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SUMMARY

This report is a Summary of the work done at The RAND Corporation on

the radioactive fallout program of the Armed Forces Special Weapons Project.

It discusses the best fit to the parameters which enter into the computa-

tion of radioactive fallout and the sensitivity of the final pattern to

changes in these parameters. It is concluded that fallout forecasts can be

made which, though not extremely accurate, can be of great value in opera- V
tional problems.

O D,
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1I. INTRODUCTION

A recent RAND report, Close-In Fallout, presents a general survey of

the basic mechanisms for understanding local fallout, which have been

studied in great detail. Since the publication of this report, work has

been in progress toward establishing a better definition of the problem pre-

sented by these basic mechanisms and improving our understanding of the

details involved. The purpose of this paper is to present the results of

studies made since the publication of Close-In Fallout and to bring out soue

slight changes in the concept of the fallout process. However, in order to

provide a complete picture, a certain amount of the earlier background will

be given, including a brief resume of the physical process of fallout and

a definition of the problem. Following this, each of the parameters 'Ahich

enter into the problem will be taken up in detail, and the results of studies

made over the past 18 months will be presented. The presentation will be of

a conceptual nature rather than a mathematical formulation.

Because of the great amount of technical detail to be presented in

this report, the scope of the subject matter will be more limited than in

Ref. 1. The basic parameters for a surface-burst bomb will be discussed

thoroughly, but the effect of height above the surface and of changing

surface conditions can be only briefly touched upon. The extent to which

local fallout can be determined will be considered, and the prospects for

numerical forecasting will be presented. Bince this is to be a report on

research done at RAND, it cannot be considered as a general survey or status

report on the entire problem of fallout. The work of the many other organ-

*. izations engaged in fallout research has been used, but no comprehensive
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sguntry has been made. This report, then, is a summary of the physical

processes and mathematical models of local fallout from surface-burst atomic

bombs.' '•here is no biological, and only a minimum of radiological, informa-

tion contained herein.

The detonation of an atomic device-releases lerge amounts of energy

either through the fission of heavy atoms or the fusion of light ones. The

release of energy may be accomplished through fission only or through a

combination of fission and fusion. The fieui& of t"^ fission of the

heavy atoms are generally radioactive particles. Another source of radio-

active particles or atoms is the activity induced in some types of stable

atoms by the capture of neutrons. The nature of the radioactive products

therefore varies greuU.Ly, dWPeuiA.g on the V ii.t'.e -'f fi--o ... fu.. -

in the bomb and the. elements which are available nearby to capture neutrons.ý

Because of the variation which is possible in the nature of the radioactive

products, this report will not deal with any purely radiological parameters;

instead, the fraction of the device will be the primary independent varia--

ble. The fractions which are used and which will be discussed further in

this report are based on measurements of molybdenum9 9 (Mo ), a radioactive

element formed in a predictable way by fission, which generally- falia out

without fractionation and represents a very good measure of khe radioactive

fraction of the device. If the details of the radiological components of the

bomb and the soil are known, it is alvays possible to synthesize a proper

radiological factor to be multiplied by the fraction• of the device, hence

generating either dose rate, integrated dosage, or any other measure of

Fractionation is the :;eparation of different isotopes due to
dffferencec in the nature of the radioactive precursors.
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the radioactivity.

r•l The radioactive isotopes which are formed are, for the most part, con-

tained in an extremely hot mass of air and residual bomb debris, At the

time of detonation most of these isotopes will exist in the form of a cloud

of ions. As the cloud rises and cools the isotopes form into particles by

attaching themselves to solid particles which are swept through the cloud,

or by condensation into minute drops, or by a combination of both processes.

Naturally, the most refractory materials will form into particles first and

some of the less refractory materials later. Of course, the noble gases

will not condense at, all. We have no measurements of particle formation

inside the fireball; thus, our knowledge of the actual method of formation

of the particles is not complete. However, an examination of the resulting

particles enables us to estimate the disttibution of their mass and size.

It has also been determined that some radioactive elements which have gas-

eous precursors do not form particles early enough in the process to be

precipitated in the same way as some of the more refractory materials.

Thus, the problem of the refractionation -- the atmospheric separation of

some of the radioactive elements from the main body of the fallout - - must

be borne in mind.

The particles which are thus formed and the activity which they carry

represent one of the necessary inputs to any fallout model. The informa-

tion which we have about the size, mass, and fall rates of these radioactive

particles and the distribution of the radioactivity with particle size has

actually all been deduced from observations of the fallout pattern (the two

Strontium 90 and cesium 137, two materials strongly fractionating
seem to be deposited in a way that is different from that of Mo9 9 .

C ONFIBDENTIAL
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different ways in which these deductions have been made will be discussed

in detail later). This distribution represents one of the important initial

parameters, for it is necessary to know what fraction of the activity re-

sides in particles of different sizes.

The tremendous energy released by a nuclear detonation over a small

space and in a short time causes a large bubble of hot air. This hot, low-

density air has a tendency to rise through the atmosphere. As it rises it

does work against the atmosphere and in so doing is cooled. It has been

observed that the outward gradient of temperature, in the hot bubble of air,

causes the central portion to rise relative to the outside portion of the

cloud. This causes an overturning of the cloud, and a toroidal or smoke

ring circulation develops. Most of the particles of radioactive debris

end up in the core of the smoke ring. This is an extremely stable circula-

tion. Most of the radioactivity is carried aloft with the cloud, and only

a small fraction escapes from the toroidal circulation to be left behind

to form a wake or stem. The material thus carried upward forms the radio-

active cloud.

