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The water-wave time-height history was to be determined at various ranges from 
ground zero. Where significant, the terminal effects were to be measured as the waves
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20. Abstract (Continued) 

compared to present theories and concepts of impulsively generated waves. 
During Operation Redwing, as in previous test series* . 

observations were made by means of bottom-pressure-versus-t1me recorde« of 
several types adapted to different locations, and by means of technical 

photography^om tMs 0perJtl0n, whe„ correlated with all previous pertinent 

data, has permitted considerable progress in this investigation and in 
the understanding of all of the various facets of wave systems, but 
particularly has9this been so about the dimensions and the relative importance 
If íhe parameters of generation, the separability of observed wave systems, 
the reflections, and the inundation of shorelines. A scaling law for wave 
height versus range has been derived, which considers the water depth 
generation5as well as yield. Possibly, the most significant result at this 
stage of the continuing investigation has been the demonstration of t 
limited applicability, for purposes of wave predictions, of wave data 
collectedto date, and from this, recommendations are made for a more 
conclusive program for further research. 
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ABSTRACT 

The direct-wave group of Project 1.9 had as its objectives the gathering and analyzing 
of water-wavo data from the Bikini and E.iwetok lagoons. The data was required (1) to 
improve the ability to preset wave effects from operational use cf nuclear weapons, and 
(2) to determine safety criteria for future test opérations 

The water-wave time-height history was to be determined at various rangea from 
ground zero. Where significant, the terminal effects v/era to be measur3d as the waves 
inundated the reefs and islands of the atoll. Tha data was tc be summarized. Integrated 
with data from Operation Castle (higher yields, identical physical topography), and com¬ 
pared to present theories and concepts of impulsively generated waves. 

During Operation Redwing, as in previous test series, principal observations were 
made by means of bottom-pressure-versus-time recorders of several types adapted to 
different locations, and by means of technical photography. 

Data from this operation, when correlated with ail previous pertinent data, has per¬ 
mitted considerable progress in this investigation and in the understanding of all of the 
various facets of wave systems, but particularly has this been so about tha dimensions 
and the relative importance of the parameters of generation, the separability of observed 
wave systems, the reflections, and the inundation of shorelines. A scaling law for wave 
height versus range has been derived, which considers the water depth of generation as 
well as yield. Possibly, the most significant result at this stage of the continuing investi 
gation has been the demonstration of the limitad applicability, for purposes of wave pre¬ 
dictions, of wave data collected to date, and from this, recommendations are made for 
a more conclusive program for further research. 



FOREWORD 

This report presents the finai results of one of the projects participating in the military- 
effect programs of Operation Redwing. Overall information about this and the other mili¬ 
tary-effect projects can be obtained from WT-1344, the "Summary Report of the Com¬ 
mander, Task Unit 3. ” This technical summary includes: (1) tables listing each detonation 
with its yield, type, envirorment, meteorological conditions, etc.; (2) maps showing shot 
locations; (3) discussions of results by programs; (4) summaries of objectives, procedures, 
results, etc., for all projects; and (3) a listing of proiect reports for the military-effect 
prog-ams. 

PREFACE 

The work that has resulted in this report commenced in June 1955, and since that time 
many personnel have made significant contributions toward this presentation. The author 
acknowledges the contributions of those who are no longer associated witu this work and 
unable to view the results. 

Subsurface instrumentation placement and recovery in the field was accomplished by 
project personnel: J. E. Lascb, R. H. Johnson, and W. W. Beckwith. Each completed 
more than fifty dives for this purpose, many of them under adverse conditions. 

Contributions to the theoretical analysis and manuscript preparation by R. H. Johnson 
and W. S. Montgomery materially increased the scope and inclusiveness of the results. 
The technical review and comments of Prolessor John D. Isaacs were greatly appreciated. 
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Chapter 1 

INTRODUCTION 

1.1 OBJECTIVE? 

Ti-e direct-wave «roup of Prole« 1.9 h* as it. ob)e«iv=. tho gathering a«i analyalrg 
of irÚ^wav. data tom the Bikini add Eniwetok latons. The data waa required Oi to 
improve tha ability to predict wave effects from operational use of nuclear weaprna. an 

i2i to determine safety criteria for future test operations. 
The water-wave time-height history was to be determined at various ran^3 

ground zero. Where significart, the terminal effects were to be ^“uredJ9 fnul,dated the reefs and islands of the atoli. The drta was to be summarized, integrated 
with data from Operation Castle (higher yields, identical puysical topography), and 
pared to pr< sent theories and concepts f impulsively generated waves. 

1.2 BACKGROUND AND THEORY 

Project Seal waa Initiated tc explore the peaslbUities of offen«.e Inundation bj- «tor 
waves resulting tom high explosive, (Reference 1). Comparton eorrelaUen o Urn 
smal’ quantity of data from rough exploratory experiments prior to the Seal vork wd 
subsequent data and acaling laws was difficult. The experimental l*ase of Profert Sçtí 
compíe'ed tn New Zealand In early U4S. produced, under oontrol ed condition,, th. fl 
data in sufficient quantity to permit development of empirical scaling laws. 

Dur<n<r Project Seal the water v.a”es resulting from above-surface, eurface, and 
uurin^ Pr ^ » pvio^cro u/p'o+ita rancrod ud to 600 poundJi 

subsurface chemical explosions wore measured. Charge we‘Ç ® e de_ 
..,. nIans t0 use largar charges were not carried out. Empirical relationships were ae 

ieloped relating the resultant wave phenomena to charge sise, ^ 
water depth. Data was correlatei as a function of the energy e^tot of 
crouu asH" « W,/2where H was the maximum trough-to-crest height in the water aeptn 
of generation, r was the range (feet, from surface zero at which the w^e v^s oba 
and W was the charge weight .pounds». Although tha primary intent of Project Sea- was 
to examine waves generated and radiated in deep water, rccanb reexammaUon >f^ 
data indicates that the characteristics of a significant number of the *ene\ated w^8yB 
terns were influenced by the proximity of the pond bottom to the water cra.er bottom. 
From this it appears that some of the waves were generated under shallow wa.er, or 
very nearly sbLlow water conditions, end that conclusions from me data are subject . 

revision upon reexamination of the parameters of generation and was 
r corded waves. For tins reexamination, the data from charges supportée on rafts was 

not considered. 
11 
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During Project Ssa;, tho invoaugators neglected the scaling effect of atmospheric 
pressure with charge size, which could partially account for the noted increase in wcve- 
making efficiency wkh increased charge size under sim.lar conditions. It was discover¬ 
ed that, adjacent to the water surface there existed a depth of charge submergence at 
which the efficiency of energy coupling to water waves was at a maximum. The results 
of this work were considered in planning Shot Baker of Operation Crossroads, and the 
Baker waves were within the allowable error for snch predictions. !n these predictions, 
t..e linear dimensions at the source 'cepth of submergence) were scaled in proportion to 
the cube root of the char je weight, and the linear d.mensions of the wave system (wave¬ 
length and height) wert scaled in proportion to the fourth, root of the charge weight. Al¬ 
though a small percentage of the Seal data was from scaled parameters of generation 
similar to those of Shot Baker, it is noted that the type of wave sy stem generated by Shot 
Baker was net referred to in tae Seal report, and in the absence of the original tracas of 
the Seal work, it must be assumed that tha Shot Baker type of wave system was not found. 
Thiu seems to indicate that tha correlation of the sca.cd prediction^ with the results from 
Shot Baker was coincidental. 

