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Heteorological Factors Affecting Spread of Radiosctivity fron Nuclear Boxbs

By
lester Hachta

U. S& Weather Bureau
Washington 25, D.C.

Novenber 15, 1956

A talk delivered at the Washington Academy of Sciences

Introduction

Ths fissioning of a nuclear weapon is the first step in a chain

of events which my ultimately result in the ill-effects of radioe

activity on man, The dispersal from test site to hu-an environment

or food takes place largely through atmospheric transport. The ©

problem, however, is more than the application of the usual winds to

carry the particulate debris. It will bs apparent that eddy diffusion

amd precipitation, for example, also play an inportant role.

Nost persons who have treated the entire radioactive fallout

spectrum have found it convenient to divide the history of the partie

culate fallout into three categories. First, that which deposits

out in the first dsy, or less. This is designsted as local fallout

since in this short time the horizontal displacement cannot have
been very great. The second class 4s deposited betwasn about 1 day

and a few months. For lack of a better word, it will ba termed

internediate fallout, Finally, ths fallout celivered beyond a few

months is called delayed fallout. Because the particles are injected

4n the stratosphere and found ovar much of the globe, it is also

referred to as "world-wide stratospheric fallout*.

It is ths purpose of this discussion to point out the mstsorologl=

calconsiderations which account for ail-ofthe atmospheric transport

offa"Edris. Remarks on local end internediate ranges will be brief,

thile those pertaining to delayed fallout, more extonsive. |



Local Fallout

Iocal fallout is characterized by the fact that the deposition '
is largely by the settling of the particles dus to their weight.

Given the size, shape, and specific gravity of the particles, it

is possible to predict their fall velocity.

However, even in the absence of such exact inforration, it is

possible to produce useful results as to where and when particles

will reach the ground. Thisis Because the relative tine of fall

as a finction of ThefeedAgiatcentltive to the particle's physical

properties, and pecause-tt-4e-the-reletive—time-off92)-sithheight

whichtigns—out-to-beimportants.

There are at least two other processes which produce? a downward

flux of particles in the atmosphere. First, vertic31 mixing acting

upon & clowl of particles at upper altitudes will transfer some of

thess to lower altitudes, Although we cannot be sure, the magnitude

of usual tropospheric vertical eddy speeds is of the order of a few

tenths to a few miles per hour. It is likely, therefore, that

particles which have settling speeds of a tenth to a hundreth of

the eddy velocity will hsve their vertical component of moti

controlled mainly by atmospheric turbulence while those with fall.

velocities equal to or greater than a few miles per hour will descend

mainly because of gravitational settling. The point of division for
a spherical particle of specific gravity of 2.5 is betweeh 50 and 80

riers in dianeter. Host of the sizes of particles fnlocal fallout
exceed this dianster.

A second msans of domnward transfer of the particles occurs by

precipitation. Insofar as possible, nuclear tests by the United

States are conducted in the absence of naturally-occurring precipita-

tion. However, in the Pacific Proving Grounds, it is likely that the

huge amount of moisture entrained by the rising firsba3ll condensas

upon cooling and that sone dowmsard transfer of tha particles

results from scavenging of falling precipitation.
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The horizontal motion of the falling particles results prinarily

from the action, winds which are observed by conventional wind

messuring equipment. The procedures for utilizing winds for tha

cotermination of fallout areas are entirely straight-forward, ‘the

falling particle is transported horizontally by the wind in a layer

depending upon its stay in the layer before settling to the next

lower level. The summation of the horizontal displacezents ends

with the ground deposition of the particle.

In addition to transport by the usuzlly=observed winds, there

is @ certain amount of lateral dispersion because of horizontal

turbulence in ths atmosphere, Experience suggests that in most
cases, the spread of falling particles by the winds so0 grestly

exceed the spread due to small-scale turbulence that the latter |

effect 1s usually ignored. . : from the ground

In theprediction of radiationganaintensities/ it is
necessary to know not only the winds and physical characteristics

of the falling particles, but also the emomt of radioactivity

as a function of particle sizefffftuds, this latter infornation
is essentially gf non-meteorological problem and will not be dealt

with at this tims, An example of the final result of ths

application of metscrological winds to a model of radioactivity

as a fimction of altitude and particle size is shown in the first

few figures.

