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ABSTRACT

The .\«IATE-IEW—ADPIC code suite has been extensively modified to give the
total external dose from the detonation of the Castle-Bravo nuclear test at Bikini
Atoll until evacuation of the inhabitants of nearby atolls. The advantages of this
coce suite is that it uses all the observed winds (in a mass-conservation sanse) at and
after the detonation to provide dose rates and doses due to passage of the debris
cloud anc to the time-integrated deposition up to evacuation time. Previous
assessments have given the fallout pattern (deposition only) at time H+l hours.

The present code formulation gives excellent agreement with the estimated
total external dose (based on measurements) to people on Rongelap and Ailinginae

atolls.
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INTRODUCTION

Operation Castle was an atmospheric nuclear test series conducted in ths
Marshall Islands from March to May of 1954. The most notorious test of the series

[l

was Bravo, a 15 megaton thermonuclear explosive. The top of the resultant
debris cloud reached to nearly 33 km at stabilization time.“]

Because of an unexpected shift in mid-tropospherie wind directions following
detonation of Bravo, the fallout pattern, instead of heading in the predicted
northeast direction, had an easterly alignment. As a result, persons on the atolis of
Rongelap and Rongerik were exposed to relatively high levels of fallout from the
nuelear explosion. Prompt action was taken by U. S. Task Force personnel to
evacuate the natives of these islands. Some of the natives on Rongelap, the closest
to the detonation point, suffered temporary nausea and minor skin burns. None
exhibited any medium or long term effects from their exposure.

However, after about 10 years, those Rongelap natives, who were young
children in 1954 developed non-maligment nodules on their thyroid glands. Since
then tne occurrence of similar nodules among the Utirik natives has been reported.
The rate of occurrence has been higher than would be expected statistically. The
purpose of this report is to calculate ‘deposition and surface air concentration plots,
using a three-dimensional particle-in-cell suite of codes to estimate the doses at the
islands from which the natives were evacuated. We will also consider the dose from
rainout as part of the debris cloud crossed the atolls. Finally, the calculated time
nistory of air concentrations on the downwind islands will be presented for several

nuelides.



Several fallout patterns for Castle Bravo were prepared in tne late 1950's.
Some of the better known patterns apoear in Ref. | and were pr2oarad hy {u) the Air
Force Special Weapons Project, (b) the Naval Radiological Defensz Laooratory, and
(c) the Rand Corporation. A comparison of these three patterns shows significant
differences in the maximum dose rates, as well as the shapes of the contours. This
is due in large part to the subjectivity involved in the calculations. Portions of the
AFSWP and NRDL contours were based on dose rate measurements at Rongelap,
Rongerik, and Utirik, as well as a crude estimate of the dose rate received by the
Japanese fishing ship, the Lucky Dragon. The remainder of these patterns were
obtained using the observed winds in a subjective manner to bend the pattern and
achieve an approximate mass balance.

The Rand contours used estimated winds between Bikini and Rongelip. These
winds were obtained fx;om interpolation of streamline analyses at several levels at
different times.

By contrast, the altered versions of the MATHEW-ADPIC codes used in this
report allow us to use the observed winds at different locations and different times
after detonation. No artificial bending of the pattern is required. The only
subjectivity lies in the selection of code input parameters. At all times, the codes

automatically assure conservation of mass.

COMPUTER CODES
The suite of codes develcped for the Atmospheric Release Advisory Capability
(ARAC) were extensively medified in order to incorporate a larger number of upper
air wind levels. All prior uses of the codes have been to handle caleulations for
releases that did not rise higher than a few kilometers. Also, the standard ARAC
codes do not involve sophisticated gravitational fall velocity calculations, nor do

thev include time-integrated denosition.
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One of the major coces that wwas modilied is .\L—\THE‘.\( ]; its purpose 15 to

adjust observed winds, using variztional analysis methods, 50 as to conserve m4ss
‘rom cell to cell. After modification, all observed voper air wind data frem 10 m to
35 km were entered as input. This was done for four time periods, using winds for
one to three observing stations for each time. The cobvious advantages of this code
(over most other fallout codes) is that mass is not permitted to accumulate in anv of
the cells and winds are available for each 3-D ce¢ll intersection for four times.