The Scripps Institution of Oceanography han participated in Operations Crossroads, 
Ivy, Castle, Wigwam, and Redwing to study impulsively generated water waves. Shot 
Baker afforded the first opportunity to measure directly generated water waves from a 
comparatively large, essentially point source disturbance. Prior to this event, a few 
isolated and spontanée s natural phenomena (volcanic, ueismic, and the like) had obliged 
to produce high energy water waves, and qualitative observations of results at their 
termination had been exemplary of the potential wavemaking capacity of large nuclear 
weapons in the deep ocean. Shot Baker initialed waves which, within the ranges of obser¬ 
vation, consisted of a solidary type of wave with constant and relatively high velocity 
followed by a wave tram which behaved as though emanating from a point source in ac¬ 
cordance with the Caucny-Poisson theoiy (Reference 2). 

The first wave, a crest followed by a trough of approximately equal amplitude, was 
the highest wave of the syatam at ranges less than 6,000 feet. Its height decreased in¬ 
versely with distance according to Hr * £*4,000 where H is the height cf the wave from 
crest to the succeeding trough, and r is the range from surface zero. Beyond 8,000 feet 
the highest wave was not the first wave but a wave in the following gro".p, and its height- 
rarge relationship was expressed by Hr0*' = 42,70<\ The experimentai data and scaled* 
model data for the hughes: wave was found to fit th* otrpiiicai relationship Hr = 4. 2Wly4 
W/ throughout the -anges of observation, it hrs since been observed that this equation 
more accurately represents the first wove height as a function of charge size (Reference 
3). The discrepancy between tho observed W scaling and related theoretical model laws, 
which assert that Hr« wu, could not be resolved. The Seal data, however, could be 
interpreted to indicate tha;, for ‘re much shallower viter depth (scaled depthi of Shot 
Baker, the Hr oroducts would increase more rapidly than W1/*. For ranges less than 
6,000 feet, r-cre than half the energy m the wave s} stem was contained in the first wave. 
The behavior of these waves ao they entire«., shallow ’vatcr and broke upon the nearest 
beaches ard reefs v/as well documented photographically. 

thot Mike of (Operation Ivy faded to producá fc.gn.ficant directly generated wave action, 
it did, however, indicate the presence of a distributive mechanism that permitted enerar 
transfer to initiate deep-water v/a .es of the tsunami fseismic se i wave) type. These 
have been referred to as indirectly geno rated waves. As a result, the investigative work 
for Operations Ca itle and Redwing vas performed by two groups. The distint -island 
group concentrated on recording waves at distant stations (150 to 1,000 miles.) and found 
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energy levels much higher than could have escaped through lagoon channels and over 
lagoon reefs. The direct-wave group concentrated on studying the direct -generative 
processes, the propagation of resultant waves, and the water-wave damage to instal¬ 
lations when these waves terminated on reefs and islands- 

Although there is only a very small quantity of data on water waves resulting from 
nuclear devices, this lack in quantity is partially compensated for by the large range of 
yield values. The ratio of the lowest to the highest yields for which there are data is 
about 1 to 750. At the start of nuclear testing, the mechanism of wave propagation was 
reasonably well understood and could be handled independently of source siae and location, 
but the generation phenomenon and potential terminal offerts of water waves ficm these 
devices require continued utudy. 

From the first high-yield water-wave data collected in quantity during Operation 
Castle, it was immediately apparent that data reduction and analysis v/ere complicated 
by the geometry of the test site; i. e., tho effects of cratering in the lagoon bottom, re¬ 
fraction, reflection, breaching (where applicable in reef or island shots), and seiche- 
like oscillations of the lagoon. 

Results indicated that the waves from the open lagoon Shots Union and Yankee durmg 
Operation Castle differed fundamentally from thoee of Shot Balter during Operation Cross¬ 
roads. Only two wave records, one from Shot Union and one from Shot Yankee, were 
obtained whose ranges from surface zero were small enough to permit conclus.ens about 
the type of wave system before it was altered beyond recognition by shoee and bottom 
influences. The Shot Union record flower yield) indicated that the wave system consisted 
of a pair of cscillatory waves, not a solitary type followed by a wave group as from Shok 
Baker. Alttcugn the portion of the Shot Yankee close-in record describing the second 
wave was missing, it could be deduced from records at other, and greater, ranges .hat 
the wave system of Shot Yankee was identical tc that of Shot Union. This basic difference 
between the wave svstem of Shot'Yankee and Shot Union and that cf Shot Baker was a very 
discouraging observation, because it restricted generalized conclusions about scaling 
untii ail the possible wave-system types and energy distribution within the systems could 
be identified and categorized. Analysis of wave-height histories was limited to the first 
wave, because without the categorization data about wave-system typee, h*Hght-time- 
range conclusions in simplified algebraic form about waves following the first wave were 
impossible. The Castle data was fitted to the model law Hr= KW1/2 where K was a con¬ 
stant of proportionality, with the addition of factors to account for the degree of breach¬ 
ing on reef shots, and for the effect of the density of the material in the region of crater 
formation (Reference 3). The value of H used in this instance was the verMcal elevation 
oi the first crest above tide stage. All measured wave heights were adjusted by use of 
Green’s law to a water depth of 60 feet for comparison purposes, but no attempt was 
made to evaluate the increased wave heights from shore and near-reef stat.ons, even 
though such reflectance-induced effects were apparent. Averaged constants of propor¬ 
tionality relating the product of f.rst-crest heights and range to yield to the one-half 
power were determined. They ranged from 0.96 x 10^ to 1.63 x 10“ for the Cattle water 
waves (Reference 3i. 

Whi’c the evaluation of Castle data-procurement techniques and data sigrificuncu was 
taking place, Operation Redwing was documented in the spring of 1956. It was anticipated 
that some of the same complexities encountered in the Castle data would exist for Red¬ 
wing, but to a lesser degree as a result of the lower yields involved. This assumption 
was proved correct as the smaller waves did delay in time the previously observed con¬ 
fusion of th j radiating wave system. The Redwing data has supplied the information 
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necejsary to isolate some of the peculiarities of water waves within tlùs part*cul?r 
lajcon \BiIuni). Successful records from several close-range stations were obtained. 