Toe first figure shows the actual and predicted isolinss of

gamzs activity in rilliroontzens per hour referred to tielve hours,

The light dashes, the observed field, were derived from ground

monitoring along various roads eround the Nevada Test Site. Ths

heavy lines show the predicted fallout pattern using a Veather

Burean model of cloud radioactivity. this picture, tha winds

measured near the explosion place and tins, which ware rainly from

south to north, were assumed to carry particles at all later tires

and places, It is evident that the prediction, the type made most

melee mt nf me wsDenarimint <° Trargy
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frequently, fails to reflect the bending of the pattern to the

e2st in northern Iisvada. Tha next figure contains a fallout

pattern, as the hesvy lines, which include the best estimate of

the change of the wind field in tins and in space. It is

evident that incorporation of the changing winds provides a

better verification, This after-the-fact fallout pattern is

typical of most cases which have been attempted,

Intermediate Fallout

After most of the particles whose size are large enough to

have a significant fall velocity have been rezoved from the

atmosphere, the remaining particles are part of either the inter-

mediate or delayed fallout. For weapons which have been fired
at the Nevada Test Site, the interrediate fallout originstes

4n the troposphere since the nuclear cloud tops rarely penetrated |

the tropopause. However, for larger calibre detonations, the inter=

mediate fallout may originate either from tropospheric or stratoe-

spheric material, If-the-stratosphere is—ths—sourcefor-soms-of

the-intermediste ndceasetarrecitegraniteshould .be

greater-thansbout>microns for a specific gra 2.50TahBas

is-necestary ince vertical ra “sa theB Arba

sphereALeysaad For ¢ ‘ita e‘fat at originating

trian the tclopcophere me benethat t etze $01less

than-about20cronscheetheAergen-parthotesweotd-be-past of

thelocal-fattout.at the moment, 4 is-not possible to say with
confidence uhich source contributes the larger fraction for highe

yield explosions. ,

It 4s chsracteristic of tha motions in the atmosphere that air

masses are carried zonally, that is, around circles of latitudes,

ruch more rapidly than in the north-south direction. This is trus

both in the troposphere and stratosphere. The result of this

rateorological fact 4s the predominance of intermeciate fallout
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-Se
in the sams latitude bend as the test locations, Tn Figure 3,
the 35-day cumulstive fallout from CASTLE BRAVO is show as a

series of isolines on the lower part of the figure. ‘The uppar

portion of the figure shows as the shaded area the regions of

the glore which, from moteorological considerations, were

expected to heve fallout in the first week or so. It is evident

that the band of highest fallout circles the earth in the tropics

of the northern hemisphere with only occasional north-south excursions,

The removal of particles in the intermediate range from the

atmosphere during dry weather is assisted by vertical eddies near

the earth's surface and by interception by obstacles. However, it

is likely that Rost importent fraction is removed by precipita-

tion scavenging. It has been found, for example, following most

of our Nevada test operations, that on days with rain, there is 10

times more radioactivity deposited on the ground than on days with

no rain. The particles are probably large enough so that scavenging

by inertial effects are still important. That is, the small radio-

active particle, because of their inertia cannot escape from the

path of the falling raindrop,

The budgeting of the fraction of radioactivity depositedin

the intermediate range as well as that in the delayed fallout

is quite uncertain. Careful analysis of the world-wide fallout

network of the U. S, Atomic Insrgy Corsission after the IVY and

CASTLE test series suggests that between 1 and 5% of the fission

products which were formed fell out between about 1 and 30 cays

after each test operation. The sams numbers for the interredlate

fallout from the Kevada tests amounts to perhaps 25%. In the

latter case, the amount of the closz-in fallout is knam quite

exactly and since there is no delayed fallout, we can add tha local

and intermediate fallout together to obtain the total. The result

shows that somsthing of the order of 50% of the radioactivity is

still unaccounted for.

