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I

ABSTRACT

3sasuresats of the airborne lov-frequency soumd from the Opea.-
tion CAS=I nuclear ezlosions vere made at 15 rmonte jocationsp I
coverinh a variety ol distances and directions from the Pacific Prov-
ing Grouxas, vith the objective of studying the relation bettien
signal characteristics and the enor reloased over the range of
yields from 1 to 15 'rgatons equivalent. Both standard and vrY low-
fraqmncy sound recording equpmnt rsponasive to mall atmospheric
pressur variations in the frequenoy range from 1.0 to 0.002 cycles/ I
second were empoyed. Sgnals were detected at ranges e*eeding
45,000 ka for explosions larger than 5 Mf, 30,000 km for the 1.7 Mr
shotp and 10,0000 k for the 0.13 IV sbot, All mgaton shots produced
the Initial dispersive wave train of very lov-trequency previously
noted for IVY 1IHo.

I

PREFACE

Comnlusions given in this report are those of AFOT-1 Foeaot-
quarters U. S. Air Force, and do not necessarily reflect the opinions
of agonaies participating in the project.

SECRET- RESTRICTED DATA I)

•



FOREWORD

This report is one of the reports presenting the results of the
34 projects participating in the Military Effects Tests Program of
Operation CAMTLE, which included six test detonaý!, ns. For readers
interested In other pertinent test informations reference is aside to
UT-934 Smmary Report of the Comnder, Task Unit 13, Programs 1 - 9,
)tLltary Effects Program. This sary report incluvims the followdig
information oZ possible general interest.

a. An over-an description of each detonation, including
yield, height of bu•ts, ground sro location, ti of
detonation, ambient atmosphoeric conditions at detona,-
tionr, eto., for the six shotso

b. Discussion of all project results.

a. A tlwar of each prcjeoI, including objectives and
results.

d. A complete listing of all reports covering the NMltau7
Utfects Tests Program.

7
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INTRODUCTION

S

The prima7 objective of Project 7.2t Cperstiot CL=TST wa, to
record and analyse the airborne accustA waves gefaerted by the ther-
mmuclear ezploeeone in order to prwvide calibration dota for use in

the Interpretation of acoudte sigals fr foreign maclear vplo-
mime. Additional important objeetives included a delineation of the
capabilities and limitations of standard dsteotion eacipsnt and a
study of the relation of various signal haMrcteristies to the total
energy released in the explosion. A seeconda objective me the
collection of data on the propagation of dispersive waves from a
ery large atmspberic prsesse pulse with the hope of eventual s 0

interpretation in terms of the tempera'ture and rind structure in
the upper atosphere.

1.2 .•.

iwots acoustic seasuremnts have been usde during all previ"as
tnited States nuclear tests except TUNITY (July 1945). The purpose

of participation in CWSAW (Jul 7 1946), 3ANDW (April and Kay
1948)8 and GMIotR (April and May 1951) vas to establish the
feasibility of acoustic detection of nuclear eqposiens of noderate
rield at distances in *xess@ of 4000 ka, since at least that range
we necessary if a reasonably efficient zzoustic ni•ttoring oystem
fo ~!g explosions ins to_. established. Results frout CBS-

and from O W re discouraging since the ansimm
distseoe for positive detection was ony 1900 Ia. 'Me use of mi,-

proved detection equipment and techniquee however, resplted in
detection of e' ib nuclear explosio, of at a rMapg
of at leat 450 Iw.

W ai-rs refer to the reference list at the end of the report,

I
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Contiausd participation in subsequent nuclear tests was !.quired
in order tu delineate the capabilities and liuitatitns of acoustic 4.-
tection teahniques for explosions of a wide rge of yields detonated K)
In tha air$ on the ground, and shallow underground during different
seasons of the year 1 , Results from Operation BUSTER-JANGIZ (October .
and November 1951),W Operation TWUIW!R-SNAPPER (Apri to line 1952),2/
and Operation UPSHOT-KNOTHOLI (March to June 1953) indicated a
limited but usable detection r•ae for shots of sm l yield even tnough
detonated shallov underground. Seasonal shifts in o tion, origk-
nally noted daring tests using mail TNT charges were confirmod
Amqlitudes were found to depend mricly on propagation acomditins and S
correlation betwmte signal period and yield rod quite variable.
Results fron Operation IVY (November 1952)JW showed that acostic
signals from large kiloton and megaton exp~losions were distinguished
from sgnalsu from smaller explosion* by longer range of detection,
generally increased amplitudes, longer pert*er, and gener&ay longer
durations, In addition, the megaton explosion produced a charisterie-
tic dispersive train of acoustic waves not previously observed for
man-rods explosion,. These waves were similar to the waves produced
by the Great Siberia• )btor (JuO e 1900)J 1 Y

Operation CnI pzovided an exce..ont opportunity to sto' the
acoustic waves from explosions ranging from yields of the orser of the
larger GIMMOt shots to yields larger than the IVY shots. In par-
ticular, it offered the possibility of setting a l-wer ULsit of wi-
plosion msis required to generat. dispersive waves In the atmosphere.

No adetuate thaory of ths propjation of a. ssur. pAlse In the
atmoophere is available. Pokorlei/ and hvoz,' have developed the
theory for siplifed atmospheric models but experimental results give
only quslitativv e rmblanco to the theoretical results.