When the energy which caused the cloud to rise has been dissipated by

rising through and mixing with the atmosphere, the cloud arrives at a

stabilization point, the height of which depends very markedly on the yield

and, to some extent, on the conditions in the atmosphere. For the larger

yields, the toroidal circulation continues for a while after stabilization,

and this tends to expand the radius of the toroid; thus, as the cloud

approaches its stabilization point, a continued horizontal expansion is

noticed. At about five or six minutes after detonation, when the cloud has

j stabilized, the initial space distribution of the radioactivity is
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established. It is in the form of a ring-shaped body of debris of particles

of varioun. sizes. In addition to this ring-shýped body there will be some

trailing material d.vn FL!ong the wake or stem of the cloud. The experiments

during Operation Redwing, about which more will be said later, definitely'

show that there is a very small fraction of the debris contained in the

stem of the cloud. The space distribution of the radioactivity represents

another important parameter of the radioactive fallout. These see Redwing

experiments demonstrate quite conclusively that the majority of the radio-

active debris is in the lover portion of the visible clou'i '" +.Shat it in

contained in a ring around a central portion which has relatively little

debris.

,~ftr taiJzct~nth trodaCiraculation roapily Aaece v. Pnt +.he#

particles of debris fall from that elevation to the ground. The particles

will attain some sort of terminal velocity and will, of course, be trans-" ..

ported by the wind. If it is assumed that the vertical motion of the afir

is negligibla in comparison with the fall rate of the particles, then the

vertical velocities of the particles can be computed. Thus, the fall rate

of the particles, which will be a function of the size, shape, height, and

density of the particles, is an important and necessary component of the

t'.LLOUt anasLysis.

It can be shown that for the particles which comprise the majority of

the fallout, the wind can be considered to transport them with the speed

of the wind. That is to say, there is no appreciable lag in the particles:

following the wind flow. Suffice it tc itate here that the wind will carry

the particles in the horizontal direction, and it is imperative to know where

the wind Is going to carry them.

CONFIDENTIAL
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There are several variations in- the wind which must be considered.

"First of all, there are large shears of the horizontal wind in the vertical,

and these should be accounted for. Furthermore, some of the particles take

qutite a bit of time to reach the ground; and during this time the wind patterns

will change, so the time variation of the winds must be taken into account.

Also, some of the particles are carried over great distances, so we need

to take into account the variation of the wind in the horizontal. Thus, to

be precise, the ind should be considered as a function of the space dimen-

sions and time.

To summarize, then, in order to compute or predict fallout it is

necessary to .know the distribution of activity with particle size, the dis-

tribution of the activity in space at the time nf -. tbi:Li,.tiOn; the f, ll

velocity of the particles, and the wind structure. In the following sec-

tions these parameters will be considered in turn. They will be considered

chiefly in connection with surface-burst bombs in the megaton range.

Finally, we shall attempt a syntbesis of the individual parameters into

the final fallout pattern. Note that there is no necessity in this work

for discussing the radiological nature of the debris. We speak of the

fraction of the device, and we compute this fraction on the basis of Mo9 --

one oi" the oest juiow" 1w tout components. Thus, the cleanliness of the

weapon, the fission-fusion ratio, the nature of fission products, or induced

activities, need not concern us in defining a fallout pattern. We Vill de-

fine the fraction of the device, and if there-is any further Information as

to the nature of the radioactive material, this can be incorporated with

the fraction-of--device numbers and all the customary radiological values

dcduaced. ObvioLisly, since we have not considered radiological parameters,

we -AU not concern ournelves withi the biological effects of radiation.

C CONFIDENTIAL
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II. ACTIVITY-PARTICLE SIZE DISTRIBUTION

There have been quite a few attempts to deduce the distribution of

radioactivity with particle size. One of the most usual methods of making

this deduction is to plot the position of various sized particles from

various elevations in the clouds according to their fall velocity and the

winds, then to measure the ground activity at that point and to assign the

fraction of activity as a function of particle size in accordance with the

amount on the ground associated with that particle size. This was essentially

the method used to determine the particle size and activity distribution

for the Jangle surface shot as presented in RAND report R-265-AEC.(2) it

is also the essence of the Weather Bureau procedure in determining the

activity-size distribution for tower shots.

Another more direct method is to simply measure the activity on par-

titles that have been sized after they have been collected. This is the

method used by Krey(3) in analyzing the activity and particle size distri-

bution from the collections on YAG-40 at the Zuni Redwing shot.

Figure 1 presents several sets of results that have been obtained in

the past. The scales may be avkward, but they are ideal for containing all

of the data. The ordinate is a logarithmic scale and the abscissa is the

integral of the Gaussian error function. Thus, a straight line on this

particular graph would represent a "normal distribution" in the logarithm

of the particle size. The graph is cumulative so that the fraction of

material on particles less than the size shown on the ordinate is read on

the abscissa. The heavy solid line is the log normal curve which is fitted

to the distribution taken from Ref. 2. The circles are points from the

distribution in Ref. 2. It can be seen that most of the data, at least near
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Fig. I - Some suggested particle size-activity distributions
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the center of the graph, :is: clustered very closely around this line. It

may.perhaps be worthwhileto' note som6 of the.dev'iations from this. To the
upper left of the stralight ine is shown the NRDL curve derived from Jangle

surface and unaergrounýd• shots by analyzing particle size. This shows a

much larger fraction of large particles. It is believed that the fact that

data from the underground shot were used in deriving this ctrve has caused

it to indicate too many large particles for a surface burst. The short bit

of clirve on the lower right of the straight line represents the average of

the Weather Bureau examiniation of the tower shots in Nevada.(5) It is to

be expected that the tower shots would have a larger fraction of small

particles because there is not as much dirt taken into the fireball.

ing. The lower end of the curve, that is, the part dealing with the smaller

sizes, shows an almost linear trend on the log--normal paper. However, for

particles larger than 74 microns the curve falls off, showing 100 per cent

of the material on particles less than 210 microns in radius. This is

probably caused by the fact that the larger particles fall to earth long

before they could reach the collection station. Thus, the curve represent-

ing Krey's data is based on a biased sample. The same may be true for the

Re!. 2 curve wnicn iadol, 1 "i a similar manner but wnich reacnes nigner

values.

