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ABSTRACT

Msasureasnts of the airborne low-frequency sound from the Opere-
tion CASTLE nuclear explosions were made at 15 remote iocations,
covering a variety o distances and directions from the Pucific Prov-
ing Grounds, with the objective of studying the relation detween
signal charecteristics and the energy reloased over the rangs of
yields from 1 to 15 ~egatons equivalent. Both standard and very low-
frequency sound recording equipment responsive to small atmospheric
pressure variations in the frequency renge from 1.0 to 0.002 cycles/
second ware employed, gnals were detected at ranges exceeding
45,000 im for explosions larger than 5 MY, 20,000 kn for the 1.7 MT
shot, and 10,000 km for the 0.13 MT shot, All megaton shots produced
the initial dispersive wave train of very low-frequency previously
noted for IVY MIXE,

PREFACE

Conclusions given in this report are those of AFOAT-l, Hesd-
quarters U, 3. Aly Foroe, and do not necessarily reflect the spinions
of agencies participating in the project.
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FOREWORD

Thds report is one of the reports presenting the results of the
34 projects participating in the Military Effects Tests Program of
Operation CASTLE, which included six test detona.ions. Fcr readers
interested in other pertinent test information, reference is made to
WI-934, Summary Report of the Commnder, Task Unit 13, Programs 1 - 9,
Military Effects Program. This summary report incluias the followdng
information oi possible general interest.

a. An over-all description of each detonation, including
yield, height of burst, ground zevo location, time of
detonation, ambient atmospheric conditions at detona-
tion, etc., for the six shots,

b. Discussion of all project results,

Gs A summary of each prcject, including objectives and
results,

d. A complete listing of all reports covering tho Military
Etffects Tests Program.
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GU\PIER 1

| INTRODUCTION

1.1 OBJECTIVES

The primary objective of Project 7.2, Cperstion CASTIE, wis to
record and analyse the airborne acoustic waves generatad dy the ther-
noguclesar explosions in order to provide calibration data for use in
the interpretation of acoustic signals frem foredgn puclear sxplo-
sions. Additional important objectives included a delineaticn of the
capabllities and limitations of standard dstection equipment and a
study of the relation of various signsl charecteristics to the total
energy releassd in the explosion. A seocondary cbjective was the
collection of data on the propsgation of dispersive waves from a
very large atzospheric pressure pulse with the hope of eventual
interpretation in terms of the temperrture and wind structure in

the upper atmosphere,

1.2 BACKZROUND

Remote acoustic measurements have been made during all previcas
United States nuclasr tests except TRINITY (July 1945). The purpose
of partinipation in CROSSROADS (July 1946), SANDSTOME (April and May
19A8), and GEEENHOUSE (April and May 1951) was to establish the
feasibility of acoustic detection of nuclear explosions of moderste
Jield at distances in excess of LOOC km, since at least that range
was necessary if a reascnably efficient >coustic mounitoring cystem
for £ explosions vas to 7‘ established, Results from CROSS-

* and from were discoureging sinos the maximm
distanoce for positive detection wvas only 1900 km, The use of im~
proved detection equipment and techniques, however, resulted in
datection of e .:h nuclear explosion of GREENH =i/ at a renge
of at least 45.0 km,

¥ Wumbsrs refer to the reference ligt at the end of the report.
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Continued participation in subsequent nuclear tests was vequired
in order tu delineate the capabilitios and limitations of acoustic de-
tection techniques for explosions of a wide range of ylelds detonated
in the air, on the ground, and shallow underground during different
seasons of the year, , Results from Operation BUSTER~JANGLR (October
and November 1951).5/ Operation TUMBLER-SNAPPER ( to June 1952);2/

Operation UPSHOT-KNOTHOLE (March to June 1953)4Q/ indicated a
Mrited but usable detection renge for shots of smll yield even tnhough
destonated shallow underground., Seasonal shifts in gation, origi-
nslly noted during tests using small INT charges were confirmed.
Amplitudes were found to depend markedly on propagstion conditions and
correlation betwean signal period and yieid quite wvariable.
Results from Operation IVY {November 1952 showed that acoustic
signals from large kiloton and megaton explosions were distinguished
from signals from smaller explosions by longer range of detectiom,
generslly inereasod amplitudes, longer periods, and generally longer
durstions. In addition, the megaton explosion produced a charecteris-
tic dispersive train of acoustic waves not previocualy cbserved for
man-made explosions, Thess waves were Itﬁ}a.r to the wvaves produced
by the Great Siberian Metesor (June 1908)

Opsrstion CASTLE provided an excellent opportunity to study the
acoustic waves from explosions ranging from yields of the order of the
larger GRI'NHOUSE shots to ylelds larger than the IVY shots. In par-
ticular, it offered the possibility of seiting a lower limit of ex~
plosion sise required to generate dispersive waves in the atmosphere,

Ho adequate theory of ths p tion of & seure puise in the
atmosphere is available., Pekeri and Scors have developed the
theory for simplified atmospheric models but experimental results give
only qualitative resexblance to the theorstical results,

16
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CHAI'TER 2

EXPERIMENT DESIGN

2.1  PARTICIPATING AGENCIES

Project 7.2 wvas condusted jointly by the Signal Corpe o
ing laboratories (SCEL), tne National Bureau of Standards (NES), and
the Navy Klectronics Laboratory {NEL), under the sponsorshdp of AFOAT-1,
Headquarters U, S, Alr Foroe. The Office of the Chief dignal Officer
coordinated the Anyy effort and the Office of Naval Research coordi-
nated the Navy effort.