I

I

I

1.6
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CHAIW' 2

EXPERIMENT DESIGN

2.1 -AM =

ProJect 7.2 wa conducted jod.ntly br the S•am. Corp. Engneer..
Ing Laboratories (S3M), too National Bk u of Standards (i ), anw
the Navy Ilectrudcs Lboratory (MI.)s under the sponsorship of AROAT-1i
Nsaduartrs Uo S, Air Froro, Tlb Office of the Chio Signal Officer
coo:rdnated the Am effort and the Office of Naval Sbeseach coordi-
nated the Navy effort*

The G oapkyics Research Dirbctorate of the Air Force Canbridge
Rosearah Oonter (AFCBC) coadcted additional masur-ts duin a d
CAB= under a progs separte from the wepmfs effects program.
Aitbougb detailed results wil be preso4tedin a special AFM1 reports
brief leteneo will be asde here to significant iMg-Lgb-ts of this
work.

2.2 S U

Table 2.1 lsts the stations making up the network for CAMS2Z
and fig. 2. shows the geographical distribution of those statioans
Stations operated by AFCH under the separate prorasm mtioned above
an also icluded in the table for Informtional purposes, The table
gives the geographic oordinates of each stations the average great
circle distrne frm the station to the Bii nd - i • ewtok test sitooe
and the avroge asimatm from the statios to the test altos aned
elockulse from tnu north, Actual distances and aximaths to the Indi.
vidual shot locations differ slightly from values listed In the t•b•

2.3 IILM ;A
Znfonation rgardig the date, vaclassifle4 code nmew location,

tim, onitions and yield of each Man& shot is listed In Tabl 2.2.
F1iure sboulng the relative positions of shot location in 3ivewtok
and ikni Atolls sy be found on pes 2 and 3.

17

SECRET - RESTRICTED DATA
0

• e • 0 • • e e 0



2.4 STATICE LATOUT

Each station operated by the Signal Corps consisted of four
microphone outposts, one at each corner of a quadrilateral, apprui-
matetl 7 square, 4 to 10 miles an a side. Each outpost was coected
by wire lines to a recording central.

The NEL operated arrays of two to five microphone outposts
spaced from 3 to 15 miles apart at San Diego, Twenty-Mine Palms, and
Gldla Bond. In most instances the microAone outposts were connected
to a recording central at each station by wirs lines or radio link.
In a few cases, microphone output was recorded in the immdiate
vicinity of the microphone. A single microphone was operated at
Los Angeles.

The N5 station consisted of six microphone outposts located at
the comers of two roughly equilateral triangleos one having 2Jj-ail
sides and the other 14-.dle sides. The @=ll triangle was roughly
centered inside the larger trianple. Each outpost es connected by
dire lines to a recording central.

AFCRC stations were olr to those of the Signal Corps wmept
that individual recordings were amd in the immdiate vicitry of each
uiorophons outpost.

2.5 IN • A3= ;ON

2.5.1 m

The equipment op.e rtled for CASTA us practically identical
with that used during IVEW exoept that attempts were made to iqprove
the stability and reliabl"ity. Two main types of equipment were used
during CATZ: (1) standard detection equipment most responsive to
atmospheric pressure changes having periods ranging roughly from I to
60 seec, and (2) very lv"-frequency equipwont responsive to change in
pressure or to rate-o .. ,O of pressure for signal periods ran"
approximately from 5 to 300 sec.

2.5.2 M InstruEM tation

Standard detection equipmenttu e~loyed, at all SM sta-
tions. Data Recording Syrstem 34-2 &~ was "ope rIat KYotW and
Hachinohe and NIS Infrasonic Microphone SysteaL2 uo operated at
Oahu, Thule, Hanau, Belmar, and Fairbanks throughout the tests. Thl
Zveibrucksn and Clark Field Stations becam operational starting with
M~t 2 mad empl-"d the latter equipenmt. An iuprVd version of the
Y-2 Mqstm was operated at Ft. Lews. Both types of equipmnt uti-
le"d condenger sicrophone* as the pressure-sensitive transdrooers,
irs lines for transmssion of the electrical sional from the outposts

to the recording central, and sterline-Angus 0-1 or 0-.3 m 'aSphi
recorders. The 3W2 eployed a capactanoc bridge and a phase.
sensitive discriminator to produce a voltage -t the earn fwsqwmieg
as the pressure fluctuations. This slowly varying voltage ms trans-
sitted over thsetwr linss and wa amp1fled at the recoding central.

1S
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I

The NBS system used the microphone as the frequency-controling
ele wnt in a Wien-bridge oscillator to produce a frequency-modulated
ignal for tranmission over the wire lines to the recording central

where the signal was denmdulated by a pulse-count type dLscriminator
and then amplified, The 34-2 equipment responded mainly to pressu., 4'
changes :n the range of poelods from 1 to 50 see and the NBS from
1 to 35 s•a. The maxiuzm sensittvity for the M-2 was of the order
of 15-ra deflection for a pressure change of I dyne/cr 2 , that for the
improved )(-2 was about 45-=/dYse/cu2 , and that for the NBS wse approx-
imatly 30-n/dMne/ca 2 during CASTLE. "Ie recording speed for these
instruments ws 3 in./min.