A log-normal curve appcaros to be a good fit to the bulk of the data.

The Weather Bureau curve for tower shots, ,rhich appears at the lower right

of the surface-burst data, can be discounted because they are not surface

bursts. The NRDL curve, at th. upper left of the main body of data, can

be discottnted because of the inclusion of data from the underground shot.

CONH0 F 1IENTIAL
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The efficiency of large particles in Krey's curve and the estimate presented

in naf. 2 can be attributed to the removal of the large particles in such

short time that they do not enter into the sampling procedures.

7he wanner in which the curve8 presented in Fig. 1 have been obtained

is more or less biased. There has been no method found to date for getting

a completely unbiased sample of the particle size from the original cloud

and the prospect of obtaining unbiased measurements is not bright, because

of the tremendous problems involved in sampling, sizing, and measuring the

radioactive particles.

The work done to date has servea to indicate that a log-normal distri-

bution appears to be a reasonable choice for the distribution of activity

with particle size. There has been some evidence that there is a different

distribution of activity with particle size at different elevations; in

other words, the distribution of activity with particle size is not inde-

pendent of height. However, for the purposes of this study, the assumption

was made that the activity distribution with particle size was completely

independent of the activity distribution irith height. A review of some of

the attempts to separate the size distributions according to height indicates

that the assumption of independence will not cause any serious difficulty.

As a matter of fact, none of the observations are sufficiently accurate to

warrant the conclusion of differing particle size-activity distributions

with height.

Since the distribution appears to be a log-normal, and since the data

studied so far has considerable bias, it was decided to attempt to recon-

struct a log-normal particle size-activity distribution which would best

fit the Zuni results on operation Redwing. The basic as:,.w•ptions of this
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approach are that the distribution is log--normal, that it in independent of

elevation (as mentioned above), that the distribution of activity with heighý

i'• is knownp and that the winds are known as functions of space and time., The

excellent series of weather maps which were analyzed by the Joint Task Force 7

Weather Group for the Redwing Tests(6) was used to construct time-varying and

space-varying wind patterns. The distribution of the activity with height

was taken from the rocket results as reported in "Fallout Studies During

Operation Redwing."(7) Using the method of computation as outlined

in Ref. 8, five different log-normal distributions were chosen and each

of them was used to make a computation of the activity at each of five

different measuring stations. For each station a plot was made on axes

which represented the mean of the logarithm of particle size for the ordinate

and the standard deviation of the logarithm of particle size for the abscissa,

Each of the five distributions on this graph are therefore represented by a

point. At each of these five points the computed, fraction of the device for

that particular measuring station was entered. The five values of fractions

Vere then used to subjectively construct lines of equal fraction of device

as a function of mean of the logarithm of particle size and standard devia-

tion of the logarithm of particle size. The measured value (See Ref. 9) was

then used to find the line of possible means and standard deviations for

The log-normal function is simply the Gaussian distribution in the
logarithm of the variable. If x - log r and the distribution of x is normal,
then

1 r - log r2

P P(log r) -d(log r)
--/ 1r log rý

This is a two-Parameter distribution in which the distribution is completely
determined by the means of the logarithm of the particle radius and the
standard deviation of the logarithm of the particle radius.
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each of the stations. On Fig. 2 the observed range of each of the five

stations is superimposed. It may be noted that there are no lines for the

results from YAG-39. This station was at an extreme edge of the fallout

pattern and the fallout did not arrive here until almost 24 hours after the

event. With this long delay time the wind errors accumulate to such an

extent that no confidence can be placed in the wind plot (see Sec. V).

Therefore, lack of fit of this one station does not seriously discredit

the results.

The other four stations show that the mean and standard deviation

which best fit all of the stations must be within the area that has been

chosen. Subjective best estimates for the mean of the logarithm of the

radius and the standard deviation of the logarithm of the radius are 1.65

and 0.30 respectively. This particle size distribution was then used in

the model with the wind from the Tewa shot from Operation Redwing. The

results that this particle size-activity distribution gave on the independ-

ent test with the Tewa shot were most gratifying. A plot of the computed

versus the measured fraction is shown in Fig. 3.

Because of the known uncertainty in the particle size distribution, it

is necessary to know something about the effect of any changes in the dis-

tribution on the fallout pattern. It is apparent that a large fraction on

small particles will produce an extensive pattern. A large fraction on

large particles will produce a less extensive pattern but one of greater

intensity. For a log-normal distribution with a given standard deviation,

an increase in the mean will place more activity on larger particles which

are deposited near ground zero and less on particles which are, for the

most part, too small to appear in the local fallout in an eynt. Thus

GCONFIDENTIAL
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Fig. 2 Subjectively determined combinations of log r and
°'log r which would fit within the stondard error of

observation of fraction down at 4 observing
stations
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the changes in the value of the mean of the logarithm produce large changes

in the pattern near ground zero. For example, a change in the mean of the

log of r from 1.47 to 1.67 increaijed the fraction at the stations within

20 mi of ground zero by factors of from 4 to 10. At more distant stations,

where particles from the center of the distribution cause the fallout, the

shift of the mean will cause less change in the fraction in any particle size

range, therefore a shift in the mean of the magnitude quoted above produces

an increase of a factor of only 1.5 for a station--- approximately 60 mi

from ground zero. On the distant edge of the local fallout pattern only a

fine rain of small particles occurs and the fraction is quite insensitive

to change in the mean.

For a given mean value, an increase in the standard deviation of the

log-riormal will cause an increase in the fraction of particles at both ends

of the distribution. Since the small end of the particle spectrum does not

contribute much to the fallout, the change on the small end is not noticed.