The MATHEW winds are used then by the modified ADPIC[‘)]

particle~in-cell
code to calculate the transport, diffusion, and deposition of an instantaneous
source. Modifications required of ADPIC, to handle the Bravo test, consisted of
allowing more upper air input than is used in tvpical ARAC assessments.
turthermore, since particles falling from the stratosphere undergo a larga increase
In air density, it was necessary to add a turbulent wake correction to the larger

] Other

. . . [-
particles; this correction follows the method set forth by McDonald.‘4
modifications were to incorporate a tropical atmosphere into the fall velocity
calcuations and to make the particle activity increase as the cube of particie

radius. Finally, time-integrated deposition was added; this allows calculation of the

total dose from detonation time to evacuation.



[INPUT DATA

Surface meteorological observations were available from some atolls anc from
the U.S.S. Curtiss which cruised south of Bikini; however, since the larger particles
fall rapidly from the debris cioud to the surface and spend little time near the
surface, not many surface reports were used. Of far greater importance are the
upper air wind ot.)servations taken at four sites near Bikini atoll. Other significant
input data consisted of a flat topograohy, cell sizes of 34 km (east-west) by 17 km
(north-south}, and 1 km in the vertical, stem and cap cebris cloud geometries at

stabilization time, source rates for both gross fission products and selected

individual nuclides, and particle size spectrum parameters.

CALCULATIONS

Gross Fission Product*s

The time-integrated externél dose oattern (in rads} due to gross fission
oroducts from detonation time to evacuation time of Rogelap atoll (51 hours) ure
shown in Fig. 1. The numbers next to Ailinginae, Rongerik, and Utirik atolls are
integrated values up to the time people were evacuated from those atolls.

For comparison, the value of total dose, estimated by Dunningb} and
Strauss[s] are given in Table 1. Note that the agreement is very good for
Rongelap and Ailinginae atolls. However, calculations for Rongerik and Utirik are
at odds 'with earlier estimates. The code calculaticns for Rongerik are higher, while
those for Utirik are lower. This variation appears to he in part a problem of
"tuning™ also a possible variation in wind directions and speeds at late times when

the onlv wind observations were from the U.S.S. Curtis, south of Bikini (some

distance from the atolls of eoncern) may be an explanation.



Taoie L. Comparison of gross fissicn prcduct total extarnal doses for
computer calculations wvs. estimates by Dunningtd!  und

Strausst®
Presant Previous
Evacuation Time Calculations Estimates

Atoll (hours) (racs) (roentgens) Ref.
Rongelap

(northern part) 51 1300 2000 (6]
Rongelap

(southeastern part) 51 110 1735 (5]
Ailinginge

(Sifo Island) 58 24 <100 {5]
Rongerik

(southeastern part) 30 340 78 - 5]
Utirik 78 0.33 10 (3]

With the modified MATHEW-ADPIC code suite, it is possible to calculate the
instantaneous immersion dose rate from gross fission products as a function of
time. Tnis ean be done for any time inteval. Figures 2a to 2f show surface
immersion dose rate contours for every three hours from one hour after Bravo cloud
stabilization time to H+16 hours. Note that after an easterly traverse, most of the
c2hris reaches the trade wind level; the contour pattern moves south and finally
toward the southwest.

Individual Nuelicsas

Calculations were made of instantaneous and time-integrated concentrations
at 2 m adove the surface for the several atolls affected 5v Castle-Bravo. The
nuclides considzred were Te-129, [-131, [-133, Cs-137, and Eu-135. These
caleulations agree well with observations at Rongelap and Ailinginae atolls, but are
too high at Rongerik and too low at Utirik atoll. The surface concentrations for
Jongalaz. both the northern and southeastern parts of the atoll, and for Ailiginae
Atoll are presented in Figures 3a to 5e. The time of arrival of the first Bravo debris

is in agreemeant with reports made by the inhabitants.