The Geophyysics Research Directorate of the Alir Force Cambridge
Research Center (APCRC) conducted additional msasurements during
CASTIE under a prograa separate from the weapons effects progres,
Although detailed results will be presented in a special APCRC report,
brief reference will be made bkere to significant high-lishts of this
work,

2,2 STATION IS

Table 2,1 lists the stations making up the network for CASTIE
and FPig. 2.1 shows the geogrephical distribation of those ststioms,
Stations operated by AFCRC under the separate program msaticned above
are aleo included in the table for informetional purpcses. The table
gives the geogrepldc coordinates of each station, the aversge great
circle distance from the station to the Bikinl and Eniwetok test sitee,
and the averege azsimuth from the station to the test sites measmred
cloclkdee from true north, Actual distances and azimths to the indi-
vidual shot locations differ slightly from values listed in the table.

2.3 SO DNIA
Information regarding the date, wnclassified code name, lécnucn,
timo, condition, and yleld of each CAYTIE shot is listed in Tadle 2.2.

Figurwe showing the relative positions of shot locaticns in Eniwetok
and Bildni Atolls may be found on pages 2 end 3,

17
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2.4 STATICN LAYOUT

Each station operated by the Signal Corps consisted of four
=icrophone outposts, one at each corner of a qusdrilaterul, appraxi-
mtely square, 4 to 10 miles on a side. BEach outpost was connected
by wire lines to a recoxiing central,

The NEL operated arreys of two to five microphoae outposts
spaced from 3 to 15 mlles apart at San Diego, Twenty-Nine Palms, and
Gila Bond. In most instances the microphone outposts were connected
to a recording central at each station by wvire lines or radio link.
In a few cuses, microphone output was recorded in the immediate
vicinity of the microphone. A single microphone was opersted at
Los Angeles.

The NBS station consisted of six microphone outposts located at
the comners of two roughly equilateral triangles, cne having 24-mile
sides and the other li-mile sides. The small triangle was roughly
centered inside the larger triangle. Each outpost was connected by
wire lines to a recording central,

AFCRC stations were similar to those of the Signal Corps except
that individual recordings were made in the immediate vicinity of each
microphons outpost,

2.5 INSTRUMENTATION

2.5.1 Geners]
The equipment opers for CASTIR was practically identical
with that used during IVL except that attespts were made to improwve

the stability and reliability. Two main typee of equipment were used
during CASTIE: (1) standard detection equipment most responsive to
atmospheric pressure changes having periode ranging roughly from 1 to
60 sec, and (2) very lm~frequency equipment responsive to change in
pressure or to rate-o. . .,¢ of pressure for signal periods ranghig
approximately from 5 to 300 sec.

2.5.2 SCEL Instrumentation

Standard detection equipmsnt M8 exployed at all SCEL sta~
tions. Data Recording System M-2 A2 was ope at Kyoto and
Hachinohe and NBS Infresonic Microphone Syste was opsrated at
Calmi, Thule, Hanau, delmar, and Fairbanks throughout the tests. The
Zweibruciem and Clark Field Stations becams operational sterting with
Shot 2 and empl-yed the latter equipment. An improved version of the
V=2 system wvas operated at Ft, Lewvis. Both types of equipment uti-
lised condenser microphones as the pressure-sensitive transdvoers,
wire lines for transmission of the electrical signal from the outpests
to the recording central, and Esterline-dngus C-l or 0-3 ma grapbic
recorders, The M-2 employed a capacitance bridge and a phase~
sensitive discriminator to produce a voltage 2t the same frequencies
a8 the pressure fluctuations. This slowly varying voltage vas trans-
mitted over the wire linss and wvas amplified at the recording cencrul.

18
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The NBS system used the microphone aa the frequency-controlling
olemsont in a Wien-bridge oscillator to produce a frequency-modulated
signal for transmission over the wire lines to the recording central
wvhore the signal was demodulated by & pulse-count type dlscriminator
and then amplified, The M-2 equipment responded mainly to pressure
changes in the range of peiiods from 1 to 50 sec and the NBES from

1 to 35 sec. The maximm sensitivity for the M-2 was of the order
of 15-mm deflection for a pressure change of 1 dyne/cw?, that for the
inproved M-2 was about 45-mm/dyrie/cw?, and that for the NBS was approx-
imately 30-mm/dyne/cm® during CASTLE. 7The recording speed for these
instruments wes 3 in,/min.

Very low=frequency equinment, covering periocds from 5 to 300
sec, was opersted at Belmar for the entire test series; at Oahu, Falr-
banke, and Ft, Lewvis 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, 8 high-resistance acoustic leak, and eladorate
thermal insulation, The electronic and control circuits were similac
to that employed in the improved M-2 equipment and the maximm sensi-
tivity was approximately the same as that for the improved M-2 equip-
went. The Bsterline-Angus graphic recorders were opsrated at a tape
speed of 1.5 in./min.

Each standard microphone was equipped wvith a linear, mltiple-
inlet pipe array, 1000 ft in length, designed to reduce the nolse
background from atmospheric turbulence, Nn effective array was
available for use at very low-frequenciass.