Departreen? ¢f Enargy”
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It is possible that the local fallout has been underestimated

but this is unlikely, he mre reasomble explanation 1s given in

terms of our inability to accurately masure the trues removal of

particles from the atmosphere with simple devices, The estimte
just quoted is based on the measurement of fallout on gunned films

exposed horizontally, Even if this were 100% efficient (and it

is believed to be about 70% efficient for gross fission products

now under discussion), it fails to detect radioactive particles.

removed by vertical surfaces. The Raval Research Laboratory

has reported an amount of. radioactivity on a vertically-exposed

piece of cheesscloth equal to that deposited on the ground for

the sama time interval and area. Other experiments confirm the

fact that the particles in the intermdiate range are collected

by other than horizontally-exposed face-up surfeces, ‘The, question

which is still unanswered, however, is eevee? 2 puititeck

this-ronoval_in-comsviihn-with that observed by the gumned Cinta « .
Thus, tke cumulative contribution of the intermediate fallout

and the delayed fallout ovar that portion of the world lying in

the belt surrounding the nuclear proving grounds is still some

what questiongble. When soil samples are collected, say over ths

U. &., which have integrated all fallout since tha atomic age,

questions may be raised concerning the apportionment of thse fallout.

Although, on the average, the bulk of the radioactivity in

the interzeciete range lies in a belt surrounding the latitude of

the test site, there can bs anoralous situations which will either

spread the ‘debris over a very large north-south range or carry

the entire molear cloud in toto initially to a new and distant

latitude for zonal transport there.



Departs

Delaved Fallout

The delayed fallout represents that fraction of

Bre

radionotivity
which may etii2remain to3‘deposited out’onthe earthts Laos,

Th asensé, theratore, at4s an vnimown Guantatyalthough a me

reasonable upper Lintcan be placedonfndttttnds fron past expl

~slons. ‘Furthermore, evidence potrits‘te the fact thatbits fallout

isntfectingthenations ofandte worldco than the country

wit thich the tests took plac orthose innediat down:

of te ~ ™ wy om

Since tha particulate detris which is Jocated in the tro eee

can be shown to be removed within2|matter of eeeor‘eonthgy! 4

follows that t2-the-ebsence-of_very_frsqusnt-teste, delayed 2aot

must be stored somewhere, Aircraft samplirg and balloon flights

hsve clearly established that the stratosphere is the storage

region for delayed fallout. It can also be deduced that, since

the particles take longer than a few months to fall out of the

atinosphere, their size must be exceedingly small and it would be
estirated that they are no larger than 1 micron and probably well

below 0.1 microns in dianster, However, despite this apparent smalle

ness in sies, we have no positive proof at this point that gravitational

settling is not important in the transfer of radioactive particles from

the stratosphere into the troposphere, and, in fact, there is the

slightest suggestion that gravitational settling may sven be inportant,

Tt 4s perhaps worthyhile at this point to review the questions which
can be asked concerning the meteorological aspécts of delayed fallout,

First, how long will the particulate debris remzin in the stratoe

sphere, and second, where will it come out of the stratosphere to be

deposited on the earth's surface, oe

In order to mke a prediction of contamination, it is essential

to know the source of tha pollutants, The high-altitude measurements

ant of Enerey
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at this stage are inadequate to provide ths answer to the qu2stion

of where the debris is located in the stratosphere. The next

figure shows some of the reasoning in trying to determine even ths

initial distribution. To the left, we see a drawing of a nuclear

cloud with the familiar stem and mushroom, In this hypothetical

higheyleld explosion, the entire mushroom has been placed in the

stratosphere above the tropopause. To the right, we ses, as the

dashed line, the profile of the visible cloud é&the mshroom If

ons assuzes thst extrems turbulence exists in this cloud so that it

is thoroughly mixed, then at every point ths amount of radioactivity

par gram of airybedSea be constant. Since the mss of

‘air per wit volums or density decreases with height, thera would

bs more radioactivity near tha bottom of the cloud. This is

illustrated by ths solid line. On the other hand, it can be argued

thet the sx31l particles remzin with the fireball and that the

fireball becomes the torroidal ring present with mst, if not all,

nuclear explosions, If this is the case, then it is possible

that the radioactivity 4s distributed according to profile Be

The geographical locale for the debris is less uncertain. In

Figure 5, a vertical cross section from pole to pole is show with

the approxizate latitudes of high-yield explosions indicated at the

upper border. As previously noted, only those szsll particles

initially injected into the stratosphere are of concern. It is

seen that the height of the bottom of the stratosphere, the tropo-

pause, varies with latitudes. It also varies in altitude day by

day and scaeon,at the same place,

the stratosphere differs from the troposphere in two important

aspects. First and forezost, whereas the tazperature decreases on

the average of 6,5" Centigrade par Wiometer in the troposphere

there is either no temperature change with height or even, as in the

BAe qsUD
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tropies, an increase of temperature with height in the stratosphere.