Between Operations Castle ar Redwing, the water waves from Operation Wigwam 
were studied. The waves from this t ¿st although not comparable to any previously 
rtcorded, bee. use they wore generated and propaga'ed in deep water, were unaffected 
by any of the lagoon influences, and the agreement between observed values and available 
deep-water the .y inspired new vigor in efforts to obtain a clear picture and understand¬ 
ing of the water-wave systems from Operations Castle and Redwing. 

While the above-discussed field data on water waves from nuciear tests were being 
collected, sig: ificant advancements were made in the development of mathematical 
models apolicable to these wave systems. The three-dimensional description of wave 
systems in .valer of finite depth was investigated (Reference 4). Arbitrary distributions 
of initial impulse and initial elevation were studied; the successful application cf the de¬ 
veloped mathematical model is highly dependent upon the functions assigned to represent 
this distribution. 

Two-dimensional laboratory tests were carried out to determine the applicability of 
available mathematical theory (Reference 5). In these tests, wave generation was by an 
initial elevation or depression of a volume of water at one end of a wave tank. The re¬ 
sults of t.iis work were very informative; they showed that impulsive wave systems can 
be grcu-ieti into various classes or types, and that classification of a wave system is a 
function of *he assigned, or measured, parameters of generation. Wave systems gener¬ 
ated ranged from those having two or three solitary waves radiating from the generating 
aroa to a single symmetrical wave group in deep water, propagating according to the 
linear theory of surface waves. This classification of wave systems provided the first 
comprehensive look at the various height-time-range comb'nations that generated waves 
could take and more clearly demonstrated the problems in scaling, for example between 
Seal, Baker, anu Castle results. The criteria of geom. trie similarity cf wave systems 
has become of primary importance and concern. 

Scaled high-explosive tests designed to be applicable to water waves from nuclear 
charges in the 20-kt range wer3 completed by the Waterways Experiment Station (Refer¬ 
ence 6). In this series of tests, Froudc's law was considered to be the valid scaling 
principle, and the experimental data tended to verify this. The results were correlated 
and summariaed as reduced wave heights as a function of reduced distance of observation 
fer an assortment of reduced wator depths. Extrapolated curves for determination of 
wave heights from 1- to 200-kt surface-mounted nuciear charges were prepared. This 
work was completed and published before the results of the laboratory tests (Reference 
5), and the Castle results (Reference 3) indicated the import of geometric similarity of 
v/ave systems. 
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Cijapter 2 

PROCEDURE 

gtuJy of fhe records frorr. Operation Castlo revealed that, in some cases, the records 
obtained from shore stations where the ‘.rirsducers were in shallow water (30 fee; or 
less), the water level versus time ni.story oí tne wave trains had been radically and un¬ 
systematically altered because of shoaling, reflectance, and absorption by the adjacent 
lagoon bottom and the island and reef sh reiines. This v as déterminée oy cor.ifiariiig 
the records of the Inchore stations with the recci-ds cf other ctations on the seme rad: il 
line from surface raro. From tJiis il was canciuded that in any subsequent test, where, 
because of practical connidcrations, it was necessary to measure waves at shore stations, 
the station locations should be chosen wUh consideration of the altering effects mentioned 
above, and that the deeper the transducer coah: be placed the more realistic the records 
would be. 

Because the practical aspects of instrument ins*aliation limit the transducers to those 
dep'-hs easily serviced by divei s w.th .self-contained underwater bresthing apparatus 
(SCUBA), and easily reached by insu’ated cable from the beach when such cable is 
icquired, and because the Casiie data was already adjusted to a standard 60-foot death, 
the Redwing stations were planned so that tins transducer depth was standard for all 
stations, both inshore and midlagoon types. 

Lapoon pressure-time instrumentation consisted of ehcrc, floating, and bottom (sub¬ 
merged) stations. Their locations are giver in Table 2.1, and Figures 2.1 and 2.2. 

2.1 SHORE STATIONS 

Semipermanent wave-meacurinp iita.ions were installed on four sites at Eildm. The 
slits were on Nan, How, Oboe, and William. 

Each station consisted of a recorder, timing and energizing circuits, auxiliary power 
source, and related auxiliary instrumentât.on (Fi¿ure 2.3). The recorder was connected 
by a neavily armored submarine four-conductor cable to a Sent ham pressure tnnsauccr 
(Figure 2.4) located in the la0con at ub-fooi water depth. The cable was strong. ' anchor¬ 
ed at the reef area and .it its water terminuc (Figure 2.5) and was undamaged and un¬ 
moved by repeated teat-generated wave action. 

The transducer was an absolute, tcmperatnre-compensatca, pressure-measuring 
device and transmitted the pressure flactuaticns as a direct-current millivolt pAentiol. 
The absolute accuracy of the transducer over its total range cf 115 feet of water was 
wit.iin ±1 percent. With the variable-range recording potent ometer used to record these 
signals, the resolution cf the system con’d he increased to ±0.1 percent of full range, 
to resolve small relative pressure changes with no sacrifice of linearity or temperature 
compensation. 

Titis combination of components gave goou adaptability for shots of various sizes. 
These stations participated in all shots and maintained a high degree of accuracy and 
reliability. 15 



2.2 MID LAGOON STATIONS 

Ip addition 10 ths shore stations; a number of portable units v/ere used in the open 
lagoon on various sites Sr lected to be compatible with individual shot size and Iscr.ticn. 
They were of two types, Coating and submerged. 

2.2-1 Floating Type. Four of these units installed on skiffs, were employed ai intsr- 
med-atc Tanges from surface zero (SVj to 0 miies) to document wave notion in the region 
of stable, well-developed surface waves. In addition, a spa.^e recording mechanism for 
one of diese units was installed in Coca Tower. Except fer r'i.ior changes these units 
were the snmc as those used during Operation Castle. The circular chart pressure-lime 
recorders (Figure 2.6) were connected by means of a pneumatic pressure transmitting 
hoce .o a comptant bladder attached to the skiff’s anchor. The recorders wore activated 
by an electric s^nal initiated by me overpressure response oí a salt-v.ater-illleci ma¬ 
nometer. 

2-2.2 Suomergcd T’^pm These units, called tarder-;, were designed to measure pres¬ 
sures vary tucse to those measured during Operation Trissroads and were constructed 
to withstand high ¿.res su re (6,000 psi) and heavy shock. Each u át wa¡> a seif-coi.iained 
prsssure-time recorder installed or. the lagoon floor .n a heavy lead fairing as close to 
ground zero as probable recovery conditions permitted. This was usually in the range 
of 1 to 2Vj miies. The recording mechanism was activated by an electric signal from a 
thermally Initiated device attached to a surface florí. The data from these units con¬ 
tributed significant information on the close-in generative proceuser. 