Very lw-frequency equi!wnnt, covering periods from 5 to 300
so., was operated at Belmar for the entire test series; at Oahu, Fair-
banks, and Ft. Lewis for all shots except Shot 1; and at Kyoto for all
shots except 1 and 2. This equipment consisted of a special condenser
microphone designed for low-frequency response tnrough use of a very
large reference volume, a high-resistance acoustio leaks and elaborate
thermal Insulation. The electronic and control cirtuits were siudlar
to that employed in the improved M-2 equipment and the udxmum sensi-
tivity was approximately the same as that for the improved H4-2 equip-
ment. The Saterline-Angus graphic recorders were operated at a tape
speed of 1.5 in./min.

Each standard microphone was equipped with a linear# multiple-
inlet pipe arrays 1000 ft in length, designed to reduce the noise
backgrosnd from atmospheric turbulence. Nn effective array was
available for use at very low-froquencis.s

2.5.3 HU IntrUMenttion

Two types of very low-frequency equipment worn operated by the
.WL. The first type, employed at an Diego and Gila Bend, consisted
of a Rieber vibrotion nicrophcm&n modified for response mainly to
periods from 8 to 265 see by use of appropriate acoustic leaks, low-
frequec amplifoers, and thermal insulation, Output was recorded on
a six-channel Brush graphic recorder, using a paper speed of 0.2 in./
min. at San Diego and 0.5 in./uin. at Gila Bend.

The other type of equipment, operated at all MEL stations,
consisted of a Signal Corps T-21-B condenser microphone modified to
respond mainly to periods fro 6 to 300 see by use of appropriate
aooustic leaksp special low-frequency amplifiers, and elaborate
thermal insulation. The output of each microphone was recorded on
an Esterline-Angus grapi•i recorder at 0.75 in./min. In addition,
the output of one microphone each at San Diego, Twenty-Nine Palms#
and Qila Bond was recorded on magnetic tape for the purpose of study-
Lnu the frequency spectrum of recorded signals. At mmm e vai-
tivity, the modified Riebor equipment gave a deflection of approxi-
mately 0.2-m for a pressure change of 1 dTyne/cm2 and the modified
T-.U-B equipmnt gave approximately 0.7-mmo. yne/cam 2.

No effective noise-reducing arrays were available for use at
very low frequencies.

19
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2.5.4 NB Inetweata o

All six outposts at the NBS "Ititoo in Wasbingtons D. C.v were
equipped with st=!dard NBS .quipmentI. siailar to that doloaribsd in
section 2.5.2. The microphone was naLified by increasing the refea-
ence volum and increasing the resistance of the acoustic leak so
that the sensitivity was increased but the frequency response remaoned
the same* At maxLmm sensitivity, th) equipoent gave deflection of
approixistely 50 - for a pressure change of 1 d4ne/cz.* A standard
linear pressure-avaraging pipe arrat of Signal Corps design, approzi-
mately 1000 ft in length, was connected to each microphone. Norisl
tape speed of the Esterl].nengus graphic recorders was 3 in./nin.

The three ml.crophones -mIang up the large triangle (se see-
tion 2,4) and one of the microphones from the anall triangle wre also
connected to special multivibrator-type discriminators and low-pass
,ilter-amplifiers to produce a response to rate-of-chmae of pressure
dram to very low frequencies. This equipment wts opeiated at a sensi-
tivity whioh gave approximately 5Cm deflection on an Ucerline-Angus
graphic recorder for a rate-of-change of pressure of 1 d.yu/A 2 /0/0.
This means that a sinusoldal pressure change of 1 dyne/cai at a period
of 300 se would produce a deflection of I . A tape spv of 0.75 I
in./kin. was employed.

Five of the standard channels aa five of the very low
frequency channels wre recorded directly on m•netio tape for use
correlation and spectrum studies.

2.5.5 AFCRC InstME~ntatno I

AFCM operated the modified T-21-9 equipiment developed by NIL.
(See section 2.5.3) Tape speeds and sensitivities vir* approximtely
the smw as that used b7 NELo

2.5.6 T I

Absolute tmndo was obtained by reference to radio sinpalw
from WV and WW•H. Interval timing was accomlished thrmu use of
uniform rate devices: chronometers, flasher motors, and diret
marking from WV interval aignals.

20
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MLAP!K 3

RESULTS AND DISCUSSION

The results of amnuysis of graphic records from both standard.
a4 wry7 lov'frlquency instzwntatiuon ans listed in Tables 3.1 to

, 11, incluive. Data include the tims of arrival of the tirst
lateotable signal ors in the case of m very low-requsney record-
'!op, the tim of arrival of the first positive pe•k; the time of
arrival of the maxiJsm aWltudo; the average asisuth % the incoming
acouti wmve measured in dogrmes oloclwise f ro true north; the range
of horisantal phase valooity or the average velocity observed through-
out the wave train; the mxinlmm signal qaltudoe*; the total diaratin
of the wave train; the observed signal periods; and the average no•is
xplituwo just before and just after the arrival of the acoustic

signals. The Ofirast wiay or "direct wavem refers to the signal
arriving by the wet direct great airele path from the ezplosion site#
the Iseeacd wave' or "antipodes wave" refors to the arrival via the
antipodes of the explosion zite, ate.

Hsmrlts of analysis of ignetic-tape recordinge an presented
in pertinent seotions throughout this chapter.