Second, tha stratosphere is practically cloudless and hag no

precipitation falling from it. ‘hs first difference mans that

there is very little vertical turbulence in the stratosphere __

compared with the troposphere, so that vertical turbulent mixing

is much slower. The absence of clouds msans that the removal

of debris cannot bo aided by falling precipitation elexents,

Toe absence of mixing in the vertical coordinate does not

preclude horizontal diffusion, and in fact, Parr's principle,

would suggest that horizontal mixing might be greater an account

of the lack of vertical mixing. However, excspt for the spread .

of dust from rake 2G,bubreis1itthe or no evidence on sither

side, Untortmately,”the optical detection of the Erakatso dust

is not quantitstive in the sense that it is possible to assign

concentrations to the spread of the dust. There 4s reason to

belleve that the equatorial band of tha lower stratosphere may

prevent exchange of air between the hemispheres just as is

the case for the lover troposphere, In the troposphere, it is the

convergence of air into the Intertropical Convergence Zone, _

as shoom in Figure 5, which prevents exchange, In the lower

stratosphere, it is the stesdiness of the east to vest wind vhich

would suggest little or no north-south exchange, This point is

of som consequence, It my mean thst the hemisphere with the

atomic teste will obtein a disproportionate share of dslayed fallout.

Oa the other hand, the measurezent of delayed fallout in the southern
hemisphere reans that soma stratospheric dstris mst have come into

the southern hemisphers. Conesivably, the path of the debris may be

through the northern hemisphere tropopause and then to the southern

henisphere yia the upper troposphere,

 ae
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Since the vertical diffusion is very slow in the stratosphere

and the north-south mixing possibly slow¢ér-than—the—troposphere,

the meridionsl circulations may become important instruments for

the transfer of the debris. In the next figure, sre four published

models of meridional circulations in the lower stra tosphere, The

models of Wulf, Goldie and the lower part of Palmsr display 8 cell

which calls for sinking motion in the equatorial area, rising

motion over the poles and appropriate north-south motions to

complete the cells, The Palmar model suggests that above 89,600

fect in the tropics, there is a reversal to rising motion,

Kellogg and Schilling indicate that the main north-south drift

will be from the sumar toward the winter hemisphere. It should

be remembared that the magnitude of the air motions associated with

arrows on this figure are exceedingly small compared to the weste

east air motions; centimeters per second or less compared to

msters or tens of meters per second.

There is nothing unique about the problem of mixing across

the tropopause. It is probable that the tropopause is the

separation between fast and slow vertical mixing, but in itself

represents no unusual barrier. In addition to gir exchange through
eCsa.pe trom The Sptpheve

the tropopauss, there are other possibilities, As was evident from

many of the figures, the tropopause 4s believed to have a break

in the temporate latitudes and the air exchange may occur here

without any crossing of a tropopause. Secondly, in the courses of

everycay weather the tropopause disappears and reforms at different

altitudes so that exchange of tropospheric and stratospheric can

take place again without crossing the tropopause. Finally, in the

polar areas the tropopause is often very indistinct and this

combined.with the expected sinking rotion over cold sources suggests

thet=anZeh possibility that the polar areas may be a rezion of

transport from stratosphere to troposphere.
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In theory, it is possible to predict the removal of the

radioactive debris from the stratosphere given these non-weather
datas the particle size, shape and specific gravities to

determine the extent of gravitation3l settling and the distribution

of radioactivity Im space. In practices, not only are the none

weather data unavailable, but the meteorological ingredients

described aboveare not sufficiently well now,

Tr. W. F. Libby has published information which permits one

to bypass all of the”whocntatzites,— He does not specify anything

but the total amount of radioactivity available for delayed fallout

and the acount which has been deposited during these first few.

years of the thermonuclear age. Libby computes the fraction of

the stratospheric burden deposited each year, finds it toe bs

roughly 10% per year and assucss that this fraction can be

extrapolated into the futura,” Thisassumption yieldsanexponential
decrease in the amount removed each year.

