  precipi- 
tation. 

T h e  natural radioactivity o f  precipi- 
tat ion is considerable and is easily meas- 
urable. T h e  nriechanism for t h e  entrain- 
m e n t  o f  the  radioactive particles i n  rain 
droplets is no t  certain. From theoretical 
considerations, t h e  probability for attach- 
m e n t  o f  these very small particles i n  rain 
is quite  low.  I t  has been  suggested tha t  
t h e  radioactive Ions could themselves act 
as condensation nuclei. O n  the  other 
h a n d ,  there is t h e  possibility tha t  clouds 
o f  charged radioactive particles could act 
as a sort o f  "trigger" for electric phe- 
nomena leading t o  cloud electrification 
and precipitation. Experimentally ,  the  
difficulties o f  working w i t h  large vo lumes  
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of rainwater are ~art ia l lv  offset bv the 
large activities encountered. The actual 
air volume swept out by precipitation 
is very great arid it would seem that there 
are possibilities for tracing air masses by 
using natural radioactivity. 

Traditionally, atmospheric radioactiv- 
ity has been associated with atmospheric 
electricity and might well supplement 
studies in t h i ~  field. The radon and thoron 
decay products are charged and can be 
collected by electric means. They are 
estimated to caure about one-half of the 
ionization in the lo~7er atmosphere. Cer-
tain of the theories of atmospheric and 
cloud electrification are m i t e  sensitive 
to changes in the ion concentration. Since 
large changes in the radioactivity con-
centration are the rule, further studies 
carried out in coniunction with atrnos-
pheric electric measurements should be 
valuable. 

The most extensively studied of the cos- 
mic-rav-induced isoto~es found in the at- 
morphkre have been 'carbon-14, tritium, 
and beryllium-7. Probably both short-
term increases in fossil carbon dioxide 
from industrial sources and the long-term 
global distribution could be detected 
using sensitive techniques. Tritium is 
present in the air principally in the form 
of tritiated water and will urobablv find 
its most useful applications to hydrology, 
although more extensive sarnplinq of pre- 
cipitation is no doubt desirable. Because 
of its relatively short half-life, beryllium- 
9 may be of very great importance in 
the study of the rate of mixing between 
the stratosphere and troposphere. Unfor- 
tunately, there is a great lack of experi- 
rnental information suitable for correla- 
rion with meteorological phenomena. 

Debris from weapons tests. The debris 
injected into the atmosphere from the 
testing of nuclear weapons can provide a 
useful tool for investigating atmospheric 
phenomena. However, two basic lirnita- 
tions on the uscfulncss of the approach 
must be recognized. ( i ]  The source 
strength and distribution in space is 
largely unknown, Such important infor- 
mation as the distribution of pnrticles 
with altitude, the exact configuration of 
the stabilized cloud, the relation of par- 
ticle size to activity, the fractionation of 
elements within the cloud, and so forth, 
is not available. (ii)  Sampling techniques 
are imperfect. Air-concentration meas-
urements are difficult because of the low 
concentrations and small particle sizes 
involved. Ground collectionr result from 
either deposition of the particles them- 
selves or by precipitation scavenging. 

Using the gummed-paper collection 
system described in [the first section of 
this report], it has been possible to obtain 
certain valuable meteorological informa- 
tion on such items as a measure of the 
cross-equatorial transport and somc fea- 
ture of the general circulation from U.S. 

Pacific tests, scavenging by the upper por- 
tions of rain clouds of the particulate 
fission products, an estimate of rapidity 
of the removal of particulates from the 
troposphercb, and an estimate of the rate 
of transport from the stratosphere to 
troposphere. 

Using aircraft sampling procedure, it 
has been possible to obtairi estimates of 
the rate of lateral spread of an atmos-
pheric contaminant and verifications of 
meteorological trajectories. By following 
the tritium released by the Castle series 
of weapons tests, it has been possible to 
estimate the removal time for atmos-
pheric water molecules. 

I t  is likely that the potential of even 
the existing unclassified informatior, on 
radioactivity released by weapons tests 
has not been exhausted. This potential 
would be enhanced by disclosure of addi- 
tional information on weapons, debris 
measurements, and source strengths. For 
example, the weapons tests offer an op- 
portunity to determine storage and tran- 
sit time parameters for surface water 
sheds of almost any size. By comparing 
the amount and level of radioactivity in 
rainfall and runoffs as a function of time 
following a weapons test, it would be 
possible to measure those parameters 
which are vital to studies of ground 
water, river runoff, and flood fore-
casting. 

Artificially introduced radioactive t ~ a c -  
ers. Artificially introduced radioactive 
tracers can serve riieteorology in at  least 
three fields: ( i )  through the delineation 
of the air flow and rates of diffusion; 
(ii)  in hydrometeorology, including stud- 
ies of condensation, precipitation, evapo- 
ration, and hydrology; and (iii) in at- 
mospheric electricity. 