2.3 INUNDATION SURVEYS 

For each major event in Bikini Lagoon, the shorel.nes, structures, and iand. areas 
considered liitely to receive damage from water waves were documented by. P) Pho¬ 
tography (before and after), (2) can-type maximum water-level gagöß, and. (3) postshot 
-¿’•.etches. The sketches were useful in interpretation of aerial photographs in later photo 
analysis. 

This data, combined with wave amplitude and period as recorded by lagoon instru¬ 
mentation, gave a more realistic picture of shore water-wave damage from these avente 
and permitted a better understanding of upruah and acre phenomena. 

16 
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TABLE 2.1 STATION LOCATION AND DESCRIPTION 

-iiailon 
Nimber 

Coordinates 
Nor ih East Instrument Typ: 

190.01 
191.01 
102.01 
193.01 
19Ö.01 
190.01 
196.02 
196.03 

112,403 
104.200 
110,000 
144.400 
50.140 

133.400 
128.200 
134,300 

177.100 
126.100 
81.300 

*69,000 
131,000 
168,200 
155,200 
135.500 

Short; station, Nan, B.kini 
Shore station, Ofcoe Bikini 
Shore station, William, Bikim 
Shore station, How. Bikini 
Shore station, Elmer. Eniwetok 
Floating type 
Floating typo 
Floating type 

196.04 122,100 106,100 

136.05 
197.01 
197.02 
197.03 
197.04 
197.05 
197.05 

122,000 
114,500' 
127,300 
100,800 
106,000 
146,250 
160,200 

129,000 
112.500 
119,000 
173.700 
123.700 
113.500 
122,800 

Recording equipment from Heat¬ 
ing type inetailed In Coca Toner 

Floating type 
Submerged 
Submerged 
Submerged 
Submerged 
Submerged 
Submerged 
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Figure 2.3 Typical shore station recording instrumentation.

Figure 2.4 Modified Mark \TI! transducer a,tu:;b^d tu armored submarine 
cable. Note: S 'Ice has not been waterproofed



. * • ------- r 4 >%: .

• ^ '4- - i;? \
‘"’' ^ iiJ.- ^ ■■ ■ .•- »:•..•■ ir« V

^ 'rY - 4"^'

I'fecl?*' \m
ti 5 

* ■-

A’ '->.
J' ■?->’■

7!gure 2.C Trarsciucer insUlled in ieaa fjirlng 
anu ready for plpcenent on lagoon boitom

s '* I'
f *’, . r .i

Fis'ira 2.6 Mcatlrg statioi. Pressare-tlmc circular recorder in open 
hatch. Cvjr.or?Ftfre siar..r.g de-.!ce rao-inted at mast. Pressure line 
a.nd anchor line leading U anchor and compliant bladder.



m 

Chapter 3 

RESULTS 

3.1 INTRODUCTION 

With the exception of Cherokee, al) of the shots at Ri'úni produced lagoon water waves 
originating from the central region -i the explosion. At Eniwetok, Shcts Apache, Huron, 
and Yuma resulted in measurable wave action in the lagoon. The shot participation is 
listed in Table 3.1. 

Appendix A contains traces representing water-surface elevation as a function of time 
and range at a common water depth of 60 feet during Operation Redwing. The traces in 
Appendix C give data on close-in water-wave action from Cperations Redwing and Castle. 
Original pressure curves and the interpreted water-surface elevation in 60 feet of water 
are reproduced. 

Although nonlinearity in the shore-based wave recorder cystera wan discovered during 
field operations, detailed recalibration upon return to the home laboratory permitted 
correction of the recorded data. The technic;ues employed to derive surface elevations 
for presentation and analysis are the same as thoee usad for dala from Operation Castle. 
These techniques are discussed in detail in this chapter along with interpretation of 
specific records. 

Shot Cherokee (with the unexpected ground zero outside the iagoon) créâtsd unusual 
conditions of wave generation and propagation. It was initially suspected that low- 
ampiitude seicning occurred within the lagoon either is a result ef overpressure impulse 
on the northwestern portion of the 'agoon, or tha: a wave originating at surface zero 
refracted around the atoll and entered the lageen through the Nan-Oboe channel. Four 
stations were in oesratien from H-l minute through H + lVi hours, and the recorda do 
not show the presence of teat-induced wa''c action inside the lagoon through either mecha¬ 
nism. Maximum instrument resolution for the detection and interpretation of seiche or 
wave motion was 1 inch of water. 

3.2 TEST SITS AND WAVE SOURCE GEOMETRY 

The wave traces recorded in the Redwing series have characteristic features induced 
by (1) the individual station (transducer) locations, (2) the ground zero location, i. o., 
its location relative to the recording station and to deep lagoon water, und (31 the geo¬ 
graphic location of ground zero within the lagocr. By way of clarification of item (31 
above: If shots of equal wave-generating capability were located in the northern and 
southern centra: shoreline arena of Biinm Lagoon, and —ave stations were activated in 
‘he southern area for the northern shot and vice versa, the r corded waves would proba¬ 
bly be significantly different, even thougn they had traveled identical paths and ranges 
and the conditions of generation were selected to he identical. Such an anticipated differ¬ 
ence could be ascribed to the expected variation of a set of observation.: from a single 
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pnysical phenomenon, the auspocted asymmetiy of energy release at the source, or an 
inability to define and select identical conditions of generation. 

When the additional variable of yield is injected, the most prominent factors affecting 
these v/ave systems become difficult to determine, isolate, and study. 

The above factors determining wave-system characteristics are also applicable to me 
waves during Operation Castle. 

Shot Zuni, although, fired adjacent to the lagoon shoreline and to an earlier crater, 
has to be classed as a reef or island uhot which breached to the lagoon water. Of the 
previous similar test shots, _, Bravo, and Rorneo of Operation Castle, and ^ 
Mike of Operation Ivy were the most rimilar with respect to generation parameters; how¬ 
ever, (1) the I , ‘ yield was too lew to generate significant waves, (2) Bravo -vas >“ /. 
fired on a shallow reef and a substantial portion of its energy was spent in coral crater 
formation before energy was expended in the formation of directly generated water waves, 
(3) Romeo was fired in the center cf the Bravo crater and, because the opening between 
the crater and the lagoon was comparatively large, was able to generate larger waves 
than Bravo despite a substantially lower yield, and (4) Mike was an island-reef shot 
similar to Bravo but unlike Bravo did not generate water waves whose origin can be at¬ 
tributed to the crater formation and collapse. The ground zero of Shot Zuni was on the 
northeastern edge of the ~ KocU, crater, very near the iegoon shoreline, and the 
source geometry is a combination of that of Bravo and Romeo and can be treated only in 
an approximate manner. 