Libby's approach is very appealing in that it ts now possible

to obtain an answer to ths first qusstions how long will the

debris remain in the stratosphere. At the moment, there is no

alternative toLibby's analysis except to argua for changes in

details. 5
heaeeDtwo incvedfents enter into the calculation of 10% renoval

per year. These ares the quantity in the stratosphere at the

beginning of a given tins interval and the arount removed from the
atzosphere during the interval. It is not possible to qu2rrel with

libby's estinate of the initial stratospheric burden for reasons

of possible infrinserent on classified data.

The question of tha removal of radioactive debris from the

ataosphere, and in particular, Strontiuz-90, is important to

restive not only for the problem of stratospheric storage tins but |

also for the wmderstanding of thse present GevelStrontius-70%n earth.

« nt ok Energy
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The mosttmp i tent bebectrant ef delayed lle

All groups stucying Strontiu-90 falloutagree on two pointss

first, that most of 1t comes dow in precipitation and second, that

the Strontiw:-90 is probably soluble in water. The Canadfans end

_ Eritish state that about 65% comes dow in rain, Libby has pointed

out that Antofagasta in Chile, a location with essentially no -

precipitation has a lower Strontius-90 soil content by a factor of

perhaps 50 than any other place on earth that has been sempled.

To understand hew one computes the total Strontiuc-90 deposition

per year, it is nocessary to review the sampling cevices in the

light of the importance ef precipitation. First, is the soil itself.

Use of the soil ss a method of integrating the world-wide Gelayed

fallout has the following shortcomings:

1. The soil contains fallout from all tines} it is a cumlative

rather than a differential sampling device, However, successive

sampling from the sams locale may overcome this difficulty.

2. The-sgree-of leeching of Strontiun-90 is assumed to be

szall, since the upper ssveral inches are-sseunet—te containsall

that hes fallen out.

3. There ara water losses during moderate and heavy reins or

malting of snow packs dus to runoff.

h. Removal by impaction on vertical surfaces is not reassured.

S. Sampling over the oceans and other water bodies is inpossible.

This is serious only if spray, vave action or some other ocean

phenomena causes a systematic bias of the results caocpared vith land.

: 6, Radiocherical enalysis is difficult so that only lirited

numbers of geographical areas have been sampled.

Ths gecond most relisble sampling technique is collection of

precipitation saxples by a pot or funnel. Thess devices collect

éry fallout as well as rain crops. It is evident thetthe pot or

funnel 4s a cifferential sampler, suffers no leeching or runoff

losses, could ba used over oceans, and the reciochemical analysis

is sixpler then for soil. On the other hand, it probably is very



inefficient for dry fallout and still provides no measure of

interception on vertical surfaces. The-intorpretetion_of.icclaied.
sampling points-as-extrapelatéd to -the-entire-vorld-mist -ba

approachedwithcautionsincethesnountof--Strontiui-90-removed+
by rainfallmaydependonminy-local-characteristics of the rain~

as-will be notedIaterr A major shortcoming of ths past has been

the lack of observing points. Until recently, routine analysis

of strontiai“90,BStsaSite to one or two places, —

On the other hand, there has been/extenstve gumed film

network, But the gumusd film suffers from a series of sharte

comings. the

1. With the szall lip surrounding the film,Aater running off

the paper my be considerable, In fact, in a study by the Armour

Ressarch Foundation, the paper wos found to be only about 10%

efficient for a rainfall of 0.1" in one hour, for soluble substances.

2. Inring dry westher, the gummsd film was found to develop

an electrostatic charge at relative hunidities balow 5%. The

result was a difference in collection efficiency by a factor of

6 between high and low hunidities.

On the other hand, the gumzed film does procuce nunbers which

appear to ba consistent with the pot msthod at 4s few piscespsig

an overall collection efficiency of about LO.

It has been the purpose of this review of collection methods

to enumsrate the likely sources of error in dsterrintng the total —

anount of fallout of Strontiuxr-90 per year. It is ovident that

“Jarge random errors are likely and that there ere orrors whose

magnitude and sense cannot even be estinated, But of those

wicertainties whose sense can be daterrined, it is the present

yie t ths-estiestes-ofanmial-falloutmdeinttiali;-by

mitthas Loehe For example, Libby sssuzes no impaction on

vertical surfaces, no rmmoff or leeching losses for his soil samples,

  “>
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and a 70% rather than h0% efficiency for the gumasd film. It is,
therefore, concluded that more than 10% comes down per year. Or.

