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OPERATION BUFFALO

Theoretical Predictions of Cloud Height and Fallout

E. P. Hicks
J. D, Macdougall

Summa

v This report outlines the cloud height and fallout pre-~
dictions made by the Theoretical Predictions Group during
Operation Buffalo. The predictions are compared with
observations.on the fallout patterns.
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SOOI

1. Tasks

The tasks of the Theoretical Predictions Group at
Operation Buffalo were:-

TP1: Given a yield estimate, to predict a fallout
pattern and the rise and dispersion of the cloud
from meteorological forecasts provided by the
Australian Meteorological Group, and to advise the
Director and Trial Superintendent whether the fore-
cast conditions were suitable for firing.

TP2: To provide theoretical assistance to other
groups subject to the overriding priority of Task TP1.

The main functilon of the Group in practice was the
estimation of the fallout hazard cxpected to result if
firing were to take place in the forecast wind situation.
These estimates, and other purely meteorological factors,
were taken into account before a decision whether or not
to proceed with a planned firing was made. Part of the
fallout calculations was an estimate of the height of the
atomic cloud, and this was also required by the Air Task
Group for pre-shot planning of the sampling and cloud
tracking flights. (Responsibility for post-shot pre-
dictions in- aid of cloud tracking was assumed by the
Meteorological Group). The calculated fallout patterns
were used to advise on the pre- and post-firing movements
of the Australian R.D.U. detachment stationed at emu, and
on the area to be covered by the aerial survey ot the
fallout.

-3-
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A fair number of minor encuiries on miscellaneous
effects problems were made to TP Group, but none was of
sufficient importance to warrant discussion in this report.

2.  Staff

The Group was initially composed of 3 members,
Mr. E. P. Hicks and Mr. J. D. Macdougall of AWRE and
Mr. H. Cameron, Canadian Army Staff Meteorologist. During
the course of the Operation, lir. Cameron was detached from
TP Group and became a full-time member of the Meteorological
Group.

3. Procedure

Before the declaration of Standby for Round 1,
TP Group was engaged on completing preparatory calculations
for the prediction of cloud height and fallout patterns and
on practice dry-run computations, After the declaration
of Standby for the first and subsequent rounds, the Group
became fully occupied on regular routine calculations to be
presented at the many and varied meteorological and fallout
briefing conferences.

The original plan envisaged that the weapons (other
than the air drop) would be fired at 0700 IK (local time),
and that five conferences would precede each firing. The
first (Alert 1) was to be at 0830 IK the previous morning
and was intended to serve as preliminary notice of a
likely firing. Alert 2 was to be declared after a second
conference at 1400 IK. Alert 3 was to be declared at
1900 IK. The decision to continue preparations at this
time initiated the 12-hour firing phase; this decision
would be based mainly on the wind and weather forecast
prepared by the Meteorological (ME) Group. During the
subsequent two hours a fallout prediction on the basis of
the meteorological forecast would be prepared by TP Group,
and the situation was to be considered in detail at a
further conference at 2100 IK. Revised meteorological
forecasts and fallout predictions would be considered at a
conference held at 0200 IK (Confirmation 1). Subsequently,
the Director, the Australian Safety Committee and representa-
tives of ME and TP Groups were to re-assemble at Forward
Control, where a watch would be kept on trends in the
weather situation until the final decision to proceed was
made and the firing sequence commenced.
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It is perhaps not surprising that such a detaliled and
fairly rigid plan did not survive the test, Experience
quickly chowed that suitable firing conditions were often
fleeting, and a much more flexible plan, and a shorter
firing phase, were necessary if such conditions were not
to be missed. During the course of the Cperation, a
succession of modifications were made, each introducing
additional flexibility. The details of such modifications
are unimportant to this narrative, but the principle is a
vital lesson to be applied in the planning of all future
trials.

4, Methods of Calculation

4,1 General Comments

The results of the calculations performed by
TP Group were summarized in various fallout contours
plotted on a map of the range and the surrounding areas
of Australia. The contours plotted were usually those
corresponding to the hazard level A and % times hazard
level B, as defined by Dale [1], in each case for both the
expected weapon yield and the maximum probable yield.

The calculation proceeded in two distinct parts,
the first being an estimate of the height reached by the
top of the atomic cloud, and the second a prediction of the
consequent fallout pattern in relation to an actual or
forecast wind field. The methods used in these calculations
were developed just before and during Cperation Mosaic, and
were modified only in one major respect, which was indicated
by Mosaic experience, prior to Operation Buffalo.

In addition to the radiological haza:d caused by
what might be termed "true fallout", serious consideration
was given at the briefing conferences to the possible
hazard arising from activity washed from the cloud by rain.
Upper limit calculations, which assumed a combination of
all the most unfavourable circumstances, showed that
rather high concentrations of activity could conceivably
be washed-out at several hundred miles from the burst. We
believe that the possibility of such an extreme combination
of circumstances is remote, but we are unable to be sure
that they cannot occur., Consequently, a planned firing
was postponed 1f the forecast track of the atomic cloud led
into inhabited regions where rain was expected at the time
of cloud transit.
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4,2 DPrediction of the Cloud Height

The height of the cloud was predicted using the
method described by Matthewman [2] but with one major
modification. The method involves a parameter a*, related
to the rate of growth of the cloud radius with height,
whose value had been determined from Operation Totem cloud
rise data. This value of a¥*¥ caused a serious underestimate
in the height of the Mosaic 1 cloud, and would have caused
a similar error with Mosaic 2 if it had been retained. In
addition, measurements of Mosaic cloud rise photographs
gave experimental values of o¥ much less than had been
found at Totem.

These results suagested that a* might be yield
dependent, and support for this idea was obtained from an
analysis of American cloud rise data presented graphically
in Ref. [3]. The evidence and conclusions were reported later
by Cheeseman and Sams [4], but the work had progressed
sufficiently to enable us to make use of their results at
Buffalo.

The calculation involves knowledge of the
temperature and humidity versus height structure of the
atmosphere, and these data were obtalned by radio sonde
balloon ascents. The cloud height forecast for a planned
firing was almost always based on the most recent available
radio sonde results, and only rarely did we request a
forecast atmospheric structure from ME Group. Changes in
the calculated cloud height from one balloon ascent to the
next were usually small and well within the real accuracy
of the calculation.