As a tracer of air motions, radioactive 
substances are in competition with fluo- 
rescent dye particles, sulfur dioxide, and 
other nonradioactive substances. Their 
advantages lie in the possibility of being 
able to treat large-scale atmospheric phe- 
nomena which othenvise require too 
large amounts of source material, in be- 
ing able to utilize tracers which partake 
in the particular process under investiga- 
tion and, in certain cases, in our ability 
to detect the presence of the tracer in-
stantaneously in the field. In  any spccific 
experiment, it will be necessary to weigh 
economic, safety, and scientific factors in 
the use of radioactive tracers over non- 
radioactive tracers. 

Regions in which it would be highly 
desirable to further knowledge concern-
ing air trajectories are in the neighbor- 
hood of jet streams, in cols, in hurricanes 
to measure both the three-dimensional 
airflow and to define the air comprising 
the eye, and in the antarctic. In the field 
of diffusion, the use of radioactive tracer 
material can further knowledge of diffu- 
sion near the ground for air pollution 

studies, and so forth, and of diffusion in 
the stratosphere and tropospheric and 
stratospheric mixing. 

The radioactive tracer material which 
appeals to be most promising for the 
above meteorological studies is tritium. 
Tritiated water would be washed out, 
thus making for additional complica-
tions. Trltium in the form of ordinary 
hydrogen is acceptable although costs of 
analysir; of the sample might be high. 
For the iarge-scale experiment to ec;tab- 
lish the tropospheric-stratospheric ex-
chang~,  tritiated methane has been sug- 
gested. Tritium has the advantagcor~s 
properties of emitting a weak beta par- 
ticle, of being available without dificulty, 
and of having a reasonably long half-
life. 

IVatex molecules are readily rnarked 
by tritium so that in any experiment in 
which the travel of water vapor is de- 
sired it becomes feasible to introduce 
tritiated water as a tracer. If sufficient 
amounts of tritium were available, a 
large-scale experiment to study the hy- 
drologic cycle could be devised. Even on 
smaller scales, tritiated water could be 
used to study such features as the evapo- 
ration from a ponded lake, water sources 
for dew, contributions of local transpor- 
tation or evaporation from local bodies 
of water to precipitation elements, arld 
so forth. 

Activation analysis techniques extend 
the possibilities for studying very small 
particles (such as sodium chloride) that 
play an important role in condensation 
and ice formation. Radiosilver can be in- 
troduced in a preparation of silver iodide 
to determine the presence of silver iodide 
in the precipitation which was alleged to 
be stimulated by it. By releasing another 
tracer which would be scavenged with 
equal efficiency by precipitation, it might 
be possible to determine whether the sil- 
ver iodidc has played a role in the for- 
mation of the precipitation, 

Finally, the ionizing properties of 
radioactive substances can be used to 
make local changes in the electric fields 
of the atmosphere to determine whcther 
or not such change.: affect weather proc- 
esses, 

Atomic Explosions and Weather 

From the beginning of time, man has 
looked beyond the field of meteorology 
in the hope of finding some explanation 
for the vagaries of weather. Many inven- 
tions of man-gunpowder, radio, air-
planes, and television-have been blamed 
for changes in weather and climate. Et 
is only natural that atomic and thermo- 
nuclear explosions, being among the 
most dramatic achievements of mankind, 
would come in for their sl~are of the 
blame. 



There seems to have been an increase 
in unusual and undesirable weather in 
the past decade. 'vl'hen submitted to rig- 
orous statistical tests, these apparent ab- 
normalitie do not exceed the limits tha:. 
can be expected by chance and are con- 
sistent with accepted meteorological 
principles involving large-scale (hemi-
spheric) ~reathel. patterns which coulcl 
not be directly affected by the exptosions. 
Thc failure to detect statistically signifi- 
cant changes in the weather during the 
first 10 )-ears of the atomic age is no 
proof that physically significant changes 
haye not been produced by the explo- 
sions, I~u t  it does show that a careful 
physical analysis of the effects of atomic 
and thermonuclear explosions on the at- 
mosphere m u ~ i  be made. 

The energy of e1.m a therrnonuclcar 
explosion is small when compared with 
most large-scale weather processes. More- 
over, it Is known t h a ~  nnucla of this energy 
is expended in ways that cannot directly 
affect the atmosphere. Even the fraction 
of the energy ~vhich is directly added to 
the atmosphere is added in a rather in- 
cffrcient manner fronl the standpoint of 
affecting the lveather. Meteorologists and 
others acquainted arith the problem are 
readily willing to dismiss the possibility 
that the energy released by the explo-
sions can have any inlportant direct effect 
on the weather processes. However, there 
remains the possibility that the explosion 
will serve as a trigger mechanism to di- 

vert some milch larger natural store or' 
energy from the path it would otherwi\e 
havc followed, 

Three general means by which this 
might be ac~omplished have been con-
sidered. i i )  The debris thrown into the 
air by the explosion may have some cata- 
lytic effect on the behavior of clouds and 
thereby change the reglme of cloudiness 
or precipitation over wide areas. (ii) The  
radioactive nature of the debris will 
chanqe the electric conductivity of the 
air, and this may have some effect on 
more directly observable meteorological 
phcnomena. (iii) The debris thrown into 
the stratosphere by thc explosion may 
interfere with the passage of solar radia- 
tion and thereby serve to decrease the 
ternperaturc of the earth. 