2.5.3 NEY Instrumpentation

Two types of very low=frequency equipment wern operated by the
NEL. The first type, employed at Diego and Gila Bend, consisted
of a Rieber vibrotron microphon modified for response mainly to
periods from 8 to 265 sea Ly use of appropriate acoustic leaks, low-
frequency amplifiers, and thermal insulation, Output was recorded on
a six-channel Brush grephic recorder, using a paper speed of 0,2 in./
wmin, at San Diego and 0.5 in./min. at Gila Bend,

The other type of equipment, operated at all NEL statioms,
conslisted of a Signal Corps T-21-B condenser microphone modified to
respond mainly to periods from 6 to 300 sec by use of apprupriate
aoocustic leaks, special low-frequency amplifiers, and eslaborate
thermal insulation. The output of each microphone was recorded on
an Esterline-Angus grapaic recorder at 0.75 in./min. In addition,
the output of cne microphone each at San Diego, Twenty-Nine Palms,
and (41a Bend was recorded on magnetic tape for the purpose of study-
ing the frequency spectrum of recorded signals, At maximum ¢ -si-
tivity, the modified Riedber equipment gave a deflection of appruxi-
mately O.2-mm for a pressure change of 1 dyne/ca? and the modified
T-21-B equipment gave approximately 0,7-mm/dyne/ca?.

No effective noise-reducing arrays were available for use at
veory low frequencies,
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2.5.4 NBS Instpmentation

All six outposts at the NBS tion in Washingtam, D, C., were
equipped with stendard NBS equipmentlt/ gimilar to that described in
section 2,5.2, The microphone was mudiified by increasing the refer-
ence wlume and increasing the resistance of the acoustic leak so
that the sensitivity was increased but the frequsncy responise remained
the same., At maximum sensitivity, tho equipment gave g deflection of
approxizetely 50 mm for a pressure change of 1 dyne/ca®. A standard
linear pressure-evireging pipe arrsy of Signal Corps design, approxi-~
mately 1000 ft in length, was connected to each microphone. Normal
tape speed of the Esterline-Angus graphic recorders was 3 in./min.

The three m'crophones making up the large triangle (see sec-
fion 2.4) and one of the microphones from the amall triangle were alaso
connected to special multivibrator-type discriminators and low-pass
filter-amplifiers to produce a response to rate-of-changs of pressure
dom to very low frequencies. This equipment was opersted at a oensi-
tivity wvhioh gave approximately 5C-om deflection cn an Eccerline-Angus
grephic recorder for & rate-of-change of pressure of 1 dyne/cx</eec,
This means that a sinuscidal pressure change of 1 dyne/ca< et a period
of 300 sec would produce a deflection of X m. A tape speed of 0,75
in./zmin. vas employed.

Five of the standard channels ana five of the very low
frequency channels were recorded directly on xagnetic tape for use in
correlation and spectrum studics,

2.5.5 AFCRC Instrumentatiog

AFCRC operated the modified T-21-B oquipment developed by HEL,
(See section 2.5.3) Tape speeds and sensitivities vere approximately
the same as that used by NEL,

2,5.6 m
Absolute timing was obtained by reference to radio signals
from WY and WWWH, Interval timing was accomplished through use of

uniform rete devices: chronometers, flasher motors, and direct
mariding from WiV interval aignals.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 GRERAL

The results of anilysis of graphis records {rom both standard
234 vory low=frequency instrumentation are listed in Tadbles 3.1 to
2.11, inclusive, Data include the time of arrival of the first
dstectable siznal or, in the case of soms very low-frequency record-
!ngs, the time of arrival of the first positive peck; the time of
arTival of the maximm amplitude; the aversge asimuth -0 the incoming
scoustic wvave measured in degrees cloc'~dee froa true north; the range
of horisontal phase vslocity or the average velocity observed through-
out the wave train; the maximus signal amplitude®; the total duration
of the wvave train; the obeerved signal periods; and the average noise
smplituds jJust before and just after the arrival of the acoustic
dgnal. The "first vave” or "direct wave® refers to the signal
arriving by the most direct great circle path from the explosion sits,
the "peccad vave” or "antipodes wave” refers to the arrivel via the
antipodes of the explosimm sita, ete,

Besults of anslysis of magnetic~tape recordings are presented
in pertinent sectioms throughout this chapter.

3.2 DETECTION PANGE

Each CASTIE shot of equivalent yleld in the megaton range was
( “ected on standard equipment a', very grest distances from the ex-
P /slon, Fvery operative station detected the direct wave from these
five shote (1, 2, 4, 5, and 6). PFour of the nine operational statione
detected the wvave via the antipodes for Shot 1, 7 of 11 for Jict 2,
& of 11 for Thot 4, 8 of 11 for Shot 5, and 2 of 11 for Shot 6. In
addition, 4 stations detected the second passage of the direct wave

# A1l saplitudes are uncorrested for equi t re se except thogo
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for Thot 1, 3 for Shot 2, 2 for Shot 4, 2 for Shot 5, and ncne for
Shot 6. The Clerk Field station detected possible second antipodes
arrivals from Shots 4 and 5. Maximum detectica ranges wers 51,470 km
for Shot 1; 46,940 km for Shot 2; 75,200 lam for Shots 4 and 5, and
32,080 im fcr Shot 6, 1t should be noted that some of the recordings
from axtren: ranges are of snmewhat doubtful validity,

(nly four stations detected the direct wave from Shot 3 and the
maxisum detection range was 11,470 lm. Nome of the stations to the
west of the explosion detected the acoustic waves from Shot 3 although
three stations were arrayed between 3960 and 4860 km from the
explosion.