REPORTS OF RAIN DURINGC BRAVO FALLOUT

Transeripts of post-cetonation brietings suggest that seli-induced rainout
oceurred for a short time aftec Bravo was detonated. The crew of the Japanese
fishing ship, No. 5 Fukura Maru (Lucky Dragon), while fishing downwind just outsice
the exclusion zone, noted that the initial fallout on their ship was accompanied by "a
light rain or drizzle."{” It is unlixely that this was a continuation of the
seif-induced rainout, some two or more hours after Bravo's cetonation; it was
prodably a natural rain system superimposed on the debris cloud.

Another report of rain during Bravo fallout was made by a group of Rongelap
natives after evacuation.(S} They lived in Rongelap Village, on the southern part
of Rongelap Atoll, and stated that it "rained a little" during the afternoon of March
Ist.

(8] who had

Another interview with an American Air Force radio operator
seen on Rongerik Atoll prior to evacuation disclosed that "rain commenced about
2100 {LST] and continued for 30 minutes."

Finally, the S. S. Roque, owned by Micronesian Lines, left Kwajalein at 0843
LST and arrived at Utirik at about noon on March 2, 1954. The ship left Utirik
(apparently a few days later) and arrive at Majuro Atoll on March 7. A radiological
survey at Majuro diselosed raciation readings of 10 to 30 mr/h on March 7. The
ship's captain mentioned that he had encountered rain squalls during his voyage, but
was not specific about where or when. It appears certain that the S. S. Roque
encountered Bravo fallout, possibly accompanied by rain showers, either while
approaching or while in harbor at Utirik. If 10 mr/h are "grown back” to five or six

cdays earlier (when the Bravo debris cloud passed near Utirik), the dose rate is

astimated at about 100 mr/h.



SUMMARY AND CONCLUSIONS

Extensive modification of the MATHEW-ADPIC code suite has produced
contours of Castle Bravo accu.mulated and time-integrated deposition fgor gross
fission products. Through the use of dose conversion factors, these contours have
been converted to cdose rates and total doses up to the time of evacuation from the
atolls affected by the debris cloud.  In addition, both instantaneous and
time-integrated surface concentrations have been calculated. For the nearest
atolls, the calculations agree well with the measurements and total dose estimates
based on these measurements. At the more cdistant atolls the agreement is not as
good, indicating the need for more "tuning" of the code input parameters.

The internal dose to the inhabitants of the affected atolls have not heen made
in this report. Interviews with natives of Rongelap Village and Ailinginae[sl
indicate that manv people ate fresh seafood and drank water from cisterns following
contamination of their islands. Although there is no direct evidence that those at
Utirik ate and drank contaminated food and water, it seems likely that they did
since the dry deposition from Bravo was considerably less than at atolls to the west.
However, the previous section indicated that rain probably nccurred during the time
of fallout. This would result in wet depasition, producing local doses 10 to 50 times
greater than in those areas where rain did not oeccur. This effeet could have
resulted in develooment of thvroid nodules in those Utirik residents who consumed

contaminated food ancd water.
REFERENCES

l. Hawthorne, Howard A., Ed., "Compilation of Local Fallout Data from Test
Detonations 1943-1962 Extracted from DASA 1251," Vol. II - Oceanic U. S.
Tests, DN A 1251-2-EX, DASIAC, Santa Barhara. ©A 93102, May 1979,



L. Sherman, Christine A., "A Mass-Consistent Model for Wind Fieids over
Complex Terrain," J. acol, Meteor., Vol. 17, No. 3, p2. 312-3189.

3. Lange, Rolf, "ADPIC - A Three-Dimensional Particle~In-Cell Model for the
Dispersal of Atmospneric Pollutants and its Comparison to Regional Tracer
Studies," J. Apnl. Meteor., Vol. 17, No. 3, pp. 320-329.