3.2 M M

slach CABTX shot of equivalent yield in the sagaton range was
Stect4Ad on standard equipwmnt aW, vry grest diutancer from the oz-

PF isicn, ]very operative staticn detcted the direct vevo frcm the•e
five shots (1I 2, 49 5* and 6). Four of the mine operational stations
detected the wave via the antipodes for hot 1, 7 of 11 for hot 2,
4 of U for ,bot &, eoof 2 for Sbot •, and 2 of 11 for Shot 6. In
additloj, 4 stations detected the second pasa"g of the direct wtve

areuncrretedfor equiu'wnt respons except tbow
reported by 138
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for not 1, 3 for Shot 2, 2 for Shot 4, 2 for Shot 5, and none for
Shot 6. The Clark Field station detected possible second antipodes
arrivals from Shots 4 and 5. Mazxim detection ranSes were 51,470 ka
for Shot 1; 469940 km for Shot 2j 750200 ka for Shots 4 and 5j, and
32,•0• k1 for Shot 6. It should be noted that sam of the recordings
frvm extrenzc ranges are of somewhat doubtful validity.

Only four stations detected the direct wave from Shot 3 and the
aen. detection range was 11,470 ka. None of the stationg to the

west of the explosion detected the acoustic waves frcm Shot 3 althouab
three stations were arrayed between 3960 and 4860 Ia from the
explosin.

As has been noted during previoue tests, detection ranges were
generally less for very lay-frequency (VLF) equipment than for the
stardard equipment due to the greater noise recorded on the lower
frequency equipmmnt. However, every operational VLF station detected
the direct wave from the four largest shots (1, 2, 4 and 5),o met
detected Shot 6, but only Oahu detected Shot 3. Maxim detection
ranges ere 31,890 k for Shot 1; 25,,140 km for Shots 2, 4, and 51
44 I= for Shot 3; and 18,100 km for Shot 6.

3.3 SE•A•GA c.RAC'IzSTIC

Character of the direct wve from the four largest CASTLA
shots is illustrated in Fig. 3.1 wtdch shove greatly reduced-scale
tracinge of recordings at San Diego. Somewhat larger-scale traings
from lIV Mikl and CASTLZ Shot I are included for the purpo.r of em-
pariso.. All very low-frqtuency recordings frc mogatem shots showed
the diMspersive train of wavse noted for IVr Rike. Homevrj, each shot
produced significant differences in the variations in period and
amplitde with time. Significant changes in the dispersive train
with distance and direction were also noted, but it Will be necessary
to await the AFCRC report for greater detail. No dispersive train was
observed on recordings from Shot 3.

Most recordings a standard eqdpwntu also shoved definite s*i-
dance of at least a portion of the dispersive train iur the four larg
est shots although the amplitudeso were greatly reduced bk lack of low-
frequency response.

Antipodes and second direct arrivals on V17 equirmant als
showed marked evidence of the dispersive train in caoes of Ligt
oipnal-to-coise ratio.

3.3.2 Hoersontal Phase TelooitUes

An accurate measurement of the honisental phav, velocities for
the lang signal periods (and correspondingly long wavy-lengths) ob-
served in the initial part of the dispersive v.eln was believed
possible only by using the very arge triangles operated by WM in
the California-A4nsona vsegon. These triangles consistd f Lof
Angeles - San Diego - Tuenty4iae Palms and %Lx Diego - Twenty4Wne
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Palm -Gi Bond. The first of the" triangles was about 200 k an a
side wh:il the latter was :caposod of 200-P 350-, and 400-im logs.
Phase velocities reported by NE. ranged from 315 to 325 meters per
eoand for Shot 1, 32 to 327 for Shot 2, 37 to 325 for Shot 4, and

315 to 325 for Shot 5. Those values wre slightly lover than the
Lorml Velocity of sound at ground level (about 335) and are nearly 5
equal to the travel speeds for first arrivals at these locations,
Theorttical studies pr•edcted phase velocities equal to the speed of
sound at lr=od loe'al -- i.e., vertical wave-fronts.

Horescotal phase velocities obtained frm standard equipmt
at stations -hoere the microphone spacing was, in general, small coa-
pared to the wad-length of the acoustic signal shoved a considerahLe
range of valUss. Howeer# practical&y every firsto-ave signal gave
phase velocit•es covering tome portion of the range fro 318 to 360
smtors per second. Second# third mad fourth-wave arrivals gave
greater spreads in phase velocities than did first-aove arrivals.
This may be attributable, at least partially, to the geneora*y lower
signal-to-nitse ratios for the late: wave arrivals.

3.3.3 -31=1l AuMlit419

Data an signal asplitudes are subject, in many cases, to con-
siderable error due tu the fact that the signal period@ lay outside
the pass-bend of the equ1•ntento 0.9 the data fro the NB I
station hae been correctt• for response. In generl, amplitudes re-
ported for ver7 lov-frei*ency equi~pnt shold be of greater accuracy
for the longer .erlods ip, amplitudes reported for standard equipmnt.
Diffticuities in calib,%,ng the wvry low-frequoncy instrusentation end
ia naintaining anl atý ýrzte calibration under field cowditions throwS

t •vaidsrable douK on the accuracy of these wraurvats.
As ezpeteds the bigbeensitivity of the standard eqvipmet

resulted in many off-scale signals* As noted in previous toetes, aqli-
tudes generally decreased with distance from the oplosian site* How-
ever, very large variations in amplitude prevent more than a qualita-
tive statent of this relationship.

A detaile4 study of the amplitudes recorded by vory low-
frequency equipmant is being wdertaken by AFCRC. Results will be
reported separately by that orgaaaization at a later date.