Because Shot Zuni was the first on Site Tare to produce measurable waier waves, 
jtudy and analysis of the characteristics of waves generated in and prooagated from this 
lagoon area are net supported by data adequate enough for isolation of the induced charac¬ 
teristics of geographic location. Instrumentation failure at close-range central lagoon 
stations for this shot prevent early determination of the wave-system characteristics. 
Waves from this shot recorded by shore stations require interpretation cf station location 
induced characteristics resulting from different directions of approach compared to other 
shots of this test series. 

Shots Flathead, Dakota, and Navajo were in the north-centra: lagoon area approximate¬ 
ly Vj to 1 mile from the nearest reefs or islands. Enough of the close-in instrumen¬ 
tation was operative to adequately document the generated waves in the early phase of 
propagaren. The source geometries of these sho»s are very similar to and wave data 
can be compared directly with those iroin Shots Union and Yankee (Castle': and Baker 
(Crossroads). With the exception of Baker, the test site geometry of these shots was 
similar. It was from this group of data that the most significant conclusions were drawn. 

Three shore-type wave recorder stations were operative during Shot Tewa. The 
ground-zero location in shoal lagoon water (approximately 20 feet) adjacent to the Dog- 
Charlie reef introduced a new source geometry not directly comparable with those from 
any previous shots, but one that is a compromis j between that of the open lagoon shots 
and Shot Zuni. Similarly, the wave «lata from Tewa is not directly comparauie with data 
from any previous tests. 

Water waves in Eniwetok Lagoon from Shots Apacho, Huron, and Yuma were recorded 
by the shore station on Site Elmer. The characteristic influences of this island upon 
impinging waves is not as wall documented as for similar station sites in Bikini Lagoon. 
Shots Apacne and Huron wero tested in the Mike (Ivy) crater, and the geometries of 
generation compare favorably with eacn other, and with that of Romeo (Castle). The 
recorded water wave from Yuma (an island tower shot) was an unexpected bonus resulting 
from continuous operation of the shore station. The waves frem this shot obviously stand 
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apart in a slassifixation aasa'i upon conditions of generation, and with tha possible ex¬ 
ception of Shota -ble (Crossroads) and Cherokee {Redwing,» cannot be compared with dai\ 
from other tests. 

The above generalized classification according to source geometry and geographic 
location is a brief summary of available data on water waves from nuclear tests In the 
Eniwetok Proving Ground. It po nts out the assorted generative conditions to b? consider¬ 
ed in analysis of the Redwing data. The analysis and interpretation of propagation and 
terminal characteristics are aaoitionai items of concern, and it is apparent that data 
from one test series cannot be properly analyzed and interpreted without reference to, 
and possible réévaluation of, conclusions from previous experiments. Data from future 
tests will necessitate a review and reassessment of present interpretatious; to facilitate 
this, the basic data is included in the appendices. 

3.3 CLOSE-RANGE DATA 

Shots in open lagoons, shots in old water-filled craters, and shots on shore near lagoon 
water generate water waves by direct impulsive action upon the water mass near the 
charge. For barge shots and shots in the range of the tests herein considered, high pres¬ 
sures at zero point (burst point) cause the rapid formation of a water crater which ex¬ 
tends to, or into, the lagoon bottom. In the absence of direct observation of the generative 
process, the water wave train is assumed to be initiated as follows. The rapid crater 
formation causes an annular elevation of the water adjacent to the expanding crater to 
some value appreciably above the original mear, water level. As the crater approaches 
its maximum radial expansion, gravitational forces become more and more determinant 
in the shape and motion of the elevated water mass until, at some time after the maxi¬ 
mum expansion, this elevation radiates as a smooth-crested water wave. As this first 
wave crest moves outward, the water crater collapse commences. This collapse initiates 
in sequence, (1) the radial movement from surface zero of a wave trough and (2) the radial 
movement from surface zero of a wave crest. The trough (1) can be imagined to have a 
depth roughly equal to the crater depth at surface zero, and the crest (2) is the result of 
a water mount at surface zero cue to the inrush of the peripheral water. Subsequent 
vertical oscillations of water level at surface zero result in additional troughs and crests. 
For the purpose of analysis, the first trough, the second crest, and all subsequent troughs 
and crests are considered to be manifestations of the potential energy of the fully expand¬ 
ed water crater. The number of observable oscillations and the relative size of the 
resultant waves are functional with crater radius md water depth. 

Wave data from explosives tests are expressed as the relationship of the three vari¬ 
ables: time, water-surface elevation, and nd-al distance from surface zero. In prac¬ 
tice, the radial distance is held constant, and wave height as a function of time is record¬ 
ed. Because the resultant waves at all ranges outside the zone of generation are dependent 
upon water motion within the zone of generation ;.s a function of time, it is necessary to 
examine the parameters of generation * jciate them 'with the characteristics of the 
resulting wave system. Before attempt» hne, assign values to, or discuss these 
parameters of generation, it is necessary to examine the wave data available and note 
some of the general characteristics cf the generation phenomenon. This is done for 
barge shots in open lagoon waters in this section and in the two following sections. Dis¬ 
cussion of wave data from shots having more complex generation geometries are dis¬ 
cussed in Section 3.18. 
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For yield values and water depths in the range of the Redwing tests, the generated 
wave systems observed have a few characteristics in common. The first wave is always 
a eres followed oy a trough. Following this trough is a series of waves occurring an a 

wave bmÉTP’ ^ 0Í ^63, near ran«e8' ** highest wave is the first 
"Z ' * range increases, the first wave progz css,vely diminishes in amplitude rela¬ 
tive to the amplitudes of following waves. Almost invariably one or more of diese later 

üLan Threinif0r3edK0r 0therwi8e 81161,0(1 hy reflectance effects from other parts of the 
stfîon tío0 thVSef3 ^ 1SlaadS ar° 10 ** «^«rating area or to the instrument 
station, the earner in the wave system history this can occur. These alterations to he 
traces complicate their interpretation. 6 

All test records presented in Appendix C are from barge shots with the device mounted 

nfiis ten«1? n* 18 Un*!erstood been customary to bailast such barges with 200- 
hit f Sll1ClSaad’ aCd con8lderatioa W88 «iven to the fact that this additional inter¬ 

face between the burst and the water acts as an additional surface for reflecting energy 

fL’ttat’for r Crater: nTeVer’ con8iderin« ** Vigida involved <0.375 Mt and up), itTs 
felt that for the purpose of water-wave generation in these depths of water, burst ooint 
is at the water surface and the sand in the barge has very little influence upon the wave 

system rr Slth' “i18 felt ^ the princiFal facror8 in determining the wave size and 
radico? th ? rger yÍ8ld teStS i8 the aVer^e laS°on depth vdthin the raenus «f the water crater and the magnitude of this rad-'us. 