As seems always to be the case, the major
uncertainty in cloud height calculations at Buffalo was
the effect of water vapour condensation. This was partly
due to the admitted unreliability of the radio sonde
humidity element, but, even if the humidity measurements
were completely accurate, there are many occasions when
serious uncertainty will remain; these are cases in
which the calculation is borderline whether or not a
condensed or practically saturated cloud will reach a
layer of the atmosphere unstable relative to the wet
adiabatic,
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4,3 Prediction of the Fallout Pattern

Pre~shot predictions of fallcut patterns were
made on the basis of a computational procedure which is
now called the "sigma technique" - although the present
version is numerically different from that used at Buffalo.
The technigue is based on the approximation that the cross-
wind distribution of fallout intensity is Gaussian, The
complete pattern is then determined by inree functions of
downwind distance r, namely:-

(a) The direction B(r) of ite centre-line, that
is, the mean of the cros-wind distribution.

(b) The crosswind standard deviation de(r).

(¢c) The crosswind integral P(r), given by

where p is the yround contamination density, and
y is crosswind dictance.

At Buflalo, the centre-line was taken to lie
along the direction o the mean wind to the height of the
cloud centre; this 1v <till thought to be an adequate
approximation at the longer ranges of greatest relevance
in the predictions. The crosswind integral was calculated
from a formula due to Macdougall [5]. The crosswind
standard deviation was obtained from a formula due to
Beale [6], in which the total croscwind variance is
expressed as a sum of {our components due respectively to
the finite horizontal size of the cloud, angular shear of
the mearn wind, horizontal zlmospheric diffusion, and
vertical diffusion in Lhe presence of angi:lar wind shear.

Subsequent to Operation Buffalo, information was
obtained on methods used to predict fallout patterns in
the United States, and our procedures were then modified
to take account of the more comprehencive data at our
disposal. Later in this report, the experimental
measurements of fallout at Operation Buffalo are analysed
along lines suggested by the American data.
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5. Round 1: One Tree

TP Group were informed that the first round had an
expected yield of 12 kilotons and a maximum likely yield
of 16 kilotons. It was fired at One Tree on a 100 ft
tower. Standby commenced on 11th September with a first
possible firing time at 0700 IK on 12th September. (IK
time is local South Australian time and is 9% hours ahead
of G.M.T.)

5.1 Events During Standby

For two or three days before the commencement of
Standby the meteorological conditions had been more or
less favourable for firing owing to the presence of a
quasistationary anticyclone centred over Western
Australia. A typical ideal firing situation is described
in Appendix A; all actual firing situations were
basically of this type. At the first conference of
Standby, at 0830 IK 11th September, the forecast for the
following day was favourable, and at midday no change had
been made to the forecast, although by this time ME Group
were rather concerned about the possibility of the wind
speeds being rather less than predicted. By the evening,
however, ME Group predicted light variable winds for the
following morning; and as they considered that winds of
less than 5 knots were in any case meaningless, firing
for the 12th September was cancelled at the 2100 IK con-
ference on the 11th. On the 12th September the prospect
for the 13th September was slightly worse than was the
prospect for the 12th on the 11th; again Alerts 1, 2 and
3 were declared and the firing phase cancelled at the
2100 IK conference,

During the following few days conditions were
clearly unfavourable for firing, and the opportunity
was taken of investigating what the fallout patterns would
have been from firings in the wind fields which actually
occurred on the 12th and 13th September. For a firing at
0700 IK on 12th September, it was found that the con-
tamination would have been spread over a large area and
that the safety contours would have been short and well
within the uninhabited area (see Figure 1). For a firing
on 13th September it was found that, although the high
level fallout would have occurred in the required
direction, the crosswind spread would have been small
and the calculated safety contours would have extended

-8-
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over the Mt. Willoughby and Welbourn Hill holdings

(Figure 2). 1In this case the low level fallout could

also have been troublesome as it would have hung over the
firing site for about a day and, although of no biological
significance, it might have increased the background
sufficiently to interfere with some sclentific measurements.

The next occasion on which the firing phase was
commenced was the evenirg of 20th September. The firing
phase was carried right through the night of the 20th-21st
until firing was finally cancelled at 0600 IK on the 21st
owing to the lack of shear in the winds which gave rise to
excessively long safety contours; the direction was
favourable (050° - 060°), but for the probable yield the
predicted level A contour extended about 300 miles, and
the % level B contour 225 miles, from the firing site.
Shortly after the cancellation at 0600 IK it was decided
that the following day would not be D-day; however, by
the afternoon of Friday 21st this decision had been re-
gretted as it was becoming clear that a satisfactory firing
situation was to be expected on the Saturday morning. This
was in fact the case. The situation was still holding in
the afternoon of the 22nd but was beginning to show signs
of breaking up. During the afternoon and evening of the
22nd, ME Group were hopeful that this favourable situation
woukd last until the morning of the 23rd, and accordingly
the firing phase was commenced. However soon after mid-
night the favcurable conditions began to disappear rather
rapidly and the firing phase was again cancelled,

After this cancellation the preparation phase
was reduced from 24 hours to 12 hours so that shortlived
favourable firing situations need not be missed, and the
plan was amended so that an evening firing was acceptable.
On the evening of the 25th, the firing phase was commenced
for firing at 0700 IK on the 26th; on this occasion the
firing phase was carried through until 065% IK when there
was agaln a cancellation since, by this time, the lowest
winds had backed to the North East, the mean wind to
5000 ft was dropping rapidly, and the mean winds to
15000 ft and above were slightly North of West and veering.
On the morning of 27th September the firing phase was
again commenced; on this occasion the meteorological con-
ditions remained favourable, and the weapon was fired at
1700 IK on 27th September, 1956,
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5.2 Conditicns at Firing

The final estimates of the height of cloud and
fallout pattern were made by slightly modifying the results
calculated from the 1500 IK balloon ascent in the light of
the 1600 IK ascent. The resulting fallout pattern is
shown in Figure 3. For the maximum probable yield the top
and bottom of the cloud were predicted to be at 27900 ft
and 16300 ft respectively, whilst for the probable yield
the corresponding heights were 25800 ft and 15000 ft,.