Detectable signal for direct wave arrivals an standard eqip-
ment persisted for a inimva of 8 min and a msm of 369 mdLn the
average being 71.. Antipodes and later arrivals persisted for a zdal-
nm of 3, a sex.u of 530, and an average of 1240 m.n,

For very lw-frequescy equipsnt, the direct aw asignals per-
sib'k* for a mnnlmam of 9, a maxima of 240, and an averop of 79 min.
Antip.A-e and later arrivals gave a minim= of 83v a mxtum of 339,
and an average of 192 min.

Us duration of the signal dependd greatly upon the noise
lovel at the recording station.
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3.3.5 SiAJ Periods

The freqenay content of the signal was studied both by vimsal
analyvys of graphic records and by machine analyss of mapetic tape
rec•x tdings. VIT recordings were used usinly to reveal the long perieds U)
occurring in the dispersive train and the standard recordings were uasd
in the study of the shorter periods in the later arrivals,

In general, signals from the magaton shots started with an in- ,
crease of pressure followed by a larger negative pulse. The fS rat
mwasurable periods generally ranged fro. 200 to 450 see and wro
followed by decreasing periods at later times, at least for the first

mrain. Many of the recording* showed later arrivals of non-dispersive S
character.

Sort period arrivals characteristic of waves trapped b7 to-
peratue and wind gradients in the first few thousand feet of the
ataosphbe, wor observed at the beginnin of scm recordings at sta-
time. within 5000 km of the exploeic.. Such wavs bad ocasiaon&Uy
been observed at sta+Acns within 1000 I= of previous U. S. explodsflt• •
but never at such long ranges. Periods In these arrivals were of the
order of 3 to 5 see and persisted for as long as 5 min.

The speed of travel of the acoustic, cavo# cmputed by dividing •
the groat circle distance from woures to staticn by the total elapsed
time required for that travel, is presented in Tables 3.12 -d 3.43.

The average speed of travl of the first reeoonia&ble sidol
from the direct wave on standard eqmipont was 310 meters per .eed
for Shoe 1, I308 for Shots 4 and 5, 307 for Shot 2, and 288 for aot 3.
Average speeds for stations to the east and northeast of the ez1esi • S
site were sc •,iat higher than average speeds to the west and no st
of the site ir Shots I and 2 but the reverse m tr for Oets 4# 59
and 6. This is apparent frce the following eastward versu westward
spoed4 316 vs. 307 for Mot 1, 309 vs. 305 for Sot29 20 v8w. 2 feor
Shot %, 306 vs. 315 forSht 4, 3 .vs. 311 for ot 5, ad 294 vs. 3
for SW 6.,

Cmpa••ng speeds to Oalu toard the east and to Clark MIe3A
toward the west since these statio waern at apprLmately equl dis-
tanoes froa the sit@, note that Oahu gave a speed of 318 for Mit 2
oare4 to 306 for Clark Field* 312 against 289 for Sot 303 em-
pared to 319 for Shot 4, 318 to 314 for Shot 50, and 292 ompared to
320 for ftet 6. Clark Field was not Ur operatic for Suet 1, but Oahi u
reported a high speed of 335 Wsee. Iscept for Miet 5 data# th Vs-
eral trend was toward decreasing speeds eastward and increamiag speeds
westward as the CALSJ series progressed frm 28 Februax7 to 23 N.

The average trawl speed for first arrivals frm the diret waoo
on W. equipmnt rmanpd smwbat higher than speeds obtained fta
standard ording..po Over-all averep speeds for all VUI roordiug
fr direot waves wer 319 for t ,It 3 for Sot 2 320 form t 3v
317 for Shot 4# 315 for 3ot 5, and 302 for Shot 6. These higher
speeds were due to the earlier arrival of the long-period dispersive
train recorded oan VI equilmt. FrequentlFy, noise obesured ~m at
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these long periods on standard equipment. Directional trends in VLF
speeds were not immediately apparent. However, more detail.4 studies
of the" effects will be undertaken by AFCRC. K)

3.5 A=M)U~1i EM1fRS

The difference between the true asimuth from the station to the ,
explosion sit@ and the observed azimuth of the incoming acoustic wave
is given in Table 3.l14 for standard recordings. Normally, the asimuath
measurements were restricted to signal periods less than about 100 see
in order to obtain accuracies approxiately equidalent to that obo-
tained for malUer e*loai8os. For distances less than 12,000 Im from
the explosion site, the naximum observed asinith error was .1,50 and
the average error was 3.20. At longer distances, much arger errors
were reported. No consistent pattern of azimath orrors was observed
which could be related to the direction the acoustic wave traveled
from the source. In many instances, stations within a few hundred
miles of each other reported large differences in asimith errors. For
anpleq orrors at Kyoto and Hachin•ohe differed by 4.6, 2.6, 3.5, 11.5,
and 0.2 dogrees for shots 1, 2, 49 5, and 6 respectively.

Asiuath error* for the dispersive wave could not be accurately
determined at most stations because the separation between microphones
was smoll conared to the wave-lengths of the acoustic wave. However,
reasowble accuracies were possible for the large NL station array
in the California-Arisona region. The average errorv observed by XL
were 100 for Shot 1, 40 for Shot 2, 60 for Shot 4, and 20 for Shot 5.