The wave profiles given in Appendix C show the surface-water elevation as a function 
oi time for the oastle and Redwing turtle stations. The wave heights referred to are 
those the waves should Lave had if they had been traveling in water 60 feet deep. For 

Th f y,and analySi8, 811 WaVeS Were transierred to this common water depth. 
Th. reason for selection of this depth and the techniques employed to transfer the meas¬ 
ured waves to this depth are discussed in a later section. 

. **7?,in APPend«C has been grouped in order of increasing yield, with Flat- 

r <CMU'’ '*“• The («¡»cl.«.) havo teen 
P ded .rom ehat of the same data given in Appendix A (Redwing only) to give a more 
ZT Platar«. This u.-ne .eale ^ve, an .bscl.aa-o£Z¿ p^or- 
11on^approximately the same as the original recorded traces. 

l^^oTfor S^tTr? 6Urface-water elevation as a function of time at Station 
-7. for Shot * aathead. The instrument was in 73.1 feet of water at shot time, and at 

rounX^íhe (8traight line) from surfáce zero- Th« average water depth sur- 
"oraritVi in“trument was 73 feet- The recorded waves traveled 7,500 feet from their 

aroa approximately parallel to the Dog-Easy reef (Figure 2.1) over a gradu- 

mately°2 500 feet T T ^ inBtrument 0ne coral head was in this path, approxi- 
ÜÍV, 1 m’ f f “ the instrument' «»at protruded 28 feet from the bottom, but was 
waves r m eXtent (eStimated at 200 feet> compared to the wavelength of the earlier 
vives. Conversion of the recorded subsurface-pressure information to surface-water 

^ Shorter W£lter ;rVed min°r amplitude ^creases in all waves except for 
he shorter period, low-amplitude waves in the latter part ot the system which we-e 

Ire^ the 4sT"XimtUm °ff appr°ximately 50 P6rcent- Interesting features of this record 
that oAh^f 7 . !8 f° °Wed y a trough whose amplitude is substantially greater than 

a^th c^TL^t Z 3eCOnd 3re3t 18 e88entially ^ Same amplitud6 88 *6 fi«t 
-oun nf following two crests and their following troughs form a three-wave 

Zre¿tSrr7Cr7ñiníS a®P Wh08e ^ 0C0Urs at about 130 sec°nd3. For times 
form a c no Í yeconds* ^ amplitudes appear to first increase and then decrease to 
form a second group with a second nodal point around 240 seconds, at which time t*e 
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amplitudes of the waves decrease to background and oeyond the resolution of the instru¬ 
mentation. It is noted that the recorded waves between 190 and 240 seconds seem to be 
varying about a changing mean water level (a long-period trough), and the influence of 
first crest and trough reflections from the nearby Dog-Easy reef is indicated. There is 
no indication of a comparatively small sustained water-ievel rise prior to the arrivai of 
the first crest as had been noted in the Castle close-in records and discussed in Refer¬ 
ence 3. The indicated slope on the front face of the first trough is steeper ¿han the back 
face of the first crest; i. e. , the time of maximum trough depth is asymmetric to the first- 
and second-phase zeros. 

Figure C.2 is the reduced data from the identical station of Figure C.l but for Shot 
Dakota. The operating water depth of the instrument was 70.1 feet at shot time. The 
range was again 7,190 feet (straight line) from surface zero. The first-crest height is 
approximately equal to the following trough depth. The crests and troughs following the 
first trough have amplitudes less than the first crest or trough, and, as above, waves 
passing between 195 and 230 seconds appear to be superimposed upon a longer-period 
trough. The first trough is again asymmetric about the adjacent phase zeros. 

Figure C 3 is the data from Station 197.06 for Shot Dakota at a nearly identical range 
(7,540 ieet) as that of Figure C.2 but in a direction from surface zero more removed from 
the Deg-Easy reef (Figure 2.1). The wave path from surface zero to this station was over 
essentially constant water depth. One coral head was north of this path about G0C feet, 
at a range of 1,870 feet from the station. It protruded 36 feet from the bottom and its 
extent (estimated at 200 feet) was negligible when compared to the wavelengths of early 
waves. The instrument was operating at a depth of 62.2 feet of water (on a coral head) 
at shot time. The average water depth surrounding tne instrument site was 168 feet. 

The record shows the first wave to be a crest followed by a trough of approximately 
twice the crest amplitude. The second crest is greater in amplitude than the first and 
is followed by crests and troughs of regularly decreasing ampUtude till the threshold of 
instrument resolution is approached at about 240 seconds. Again, the first trough is 
asymmetric about the adjacent phase zeros, and the waves following the first trough 
appear to be moving upon a longer period undulation of the lagoon water level. Compari¬ 
son of Figures C.2 and C.3 shows the wave system as measured at these two stations to 
havo different characteristics such as surface profl.e, relative amplitudes, and energy 
distribution. This difference could have been induced at the station location, along the 
wave path to surface zero, or at the periphery of the zone of generation. The group 
characteristic (beat phenomenon) noted in the Flathead record (Figure C.i) is not indi¬ 
cated in the Dakota record (Figure C.3). The record in Figure C.2 might be interpreted 
to contain this node at around 172 seconds when it is considered that the traces of Figures 
C.l and C.2 are not at the same scaled range (different yields). 

The records from close-in stations for Shot Navajo are given in Figures C.4 through 
C.6. Figure C.4 shows the record from the same station as Figures C.l and C.2. The 
instrument range from the shot bargj was 8,300 feet. The operating depth of the record¬ 
er and the average depth of the surrounding water was 73 feet at shot time. The compar- 
atively small, gradual pressure rise preceding arrival of the first crest is noted. The 
forward face of the second crest is very steep compared to the back face of the first 
crest. The first crest is slightly greater in amplitude than the first trough. The waves 
following the firs trough first increase in amplitude and then decrease with increasing 
wave number until 230 seconds, at which time a nodal point, or phase shift, appears to 
exist. The wave group following the first trough passed the station between 170 and 230 
seconds. After 230 seconds, there is weak evidence of the passage of a second g'-oup. 
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Crests or troughs at 285, 302, and 350 seconds mark the passage of reflected waves. 
Figure C.6 shows the surface elevation as a function of time for Station 197.05. This 

instrument was located due south of surface aero at a range of 14,380 feet. Its operation¬ 
al depth was 73.4 feet, and the average water depth surrounding the installation was lo6 
feet at shot time. The wave path from the area of generation to this station was in water 
ISO to 188 feet deep. Three to four comparatively small (compared to the wavelengths 
under consideration) coral heads exist adjacent to this patu The ground and/or water 
uhock caused the recording disk to back up in time and parts of the earlier portion of the 
record could not be resolved. The maximum height of the first crest could not be deter- 
nuned, but the record becomes readable during the passage of the first trough. As zero 
time could not be read from this record (thermal start) it was necessary to fix the time 
scale to within ±5 seconds, for this trace by other techniques (Section 3.14). Compari¬ 
son of tais record with Figure C.4 shows the development with increased range of the 
waves following the first trough into groups, and shows this wave system to contain nodal 
points, or the beat phenomenon. The first nodal peint was at approximately 325 seconds 
and the second at approximately 435 seconds. 