The depletion of the center of the distribution shows up as a decrease in

fraction at intermediate distances with increasing c'; the augmentation of

the large end shows up as an increase in fractions at very close stations

with increasing a. Thus an increase in a from .27 to .37 decreaseslog r
the fraction slightly in the area where the center of the distribution falls

and doubles or triplei the fraction in the region close to ground .zero.

We believe that the distribution of activity with particle size is

determined more by the conditions of the burst - -the temperature obtained
i and the nearness -to the surface -- than by the nature of the underlying

surface. Until further evidence to the contrary can be presented, we will

assume that the distribution of activity with particle size for surface-
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burst weapons will be that of a 106-no-mal with a mean of 1.65 and a

standard deviation or O.30**
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III. SPACE DISTRIBUTION OF ACTIVITY

The second parameter which must be taken up in some detail is the dir-

tribution of the radioactive particles in space at the time of stabilize-

tion of the cloud. The study of the space distribution of activity has a

long history and, in the early days, some very conflicting reports* The

early reports, that is, the reports of all of the tests up to the Redwing

series, were based on observations of the visual cloud. For some of the

smaller yields, the toroidal circulation was not apparent, and it was there-

fore thought that there was a jet of material blasted into the air, and

that there was considerable material at all levels. However, after some of

the larger shots in the Pacific, when the toroidal circulation became

evident and after some of the reconstructions which were done at the Weather

(5)(2Bureau and atL RAND,'' it was realized that the activity was largely

confined to thqe mushroom, and. that there should be a concentration in the

core of the torus. There was, however, no evidence as to the ratio of

activity in the mushroom or top part of the cloud to that which was in the

stem.

Based on a reconstruction from the fallout pattern, Ref. 2 indicated

90 per cent in the mushroom and 10 per cent in the stem. The dimensions

of the cloud, which were used in all of the early reports, are those

observed, although it was recognized that water vapor played a great role

in defining the limits of the visible cloud, particularly near the stabi-

lization time. Kellogg has reported in great detail on the early

studies of dimensions of the cloud as well as the means for measuring and

correcting for such things as atmospheric winds and optical problems.

One of the problems which arose with the Castle-Bravo test was the
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tremendous horizontal expansion of the cloud just at stabilization. It was

pointed out in Ref. 11 that if the radioactivity was indeed spread as far

as the visible cloud and if constant concentration with radius was assumed,

it would be difficult to explain the high concentration of fallout that was

observed from the Castle-Bravo shot. Therefore, the idea of an effective

radiological diameter which was somewhat smaller than the final visible

diameter was introduced.

The observations of the toroid and studies of smoke rings suggested

that most of the debris should be concentrated in a doughnut-shaped space

in the cloud. It was not until rockets measuring radioactivity were shot

through the clouds during several of the Redwing tests, however, that this

hypothesis was adequately confirmed.(7) These shots also indicated that

the amount of radioactivity in the outer reaches of the visible cloud was

indeed extremely small, and that the effective radiological diameter was

much smaller than that of the visible cloud.

The radiological measurements which were made from Redwing rockets

simply reported the flux of gamma rays or the roentgen dose encountered by

rockets as they flew along trajectories through the clouds. In "Fallout

Studies During Operation Redwing,"''' the first reports of the results of

these rocket measurements were given. The only set of measurements which

were of particular interest in this project were those of the Zuni cloud.

Other clouds were measured but they were formed by airburst or barge shots;

also, in some cases, too few rockets penetrated the cloud to make the

analysis usable.

The basic rocket data was greatly smoothed and idealized to obtain the

desired distribution from the Zuni data. These smoothed values were- numer -_

ically integrated over the volume swept out by the figures of revolution
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formed by rotating the contour lines about the axis. Each grid value was

tken divided. by the integrated value to yield t'he fraction of the device

per cubic kft at each of the grid intersections., These values Were then

integrated at each height over the area of the circle defining the cloud at

that level in order to arrive at the distribution of activity as a function

of height. Figure 4 shows this distribution in fraction per kft. The die-

tribution shown in Fig. 4 is a very much iMealized representation of the

fraction of device per kft for the Zuni shot of Operation Redwing.

In order to determine the radial distribution, the values of concenr-

tration were integrated over height for various values of radius. The

resulting distribution of activity per kft2 as a function of radius io

shown in Fig. 5. Again, this is an idealized representation of the Zuni

shot, but it does show the reality of the concentration in the toroid.

The peak concentration close to the center and the small values at great

distances demonstrates why the combination of the visible cloud radius with

a constant radial distribution failed to produce sufficiently intense

radiation on the Castle-Bravo shot.

Before going on with the problem of scaling these results to different

yields, it is necessary to discuss the sensitivity of the fallout pattern

to variations of these particular distributions. The radial distribution

will be considered first because it has little effect on the pattern.

Consider a single layer of particles of varying sizes. As the particles

fall to the ground at different rates, the overlapping of the rings will

tend to obscure the low concentrations in the middle of the initial distri-

bution. In order to demonstrate this effect in an actual pattern, the

computing model was used to compute, with a very simple wind structure, a

CONFI.DENTIAL L
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pair of patterns, one based on the distribution shown in Fig. 5 and the

other on a constant concentration to an effective radiological radius.

Figure 6 shows a comparison of the cross section of the resultant

fallout pattern for two radial distributions at a point downwind which is

representative of all downwind cross-sections. It can be seen that the

correct radial distribution yields a more peaked cross-section with a

slightly wider base, indicating a spread of small fractions over a wider

area. As will be seen later, the edges of the pattern cannot be precisely

determined in any event, so that the use of an effective radiological radius

with a constant concentration is a good method of approximating the radial

distribution.