3.6 nxi

Attempts have tien made to relate various characteristics of
acoustic signals at great distances to the total energy released by
the nuclear explosion. Critical dependence of signal aqplitudo on
the variable temperature and wind structure in the upper atmphere
coupled with difficulties in the accurate masurement cf amplitude
led to a search for more reliable indicators of yield. Dr. A. B.
Focks* msgestod a possible connection between signal frequency and
yield, postulating a cube-law relAtionahip based upon general wcling
considerations. h.ynard Cowan&U of the Seandia Corporation verified
this cub&-lav relationship between the duration of the first negative
pulse and yield for acoustic records at range. uf 7 to 600 miles from
explosions at the Nevada Test Site.

A critical exsamintion of a great many acoustic recordings at
distances greater than 1000 km from explosians in the yield range from
I to 500 IT eoquivalsat led to vve of the visual.y oberved signal
periods in the vicinity of maxatm amplitude (uncorrected for response)
for standard recordings as the best indicator of yield. Figure 3.2

9 Form7yr of the4 ;vy Yectroics Laboratory; nov with the Narinp

Goopb7dcal Laboratory, Scripps Institution of Oceanogrvpb. D
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showe log-log plot of yield against observed period. Periods mor.
selected from downwind or cross wind stations in the northern baeL-.
sphere for summr and winter propagatim conditions and fr all 0
stations during spriig and fall conditions. For each shots the U)
periods from these selected stations were averaged and these everapes
were plotted as shown in ths figure. Stations exhibiting wry low
signal-to-acdse ratio or very confused frequency patterns were
elimnated.

Similar periods were selected from standard recordings of the
direct wave from the megaton shots of IVY and CASTLE. These data are
also plotted in Fig. 3.2. Care was taken to oliminate the dispersive
train from consideration as far as possible in selecting the appro-
priate signal period since it was believed that this train depended
mainly on the structure of the atmosphere rather than the also of the
so'urce

A beat power-law curve was comuted by "he ,method of least-
square@ for data up to and including yields of 500 LIT. This curve
indicated the yield to be equal to a constant times the period raised
to roughly the third power. The standard error of estimate was also
comquted and the 3-standard error lines were plotted on Fig. 3*2.

It was noted that data for yields above about 100 IT fel alone
a curve of different elope from that at lower yields. The beet curve
in this region indicated the yield to be equal to a constant timasthe S
period raised to roughly the fourth power.

Very large errors are inherent in this method of deteroining
yield from acoustic masuremnts. For yields up to about 100 1T? 3
standard errors of estimate cover yields as small as one-fifth and as
large as five times the correct value. Errors at yields above roughly
100 KT seem slightly smaller although a correction for the s•all
sample has been applied. Three standard errors cover yields a small
as one-third and as large as three times the correct value at these
hxigher yields.

Studies of the accuracy of yield determinations frca the YII m-
cordings are being made by AFCRC and will be reported in a separate
report at a later date. Effort is being centered on masuresnt of
amplitude for these recordings.

U4an other general indicators of yield wore appa t. For
instance, the ewistence of a dispersive train was apparent an graphia
records only for shots with yields of 1.7 MT and greater. Also, the
greater detection ranges, larger numbers of stations recording, , nd
the generally higher amplitudes al were indicative of larger shots.
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CHAPTER4

CONCLUSIONS AND RECOMMENDATIONS

4.10 D61totion am

heults from CASTIZ confirm results obtained from IVY and from
previous nuclear detonations regarding the range of detection. Vath
standard oquipint it we possible to deteci megaton shots at very
groat distances (usually at least 25,000 Ik). Ranges for VI1 equip-
mot, while tUll considerable, were generally appreciably lse than
for standard eqvupimt. Range for the low kWlotan shot was greatly
reduced but we greater than the 4000 I ncrinlly oc-asidered desirable •
for effective detection net operations.

4.1.2 1lInal Characteristics

The characteristics of acoustic signals from the CASTIL deto-
nations were silmlar to that observed for previons tests. All mgatan
shots showed dispersive waves while the kiloton shot did not; hor.-
soutal phase velocities showed considemble spread but cov d the
sm range of valuts previously observed; amIplitudes ranged from a
tenth of a dju, e/a to several hbndred dynes/ca" depending on the
equipmnt, sise of shot, distance from source, and noise level; sig-
rial persisted for a very ln•g tins; and signal periods spread over
more than 8 oataves, from 3 to 450 sec.

CAMSI data definitely proved that dispersive waves may be
generated b-. -*ts having a yield as low as 1.7 X?. These dispersive
waves seemd to be ndified by the atnospherie structure along the
path frm the somete to the station. ,

4a.*. Xral &Weed

Greatest travel speeds were normally oboerved for the long-
period dispersive waves, but in a few instances much shorter'-period
waves were propagated over a few thousand kil~oters at thes, sas I

27

SECRET - RESTRIC'(EIP DATA

C 0000 0 0



spoeds. The maximnm speed of travels 335 mters/secondp was roughly
equal to+.4 he speed of sound at ;round level.

Trawl speeds for direct waves an standard equipmt showed
scmwhat greater variability than did the speeds for IVY.

4.1.4 A•t Erroo

Aximth errors observed for CASTN were consistent with those
observed on previous tests. Error* in the azimuths computed for the
dispersive train were roughly the ease as the errors for later portions
of the wave train*

4.1.5 12914

For mgaotca shots, the yield is given very approximately as a
constant times the fourth power of the period at m amplituds for S
standard equipsont, The method of measuring the period is sewhat
subjective wid the relationthip between yield and period Is very In-
accurate. In addition$ it should be noted that the mothod requires
measuremnts at a number of stations for each shot in order to achieme
even the semi-qmantitative results reported here.