From Figure 3 it is seen that the wind regime was by no
means ideal for firing the weaponj; it would clearly have
been desirable for there to have been a much stronger
southerly component in the winds, and also a much greater
shear in the mear winds (efwins) above 15000 ft. The
predicted safety contours are seen to extend more than

200 nautical miles from Maralinga even for % level B; for
several reasons it was believed that the lengths of these
contours were appreciably over-estimated, and the situa-
tion was accepted by the Australian Safety Committee.

5.3 Cloud Height Prediction: Comparison with
Observation

When the weapon was exploded, the cloud rose
much higher than had been predicted; the sampling
Canberra aircraft reported that the cloud top reached a
height of 37500 ft, the base of the main cloud 25000 ft,
and the estimated base of the highly active part of the
mushroom 22000 ft. An analysis of cloud photographs
gives a similar value for the height of the cloud top.

It should be noted that the cloud penetrated 3 or 4
thousand feet into the stratosphere. Visual observations
indicated that condensation had occurred within the cloud;
this had not been predicted.

- The discrepancy between the ohserved and pre-
dicted heights of the cloud was rather serious, and the
first opportunity was taken to examine the prediction
method. Measurements by other groups indicated that the
yield approached the maximum probable yield. This pro-
vided at least part of the explanation of the discrepancy,
for in making the predictions for both the probable and
maximum likely yields a value of a* (see Refs. [2] and [4])
of 0,15 had been used, In fact the curve for a¥ as a
function of yield supplied by Dr. Cheeseman gave a¥ = 0,15

-10-
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for the probable yield but a* = 0.135 for thv maximum
likely yield, and in addition he recommended the use of a
still lower value, 0.125, for the latter case as being in
closer agreement with observations mcde on the first shot
at Operation Mosaic.

On recalculating the height of the cloud for
a¥* = 0.125 using the data from the radio sonde sscents
before and after the explosion, stabilization hiights of
the cloud centre were found to be 26600 ft and 27800 ft
respectively. These results lead to heights of the cloud
top of 32000 ft and 33400 ft respectively. The values
quoted are obtained by assuming an uncondensed cloud; the
humidity recorded on the radio sonde before the burst
showed that condensation of the cloud was possible towards
the top of the rise, and might have increased the pre-
dicted cloud height by about 2 or 3 thousand feet. On the
radio sonde flight foellowing the burst the humidity ele-
ment failed completely and no condensation calculation
could be made. It should be pointed out that the standard
Aumidity element of a radio sonde does, on many occasions,
not record with sufficient accuracy to enable a calculation
to be made as to whether or not an atomic cloud will con-
dense. As an example, the humidity element does not
record at all when the relative humidity is below 20%;
the consequent difficulty in predlcting condensation be-
comes clear when it is realised that air at 20000 ft with
a relative humidity of 20% needs to be raised adiabatically
only through about 7000 ft for condensation to occur., It
is hoped that the difficulty of humidity determination will
be overcome at future operations by the use of a Dobson=
Brewer frost point hygrometer carried in an airc<aft.

It might thus be zaid that goocd agreement
between prediction and cbservation are obtained provided
the recommended value of a* = 0,125 1is used ana conden=
sation is taken into account, but it must be adniiied that
there is more plausibility than scientific incv’ Lability
about the supporting argument. In fact out later know-
ledge of the a* yield dependence would support
Dr. Cheeseman'!s recommendation, but at the time the
TP Group Leader felt unable to place complete reliance on
the preliminary Mosaic cloud analysis and therefore chose
to use the value ao¥ = 0,15, The difficulty of predicting
the presence and consequences of condensatlon in border-
line cases is still with us. A fuller discussion of the
rise of the Buffalo clouds is being prepared as a
separate report.

-t1=
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5.4 Comparison of Observed Fallout Pattern with
Predictions

The fact that the cloud rose higher than had
been predicted made little difference to the predicted
fallout pattern. Reference to Figure 3 shows that the
direction of the centre-line remains unchanged; a calcula-
tion made immediately after the shot suggested that the
safety contours would be slightly elongated. The lengths
of the safety contours were however already predicted to
be over 200 miles, and this was considered to be unreal-
istic for two main reasons. First, it was believed that
the formula of Ref. [9] for the 'crosswind integral! was
likely to overestimate the contamination at distances
beyond about 50 miles from Ground Zero by a factor of
order at least two, and possibly by a greater factor.
Secondly, this was a situation in which there was negli-
gible angular shear in the mean wind, and it had been
found by experience with dummy 'post-shot analyses' that
in general, in cases in which there was a negligible
angular shear in the mean wind with height at the firing
site, although as in the present case there was moderate
angular shear in the constant level winds, the centre-lines
of fallout from various heights diverge considerably more
rapidly than would be predicted using only the firing-time
firing-site winds. This means that the crosswind spread
at any given distance is under~estimated, and consequently
the peak contamination is overestimated, by the prediction
method.

We now consider the observational data. There
are two main sets of measurements, the ground survey
extending to about 10 miles from Ground Zero, and the
aerial survey covering the range from 10 to 200 miles from
Ground Zero, In addition a ground survey was carried out
along the 'North-South Road!, viz., the road running
North from Tarcoola on the transcontinental railway through
Coober Pedy to Welbourn Hill and then North West to
Everard Park and Ernabella Mission, The earliest data
obtained were from the 'North-South Road' survey, and
indicated that the maximum fallout at this distance
(= 170 nautical miles from the site) was at Coober Pedy
and corresponded to about 1.2 mr/h at H + 24 hours, or to
about 240 pc/m® at H + 24 (assuming 1 c¢/m® of fission
products gives a dose-rate of © r/h - see Appendix B). The
observed peak fallout at this distance was thus less than
the predicted fallout by an order of magnitude,