Ae has been noted during previous tests, detection ranges were
generally less for very low-frequency (VLF) equipment than for the
stardard equipment due to the greater noise recorded on the lower
frequency equipment. However, every operational VLF station detected
the direct wave from the four largest shots (1, 2, 4 and 5), most
detected Shot 6, but only Oahu detected Shot 3, Maximm detection
ranges were 31,890 km for Shot 1; 25,140 la for Shots 2, 4, and 5;
4040 km for Shot 3; and 18,100 km for Shot 6.

3.3 SIGNAL CHARACTERISTICS

3.1 General

Charscter of the direct wvave from the four largest CASTLE
shots 4s 1llustreted in Fig. 3.1 wvhich shows greatly reduced-scale
tracinge of recordings at 3an Diego. Somewhat larger-scale tracings
from IVY Mike and CASTLE Shot 1 are included for the purpos’ of oom~
parison, All very low-frequency recordings from megaton shots showed
the dispersive train of vawes noted for IVYI Mike., However, each shot
produced significant differences in the variations in period and
axplitude with time. 3ignificant changes in the diepersive train
with distance and directicn were also noted, but 1% will be necessary
to amait the AFCRC report for greater detail., JNo dispersive train was
obeserved on recordings from Shot 3.

Host recordings ¢ standard equi;>ent also showed definite evi-
dence of at least a portiom of the dispersive train iuv> the four larg-
est shote although the amplitudec were greatly reduced by lack of low-
fvequency respouse,

Antipodes and second direct arrivals on VIF equirmsat also
showed marked evidence of the dispersive train in cases of Ligh
oignal-to-ncioe ratio,

3.3.2 [lorisonta) Phese Velocitlep

An accurste msasuremsnt of the horisomtal phas: wvelocitims for
the long signal perinds (and correspondingly long wavv.-lengths) ob-
served in the initial part of the disperszive “rein was believed
poesible only by using the very large triangles operated by NEL in
the California-Arisona region. These triangles consistad of Loe
Angelss - Sen Diego - Twenty-Nine Palms and San Diego ~ Twenty-line

2
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Palwe - Gila Bend., The first of these triangles was about 200 km on a
side whila the latter was composed of 200-, 350-, and 4LOO-lm legs.
Phase velocities veported by NEL ranged from 315 to 325 msters per
second for Shot 1, 322 to 327 for Rwt 2, 317 to 325 for ot &4, and
315 to 325 for Shot 5. These values were slightly lower than the
Lormal velocity of sound at ground level (about 335) and are nearly
equal to the travel speeds for first arrivals at theee locatioms.
Theoretical studies predicted phasc velocities equal to ths speed of
sound at yround lew=el -. i.0., vertical wvave-fronts.

Horlsoctal phase velocities obtained from standard equipment
at stations xhere the microphone spacing was, in genersl, small com-
pared to the wvave-length ¢f the acoustic signal showed a considerable
range of valuss, However, practically every first-wave signal s;ave
pbase velociiies covering some portion of the range from 318 to 360
meteors per secord., Second, third, and fourth-wave arrivals gave
greater spreads in phase velocities than did first-wave arrivals.
This may be attributable, at least partially, to the generuily lower
signal-to-noise ratios for the late: wave arrivals.

3.3.3 3ima) Amplitudeg

Deta on xignal asplitudes are subject, in many cases, to con-
sidershle error dus tv the fact that the gignal periods lay outside
the peass-band of tlie equipment, Only the data fram the NBS Washington
station have been correctsd for responsd., In genersl, amplitudes re-
ported for very low-frecusncy equipment should be of greater ascuracy
for the longer neriods tixn amplitudss reperted for standard equipmsat.
Difficvities in calid'x’ing the very low-frequency instrumentation and
4. maictaining an aco uaate calibretion under field conditions throw
venslderable doutt on the accuracy of these measuremmnts.

As expeuted, the high-sensitivity of the standard equipment
rosultsd in many off-scale signals. As noted in previous terts, ampli-
tudes generally decreassd with distance from the explosion site, How-
ever, very large variations in amplitude prevent more than a qualita-
tive statemsnt of this relaticnship,

A detalled study of the amplitudes recorded by very low-
frequency equipment is being undertaken by AFCRC, BResults will be
reported separately by that organization &t a later date.

3.3.0 gl Dupetion

Detectable signal for direct wvave arrivals on standani equip-
ment persisted for a miniswa of 8 min and & maximm of 369 min, the
average being 74, Antipodes and later arrivals persisted for a mini-
mm of 3, & maximm of 530, and an aversge of 14O min,

For very low-frequency equipment, the direct wave signals per-
sis'ed for s Winimm of 9, a meximum of 240, and an aversge of 79 =in,
Antipiies and later arrivals gave & xdnimm of 83, & maximm of 339,
and an averege of 192 min,

The duretion of the signal depenied greatly upon the noise
level at the recording statiom,
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The frequency content of the signal was studied both by visual
analysis of grephic records and by machine analysis of magnetic tape
recurdings. VLF recordings were used mainly to rewveal the lang periocds
occurring in the dispersive train and the standard recordings were used
in the study of the shorter periods in the later arrivals,

Ip general, signals from the megaton shoils started with an in-
crease of pressure followed by a larger negative pulse., The first
measurable piriods generally ranged from 200 to 450 sec and were
followed by decreasing periods at later times, at least for the first
X xin. Many of the recordings showed later arrivals of non~dispersive
charscter,

Short period arrivals charscteristic of waves trapped by tee-
perature and wind gredients in the first few thousand feet of the
atacsphere were observed at the bdeginning of some rvcordings at sta-
tions within 5000 km of the explosion. Such waves had occasionally
been otserved at stations within 1000 km of previcus U, S, explosdaoas,
but never at such long reangns. Periods in these arrivals were of the
order of 3 to 5 sec and persisted for as long as 5 =in,

3ok TRAVEL SPYES

The speed of trevel of the acoustic wave, computed by dividing
ithe great circle distance from wuroe to station by the total elspsed
time required for that travel, is presented in Tables 3.12 and 3.13.