4.1.6 DLrrecticnal Ufogcts

The shift noted in travel speeds ýspeeds toward the east
greater than tU t toward the west in March shifting to the opposit* In
May) w9re consistent with previous observations. This indicates that
April me the change-over month for stratosphere winds*.

4.1.7 jgann1

Standard oeqtipint was superior to WI equipment for detection
purposes and provided a convenients though inaccurate, mans of esti-
mnting yield. In additi, most standard recordings showed sou evi-
denoe of the dispersive train tbough with greatly reduved aplit=o at
the longr periods. It remains to be seen whether VIP recordings of
the longer periods will give an accurate estimte of yield.

4.2 ffM2*1Z

-sc mations for future participation in tests of asgaton
weapons mat sait the results of studleo by AFR.

*
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ftg. 2.1 Aooumtio Statlonss, e3watlon CASTLE
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TABMZ 2.1 CASTl Reote Acoustic Station List

Asjmath ticm Di14tamos fraom
oetaIm Statintou •9 stati.a to

SCKL*.O KyToto, 14 3904".
Jawn 34055'1 1.35045'Z 12P 14 390 3M720

SCEL HaK ohpes
J%=a 4035'I 14.10,251 137* 1420 3980 3800SOL Oahu*
T. H. 21031'I 15805'W 260" 262' .040 4360

S. Clark M Field,
P. I. 15611M 1"3'41.o 0"0 090 48 4520

SCIL Fairbenks,
Alaska 640501N 147040'W 234* 237? 6920 7030 3WI Ft. Ime~s
Wash. 47'05'N .22235OW 2650 267' 7720 7950

KM.* Los Angeles,
Cal 4 * 34007'N UP18'17 272.30 8040 8320mm San Mieop,
CalIf. W 2421N 1170151W 273.3" - 150 8430

NHL 29 Palms
Calif . 346141N 11600#W 273.,5' 825 8530

MEL Olla, Bonds
Arizona 132052'N 1.2047W 275.60 .8550 8030

oGvmuli4 76"32#' 068s0,w 307.59 3.'o 9620 9670 S 0Nif3n DS Wshington,
D. C. 38"57'M O??'04'W 297r 299' Ll,40 .1,7U 0

N. J. W10"21 074'05'V 299" 302' U.,610 18,8^0
SC Hanau,

Germany 50007'I 006'561Z 0260 0290 1L2,780 1.2s670
3CM Zumiotackt-ip

Goemuy 49g141' 0070281Z 021' 028' 12,910 12,600

AFCRC0 Dernin,,
Austzalisa 12'3013 130050'% - - 4640 4370 M

ACRC san,
Florida 25o50'N 000oo'V 11,780L O

AYC'C Puerto
F110o 18'20'I o66"i'w - -1W3,3v0 13s,670

AFMC Durban,
S. Africa 29030'3 0302C3 2- 8O-90

B.ra-, 0- -117."=M0_ 18,100
143 - Siaal- aop Ingin..iring La&orstoriee
MM - Navy Electrioics Labostor7  M - National BueauACIC - Air For" Cambridge Rsearch Center of Standards
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TABIE 3.12 Travl Speeds for First Acoustic Arrivals,
Standard Eqsipwnt, operation CASTl

Stat sht,1 1 Spee (Mot.,.s/imc) 4 -3
Stat~on•ot1 •t 2 L Shot 3 "1 - SOho &,So. 5 M2ot 6 •First Wav (Diectes c M

K•oto 306 307 318 3 313

Hachinobe 3 02 30

Oahu 335 318 312 303 33A 292

Clark Field NIO 306 269 319 314 320

Fairbanks 317 315 2 3 3WO 29

ft. Leids 320 305 307 307 292

Thule 305 309 "34 296 303

Wasb., D.C. 305 302 254 "07 N04 293

II
Bel1w' 302 V06 "34 W15 296

Hanau 292 304 303 3 306

Zweibrucken M1O 305 A 306 305

30=4W ye (AnUD~eel
Zm.ibrnckn IO 3" - 305

Hanza 302 306 do X36

Belmar 274 271

Whsh., D.C. - 266 26' 26

Thule 288 29 2N 286 278
I)

ft.Lswis - -276 272 275

-airban 296 286

Clark Field - 270

O"U 3019 293 -

Hackdnabs 307 292- -

Kyoto
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TABIZ 3.12 Trawvl Speeds for First Acoustic Arrivals,
Standard Euipmnt, OprazUc CASTIA (Cout4)

TraveL Speed (Mo.tors/see) Al

Statica ho Mot b2L 1 -2 So

Third Wave (Second Direct)

Kyoto 299 --- -

Hachinohe - 203

Clark Field -283 286 283

Fairbanks 300 297

Ft. Ud a 303 m

Thule 26

we"h. D.C. 26 I

Hansa- 26

c-am277 165 2n
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TADIS 3.13 Travl Speeds tor First Acoustic Arrivals,
Very Low-Frequency rwpqdpnt, Operation CA3TIZ