] MeDonald, James E., "An Aid to Computation of Terminal Fall Velocities of
Spheres,'" J. of Meteor., Vol. 17, No. 3, pp. 463~463.

3. Dunning, Gordon M., "Protactive and Remedial Measures Taken Following
Three Incidents of Fallout,” in Proceedings of A Symposium on Raciological
Protection of the Public in A Nuclear Mass Disaster, Interlaken, Switzarland,
26 May - 1 June 1968,

8. Strauss, Lewis, Statement made at hearings of the Joint Committee on Atomic
Energy, June 4-7, 1957.

7. - Lapp, Ralph E., The Vovage of the Luckv Dragon, Harper and Brothers, New
York, NY, 1958.

8. Sharp, Robert, "Exposure of Marshall Islanders and American Jlilitary
Personnel to Fallout,” WT-923, Operation Castle - Project 4.1 Adderdum,
Aoril 1257,

KRRP:elm:0064E

DISTRIBUTION:

Edwarc Lessard

Bldg 535A

3rookhaven National Laboratory
Ubton, NY 11973

Internul:
J. B. Knox

M. H. Dickerson
P. H. Gudiksen



,«.
(1)

[ ¥ode

idde.

(&3]

b
-——

Tk
Ciwe

[
~L e

i — ISOPLETH BREZIZI. ML
- H J 3.0BE 047203 3.1522-23
: ; - ~re s
m — 3.20E+032703 1. 181524 |
- 3.2QE+227R0S 2.758z-24 i
3.202+0:=30% S.35%=-2% !
3.002-033205 7.4£35-24 |
5 3.005-2i%339 Q.283T-¢¢
= 3.22=-027R23 1.2032=Z-0% -
3.00E-8375CS 1.2322+35 |
!
)
13N ;
| ;
i i
' |
] !
-
i 1300 i
) 340
| [0 s ‘
' 1IN |
- |
i E§§§—_; |
f ALyt ‘
; ]
! 1N . QuotHo . . R
- [ S |
! Lixiz2 LG {
! ]
f KWAGALE IN ::
8 n . - . . - me%
164E 165€ 158E 167E 168E 165€ 172€
|
! -
. T ¥ ' 1 1y T T
=22, ’4”3 S@B. 523. 793. 2272. S23. 1222. 11208. 1238.
CHEZK CN I117EG. DEP - &/06/81 MEX- 9.21c+~24
TEM 33SE0 ON 8327 3/ 1/5%
oEF . AT Z.M EXPECTED AT 3/ 2/54 u57

Tigure 1.

Castle Bravo time-intse

fission products.
time from Rongelap.

grated external gamma dose from gross
Contours are for an H+S1 hour evacuation
Numbers added for other atolls are

integrated to the appropriate evacuation time for those atolls.



-~ 10 -

; : R i N
T ISPt H ARER(SQ. KM, l
— — 3.022-343/H3 1.S7SE-23
- | ' 3.002-233/HR 3.1585+23
ERRE 3.03E-2FF/HR 8.282-+23
’, 2.835-373/4 " E.3282c-33
f
|
{
1523, 4
|
i
:' IEN - * - * *
! 164 185E 1€ 1S7E 1532 6% 1708
1=C3. -
f £1¢a3
; v
f 12N . . + . - .
1222, - T
3 [ B PYERY ’,’ :
3 . = G ng“"! < %&erm
; 1IN . SILINGINAE . . KR .
ot _
e RONGELAP
nu.g
i mn 12N . Suoto . .
Lol = l> ’
i Lixie? KJTUE i
| C Y |
| KLACSEIN [
1223, - =™ - w’m:’ . . . sméls |
] 154E 165E 1835 L67E 1882 1852 V7€
" 4
, ' I - 1 T T 1 b i 1
. - 3"2 _400. S@ad. 028. T2G. 822Z. 833, 1?8@. 1169, 1268.
E=3VC CHZZK CON INTEG. DEP - 5/07/81 1RX - 5.28Z~24
'::°+Sf2“ BARASED CN 184572 2/28/54%
TAST 2713 AT 2.M EXPECTED QT 2/28/84 1Qu4S7

Castle Bravo instantaneous =xt
from gross fission products.

o
Figqurs 2a. rnal garmma dose rate contcurs

a
Time is H+1 hour.