The aversge speed of travel of the first recognisable signal
from the direct wave on standard equipment was 310 meters per secoud
for Shot 1, 308 for Shots 4 and 5, 307 for Shot 2, and 288 for Shot 3,
Averege speeds for stations to the east and northeast of the explesica
site were sar>:at higher than averege apeeds to the west and nortbwest
of the site £5r Sots 1 and 2 but the reverse was trus for Shets 4, 5,
and 6. This is apparent from the following eastwand versus westward
speed: 316 vs. 307 for Shot 1, 309 ve. 305 for Shot 2, 288 ve, 289 for
Shot 3, 306 vs. 3135 for Shet 4, 309 ve. 311 for Shot 5, and 294 ve, 105

for Shot 6,

Comparing speeds to Oabu toward the east and to Clark Fleld
towasd the west since these stations were at approximately equal die-
tanoces f2vm the sita, note that Oahu gave a
compared to 306 for Clark Field, 312 against 289 for Shot 3, 33 om-
pared to 319 for Shot 4, 318 to 314 for Shot 5, snd 292 compared te
320 for St 6, Clark Field was not i~ operatiom for
ported a high speed of 335 w/ses, Exoept for Shet § dsta, the g~
ral trend was toward deoreasing speeds sastward and increasing speeds
stward e the CASTLIE series progressed from 28 February

The averuge travel speed for first arrivals from the
VIF equipmsnt renged scmswvhat higher than speeds obtained fiem
standard moordings, Ower-all sveruge speeds for all VIF recordings
from direct waves wore 119 for Jot 1, 321 for Sot 2, 310 for Shet 3,
317 for Shot 4, 315 for Zhot 5, and 302 for Shot 6. These higher
speeds were due to the earlier arrival of the lomg-period dispersive
train recorded an VIF equipmsnt, Frequently, ncise cbecured scme of
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these long periods on standard equipment. Directional trends in VLF
speeds were not lmmediately apparent. However, more detailed studies
of these effects will be undertaken by AFCRC,

3.5 AZIMUTH ERRORS

The difference detween the true asimmth from the station to the
explosion site and the obeerved azimuth of the incoming acoustic wave
is gilven in Table 3.1k for standard recordings. Normally, the aximuth
measurenents were restricted to signal periods less than about 100 sec
in order to obtain accuraciees spproximately equi‘alent to that ob-
tained for smaller explosions. For distances l.ss than 12,000 km from
the explosion site, the maximumm observed asimuth error was 11,5° and
the average error wvas 3.2°. At longer dictances, much larger errors
were reported. No conaistent pattemm of asimuth errors was observed
which could be related to the direction the acoustic wave traveled
from the source, In many instances, stations within a few hundred
xiles of each other reported large differences in asgimuth errors, For
example, errors at Kyoto and Hachinohe differed by 4.6, 2.6, 3.5, 11.5,
and 0,2 degrees for shots 1, 2, 4, 5, and 6 respectively.

Asimth errors for the dispsrsive wave could not be accurately
determined at most stations because the separation between microphones
was smll cozpared to the wvave-lengths of the acoustic vave. However,
reasonable accuracies were possidble for the large NIZL statian arreys
in the California-Arisona region. The average errors observed by NEL
were 10° for Shot 1, 4° for Shot 2, 6° for Shot &4, and 2° for Shot 5.

3.6 XIELD

Attempts have t.,en made to relate various charecteristics of
scoustic signals at great distances to the total energy released by
the nuclear explosion. Critical dependence of signal aplitude on
the variadble temperature and wind structure in the upper atmosphere
coupled with dirficultiss in the accurate msasurement of amplitude
led to a search for more relisble indicators of yield, Dr, A, B,
Pocke® suggected a possidble cannection between signal frequency and
Yield, postulating a cube-~law relationship besed upon genersl scaling
considerations. Maynard C of the Sendia Corporation verified
this cube-law relationship between the duration of the first negative
pulse and yield for acouwstic records at renges of 7 to 600 miles from
explosions at the Nevada Test Site,

A oritical exaxination of a great many acoustic recordings at
distances greater than 1000 ks from explosions in the yleld renge from
1 to 500 KT equivalwat led to vse of the visually observed signal
pericde in the vicinity of maximum amplitude (uncoriwcted for response)
for standard recordings as the best indicator of yield. Pigure 3.2

¥ ¥ormerly of the Wavy Electronics Laboratory; now with the Maring
Geophywical Laboratory, Scripps Institution of Oceanogrephy.
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shows & log-log plot of yleld against observed period. Periods wore
selected from doomwdnd or cross wind stations in the northem bemi.
sphere for summer and winter propagation conditions and from all
stations during spring and fall conditions., For each shot, the
periods from these selected stations were averaged and these aversges
were plotted as shown in the figure, Stations exhioiting very low
signal-to-ncise ratio or very confused frequency patterns were
eliminatad,

Similar periods were selected from standard recordings of the
direct vave from the megaton shots of IVY and CASTLE, These data are
also plotted in Fig. 3.2, Care was taken to eliminate 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 oa the structure of the ataosphere rather than the sise of the
source,

A best power-law curve was computed by “he method of least~
squares for data up to and including yields of 500 KT, This curve
indicated the yleld to be equal %0 a constant times the period raiesed
to roughly the third power. The standard error of estimate »as aleo
computed and the 3-standard error lines were plotted on Fig. 3.2.