Because of adverse field conditions, the wave record (Figuro C.5) from Station 
197.06 for Shot Navajo could not be recovered until the spring of 1958. Its location at 
range 6,500 feet from surface zero gave the wave height-time picture at the closest 
scaled range for nuclear teats to date, and permits a more conclusive discussion of the 
generation phenomenon. Figure C.5 shows the first resolvable pressure information at 
this range to be negative. This pressure is associated with the negative phase of over¬ 
pressure, the positive phase having passed in the first second. This conclusion is 
supported by examining and comparing the early portions of these records with records 
from other more distant stations, and it is found that the first resolvable negafive pres¬ 
sure moves at a velocity substantially greater than any conceivable water-surface eleva¬ 
tion. Stations 190.01, 191.01, 192.01, and 193.01 at Sites Nau, Oboe, William, and How 
hnd sufficient senoitinty to record this negative pressure at extended ranges and shew 
this portion of the subsurface pressure-time record to be associated with air overpres¬ 
sure. Figure C.5 indicates a return to ambient water pressure at 23 seconds. After the 
first negative phase, the record shows that a comparatively gradual increase in the mean 
water-surface level preceded the major elevation of the first crest. The magnitude cf 
this advance water levei rise was of the order of 2 feet. This phenomenon was first 
noted in Reference 3 wherein the possibility that (Jus could be the result of impulse from 
close-in debris fallout was discussed. Comparison of the recoros given in Figures C.4, 
C.5, C.7, and C.8 indicates that this portion of the first crest is associated with the first 
crest only, because it stays a proportionate distance ahead of the first crest at all ranges, 
and that it was originated by the formation of the first crest from the rapid expansion of 
the water crater. As pointed out by earlier investigators (Reference 2), the firs, dis¬ 
turbance theoretically travels with acoustic velocity, and should be accompanied by a 
minute change ir. water surface slope. The conclusion of Reference 7 that the measured 
first rise represents a sudden increase in an already existing slope of the watei surface, 
and is associated with tne rate of travel of the first crest, appears to be confirmed. It 
is only when the energy release is sufficient to produce this phenomenon above background 
that it is observed. 

In Figure C.5, the first crest, which is not as ¿real in amplitude as the first trough, 
passed at 62 seconds. There is an inflection point on the forward face of the first trough, 
and again, the first trough maximum is asymmetric with its phase zeros. It is noted 
that a similar inflection point was indicated in a slightly different location in rigure C.6. 
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Following tho first trough (Finiré G.O) a aeries of crests and troughs with first increas¬ 
ing and then decreasing amplitudes were recorded. ¿11 Figure C.o, the first ncdal point 
is indi caled at approximately 207 seconds with the second following at around 231 seconds. 
In Figure C.6, a reflected crest passes at 43d soconds, probably from a nearby reef or 
island. 

Figure C.7 is a wave height-time history for Shot Union of Operation Castle (Reference 
3). The instrument was located on a coral head 3,200 feet from shoaling water (60 feet 
or less) adjacent to the George-Ho-v reef, the average wator depth around the station was 
138 feet, and the straight line range to surface zero was 21,400 feet. The bottom depth on 
a line to the surface zero ranged from 138 feet to 163 feet. There were several coral 
heads of negligible size (compared to the wavelengths Involved) along the wave pain from 
surface zero. This record shows the wave system from this test to consist of a gradual 
rise preceding the first crest, the first cres\ a Urst trough, and second crest. After 
passage of the seeondcrest.ihe wave action immediately drop ? to comparatively lew 
levels. A reflected trough passes at 430 seconds. There is evidence of an inflection 
point in the first trough at 313 to 328 seconds. Tins record wae so unlike any of those 
from Operations Crossroads (Shot B Jeer) and Redwing, and the records for this same 
shot at mere distant ranges, that the influence of the George-tíow reef was considered 
the probable cause. VVhen the laboratory experiments of Reference 5,were completed, 
and the various forma that wave systems could take had been indicated, it was realized 
that the Union wave system at its origin probably did consist of two soiitary-iype waves 
connected by a trough. Integration of the Redwing data with the Castle data permitted 
réévaluation of the more distant records from Shot Union and showed theso records to 
contain identifiable locally induced reflectance, cr ohoaiing, effects. These effects had 
restricted projection of the Union waves to nearer ranges for confirmation of the indicated 
wave-system type observed by this turtle station. This réévaluation of Castle waves con¬ 
firms the conclusion that the wave system of Slot Union was the two-solitary type and 
unlike any other wave systems generated by nuclear tests to date. 

Figure C.8 is a wave height-time history for Shot Yankee of Operation Castle. The 
recording instrument was placed in the same location as for Shot Union (Figure C.7). 
The record was discontinuous during a portion of the first trough and second crest (317 
♦0 370 seconds). The arrival of the first crest was -igain preceded by a sustained pres¬ 
sure rise of approximately 2.3 feet of water (75 to 240 seconds). Between 240 and 308 
seconds, the first crest passed v/ith a matdmurn height of 25 feet. Again an inflection 
point exists on the following face of the first crest. Such inflections wer a observed in 
the experimental work of Reference 6 ana were associated with very early stages of 
propagation. The first crest was followed by a trough whoso shape and depth were not 
recorded. The passage of a longer period trough between 438 and 600 seconds corre¬ 
sponds almost exactly in timing with a similar trough in Figure C.7. Such a trough 
undoubtedly results from earlier crests hat pumped water over reefs and islands and 
left a negativo sump to propagate within the lagoon. In Figure C.8, a trough at 550 sec¬ 
onds could correspond to the trough at 560 seconds in Figure C.7. A comparison of the 
more distant range wave traces from Union and Yankee shows the wave systems to be 
iilontica! in character. Wave size is ’arger for Yankee because of the higher yield and 
increased water depth in the zone of generation. Wave system was of the same type 
for both shots, because increased water depth in the generation zone for Yankee was in 
the correct scaled relationship to the larger yield. 