The effect of changes in the elevation of the activity peak shown in

Fig. 4 was also checked by machine computations. It would have been desire-

ble to check the entire course of the distribution but there were not enough

ground measurements to provide a reasonable test. In order to test the

effect of changes in height of the distribution, the shape of the distribie

tion curve was preserved. Calculations were made for the fraction down for

the Zuni shot from the distribution as shown in Fig. 4., and also from a

distribution with the height of the peak concentration raised by 5000 ft.

The variation of fallout at the close-in stations was practically unchanged,

but at YAG-40: further out, there was a marked increase. This is due to

the fact that material from the peak of the activity-height distribution

was made to reach YAC44O when the peak height was raised. Since the original

height distribution fit YA-40 very well over a rather large range of

activity-size distribution, it may be concluded that the activity distribution,

derived from the rockets as shown in Fig. 4, was about correct.
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Having determined distributions of activity with height from the Zuni

shot, it is necessary to provide some method for scaling these distributions

to other yields. For such a scaling, recourse must be made to visual obser-I
vations because the radiological measurements are insufficient. The varia-

tion of the center of a cloud in the tropics, as deduced by Kellogg,"(IO

is shown in Fig. 7 together with the height of the top and bottom of the

Redwing clouds as reported at seven minutes in Cloud Photography. (12) The:

agreement between Kellogg's analysis and the observations is extremely good.

Rough estimates of the height of the maximum of activity for Zuni, Cherokee,

and Navajo shots are shown by the large circles in Fig. 7. The best scaling

that can be deduced from this meagre data is that the peak height of

activity is coincident with the base of the visible cloud. The line of

best fit to the base of the visible cloud can be expressed as

H(Ift) = 42 y0 11 5 (MT)

for yields greater than 300 KT in tropical atmospheres. For other atmos-

pheric conditions, it is recommended that Kellogg's curves be used with a

correction to the base of the visible cloud.

In order to scale the radial distribution, the concept of effective

radiological radius with a constant concentration will be used. An effeco,

tive radiological radius of 85 kft with a concentration of 4.4 x l05 parts

per kft2 was chosen as a fair representation of the Zuni distribution

shown in Fig. 5. A plot of cloud radius at the time of stabilization and

at end of growth (see Fig. 8) was taken from Ref. 10. To this plot was

added the seven-minute visual radius, as taken from Ref. 12. The single

point of the Zuni effective radiological radius was plotted also. The
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scaling of the effective radiological radius was then token to be a line

through 85 kft at 3.4 MY, which is congruent with the other curves of visi-

ble radius. This may be expressed in the range above 300 Kr as

I : Re (kft) 45 yo. 166 (MT) I

These scaling laws should be good approximations for most cases. It must be

emphasized, however, that the equations are derived for tropical atmospheres.

By a judicious subjective correction for atmospheric conditions following

the guide lines of the Machta-Kellogg theory of the rise of the cloud,, rea-

sonable resolutions of the radiological scaling may be made.
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IV. VERTICAL TRANSPORT

At the time of stabilization, the activity is distributed over a region

of space and most of it is carried by small, solid particles. A study of

these particles indicates that they are irregular shapes with a density of

about 2.5. The density is apparently partly a function of the material of

which they are composed and the nature of their formation. The value of

2.5 has been chosen as being very close to the average value of particles

formed from both Nevada sand and Pacific coral.

As the circulation of the cloud dies out, gravity will impart a down-

ward force which will rapidly be balanced by the viscous force of the air.

The resultant terminal velocity of the particles will cause them to settle

to the earth at a rate dependent upon their size. It is obvious that varia--

tions in density and shape will cause variations in the fall rate, but, for

a first approximation, it can be assumed that the particles are spheres of

density 2.5.

There are three different regimes which govern the terminal velocity

of the particles in still air. The extremely sm-ll particles in the high

atmosphere may be the same order of magnitude as the mean free paths of the

molecules of air; therefore the corrections for mean free paths must be used.

The particles in the range from about 1511 radius to about 25V radius are

large, compared to the mean free path, and yet have sufficiently small

velocities to permit the use of Stokes' approximation. The larger particles

must be treated by the aerodynamic equations involving the drag coefficient,

which is a function of the Reynolds number, which, in turn, is a function

of the speed of the particle and the particle size.

In the Stokes law range, the familiar equation for fall velocity is
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2

s 9 T

where r is the particle radius, p is the particle- density, g is the acceler-

ation of gravity, and q is the coefficient of viscosity of the air. For

the small particles this must be modified by the effect of the mean free

paths. The. correction factor for mean free paths, according to Kennard, (13)

is

M- 1 +- 1.23 + 0.41 exp 0.88 r

where M is the factor which must be multiplied by W to obtain the true ter--

minal velocity and L is the mean free path of the air molecules. For the

larger particles the viscous force on the particles is given by

F = 1p7rW r2 CFD 2 • a r CD

where FD is the viscous force on the particles, Wr is the large particle

velocity, pa is the air density and CD is the drag coefficient. The relation

of the drag coefficient to the Reynolds number for smooth spheres io shown

in Fig. 9. The Reynolds number, in turn, is a function of Wr, r, pa' and

2p rWr

R r
e q

Dy equating tLv drag force, FD, to the gravitational force, F where

4 r3
F O F7Dr rp TIg3
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an equation involving the speed, Wr, the radius, r, the drag coefficient,

and various constants is obtained. Figure 9 relates CD to the Reynolds

number and the definition of the Reynolds number relates it to the size

and the speed. Because the relationship defined by Fig. 9 is not amenable

to a mathezxitical analysis, the computations of W were performed by an
Wr

iterative scheme outlined by Langmuir.tl•) Figure 10 shows the vertical

velocities of a selection of particles representing the full range of ter-

minal velocity regimes. The New Standard Atmosphere (6 as used for the

atmospheric parameters. The correction factor M, for the 0.5g particle at

100 kft, is -10. At the other end of the graph, the aerodynamic fall of a

6001 particle is a factor of 10 smaller than rate of fall of the Stokes lawi

There is considerable uncertainty about using the drag coefficients for

spheres to calculate the terminal velocities of fallout particles. In order

to assess the possible error, an experiment was performed to measure the

drag coefficient of simulated fallout particles as a function of the Reynolds

number (Ref. 17). Calibration experiments on spheres indicated that tech-

nique was accurate to within about five per cent. The results on the fall-

out particle models showed only slight deviations from this sphere approxi-

mation except for four particles which were several times larger in one

dimension than in the other two. Since most fallj.ut particles do not deviate

greatly from a spherical form, the drag approximation could introduce an

error of less than 10 per cent, a small error, compared with some of the

other uncertainties in the data.