It wvas noted that data for yields above about 100 KT fell along
a curve of different alope from that at lower ylelds. The best curve
in this region indicated the yield to be equal to a constant times the
pericd raised to roughly the fourth power.

Very large errors are inherent in this method of determining
yield from acoustic measurements. For ylelds up to about 100 KT, 3
standard errors of estimate cover ylelds as smll as one-fifth and as
large as five times the correct value, Errors at ylelds above roughly
100 KT seem slightly smaller although a correction for the small
saxple has been applied, Three standard errors cover ylelds as small
as one~third and as large as three times the correct value at theee
nigher yields.

Studies of the accuracy of yleld deterxinations from the VIF re-
cordings are being made by AFCRC and will be reported in a sepante
report at & later date, Effort is being centered on msasurement of
axplitude for these recordings.

Many other general indicators of yield wers apparent. For
instance, the existence of a dispersive train was apparent on grephis
records only for shote with ylelds of 1.7 MT and greater, /lso, the
greater detecticn ranges, larger numbers of stations recording, and
the generally higher amplitudes all were indicative of larger shots,
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CHAPTER &

CONCLUSIONS AND RECOMMENDATIONS

hol  CONCLUSIOND

h.l.l  Detection Rapge

Results from CASTIE confirm results obtained from IVY and from
previous nuclear detonations regarding the range of detection., With
standard equipmsnt it was possible to detecy megatom shots at very
great distances (usually at least 25,000 km). Ranges for VIF equip-
ment, while still considerable, were generally appreciably less than
for standard equipment. Range for the low ikiloton shot was greatly
reduced but vas greater than the 4000 lam ncrmally ocnsidered desireble
for effective detection net operations,

h.de2  Signel Chamcteristics

The characteristics of acoustic signals from the CASTLE deto-
nations were similar to that observed for previous tests. All megaton
shots showed dispersive waves vhile the kiloton shot did not; hori-
sontal phase velocities showed considereble spread but covered the
sams range of valugs previously observed; amplifudes ranged from a
tenth of a dyne/ew* to several hundred ¢mes/ca® depending on the
equipment, sise of shot, distance from source, and noise level; sig-
nals persisted for a very long time; and signal periods spresd over
more than 8 octaves, from 3 to 450 sec.

GASTLE data definitely proved that dispersive waves may be
gonerated ¥r shots having & yield as low as 1.7 MT. These dispersive
waves seemed tc be modified by the atmospheric structure along the
path from the source to the statiom,

h.1.3 Iravel Speeds

Greatest travel speeds were normally observed for the long-
period dispersive waves, but in a few instances much shorter-period
weves were propagated over a few thousand kilomsters at theso same
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spreds. The maxiiam speed of travel, 335 meters/sscond, was roughly
equal tog*he speed of sound at _round level.

Travel speeds for direct waves on standard equipment showed
scmowhat greater variablility than did the speeds for IVY,

belod  Asiauth Errore

Azimith errors observed for CAST'E were consistent with those
observed on previous tests. Errors in the azimuths computed for the
dispersive train were roughly the same as the errors for later portiocns
of the wave train,

Lel.5 Xield

For megatou shots, the yleld is given very approximately as a
constant times the fourth power of the period at maximum asplituds for
standard equipmert, The method of msasuring the period is somewhat
subjective and the relationship betwwen yield and period is very in-
accurate, In addition, it should be noted that the method requires
measurements at a number of stations for each shot in order to schisve
even the semi-quantitative results reported here,

hele6 Directjopa) Effects

The shift noted in travel speeds (espeeds toward the east
greater than tb t toward the west in March shifting to the opposite in
May) wsre consistent with previous observations. This indicates that
April was the change-over month for stratosphere winds.

b.1.7 Equipmept

Standard equipment was superior to VIF equipment for detection
purposes and previded a camvenient, though inaccurate, msans of esti~
mating yleld., In addition, most standard recordings showed soms evi-
denoce of the dispersive train though with greatly reduved amplitude at
the longer periods. It rsmains to be seen whether VIF recordings of
the langer periods will give an accurate estimate of yleld,

4e2 FECOMENDATIONS

Recommsndations for future participation in tests of asgatan
weapons must await the results of studies by AFCRC,

28
SECRET - RESTRICTED DATA

x|

x)




) xd ‘\'
¢ ‘.
\ /4 \"\*(-’ \
j / g D'-:‘ N v —
. \ \ / - T et -
Xl A IS G B
. X \! 4 l’-." v on .I‘.-
' - - '
. . - "= - - L e < 1\-.- . .
+ ) Y * N M [ ' 14 '
Yl : b s eadl
] , 4 J 'S N | T‘v; 'o'a
0 A// \ A 3 Vi { \\ ‘,-’ﬂ/" -~ o -
Mol .»-'{(/ e S i 29 Pdim, >
\ . 4 . i ' ’ 4 ‘to
/f BN T -
el \ ) ! ™ ' [ ] L
L]
. * \ ~d !
. : i
¢
-

‘ [)
» “ 90, 4 ] L ‘\ -
A0 J {78 7 el

. AR
~ R ‘ | -4~ v
~ N l ‘\
T ~. J . [ o » —
’
/ Tt i

. M. !