12~
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The fallout pattern as deduced from the ground
and aerial surveys is shown in Figure 4, and the post=-shot
analysis of 'centre-lines' of fallout from various heights,
as deduced from the observed winds, is shown in Figure 5.
Comparison of these two figures shows immediately that the
post-shot wind analysis does give the observed fallout at
various distances as having arrived from reasonable heights
although there is a rather larger crosswind spread at the
longer distances than would be expected from the wind
analysis. It had been hoped that comparison of the fall~-
out pattern with the post-shot analysis would enable a
determination to be made of the amount of activity de-
posited from different heights in the cloud, and of the
distribution of activity as a function of particle falling
velocity at any height in the cloud; and that the dis-
tributions so obtained could be compared with the American
cloud model described by Shelton [7]. Unfortunately this
was possible only for particles falling from the lowest 10
or 15 thousand feet of the stem, as the fallout from
higher levels was such that fallout from more than one
level in the cloud was arriving at a given position on the
ground. The results of the comparison of the analysis of
the stem fallout with Shelton's cloud model are given in
Table 1. Fox the analysis a 15 layer cloud model was used;
this number of layers was chosen purely for numerical con-
venience as each layer then became 2500 ft deep.

In order to interpret these results a brief des-
cription of the cloud model is required. The cloud model
is obtained by dividing the cloud into n layers 1 to n
from the surface upwards and assuming that the amount of
activity in each layer is distributed in such a way that
the amount of actiwvity on particles with a given falling
velocity is a lognormal function of this falling velocity,
and that the parameters (median falling velocity f,
and standard deviation ¢.) of this lognormal funciton vary
from layer to layer in the cloud., The fit of the observa-
tional data to a lognormal distribution is only moderate,
there being rather too long a tail of small particles and
too short a tail of large particles. From Table 1 we see
that the observations on Buffalo 1 indicate rather more
fallout from the stem than in Shelton's model, and also a
smaller median particle cize, the median falling velocity
being of order 3 knots as compared with about 8 knots in
Shelton's model. It must however be noted that there is
a possibility of considerable error in the observational

13-
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figures, as a certain amount of fallout from the main
cloud may have been included in the analysis due to dif-
fusion of the fallout or to finite cloud size.

In order to compare theory and observation for
the fallout from the cloud and top part of the stem, we
compare the observed crosswind integrals with the cross-~
wind integrals calculated from the formulae of Macdougall
[51, Beale [8] and Shelton [7]. The results are shown in
Figure 6, where the crosswind integral is plotted as a
function of down-wind distance for both experiment and
theorY. It should be noted that the values obtained from
Beale's and Macdougall's formulae have been doubled to
allow for the change of conversion factor from the 10 r/h
per curie/m® used in their derivation, to the value of
5 r/h per c/m® recommended in Appendix B. The values
obtained from Shelton's theory have been multiplied by 5/3
to convert the units from equivalent 0.7 MeV gamma-curies
to total curies. The hazard factor, that is, the fraction
of the total activity which appears as true fallout, was
taken to be 0.28 and was obtained from Shelton [9].

From Figure 4 we see that the observed values of
the crosswind integral vary with distance from Ground Zero
in a manner which is difficult to explain theoretically and
it is felt that this may well be a non-reproducible fea-~
ture of the variation of fallout with distance, that is,
that the kinks in the curve may be just a random variation
due, for example, to topographical effects. It will be
seen that the closest fit to the observed curve is glven
by the curve on Figure 6 which has not yet been mentioned.
This curve 1s based upon the fallout pattern for Buffalo
Round 2; it is calculated from a cloud model in which
the proportion of fallout in the i-th layer, C,, is the
same as in Shelton's model, but in which the m&an falling
velocity f. is taken to be 2 knots in every layer; o, is
taken as 1'for all layers, and the total amount of fallout
in each layer is arranged so that the same amount is
received at the ground between 10 and 200 statute miles
from Ground Zero as in Shelton's model.

6. Round 2: Marcod

The Marcoo shot was a surface burst and was fired at
1630 IK on 4th October, 1956, the first day of Standby,

“14-
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6.1 Cloud Height Prediction

The probable cloud height was predicted using

W= 1.5kilotons and a* = 0,25y for the maximum likely
cloud height W = 2 kilotons and a* = 0.25 were used; a
check calculation was also made with W = 3 kilotons and a%
= 0,2, as it was felt that this value must give an absolute
maximum to the cloud height, and we did not wish to repeat
the rather serious under-estimate of the cloud height we
had made for Round 1., The probable cloud height was
finally predicted as top 13000 ft, bottom 7000 ft, and an
increase of only 1000 ft was predicted for the larger
yield. The sampling Canberra aircraft reported that the
cloud was in two parts, the main part extending from

9000 ft to 14000 ft, and a lower cloud between 6000 ft and
7500 ft. Later analysis of the cloud photographs gave the
cloud top as at 12000 ft above ground level. The height
of the cloud was thus in adequate agreement with the pre-
dicted values, and quite consistent with an actual weapon
yield of only about 1 kiloton. It is believed that the
lower cloud was formed by the trapping of material at an
atmospheric inversion between 5000 and 6000 ft,

6.2 Fallout Prediction

In order to allow for possible error in the pre~
dicted cloud height, the fallout pattern was calculated
for 3 different heights of the cloud top, viz. 10, 15 and
20 thousand feet. It was found necessary to determine only
the shape of the level A contour, as this extended only
about 100 nautical miles from the firing site, and lay
entirely in uninhabited areas. The final determination of
the level A contour was made using the 1430 IK wind ascent;j
this gave, using the maximum probable yield of 2 kilotons,
contours of length 93 and 110 nautical miles o1 bearings
of 075° and 084° for cloud tops at 195 and 20 thousand feet
respectively.

6.3 Post-Shot Analysis of the Fallout Pattern

A post-shot analysis of the wind structure was
made for times of up to 18 hours after the explosion
(Figure 7). The most striking feature of this pattern is
the divergence of the 'centre-lines' due to the large
amount of angular shear in the wind structure. The fall-
out observed by the teams stationed on the *North~South Road!