The terminal velocities of the particles are only part of the total

vertical transport. The effects of the vertical motions of the atmosphere

must be included to determine the true transport relative to the earth. This
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effect is not simply an additive one because the relative motion of the air

past the particles produces accelerations which are not necessarily linear.

In order to make a preliminary estimate of the effect of vertical motion

Of the atmosphere, the Smoluchowaki equation may be used

where P is the probability that a particle originating at a height z° will

arrive at a height z at some time t. K is the coefficient of diffusion and

0 is the terminal velocity of the particle. The assumptions which lead to

this equation are that the air motions affecting the particles are completely

random, and that the force of attraction if constant.

As can be seen, this is merely an extension of the diffusion equation

to account for the gravitational attraction. This equation can be solved

with the boundary conditions: (1) that the particle is at height z - zO

With probability 1 at t = 0; and (2) that the particleis stick to the ground

when they reach z = 0. The equation for the probability that a particle

Will reach the ground between t and t + dt is then

P(ojt) = (rI"rt ) exp - - +

22
This equation was numerically integrated for z. = 17 km., K 1 000 m2/min and

4000 m 2/min for values of C = 2 m/min and 12.5 m/min. The resulting curves

are shown in Fig. ii. The velocity 4 ues.corr:spon•. roughly to a log

particle and a 25g particle respectively.

Figure 11 should not be considered as a quantitative estinmte of the

probability of the particle reaching the ground in a given time, but it does
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provide a qualitative estimate of the variation in position which must be

expected due to the vertical component of turbulent fluctuations. Thus,

the computation of the position of a 10. particle which neglects the verti-

cal turbulence is almost certain to be wrong. On the other band, the prob-

ability is large that the 251 particle will land within a few hours of thG

computed time. For larger particles, of course, the spread will be even

less.

For very large-scale vertical motions of the atmosphere it would be

entirely proper to add the vertical velocity to the terminal velocity in

order to determine the vertical transport. This procedure, however, would

be of little practical use, because large-scale motions have small. magnitudes

relative to the terminal velocity of large particles, and small magnitude

with respect to the small-scale uncertainties for the smaUl particles.

These vertical transport effects define a limit to the utility of the direct

computation of fallout. For particles which take more than about 12 hours

to fall through still air, the error caused by vertical turbulence is large

enough to completely invalidate the computing process. It may be possible

to develop procedures for statistically including turbulent effects on the

particles to arrive at expected or most probable values of deposition, but

the crude approach presented here is not sufficiently precise to attempt

such procedures at this time.
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V. HORIZONTAL TRANSPORT

As the particles fall from their positions in the stabilized cloudp

they are transported horizontally by the wind. The force that the horizon--

tal components of the wind exert on the particles is the same sort of viscous

or aerodynamic force as that discussed in the previous section. In the

absence of a driving force, however, the relative velocity is rapidly re-

duced to zero and the particles travel essentially with the wind. This can-

not be precisely correct, because changes in the horizontal wind speed will

require accelerations of the particles. The lag time of even the largest

particles, however, is apparently small compared with the rate at which the

particles experience velocity changes; therefore it may safely be assumed

that the horizontal wind velocity is equal to the horizontal particle

velocity.

If WV(x,y,h,t) is the horizontal air velocity following the particle,

then the horizontal displacement, D, is given by

T
P - f \V(x,y,h,t) dt

0

If it is assumed that the vertical velocity is determined by the terminal

velocity, the

W(r,h) =

and the transport equation may be written as

H
ID(r,h) - f \V(x,y,h,t) W(rh)

0

where it has been indicated that D is a function of the particle size and

CON FIrDENTIAL



RM 3 CONFIDENTIAL2-25ý-5932 FORMERLY RESTRICTED DATA

ATOMIC ENEROY ACT-1934

the initial height of the particle. The assumptions regarding the vertical

velocity W have already been discussed.

The problem posed by the nature of the horizontal wind must be considered.

Xn most of the early work, the wind was considered as variable only in the

vertical. The effect of time and space variations were included in some of

the reconstructions of initial cloud parameters by the Weather Bureau.(5)

The model presented in A New Model For Fallout Calculations(18 ) provides

for an interpolation, in time and space, from observed winds, to estimate

the wind on the particle at a rather close grid of points in time and space.

Any deviations of the actual wind on the particle from the interpolated wind

will cause errors in the computed position.

An approximate analysis of the errors in displacement were made to

indicate the magnitude of this error. The details of the analysis are pre-

sented in Ref. 18. Table 1 shows the ratio of the circular standard error

of the displacement vector, ay, to the assumed circular standard error of

the deviations of the actual wind from the interpolated wind, a,, for a few

particles. This table shows, as did Fig. 11, in Sec. IV, that the smaller

particles are so subject to small-scale errors that precise location is

impossible.