Libby's more recent talks reflect this possibility. It would be

highly desirable to ascertain wheather the calculated removal of

10% per year very seriously tnderestinates the trus deposition,

onMt£795trontthequestion ftheLaatasdepceceangengcehs “ abbhatt4

years following thermonuclear tests, thare are also problems

concerning the propriety of extrapolating the fractional removal

of the stratospheric debris inte the future. It is implied that

the removal process 4s by diffusion and that the initial distribue

tion is not such that the first year or two would yield anomolous

results, With time, it will becomes evident whether the 10% is

constant. Already, however,there is data suggesting irregularities i

in the stratospheric removal. During 1955, a large fraction of ths

Strontium-90 fallout occurred in a&Gevt 3 or 4 months in Kew York =wencbeenee,

City rather than being spread evenly over the year. Lest one wp 6

conclude that this is a seasonal effair, it may be noted that it__aa

did not take place in the same months of 195) or in 1956.

It is concluded that Libby's approach to the determination

of the rate of removal from the stratosphere soBattenSea
ether_ons but that it would be no surprise to find the percentage

stratcspheric removal to befargreater than 10% and to vary from

year to year,

Wi
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Rainfall -

Before concluding it may be worthwhile to evaluate rore

carefully how rainfall rexoves the Strontiun-90 fran the atmosphere

in view of ths fact that it is attached to small particles

-delayed-felieut. For particles whose clamsters exceed a few

ricrons, it has been demonstrated that inertia and interception by

falling rain are reasonably efficient scrubbing agents but that for

particles less then ong micron, ¢),5° gdype of collection efficiency

ae tnget
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is sero. Mr. Stanley Greenfield of the Rand Corporation -has

enalyzed another nechanism of precipitationscavefgings his

is an agglomeration process whereby the agitation of ths small

particle results in a probability of eitiiest« imact on the

water elerent, The scavenging efficiency is shown in the final

figure as the orcinate with the particle size as the abscissa,

It is seen t atto the.right, with large particles, ths efficiency

is high as/for perticles szaller than 0.1 microns, although for

different reasons, In between, there is a "window" in which

the rezovel by rain may be expected to be low. It ig presumd

that the delayed fallout is associated with particles below 0.1

microns, end therefore readily scavenged.

Tks celzyed fallout, according to this hypothesis, should be

renoved by rain from the atmosphere largely at the level of the —

water cloud since the felling raindrop may not have enough time to

allow agglomoration. However, actvwal conparison between Strontiuz-90

content of rain and in ths air suggests that a very thick layer of

air most have had its particles scavenged. This suggests that by a

mechanism, still not understood, even the felling croplet is capable

of scavenging the particles of delayed fallout.

To this, one may add yet another bit of evidence which fails

to fit into a sinmle picture, Although Antofagasta with ite ay

weather apparently contains He Strontiu-90, the correlation between
rainfall and delayed fallout is poor either when ons considers ths

totel amount of rzin or the mueber of days with rain. ‘Thus, Paris,

& vet place, shows only helf as much Strontiuc-70 in the soil as

Goes Tamascas, Syria, a cry region.

Tt 4s hoped thet further research on rainfall in relation to

Strontiun-90 content will explain the mucerous discrepancies that

appezr to be present.
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Conclusion

Although, in principle, it is possible to plan a procedure

for predicting the removal rate of delayed fallout from the

stratosphere, in practice it is necessary to rely on the limited

observations available to make the most reasonable estinate. It

is recognized, however, that because the actual dotails are being

‘omitted, the chance that serious errors are present becomes

greater.

It is felt that stratospheric sampling holds a key to a

more rational vitapegebset of the storage time. The distribue

tion in tims vadtyS588,pesrestiythe meteorologist, with even his

maeegre inforzation, tepredict the desired quantities morereliably

than at present.

As a final word, it might be added that the neteorologist

stends to share in the knowledge which will be collected in the

solution ofths Strontiu--90 fallout problem.
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