~15-
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and on the Emu to Coober Pedy read was very small; in the
inhabited areas no readings at all were obtained on the
instruments; on the Emu to Cocber Pedy road the instru-
ments were just on scale, and over a long distance gave
readings which corresponded to 0.02-0.1 mr/h at 24 hours.
This implies that the surface deposition was up to 20 uc /m®
at H + 24 at distances of order |00 nautical miles down-
wind of the explosion.

The area in which the dose-rate was greater than
1 mr/h at H + 24 has been surveyed by the aerial and ground
survey teams and a thorough analysis of the pattern has
been made. The observed fallout pattern is shown in
Figure 8, and should be compared with fallout ‘'centre=
lines' as determined from the observed wind field shown in
Figure 7. The direction of the observed fallout is again
seen to be in good agreement with the post-shot analysis
of the wind structure. The most notable feature about the
fallout pattern is the large amount of fallout observed in
a direction North North West of Maralinga which must have
fallen to the ground from a height of less than 7000 ft
and probably primarily from a height of about 6000 ft;
this material presumably came from the subsidiary cloud
formed in the stem at about this height.

From the fallout pattern, an analysis has been
made to determine the amount of fallout arriving from
various levels in the cloud, and also to determine particle
size spectrum in each layer (sﬁrictly, activity as a
function of falling velocity has besn obtainedg. The
particle size spectra have been compared to a lognormal
distribution in order to facilitate comparison with
Shelton's cloud model. The cloud was divided inte 13
layers which were taken as 1000 ft deep. There was little
activity in the 14000 - 15000 ft layer as would be ex-
pected. In all layers the fit to a lognormal distribution
was only moderate, there being too long a tail of small
particles and too short a tail of large particles, as was
the case for the stem from Round 1. The proportion of
activity C; in the various layers 1, the logarithmic mean
falling veiocity f, and the standard deviation of the
distribution o, aré given in Table 2, where the corres-
ponding figured for Shelton's model are also given for
comparison.,
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The experimental values for the top 8 layers of
the cloud are considered to be fairly reliable, but the
results for the lowest 7 layers are open to considerable
doubt, This 1is because the surface wind was blowing in
approximately the same direction as the mean wind to
6000 ft, and consequently it is almost impossible tu dis-
entangle the fallout from the top and bottom of the stem,
Ne results could be obtained for the amount of activity
falling from the bottom three layers of the stem, but the
values for layers 4 to 7 include the fallout from these
three layers. The results in parenthesec in Table 2 are
estimated values of the parameter Ci and should give a
reasonable picture of the distribution of activity in the
stem. The values for f, for layers 2, 6 and 7 arve too
high because of the pre%ence of fallout from the lowest
3000 ft at short distances from Ground Zero, and the
values of o, are meaningless for these layers. The total
amount of fallout received in the area surveyed amounted
to 31% of the total fission products produced by the bomb;
this compares with the 52% that would be expected in the
same region from the formulae of Shelton. Examination of

does not lie only in the proportion of the fallout received
at the ground, but also in the distribution of activity
with particle size and height of origin of the fallout.

We now consider in detai! the two main dis-
crepancies between Shelton and the Marcoo shot. The first
is the amount of fallout from the stem. There are several
points of importance here. One is the existence of an
atmospheric temperature inversion at about 6000 ft which
collected a fair proportion of the activity of the cloud,
and may be considered to be a rather unusual occurrence;
thus in the general case there would be considerably less
fallout from the 6th and 7th layers of the cloud, probably
only of the order of 3% of the total fallout per layer,
that is, half of the estimated actual fallout from the
relevant levels, The main rea: ... for the dlscrepancy,
however, seems likely to be that the fallout from a ground
burst is significantly different {rom that produced by a
tower burst; this applies mainly to fallout from the
lowest levels of the stem. In the case of a ground burst
there appears to be a considerable amount of activity in
the dust cloud left behind at the surface after the main
cloud has ascended skyward, whereas the presence of a
neck in the fallout pattern from a tower burst suggests
that there is very little contamination left behind at
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(or very near) ground level by a tower burst. This
accounts for the difference in layers 1 and 2, for
Shelton's model is presumably deduced primarily from tower
burst data. However even the Buffalo first tower burst
suggested more fallout from the stem than Shelton's model.
This may be due to different soil characteristics in
Australia and Nevada.

The second discrepancy is the difference in
logarithmic mean falling velocities, which does not
appear to be entirely due to differences between ground
and tower bursts (see Table 1). The logarithmic mean
falling velocity is of order 2 knots for fallout from all
layers of the cloud in the case of the Buffalo ground
burst, whereas in Shelton's model the values range from
12,3 knots in the lowest layer to 0.42 knots at the top
of the cloud. The data from Buffalo Round 2 are not con-
sidered adequate to permit discussion of the falling
velocities in the stem due to the above-mentioned diffi-
culty of interpretation of the pattern. However the
falling velocities in the cloud are fairly reliable; if
anything the values are slightly high due to neglect of
fallout in areas where the dose-rate at H + 24 hours was
less than 1 mr/h, but this error ic considered to be
small.,

The observed values from the bottom of the puff
are seen to be in reasonable agreement with the American
figures, but at the top of the puff the U.S. results
indicate a smaller particle size. The U.S. values imply
that there i1s considerable fractionation of the debris
content of the cloud. The amount of {ractionation implied
is excessive if sedimentation during cloud rise is the
mechanism, for a particle falling at 2 knots wiil only fail
about 1000 ft during the time the cloud takes tc reach
its stabilization height. A calculation based on a
stationary sedimenting spherical cloud suggests that, if
the median falling velocity at the bottom of the cloud is
2 knots, then the median falling velocity at the top of
the cloud is unlikely to be significantly less than 1 knot.
(A later American cloud model supports this view. )

7. Round 3: Kite

The Kite shot was an airburst and was fired at 1530
IK on the 11th October, 1956. This was the first day of
Standby, and in fact the firing time was advanced by an
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hour during the pre-firing phase as the firing was taking
place on a decaying situation, the winds having been
favourable for firing for several hours. As this was an
airburst negligible fallout was expected to occur, and
consequently the restrictions on firing were not nearly
so severe as in the case of the other weapons tested.