Tr.ve ý!o~d (MateM./o€)
/ I

Station Sot I 2 1 Shot 4 §ot 5 NEU___

First Wave (DMrctl

krto I0 no m 3o 3 313

oelm nO 316 310 318 313 294

Fairbanksi 10 316 313 310 301

Ft. Ldos vio 325 .313 319 292

os Anpg.eo* 318 323 322 316 -

SMoo318 323 322 316 -

29 Pal* 318 323 322 316 - n

WGLU Bod* 318 322m 322 316 e

Wasb., D.C. 338 326 307 312• 293

Bom 316 30 307 318 295 I

RmU. 10 no0 - 307 313 306

DUd*338 325 em316 31s 314

X~l*324 328 323 33A e

Ptorto RL1 325 326 322 317 307

Durban* 110 314 312 3U e

3j*320 320e 319 316 310

SSpeed ooqiuted for arrival of first positiv, peak.
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TABLE 3.13 Travel Speeds for First Acoustic Arrivals,

Very Low-Frequcncy Equipment, Operation
CASTLE (Cont4)

_______Travel Sped (Metos/see~)
Station Shot-1 h 2Shot3 31 S týi S 4)

Second Wave (Antipodes)

Bellmar - - 275 272 •

W1ashs D.C. 28.

Ft. Lewis U10 287 272

Fairbanks M 307 27

Oahu m - w

Rsaife* 321 321 319 317 p

Dw*=* 328 - 326 322

I* 0
Tird Wave (Secad Diregt)

Los Angeles* 316II - -

San Diegu 316 ' - -

29 Palm* 316 - . . -iO0 S

C4 Bend* 10o - -

* Speed Cc~uted for arrival of first positive peak.

S

S
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TABI 3.14 Azimuth Errorv*, Standard EqAlupmnt
Operation CASTIE

.. . Azimuth Errors (Degrees)
Stationi Sho h hott 2 ho 3 Shot 5 Shot 6'

First Wave (Direct)

Kyoto 4.3 W 2.3SW 0.4SW 5.6 ME 1.4SW

Hachinobe 0.3 M 0.3NE m 3.9 SW 5.9 W 1.2SW

Oahu 2.7 N 3.7 W 2.0 N 0.2 5 2.2 S 2.0 N

Clark Field NIO 5.1 5 5.8 5 0.1 S 7.1 S 0.1 S5

Fairbanks 3.1 33 2.9 MW 0.1 NW 1.0 SE 6.0 W O.3 SE

Ft. Lmws 4.0 NW 0.0 1.1 W 1.1 NW 0.7 NW

Thule 7.6 3 5.4 W 6,5 W 11.5 W 3.5W W

Wsh., D.C. 5.0W U0S 0.1MW 5.0 w 1.0 SE 3.8NW

Belaar 4.5 SE 6.5 S - 0.6 W 2.4 S 1.8 SE

Hanau 33.7 Z 5.7 E 0.4 W 4.4 W 2,2 W

Zwiebrucken NIO 20.3 E 4.2 E 3.2 9 4.5 E

* Difference between true aWimuth and masured azinuth. "E" mans
indicated source is east of the true source; "MN mans indicated
source is north of true source; etc.
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TABLE 3.14 Aziimuth~ Errors, Standard Equipment,,
Operation CASTLE (Contd)

Azimuth Errors Delteej)_______
Station Shot 1 Shct 2 1 Shot 3 t Shot_ Shot 5 Shot 6

Sacomd Wae(Anti2odeg 
49')

Zweibrucken - 0.7 W - - 13.8 W -

fHanau 2.7 E 3.7 E - 5.63 -

Belmar - - 5.6 hWi 4.4 -

Wash., DC. - 14.9 S - 10.0 SE 1.0 NW -

Thule 19.6 E 13.6 E - 25.5 E 28.5 3 31.5 Z S
Ft. Lewis - - 0.1 SE 1.9 SE 25.3 SE
Fairbanks - 0.1 NW - - 29.0W -

Clark Field - 12.15 -S

Oahu 40.7 N 16.7N ....

Hachinohe 14.3 NE 8.7 SW ....

Kyoto - -- - - •

_Thrd Wa• (Second Direct)
Kyoto 110.3 SW -_

Hachinobe 20.3 WE " "

Clark Field - 1.1 S 0.9 i% -

Fairbanks - 74.1 S8 42.0 SE -

Ft. Levis 114.0 NW - -

Thule 18.6 E

Wash., D.C. 0.9 - I -

Hanau . "- I - 32.6 E
Fourth Wave (Second AnUtiodes)

Clark Field - - 23.13 S 55.1 S
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Defense Special Weapons Agency
6801 Telegraph Road

Alexandria, Virginia 22310-3398

TRC 10 September 1997

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
ATTENTION: OMI/Mr. William Bush

SUBJECT: Declassification of AD-361833L and Removal of
AD-A995117 -•

The Defense Special Weapons Agency Security Office (OPSSI)
has reviewed and declassified the following report:

,AI=3YL8 ' L\ •'", WT-931

Operation CASTLE, Pacific Proving Grounds,
March - May 1954, Project 7.2, Detection of
Airborne Low-Frequency Sound From Nuclear
Explosions, Report to the Test Director,
dated May 1955.

Distribution statement "A" (approved for public release) now
applies.

Since Al_-t-6R3"31 (WT-931) is declassified and approved for
public release, this office requests the removal of AD-A995117
(WT-931-EX) from distribution. This document is obsolete and
should no longer be sold.

ARDITH JARRETT
Chief, Technical Resource Center

copy furn: FC/DSWA DASIAC
KSC
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