Fig. 2,1 Aocoustic Stations, "peration CASTLE

29
SECRET - RESTRICTED DATA




AT Pus FLICYD) ‘Gotiey WUOSTIY-VILIQG TR ‘TN ‘sixaeoey Lousberj-acy Lisy oystanionrw) T°C *d

("eBupseces el jo oy wou
Peonpe:s Lipesl % 990g ums G} 5) B Bujwil veSRleq UKW 90N )

§§Z<J_\<</\/\/.>\L 1ok

SECRET - RESTRICTED DATA




YIELD (KILOTONS EQUIVALENT)

Fig. 3.2 Relation of Signal Period at Miximum Amplitude to Yield of

Nuolear Shots, Standard Equipment
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TABLE 2,1 CASTIE Remote Acoustic Station List

Asimuth from |[Distance from
',_.%tig —_ 3&!349! to Station to
Agency| Station tude|longjtude |Biidnd (Eniwetok|Biidind [Enjiwetok
SCEL* (Kyoto,
Japan 34°55'N |135°5'E |128° 124° 3950 3720
SCEL |[Hachinoche,
Japan LO°35'N |L41°25'E |137° 12 3980 3800
SCEL |Oahu,
T. H. 2°31'N (158°05'W [260° 2862 LOLOl 4380
SCEL {Clark Meld,
P. I, 15°11'K |120°34'E [D89° 090° A860 L520
SCEL |[Fairbenks,
Alaska 64°50'N [LL7°K0'W [234° 237 6920{ 7030
SCEL Ft. levis,
. LT°05'M [122935'W |265° 267 7720 7950
NEL* [Los Angeles,
Calif, 34°07'N |118°17'W |272.3°| - 8040 8320
NEL [San Diego,
Calif, 32°42'N [117°15°'W [273.3° - 8150 8430
NEL 29 Palme,
Calif, 34°14'N [116°02'W [273,.5° - 8250 8530
NEL |Gila Bend,
Arisona 32°52'W [112°47'W |275.6° - 8550 8830
SCEL |Thule,
Greenland [76°32'N |068°40'W [307.5°] 3i° 9620 9670
NBS#* (Washingten,
D. C. 38°57'N [OTT°04'W (297 299° |11,460| 11,700
SCEL |[Belmar,
"o Jo 50’12" Wb‘oﬁ'w 2”° ”2. u’&o m.w
SCEL Lﬂmu,
GCermany S0°07'R [008°56'E ]026° 029* |12,780] 12,670
SCEL |Zweilsuckc.,
Cermeny  [49°14'N [007°28'% [024° 028° (12,910} 12,800
AFCRC* |Daxwin,
Australia [12°30'S 11%0°50'8 | - - LALO] K370
AFCRC |Miazd,
Florida 25°50'N {080°20'W | - - 1,780 -
AFCRC [Pusrto
Rico 18°20"™ |066°15!W | - - 13,380} 13,67C
AFCRC |Durban,
S. Africa [29°30'S [030°2C"S | - - 14,8%0 -
AFCRC [Recife, 00" o'W 0] 18
B - ) @ - - .@
* SCL - Signal Corps Engineering Lsborstories
WEL - Navy Electronics Laboratory KBS ~ National Bureau
AFCEC - Air Force Cambridge Research Center of Standards
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TABLE 3.12 Travel Speeds for First Acoustic Arrivals,
Standard Equipment, Operation CASTIE

Travel Speed (Maters/cec)

Station %é&k_m [ Shef 8
Kyoto 306 307 - s 309 a3
Hachinobe 307 02 - 308 a A8
Oahu 335 s n2 03 ns 292
Qark Meld Mo 306 289 19 s 320
Fairbanks n? ans 2958 08 aa 296
M. Levis 320 305 - 307 o 292
Thule 305 309 - 0h 2% 303
Wash., D.C. 205 02 25h 307 304 293
Belmsr 32 306 - 304 ns 296
Hanau 292 304 - b o1} 308 306
Zweibruckea Ko 305 - 306 308 305

Second Wave (Ant!podes)
Zweibrucken X0 N4 - - 205 -
Hansu X2 306 - - 306 -
Beluar - - - 274 2n -
Wash., D.C. - 286 - 26 268 -
Thule 288 298 - 288 286 278
Ft. Lenvds - - - 276 272 275
Fairbanks - 296 - - 286 -
Clark Pleld - - - - 270 -
Oabu 309 293 - - - -
Hachinohe 07 292 - - - -
Kyote - - - - - -
5k
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TABLE 3.12 Travel Speeds for First Acoustic Arrivals,
Standard Equipment, Operation CASTIE (Contd)

Travel Speed (Meters/sec)
Staticn Shot 1 [ Shot 2 Shot & | ot § | Feot &
Third Wave (Second Direct
Kyoto 299 - - - - -
Hachinohe - 283 - - - -
Clark Meld - 283 - 288 283 -
Fairbanks - 300 - 297 - -
. Levdis 303 - - - - -
Thule 296 - - - - -
Wesh,, D.C, 288 - - - - -
Hanan - - - - 289 -
Pourth Wave (Second Antipodes)
Clark Field - l - I - 2 | 285 -
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TABLE 3.13 Travel Speeds for First Acoustic Arrivals,