By the early afternoon it was clear that the wind was
going to be very light at all levels up to 10000 ft at
firing time, and 5 pilot balloon ascents were made in two
hours at Forward Control to ensure that there would be a
Southerly wind at the site. By the time that firing
occurred the mean wind to 10000 ft was between 3 and 4
knots, and the mean wind to 15000 ft was between 6 and 7
knots.

7.1 Cloud Height Prediction

The probable cloud height was predicted using
W = 3 kilotons and a*¥ = 0.2; the maximum probable cloud
height was predicted using W = 4 kilotons and a¥ = 0,18.
The final cloud height predictions were: maximum probable
yield, top 16100 ft, base 9500 ft; probable yield,
top 13600 ft, base 7800 ft. The case of a 1 kiloton
surface burst accident was also calculated, giving a cloud
top of 8400 ft and a base of 4200 ft. The sampling
Canberra aircraft reported that the main cloud stabilized
with its top at 15000 ft and base at 10000 ft, but that
there was a large subsidiary cloud extending from 6000 to
8000 ft. The agreement between the observed and predicted
heights of the cloud is again seen to be good.

7.2 Fallout Prediction

A fallout pattern was predicted only for the
case of a 1 kiloton surface burst accident, it being
assumed that a true airburst would give no significant
fallout except possibly very close to Ground Zero. This
pattern extended about 100 miles from Ground Zero.
Fortunately it remained of academic interest only.

7.3 Post-Shot Analysis of the Fallout Pattern

A post-shot analysis of the wind structure was
made for times of up to 18 hours after the explosion
(Figure 9). This was a very interesting example of what
can happen at Maralinga if a weapon is fired during the
decay of a favourable situation, when the winds slacken
and veer from South West to North West shortly after the
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time of the explosion. Observation of the fallout showed
a significant level of activity, of the order of 0.5 x/h
at H + 1 hours between 1 and 2 miles from Ground Zero.
There is also a dubious reading of 30 mr/h at H + 2 hours
(~ 70 mr/h at H + 1) at Nawa which is about 10 miles from
Ground Zero. From the post-shot analysis it is seen that
fallout from 6 or 7 thousand feet would have been expected
to have arrived in Maralinga village somewhere between

H+ 9 and H + 12 hours. The record from a background
counter in one of the laboratories in Maralinga village

is shown in Figure 10. It is seen that fallout started to
arrive shortly before H + 8, and that no further fallout
occurred after about H + 9. This is in quite good agree-
ment with the theoretical arrival time as deduced from the
post-shot analysis of the observed wind field; the error
in time prediction would have been particularly large on
this occasion because of the very light winds involved.

By counting sticky papers exgosed in the village
a fallout deposition of 90 1-hour pc/m® was deduced. The
amount of fallout received in the village was clearly
negligible from a biological point of view, but had a
slight nuisance value to those carrying out experiments in
which radiation measurements were involved. No harm was
done on this occasion but it seems desirable to ensure
that the village is not contaminated to any areater extent
than this at future trials; thus an extra restriction
should be placed on airbursts to ensure that the village
does not lie within the fallout area.

8. Round 4: Breakaway

The fourth and final round was a tower burst of
similar yield to the first explosion. 1In the light of
our experience, during Standby for Round 1, of the likeli-
hood of missing a favourable firing situation when
24 hours prior notice is required, it was arranged that
Round 4 could be fired at any hour of the day at 8 hours
notice. Standby commenced on the evening of Thursday,
18th October, the first possible firing time being the
morning of Friday, 19th. Unfortunately favourable firing
occasions on the morning and afternoon of the 18th were
just missed. On the evening of the 18th it was decided
after some discussion that firing would not take place the
following morning, it being clear from the forecast that
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there would be a light Notvtherly coaponent in the mean
winds up to 10000 ft; and that thece were likcly to carry
slight contamination on to Maralinga village, up to pos-
sibly 10 times the amcunt ireceived aiter the airburst,
Favourable conditions recurred the {cllowing Sunday, and
the weapon was fired at 0CCD hours on the morning of
Monday, 22nd October, 19%6.

8.1 Cloud Height Prediction

The probable height of the cloud was calculated
using W = 16 kilotons and a* = 0.125, and the maximum
probable height using W = 20 kiloton and a* = 0.12,
Calculations based on successive radio sonde ascents
during the afternoon and evening of Z1st October were
giving fluctuations in cloud height of 3 or 4 thousand
feet; this was partly due to the fact that the level of
zero buoyancy was predicted to occur in a layer of
atmosphere which was -almost convectionally unstable, and
partly that it was predicted that the cloud would probably
condense but the amount of condensation was rather un-
certain owing to the inaccuracies of the radio sonde
humidity records. The final heights predicted for the
cloud were 38000 ft top, 22500 ft bottom for the probable
yield, and 42000 ft top, 24000 f{t bottom for the maximum
probable yield. It was felt that the cloud would condense,
but calculations of the condensation were based largely
on guesses of the humidity above 10000 ft. The yield of
the weapon was rather less than 16 kilotons,and a Canberra
aircraft reported the cloud top to have reached 38000 ft,
and the bottom at 27000 ft. The aircraft also reported
that the cloud was in one piece, and that there was very
little stem. Unfortunately the atomic cloud was not
visible from the ground owing to a thin layer of stratus
at about 2000 ft.

8.2 Fallout Prediction

On the evening of 20th October it was clear that
a favourable firing situation was approaching rapidly and
that suitable conditions were likely to occur on the
following day (Sunday). However a Sunday firing was not
acceptable.” By 1800 IK on the 21st October the actual
winds were ideal for firing but it was apparent that the
situation was collapsing, and ME Group forecasted that by
midnight the winds would have all veered in such a manner
that there would be little shear in the mean winds and that
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the fallout centre-line would lie on a bearing of 084°,
The probable length of the level A contour was 190 nautical
miles; this was a rather long contour in this particular
direction in view of the fact that the theoretical cross-
wind integral had been raduced by a factor of 2.5 in the
light of the experience gained from Buffalo Round 1. At
2230 IK however the decay of the favourable situation was
not occurring quite as rapidly as had been forecast,
especially at the levels above 20000 ft. This meant that
there was much more shear in the winds than had been fore-
cast, and accordingly the safety contours were much
shorter, (110 nautical miles for level A), and were also
in a rather more favourable direction (068°)., The lower
level winds were however becoming less satisfactory, the
wind at 7000 ft having veered to 280°; but it was con-
sidered that fallout from such a low level in the stem was
most unlikely to be a serious hazard at the relevant
ranges. The situation was acceptable to the Safety
Committee, and accordingly the weapon was fired at 0005 IK
on the 22nd October.