Table 1

RATIO Ci D/aE AS A FUNCTION OF I1TIAL HEIGHT MD PARTICLE RADIUS

Height Radius (p)
24t)6 151 600

10' 3.101 .747 .-243 .63
20 4.160 1.023 .326 .084
30 5.000 1.196 .375 .095
40 5.633 1.321 .412 .105
60 6.-578 1.5o6 .464 kl:-If
80 7.272 1.628 .491 .118 *

100 7.8813 1.701 .512 .118
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The effect of the magnitude of the ,Wind on a fallout pattern is an

Uimportant consideration. In the case of no wind, the pattern would consist

of the projection of the vortex ring upon the ground, symmetrically around

ground zero. This would be a relatively small pattern of high concentration.

On the other hand, a strong wind would carry small particles greater die-

tances than the large particles and would therefore produce a more extensive

pattern, but one of lesser intensity. In order to e'amine this effect the

"single wind model," developed in Simplified Model For Fallout Calculations(19)

and briefly outlined in Sec. VI, was employed. The results are shown in

Figs. 12-14. Figure 12 shows how the value of the maximum fraction of the

debris (roughly the same as the maximum "ohbt spot") decreases with increas-

ing wind velocity. Figure 13 shows the distance from ground zero at which

this maximum fraction is found. The dashed portion of the line on Fig. 13

indicates that the maximum over this range of winds is not a definite point

but rather a plateau of high concentration. Figure 14 shows the fraction

Of debris as a function of distance from ground zero along the line of

maximum concentration for three values of the mean wind velocity. This

tigure indicates that, as the wind velocity is increased, the material is

spread in such a way that the maximum decreases and the small fractions are

extended to greater distances. As indices of the general nature of the

wind effects, the generalizations shown in these three figures are useful.

They should not, however, be accepted as representations of real fallout

patterns.

If fallout patterns are to be forecast, it is necessary to forecast the

wind values to be used in the transport equation. It is well known that wind

forecasting is an uncertain art. In order to try to extrapolate the degree
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of success which might be realized in this art in the next ,few years, a

study of the application of numerical forecast techniques for the fallout

problem has been attempted at RAND. This study, Graphical Methods For The

Quantitative Prediction of Close-In Fallout, (20) indicates that useful

numerical forecasts can be made in some instances. The chief difficulty,

Which is peculiar to fallout problems, is the scale of motion which must be

considered. One of the chief conclusions in Ref. 20 is that much

more detailed observation and computation is required to provide the

necessary forecast precision. A concomittant of the small scale which must

be considered is the removal of the geostrophic assuzption from the basic

prediction equations. A suitable alternative assumption was proposed and

tested with remarkable success. (20)

The forecast scheme used in Ref. 20 is not intended to be a routine

zmethod for fallout forecasting. It shows, however, that the problem of

forecasting winds for the prediction of fallout may be soluble by the proper

application of modern forecast methods. For extremely good forecast of the

fallout patterns, the numerical approach offers the best and most reliable

method for making such predictions.
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VI. SYNTHESIS OF FALLOUT PATTERN

The previous four sections have taken up, in some detail, the four major

facets or inputs of the fallout computation model. This section describes

the methods used to combine these basic components into a computation of the

fraction of the radioactivity at a set of points on the ground.

It has already been assumed that the distribution of activity with

height, particle size, and cloud radius are independent of one another. Let

the activity function be defined so that the integral of the product of the dis-

tribution functions over the entire volume of the cloud and over all particle

sizes is equal to one. Then, if this function is integrated over only those

particle sizes and initial heights which land at a particular point, the

result will be the fraction per unit area at that point. The transport

equation can be used to define the limits of particle size and height at the

point, and in this manner the problem can be solved.

Unfortunately none of the functions are immediately amenable to a simple

mathematical solution. In order to carry out the indicated integration, two

simplifying procedures have been developed: (1) The integration can be done

numerically by defining the functions empirically, and (2) The functions can

be approximated by tractable equations and a mathematical integration can be

made. Both of these techniques have been used; the first is reported in

Ref. 18 and the second in Refs. 19 and 21. The method of Ref. 18 will be

briefly reviewed and cast into graphical terms in order to demonstrate the

procedure.

The first step is to compute the displacement for a series of particle

sizes, each from a number of different heights, and to make a plot of the

ground positions of these particles as in Fig. 15. Then some point where it

CO NFI D"ENTIAL
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is desired to compute the fraction of the device is chosen; call this point

P((,X•). Consider now a particle from height H1 , of size rl, which was ini-

tially in the center of the cloud. This will land at a distance R1 from the

selected point P. Therefore, with the assumption of no relative diffusion

of particles, a particle of size rl, from height H, which was initially at

a distance RI from the center of the cloud will land at the point P(Xt).

The activity density contained on particles of size rl, from height H1 at a

distance R1 from the center of the cloud is given by the product of the three

activity density distributions. If the activity density functions for all

particles, ri, from all heights, Hi, and radii, Rk' which land at the point,

P(Wk) , are determined, 'they can be integrated numerically over particle size

and height. The resulting number iR a density, or fraction of device per

unit area, at the point on the ground.

This integration forms the basis of the computing procedure presented

in Ref. 18. The computational procedure has been used to test the distri-

butions against the observations of Operations Castle and Redwing with con-

siderable success to distances up to about 100 mi downwind.

The machine computation is ideally suited to testing the variation of

parameters for comparison with observations because of the detailed manner

in which the winds are treated. In order to investigate the changes of the

pattern with wind, however, it is more convenient to simplify the problem so

as to permit mathematical integration which will bring the main effects of

wind velocity into clear focus. The sinmplifications invoked were the use

of an effective radiological radius for the cloud, the assumption of a

constant concentration with height over a layer, and the approximation of the

log-normal activity-particle size distribution with an exponential function
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for particle sizes greater than 25P. By applying the mean value theorem to

the transport equation, the entire wind structure id replaced by a mean wind.

The variation of some salient features of the fallout pattern with the mean

wind could thereby be computed with less time and effort than that required by

the complex machine operation. The details of the computation are rpported

in Ref. 19. Figure 16 is a graphical representation of the mathematical

integration. It shows the fraction of the device per unit area as a function

of wind velocity and distance from ground zero along the axis.