Very Low-Frequency Equipment, Operation CASTLE

(Meters/sec)

et [TOET THBC I Shei 1| Shoth [ HeE [ Fars
First Wave (Direct)
Kyoto NI0 o - 32 306 313
Oshu Mo né 310 s a3 29k
Pairbanks X0 né - N3 310 0
Ft. Lovds Ko 325 - 3 a9 292
los Angsles® s 323 - 2 36 -
Sen Diego® ns 323 - 322 36 -
29 Palna® s 323 - 322 N6 -
Gila Bend* 18 322 - 32 n6 -
¥ash,, D,.C. s 326 - o n2 253
Belmar né 308 - x s 295
Ranaan xIo Ko - 307 n 306
Darwin® ns 325 - 36 ns 51V Y
Meomi® 32, 328 - k> s -
Puerto Rieo* 325 326 - 322 a7 07
Durban® Mo N4 - n2 m -
Recife® 320 320 - 39 36 a0
# 9peed computed for arrival of {irst positive peak.
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TABLE 3.13 Travel Speeds for First Acoustic Arrivals,

Very Low-Frequency Equipment, Operation
CASTLE (Contd)

Travel Speed (Meters/sec)

Station Shot 1 | Shot 2 | Shot 3 | Shot 4 | ok 8 [ Mok & |
Second Wave (Antipodes)
Belmar - - - 275 272 -
M.. Doco - - - - m -
Ft. Levis NXO - - 287 272 -
Fairbanks - 7 - - 287 -
Oth\l - m - - - -
Recife® 3a 3a - 9 a7 -
Durban® - 328 - 326 322 -
]
Third Wave (Second Direct)
Los Angeles* 316 - - - - -
San Diegu* né - - - - -
29 Palms* 316 - - - -~ O
Gila Bend*® NIO - - - - ( -
# Speed camputed for arrival of first positive peak.
7
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TABLE 3.14 Azimuth Errors*, Standard Equipment
Operation CASTLE

Azisuth Errors (Degrees)

Station " Shot 1 | Shot 2 | Shot 3 | Shot 4 | Shot § | Shot &
First Wave (Direct)

Kyoto 42 SW | 2,3 SW - Oclp SW | 5.6 NE | 14 SW
Hachinobe 0.3 NE | 0.3 NE - 3.9 SW | 5.9 W | 1.2 W
Cahu 2,7 N 3,74 | 2,0N [ 0,28 [ 2,235 |[2.0N
Clark Field NIO 5¢183 | 5.83 [ 0,18 |7.1S5 [0.,238
Fai rbanks 3.1 SE| 2, 9NW | O 1 NW | 1,0 SE | 6,0 NW | 0.3 SE
Ft. Levis L0 NW | 0,0 - 1,1 NW | 1.1 NW | 0.7 NW
Thule 7.6 8 Sels W - 65W [L1.5W |3.5W
Wash., D.C, 5O NW |11,0SE | OLLNW | S,ONW | 1.0 SE | 3.8 NW
Belaar 4Le5 SE | 6,5 SB - 0.6 N\W | 2,4 SE | 1.8 SE
Hanau 3378 | 5.7E - O W | LW | 2.2W
Zweidrucken NIO [20,3E - 4L2E | 3.2E | A4S E
® Difference between true aximith and measured azimuth. “E" means

indicated source is east of the true source; "N" means indicated
source ies north of true source; etc,
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TABLE 3.14 Agimuth Errors, Stardard Equipment,
Operation CASTIE (Contd)

r Azimuth Errors (Degrees)
Station Shot 1 | Shet 2 | Shot 3 | Shot 4 | Shot 6 | Shot &
Second Wave {Antipodes)
Zweibrucken - 0.7 W - - 13.8 W -
Hanau 27E | 3.7E - - 5.6 E -
Belmar - - - 5.6 NW | 4ol SE -
Wash., D.C, - .9 SE - 10,0 SE | 1.0 N\W -
Thule 18,6 E [13.6 E - 25.,5E |28,5E [31,5E
Ft. Lewis - - - 0.1 SE | 1,9 SE |25.3 SE
Fairbanks - 0.1 NW - - 29.0 SE -
Clark Field - - - - 12.1 38 -
Oahu LO.7T N 16,7 N - - - -
Hachinohe 4.3 NE | 8,7 SW - - - -
Kyoto - - - - - -
rd _Wave (Second Direct
Kyoto 110,3 Sw - - - - -
Hachinohe - 20,3 NE - - - -
Clark Field - 1l.18 - 0.9~ 141 S -
Fairbanks - 7.1 SB - 42,0 SE - -
Ft. Levis 4.9 N\W - - - - -
Thule 18,6 E - - - v -
Wash., D.C, 9.9 SE - - - - -
Hanau - - - - 32,6 E -
Fourth Wave (Second Antipodes)
Clark Field - - - 23,13 |55.1 8 -
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

TRC 10 September 1997

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

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

=

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

AD<361833D. 24" 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.
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Since ADR-36T833L (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.

G’/( % . Ch&./tj}.)i} \Q/Lw,tj

ARDITH JARRETT
Chief, Technical Resource Center
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