LM Mmoo ;
PSS W |
AV T S (0]
IR TERINEY 1§
o 0 QD (7)Y - -
AW M6y —
0O — 1M M
o~ =~ 71..
| K
x. [+ =8 —.—u ﬁu_
« W = 5 i -
» S L . - 2
. @, o 7 ¢ -..@ 2R
oo Lt Z & )
a: aZ no oC = <
T 1L PR - &
SN N i &M
oo nl (o e — 2
) 23 10 W) . A " !
TR T ﬁ, 0 . @ ted
e I B I v + + 0 —
el uld el ) : LN
LR EYE ) Y .
N, M) A0
O+ e s h
U) —t —1 2 e .
= g Z a
8 N oot + “M_ + 9 bt
= w ~ ) I~
& v\( & w
2 [QV]
o« o (AN
".. — r——r ﬂm ”M_
w 1w "
4 — [ + + + — . -
. 2 -3 i
& .3 -~
n N a
cm o I
-— ~.
(] J: ~
] F4 5 W [aN}
o - a 0 .
v 3 o e O =
« M.u. 00 I
=} o D
\ >~ -
& O a
~N G
(1%} # s w n/// )
. 2 . tLn)
(73] Y3 w
+ 0 ‘o /\ . + + 8 -G k-
N Q
oo 1 i
Ll in oo
(i
M.u w
— « OV
] = P - z =~ Y 4] b
- ow & = (5] o o =z
11 - - - - - Cl— ) oy
"z
v
tud
-1 -) - Panh
D k-
mn c
v
30
...___ .
TS
- B T T T e = - - [ I | Rt | | - (] ~._ L
n !
. . . . . . . . . (%)
] = ) r) ©) 2 (] ra €0 R I
[ o] €9 [gN] [ } ) £ [oh) [Nt} [ @] a n. o)
~ «2 n ! o (AN et ¢ ) . o .-’
-t - - NN - .-t - — (Y ) o

hours.

-

except time is H+

2a,

Same as Fig.

Figure 2b.



tJ

[SOPLETH ~RZS{SC. KM
1. @2E-24R/HR 3.3272+22 |
o 1.C2E-033743 1. 282804 |
T = 1.23z-233/63 2.2S4HE 04
1.8Bc-27R/R3 2.3332+24
!
1350, -
[}
|
1532, -
! 13y
- - » - - -
1Z=z L23E 165E 1372 {B3E 1352 7
422, -
97¢23
12N . .
!
C\lr' 2rv
7 -
LoN . SxE
 m——
fevw. = ACNGELEP
CHER
e iy . QuaTHo . . h .
L e
A e —
< \/'\(»r‘u.—.L.EAN
ninln = UJRZ AN N
P A = - + - i - - sty f
: FERE
13- 165€ 1858 1s7E NI issE 1622 17CE |
i
_ |
o = - l
-l w2 "
i
| |
|
4 | [ 1 v T T 1 g
~ oy . - —_ - - 1 -~
i o e L—._u_:_.’:‘\. r__:ZC. S 7€3. 822, S’QZ.__ 1_}2'32. 1103, 1222,
2=3VD I-nle L dTo. BEP - 5/27/81 MRX- Z2.75zZ-2+4
CEP+ 37z £ o TN 22132 2/28/54
InzT 2= = 2. DRPZCTED AT 3/ 1754 14872
Tigure 2z. Same as Fig. 2a, except tima is H+7 hours.