The centre-lines of fallout from various heights
were calculated from the actual measured post-shot winds as
before (Figure 11). Comparison of this post-shot analysis
with the survey along the 'North-South Road' suggested that
the fallout observed at this distance fell from between
20000 and 35000 ft; apparently about twice as much from
22000 to 27000 ft as from 27000 to 32000 ft. The cross-
wind integral on the road was about 2/3 of the value found
after Round 1., Unfortunately, owing to the breakdown of
the radio-~altimeter, no results are available from the
aerial survey made after Round 4. This is a most unfortu-
nate loss as the wind structure would have enabled useful
deductions about the cloud model to have been made from
the fallout pattern.
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APPENDIX A

An Acceptable Firing Situation

by H. Cameron

(This appendix is tased on a paper written before the com-
mencemenl of Standby for Buffalo Round 1, with the object
of educating non-meteorological members of TP Group and
others on some relevant meteorological matters. Although
some of the vumerical values are now out-dated, it has
seemed woith-while reproducing Mr. Cameron's paper largely
in its original form to emphasize how well the general
picture he drew was borne out by experience. )

A.1 Object

To design a realistic set of meteorological conditions
which would be acceptable for firings at Maralinga, with

particular reference to firing a 20 kiloton weapon {rem a
100 ft tower.

A.2 Limitations on Contamination

No local contamination to occur South of Ground Zero
beyor:t 1 mile from Ground Zero. Medium range fallout,
outside of the boundary line prescribed by the Australian
Safety Committee, not to exceed level A. No precipitation
within 500 miles from Ground Zero.

A.3 Restrictions Imposed Upon the Crogsswind Spread and
the Mean Wind (Efwin) to the Cloud Centre by thc
Contamination Limits

The following table shows permissible lengthes (x) of
the level A contour on various bearings (6) from Ground
Zero, and the restrictions on the crosswind standard
deviation (o) and the mean wind tc the cloud centre (Q)
for a 20 kiloton burst on a 100 ft tower, calculated from
the formulae quoted in Ref. [5]. Thus, on a bearing of
050° from Ground Zero, level A should not exceed 150

nautical miles; and if u is 20 knots, ¢ must be greater
than 5°,
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g° X, n. mi, u, knots o°
090 70 10 >10
080 87 10 >10
070 110 10 > 8
060 125 10 > 6
20 > 9
050 150 10 > 4
20 > 5
30 > 6
40 > 7
040 10 > 3
030 165 20 > 4.5
020 30 > 5
010 40 > 6

Statistics indicate that 75% of the winds at 25 to 30
thousand feet, a typical height of the cloud centre for a
20 kiloton burst, blow from between 235° and 295° with a
mean speed of about 35 knots. Hence the sector that the
fallout is most likely to affect lies between 030° and
080° from Ground Zero. The relevant value of u is likely
to be near 20 knots, which requires that o > 4.5°,

A,4 Factors Affecting the Crosswind Spread

(a) Horizontal diffusion and finite cloud size.
These factors are relatively independent of yield and
air mass properties.

(b) Angular shear in the mean wind. o is linear in
the mean wind shear when this effect makes the dominant
contribution to o. When the shear in the mean wind
from the top to the bottom of the cloud exceeds 15°,
the value of o exceeds 4°. Thus a mean wind shear of
15°-20° through the cloud is almost mandatory for a

20 kiloton weapon to be fired from a 100 ft tower.
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To obtain a shear of this magnitude, the denthi of the
'cooler' lower air mass should be approximately 12000 -
15000 ft (see below). This permits the mean wind to
the cloud base to blow from 190°-200°. The airflow

in the 'warmer' upper air mass will be more Westerly
and much stronger and will cause the mean wind to the
cloud top to blow from 230° to 24(°, or be even
further veerod. If the lower Southerly air-stream is
shallow, the shear in the cloud will be much less, and
0 will be small.

(c) Vertical diffusion in the presence of wind shear.
This effect is very difficult te deal with quantita-
tively.

A.D5 Reallstic Firing Situations

Firing situations occur at Maralinga when a trough
lies to the East and an anticyclone to the West. The
motion of the whole system is generally from West to East.
Figures 12, 13 and 14 show idealised surface, 700 mb
(10000 ft) and 500 mb (18000 ft) charte for a favourable
firing period. We discuss them in turn.

The Surface Chart. An anticyclone 1s passing Eastward
across Southern Australia. Firlng can take place while the
portion vertically hatched lies over Maralinga. Although
the diagonally hatched portiocn may appear satisfactory
because of the Easterly or East-South-LEasterly surface
winds, the winds will back with height through North
causing contamination to fall over the South of the range
and Maralinga village.

The 700 mb Chart. The air over Maralinga is flowing
from the South West at 20 knots or less. Thiec pattern of
airflow will give an efwin at the 14000 ft level with a
direction of 200° to 210° and a speed of about 15 knots.

The 500 mb Chart. The airtlow is much stronger
and more Westerly (240° to 250° )., This pattern will give
an efwin at 25000 ft of about 2% knots in a direction of
about 230°, with a fair amount of shear in the efwins.