In order to provide a simplified method of computation which will permit

more detail than a single integrated wind, the basic single wind model was

modified to use integrated winds to a series of heights. This is accomplished

by treating different layers of the cloud as separate entities. The basic

equations were solved for six l0-kft layers and the results of each calcula-

tion were presented in graphical form. Scaling laws were developed to permit

the graphs to be used over a range of yields for approximately one to 20 MT.

by making a plot of the down position of a few particles (see Fig. 15) and

applying the single wind method to each layer separately, it is possible to

compute the fraction of the device at a point by summing the results of each

layer. Reference 21 presents the details of this analysis. Figure 17 shows

the results of applying this layer method to the Zuni shot of Operation

Redwing. The results may be considered as an excellent approximation to the

estimates made from observations, particularly when one compares Fig. 17

with Fig. 3.
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VII. CONCLUSION'

The foregoing brief sumnmary of RAND's studies in the field of radio-

active fallout should point up several salient facts. Perhaps the most

Important of these facts is the absence of accurate measurements of the

basic parameters necessary to predict or compute fallout patterns. The

direct measurements made to date do not provide either the distribution of

activity with particle size or the distribution of activity in space. As yet

there has been no attempt made to determine the average falling' velocity of

actual fallout particles. The restricted number of test sites has practically

prohibited any study of the effect of soil type on the resulting fallout

particles. And, finally, the current methods of wind measurement and fore-

casting are inadequate for a precise attack on the problem, even if the other

factors were well known.

Despite these obvious deficiencies it has been possible to construct a

iiseful working model for the computation of the fallout resulting from

surface-burst weapons. Further, within the framework of this model, it has

been possible to assess the relative effect of the various parameters on

the resulting fallout patterns. The most pronounced effect is the variation

in intensity caused by the wind. A change in mean wind velocity from 20 to

40 kn can reduce the value of the peak concentration by a factor of two and

increase the intensity at great distances from ground zero by as much as

30 per cent (see Fig. 14).

Another parameter which has a major effect on the fallout pattern is the

height of the cloud. The height of the peak of the initial space distribu-

tion is related almost linearly to the distance to which the maximum is

displaced downwind from ground zero, and this varies with yield and, to some
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extent, with meteorological conditions.

The distribution of activity with particle size is important, but not

quite so critical as the wind and the height distribution. With the assump-

tion that the fall rates are closely approximated by the computations for

spherical particles of density 2.5, the distribution must have a shape some-

thing like a log-normal with a mode approximately at 4Ov radius. Small

'Variations from this distribution will not change the results of a compute!-

tion markedly, but according to Fig. 2 it would be impossible to produce

realistic results if the mode were changed by more than 10p either way. It

5Is necessary to note that the small-particle end of the distribution is

Coxpletely undetermined. Our approach limits us to data from particles

which fall in a relatively short time; thus, the small-particle end of the

distribution is pure extrapolation.

The model, together with possible advances in the state of the wind

forecasting art, offers some promise of a reasonably accurate prediction of

fallout. The major limitations on the possibility of fallout forecasting

are the lack of detailed knowledge of the initia3 distributions and our

inability to predict the small scale motions of the atmosphere. These un-

Certainties should not preclude the use of forecasting as a guide to more

detailed delineation of the patterns, but it is necessary to recognize the

sources of error and to be aware of the uncertainties inherent in any fore-

east fallout pattern.

Other organizations have devoted much effort to the forecasting of fall-

out and have had moderate success in forecasting the patterns to be expected

from the test shots. Most of the methods used are similar in principle to

the methods outlined here, and the degree of success which they have attained
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in operational situations points out both the usefulness of the fallout

forecast and its inherent limitations.

It is our belief that the models developed at RAND during the last two

years represent methods of fallout prediction which are commensurate in pre,-

cision with the demonstrated ability to measure the pattern of fallout. We

feel that it is possible to make improvements in the pure mechanical comu-

ting processes which will permit operationally useful fallout forecasts to be

made. But we feel constrained to point out the inherent errors of this type

of forecast and to warn against blind dependence on any forecast.
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SUMMARY REPORT OF RAND WORK ON THE

AFSWP FALLOUT PROJECT (U)

R. R. Rapp

-2334 February 25,

NOTICE-This document contains Information affecting the national defense of the United States within the meaning, of the Espionage lows, Title
Is U.S.C., Sections 793 and 794. its transmission or the revelation of its contents in any manner to on unauthorized person Is prohibited by low.

Operations analysts and radiological-weapons-effects people will be
interested in this concluding report of a study sponsored by the Armed
Forces Special Weapons Project, now the Defense Atomic Support Agency. The
investigation considers the physical processes of local radioactive falloutcaused by surface-burst nuclear weapons and the development of mathematical
models that would permit the computation or prediction of surface fallout patterns.
(Research memorandums RM-1932, RM-2006, RM-2108, RM-2115, RM-2148, RM-2193, and
RM-2296, and Classified Paper S-62 are part of this series. The basic meci•isms
for understanding local fallout are also investigated in R-309, Close-in Fallout.)

In ,articular, this summary discusses the basic parameters needed to constructC •a fallout computation model. The parameters examined are the distribution of
activity with particle size, the distribution of the activity in space at the

!•P time of stabilization, the fall velocity of the particles, and the wind struc-
ture. The study considers the relative importance, availability, and accuracy
of the inputs to the model, describes the various RAND fallout models, and
evaluates fallout models gepnerally as operationally useful predicition devices.

It is concluded that reasofiably accurate fallout forecasts are possible through I%
the use of mathematical models, but that the operational consumer must recognize
the sources of error and the inherent uncertainties of any predicted fallout1,1

VI, paterniq,
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