. ; SCPLETH SRCEICa. <ML
3.225-233/HR 4, 725622 |
. 3.028c-Z22R/HR 1.4532+2+ !
. _—— - = ] = T
slee. = 3.28E-273/HR 2.7555+24 |
, 3.8BE-385/HR 3.5425+04 I
{
- ?
.:bu- - l
. |
: |
: |
l':&u- _‘ ;
. i
!
"3‘4 - - * * - L4 ::
(2% {85¢ 1358 157¢ 1632 163€ 1722 |
- 3
- - B - 1
1
, 2°CAR :
2N ) . . E
2. - Bm&f_j g
1
TIAIK !
_ Y . Al NGt KA . {
R AONGELF? i
!
nILg ;
san LaN . Quaro . . ,s‘ .
> i
LIKIER LaTgE
. KLAJALEIN =
canL - e N N |
Seeee T - N s - ERIKG ;'
‘ 124 1658 166E 1635 163€ 17CE !
v | ] T _ T H T T 1
_____ oz, arB, 30 523 123, 822.  99@.  1g@3. 119C.  1289.
SIUT OCHIILC CHOINTEG. - £.7395-05

C=22=37=:A BA3=CZ CN 23
:.\3- .:':: HT 2.)\‘1 E

Figure 2d4. Same as Fig. 2a, except time is H+1l0 hours.



-
Ax
|

; | - o |
i — 1S3PLETH ARESISC. K. )]
- N — 1.225-233/HR 2.1522+23 !
| ] 1.202-282/48 1.S592+04 |
1722, - 1,222-277 743 3.1523+@y4 |
{ 1.22E-223/4R 3.3C7E+24
t
1822. =
|
!
s ]
ISL'J. —; )
! #
i 12 . ] . . . . '
f 1348 183E 155€ 1872 1582 153 170€ !
423, - l
| ?
| %{(.’-‘tﬂ
i 12M .
1223, - BIKIML
: LN .
1222, -
!
HE Rl ) '.ZN -
lidvue =
1
!
I I3
w&;mn o
17on ] 5 az
1282, < N . w_; . . Q . v Eai@’
| 164E 1652 1858 1S7E 1ese 183€ 170E
cor
i
!
- i T N i i T t L 1 i
o . 3C2. u@@.  S@3._ 52C.  723.  8T2. 923, _ .2¢@. 11gS.  122€.
SReVT C=zC< ON INTEG. DEP - 5/27/81 MAX- 2.24Z-33
CRP+ sT=m BASED ON SBBZ 37 1/54
INST 217 =T 2.M EXPECTED AV 37 1/S4% 7452

2. Same as rig.

23, except time is H+13 hours.



‘ 1SJPLETH SRIT(IT. KM
—- : - A= !
! 3.88C-373/HR Z2.32322+23 |
) 3.832-28R/h7 3.1532+L3
1728, - 3.825-2=”/R1 2.1522+83 |
% 3.22E-123/HR %, 723E£-23 !
| l
immn |
i |
[ |
!
1822, =
i
: 13N N . . N . .
23 1852 1858 157¢ 1E3E 1692 1732
=25, - ,
! 3:1kAA 5
: )
12N - * * > L4 -
a0 ! ..
Loduwe =~ 8;((‘:":
' — G H%GEFK ;&Jr:ﬂx
N . ALLINGINRE . . . KA,
1222, - ,
) |
mu{g I
tros LN - YuoTre + - A . !
iles. = h '
1
LIKiE? Las iz !
il ]
v .. i
A KWRGALE IN QQ
1p722 . UJAs \
PR Y SR —l - - R * t\ 4 - - EF\IK'ﬁ
ll 7
. 154 1652 1882 1878 N\J  1seE 1692 7o '
;
| | I i i ! i ! s
L Z22.wIZ.Baa. 220, (2. 8323. . 9'39:_,‘_ L,‘QZG. Y1GE. 1263.
S=20 D TSILL I INTEZ5. OIP - 5/87/81 40X - 2,355-0"
Cm7+ 3721 =Sz2 ON 8237 3/ 1/3:
iNST ~I= =i 2.M EXPZCTZ0 RT 3/ /84 12u4s7

Figure 2f. Same as Fig. 2a, except time is H+16 hours.
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