The typical tephigram for this type of situation shows
a layer due to the cooler surface Southerly alr-stream,
whereas above this layer the potential temperature is
rather higher in the upper Westerly air-stream. This is the
meaning of 'cooler! air mass mentioned above.
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The surface air mass associated with the anticyclone
centred West of Maralimga will have a gradient in its
moisture content. The moisture content will increase
South-Eastwards due to the greater over-water trajecto of
the air parcels in this region, and precipitation willrge
limited to the extreme South East coastal portions of the
continent. The air mass will be about 50% saturated as it
passes Northward across latitude 30°S, and it is highly
unlikely that precipitation will occur North of Maralinga
over an area extending 900 miles to the East. The upper
air mass which will contain the atomic cloud will be very
ary. Further, radioactive particles falling into the
lower levels will be advected Northward away from the
coastal areas where precipitation is most likely to occur.
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APPENDIX B

Radiation Units

In predicting the fallout pattern from an atomic
weapon, the quantity which is calculated is basically the
proportion of the total fission products produced by the
explosion which is deposited on a given area of ground.
However, the constants in the fallout prediction formulae
have been determined empirically from gamma dose-rate
surveys of the fallout patterns frem previous weapon tests
In order to convert the experimental dose-rate data to the
proportion of the total fission products deposited per
unit area, it is necessary to know the relation between
dose-rate and deposited activity, and also the rate of
decay of the activity and the total activity released per
kiloton yield.

Unfortunately U.S. and British practices differ on
these points. The Americans assume that 300 W 'megacuries'
of fission product activity remain at 1 hour after an
explosion of yield W kilotons, and that this activity
thereafter decays as t e They further assume that a
surface deposition of 1 curie/m® gives a dose-rate of
11 r/h at a height of 1 metre above a uniformly conlamina-
ted plane. The 'curie'! uced by the Americans is a rather
artificial unit, as it i¢ defined to be the amount of
fission product) which emits gamma cnerygy at the same rate
as 1 curie, that is, 3.7 X 10 disintegrations per sccond,
of a 0.7 MeV gamma-emitter; in thig¢ report it is refeorred
to as an 'equivalent 0.7 MeV gamma-curie'. The American
'curie! is thus seen to be a measure of dosce-rate rather
than activity. If the activity releas od by a 1 kitoton
explosion is expressed in the form Aat " equivalent
0.7 MeV gamma-curies, then the value of Az varies with
time for a plutonium weapon as is shown in Table 3, which
is based on Ref, [10] assuming 200 MeV per fission. It
is seen that 300 is a fair approximation to As over most
times of interest but that at I + 1 hour the value of As
is only about 200. However 1t seems iikely that in many
cases a better approximationeo. actual dose-rate will
be given by the Bk : [ - due to the
presence of induc® Mshort half-life.

British practice has been to assume 500 megacuries of
activity per kiloton yield at 1 hour after the explosion.
It was then assumed in Ref. [5] that an infinite plane
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contamination of 1 curie/m® of 1-hour fission products
gives rise to a dose-rate of 10 r/h and that this dose-
rate decays as t '*®, Examination of Ref. [10] shows that
a deposition of 1 curie/m® of 1-hour fission products over
an infinite flat plane gives rise to a dose-rate of 7.2 r/h
at a height of 1 metre above the plane, but that there are
only about 354 megacuries per kiloton yield at this time.
However, if it is assumed that there are A1t !°® megacuries
per kiloton yield at t hours after the explosion, then Ai
is approximately equal to 500 at times between 6 hours and
1 week after the explosion; the actual values of Ay for a
plutonium weapon are shown in Table 3. Between these

times the relation between infinite plane contamination

and 1-metre dose-rate does not vary greatly from 8 r/h per
curie/m®.

We must also consider the effect of surface irregu-
larities. A theoretical investigation shows that 70% of
the gamma dose received at 1 metre above an infinite flat
plane originates within a circle of radius 50 yd. It is
considered plausible, therefore, that the radiation
received from a ground of average roughness is of order
70% of the infinite plane dose-rate, and this value is also
suggested in Ref. [11] as being that used in the U.S.

In this appendix we have now discussed most aspects of
the problem of radiation units and it remains to comment
on the conventions used in this paper. It has been
assumed that a dose-rate of 5 r/h at 1 metre is given by a
surface contamination of 1 curie/m®; this implies an
assumed shielding factor of rather less than 0.7. All
radiation measurements have been reduced to H + 24 hours
by the experimental decay curves in order to reduce
ambiguity due to the presence of considerable amounts of
induced activity at early times. It has also been assumed
that the weapons produced 11 megacuries of 24-hour fission
products per kiloton yield (11 X (24)**® = 500),
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TABLE 1

. Buffalo Round 1 Shelton
Layer 1
(n'=15)1" ¢ £., knots | o. | cC. £., knots
i i i i i

2 0.034 2.5 0.7 0.021 10.6

3 0.065 3.0 0.8 0,021 9.2

4 0.092 3.1 0.9 0.021 7.4

5 0.092 3.4 0.9 G.021 6.2
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TABLE 2

Buffalo Round 2 Shelton
Layer i
C.l fi, knots o Ci fi’ knots Gi
1 (0.06) 0 .021 12.3 1
2 (0.05) 0.021| 10.6 1
3 (0.03) 0.021 9.2 1
4 0.000 (0.03) 0.021 7.4 1
5 0.038 (0.03) 1.9 0.5 | 0.021 6.2 1
6 0.194 (0.06) 3.6 0.8 | 0.021 5.1 1
7 0.091 (0.05) 3.1 1.1 1{0.021 3.9 1
8 0.038 1.8 1.3 10,033 3.2 1
9 0.046 1.9 1.1 10.070 2.5 1
10 0.067 1.5 1.1 {0,125 1.9 1
11 0.110 2.1 1.1 10,157 1.46 1
12 0.147 2.6 0.8 10.17 1.1 1
13 0.143 2.9 10.710.143 0.79 1
14 9,001 .8 io.7 0.093 0.58 |1
15 0.035 EA'Wwﬁuﬂ ?;ié 10.058 0.42 1
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TABLE 3

Percentage of

ArteMS e | Pom min papiiioton | Disintegetions Yol e Meneray, | A | s
10 Gamma Photon MeV per Photon MeV per Disintegration

1 h 78.5 45,1 0.95 0.43 354 218

1 day 2.42 82.0 0.58 0.48 494 335

7 days 0.260 89.3 0.49 0.44 548 342

28 days 0.0585 94,2 0.52 0.49 652 | 456

105 days 0.01357 68.6 0.50 0.34 739 362

210 days 0.00532 53.4 0.60 0.32 665 304

365 days 0.00237 33.7 0.64 0.22 576 177
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