Our present knolvledge of atmospheric 
phvsics makes difficult a final authorita- 
tive evaluation of any of these possibil 
ities. The results of studies and experi- 
rnenls conducted by various organizations 
show the following. 

1j The debris which has been thrown 
up into the atmosphere by past detona- 
tions was found to be ineffective as a 
cloud-seeding agent Since the techniques 
for testing nucleating efficiency are not 
entirely satisfactory, the condensation 
and freezing nuclei ploduced by nuclear 
~xploiions and their effect on the fo~nia-  
tion of clouds and the precipitation proc- 
ess must be continually investigated. 

2 )  Thc amount of ionization produced 
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on Radiation Hazards 

Thc hileclical Research Council of 
Great Britain recently publislled a report 
of a special c:ommittee under the title 
T h e  H n o r d s  to ' I h n  of hrzcclear and 
Allied Radiations :see editorial in this 
issue of Srience,. The conclusions of the 
report were as fol:o\\-s: 

On  the basis of the considerations in 
this report we feel justified in drawing 
the following conclusions in relation to 
the use of ioniling radiations in peace- 
time : 

I )  Limitation of the use of all sources 
of radiation. Adequate justification 
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should be required for the enipioyment 
of any source of ionizing radiation on 
iiowever small a scale. 

2. Dose Ieuels to the indz"vidztal. ( i )  In  
conditions involving persistent exposure 
to ionizing radiations, the prcsent stand- 
ard, rcconlmended by the International 
Commission on Radiological Protection, 
that the dose received shall not exceed 
0.3 r weekly, averaged over any period 
of 13 consecutive weeks, should, for the 
present, continue to be accepted. ( i i )  
Durinr his whole lifetime. an individual -
should not be allowed to accumulate 
more than 200 r of "'whole-body" radia-
tion, in addition to that received from 
the natural backe;ronnd, and t h ~ sallow-

by the radioactive nnaterlal is insignifi- 
cant in affecting general atmospheric 
conditions. Various theories on the pas- 
sible connection between the electric 
pl operties of the atmosphere and the pre- 
cipitation process are still in the devek- 
opmental stage. 

3 )  Dust thrown irrtu the air by past 
volcano eruptions decreased the direct 
solar radiation received at the ground 
by as much as f 0 to 20 percent, The con- 
tamination of the atmosphere by past nu- 
clear tests has not produced any measur- 
able df,csease in the amount caf direct 
sunlight received at  the earth's surface. 
There i$ a possibility that a series of ex-
plosions designed for the maxinlum ef-
ficiency in throwing debris into r l~e  upper 
atmosphere might significantly aRect rhe 
radiation received at the ground. 

4 )  Much of the irrcrcase in severe 
storms reported in recent years can be 
traced directly to the improved methods 
of reporting severe storms that normally 
OCCIIT. 

No statistically significant changes in 
the weather during the first 10 years of 
the atomic age have been found, yet 
careful physical analysis of the effects of 
nuclear explosions on the atmosphere 
must be made if wc are to obtain a defi- 
nite evaluation of this problem. Although 
it is not possible to prove that nuclzas 
explosions have or have not influenced 
the weather, it is believed that such an 
effect is unlikely. 

ance should be spread over tens of years; 
but every endeavor should be made to 
keep the level of exposure as low as 
possible. (iii)  An individual should not 
be a l l o ~ ~ e d  to accumulate more than 50 r 
of radiation 10 the gonads, in addition 
to that received frorn the natural back- 
ground, from conception to the age of 30 
years; and this allowance should not ap- 
ply to more than one-fiftieth of the total 
population of this country. 

3 )  Dose level t o  file population. Those 
responsible for authorizing the develop- 
ment anct use of sources of ionizing radia- 
tion should be advised that the upper 
limit, which future knowledge rnay set to 
the total dose of extra radiation which 
may be received hy the population as a 
whole, is not likely to be Inore than twice 
the dose which is already received from 
the natural background; the recorn-
mended figure may indeed be apprecia- 
bly lower than this. 

4 j  Fallout from test explosions of 
nuclear weapons. (i)The present and 
foreseeable hazards froni external radia-
tion due to fallout from the test explo- 
sions of nuclear weapons, fired at  the 
present rate and in the present propor-
tion of the different kinds, are negligible. 
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