A comparison of tho subsurface-pressure record with the surface-elevation curves of 
Figures C.l through C.8 shows that the above wave system characteristics are net the 
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reealt of the technique of interpretation of a subsurface pressure versus time trace. The 
general characteristics discussed above are verified by both sets of data. 

3.4 INTERMEDIATE-RANGE DATA 

It was noted in Section 3.2 that the -vave systems at close ranges had identifiable c**a^' 
ucteriatics with respect to water level rise ahead of the first crest, ratio of energy in mo 
first crest to first trough, asymmetry of the first trough, and group pattern and boat 
phenomenon of waves following tho first trough. In this section the records .rom uca.iug- 
type instrumentation (Section 2.2.1) are examined to ascertain, in a general way, if the 
characteristics observed in Section 3.3 are present at more distant ranges. The basic 
data for this and the following section is included in Appendix A. 

For Shot Drkcta, Station 196.02 snowed identically the same system characteristic 
(Figuro A.3) as the cloee-rango record (Figure C.3). The first trough was deeper than 
the first crest was high. The amplitudes of the second, third, and feurth crests and 
troughs decrcssed regularly from a second crest amplitude that was approximately equal 
to the first erest. The first trough was utiil asymmetric about its phase zeros, and the 
waves following the first trough appeared to be superimposed upon longer period changes 
in lagoon water level. Waves after the fourth trough exhibited nonsystematic variations 
in period and amplitude until they diminished to the amplitudes of the disturbed back¬ 
ground at approximately IfiVj minutes. The reflected wave tnat passed this station at 
231^ minutes was a relatively large trough followed by a smaller crest. The trough is 
estimated to contain energy equivalent to that in the first crest. 

For Shot Dakota, the record from Station 196.01 shows the wave system to have almost 
the same characteristics as indicated at Stations 196.02 and 197.06 (Figures A.3 and C.3). 
The exceptions are: (1) the first throe waves immediately following the first trough do 
not measurably decrease in amplitude, and (2) the change in lagoon water level for waves 
following the first trough appears to be more prominent and of a longer duration. A 
discontinuity in regularity of wave oeriod occurred at 16l4 minutes, after which the wave 
action reduced to background. As will become apparent when the shore station records 
are summarized, items 1 and 2 above result from the proximity of the atoll reef line and 
shoaling water. At 26¾ minutes, a large redacted crest passed this station. This was 
followed by a trough and throe smaller crests and troughs that were almost identical in 
period to waves which passed earlier. 

The intermediate-range wave system characteristics from Shot Navajo at Stations 
196.01 and 196.02 recoras are shown in Figure A.S. Figure A.4 for Station 196.04 ’s 
also intermediate-range data, but the recording instrument was unpredictably tempera¬ 
ture sensitive, and only the time of arriva.' of the first crest is reliable data. This t.ace 
dees net accurately represent wave profiles. 

The close-range records, examined in Section 3.3, inaicated the Navajo wave system 
consisted of a first crest followed by a trough and two groups of waves. The record at 
Station 196.02 (Figure A.5/ shows this very clearly. The first crest height was equal to 
the first trough depth, and die first trough was still asymmetric about its phase zeros at 
this range. The first node was at 14 minutes, and the second at. abcut 16¼ minutes. 
The maximum amplitude cf tie v.-aves in the first group was proportionately larger, 
compared tc the first crest, than at the close-range stations. A refiected trough follow¬ 
ed by a crest passed this station uetween 22¾ and 23¾ minutes, and in shape and Uming 
they were identical to those observed at this station after Shot Dakota. 
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The Station 196.01 record for S.iot Navajo (rij^ure A.5) tends to verify the character¬ 
istics exhibited by the Station 19C.02 trace, but again, the wave character was altered 
oy the nearby shoal water and reef. The manner in which the open lagoon wave system 
was altered a: this station is very similar for flirts Dakota and Navajo. The regular 
manner in which the waves decrease and increase in Lie following groups was not pre¬ 
served. There was a longer period change in lagoon water level than that observed at 
Station 196.02, about v/hich the shot-generated vavea appeared to oscillate, and the reg¬ 
ularity of the wave system was altered. A reflected trough and crest passed Station 
196.01 between 24 and 25V4 ndnutes. This redacted crest was higher than the firat crest 
as was the case for Shot Dakota; however, the .«imilarity between the waves following 
this reflected crest and the earlier waves of ¿he system is .ot as obvious as it was in 
the Dakota record. The trough preceding this crest was not apparent in the Dakota 
record, but this is probably due to the ratic of size to background of the Dakota waves. 

^he central lagoon records show that, ci.ce the wave system characteristics have 
been determined in the zone of generation, ±ey are preserved throughout their propa¬ 
gation across the lagoon, and only when these waves approach shoal water, reefs, or 
island areas do alterations in the time-height history occur, which tend to mask the 
original wave characteristics. Prominent reflectors of wave energy are indicated; these 
require consideration when shore station records are inspected, and island .inundation 
potential is examined. 

Reference 3 conUins three wave records from Operation Castle—two from Shct 
Union and one from Shot Yankee. Their characteristics arc discussed here, because 
the magnitudes of the later waves (probably reflections) noted for Navajo and Dakota 
become quite large in comparison, and permit conclusions about their source and the 
mechanism of tneir formation. These three records were taken at two stations: the 
closer of these, Station 163.04, vas 1V2 miles from Jig-Xing reef, and Lhe other, Station 
163.05, was 0.25 mile from the Nan-Mike reef and near a reflecting boundary. Records 
were obtained from bodi statmns for Shot Union. 

At Station 163.04. Shot Union, the characteristics of the record in Figure C.7 were 
preserved in the first two crests and connecting trough with the addition of 3 to 4 waves 
following the second crest. Tne second trough was deeper than the first, and it appears 
that the energy in earlier waves is moving back in Lhe system to form waves after the 
second crest. Four and one-quarter minutes after passage of the first crest, the effects 
of the nearby reef were manifested as longer period changes in lagoon water level (of the 
same character noted in Ute Station 136.01 records cf Navajo and Dakota). Eight and 
one-quarter minutes after the first crest arrival, a reflected ersst passed, possibly 
coming from the nearby reef, and 121 \ minutes after first crest arrival, a large reflect¬ 
ed crest passed from the same reflective ocundary as the reflections noted in the Redwing 
stations above, and similarly it was preceded by a trough. The record at Station 163.05, 
Shot Union, was from a range approximately 3¾ miles greater than that of Station 183.04. 
The characteristics were similar to those shown in Figure C.7—the first two crests with 
a comparatively long and shallow connecting trough. The record from Station 163.05 
shows the second trough to be equal in depth to the first trough. The amplitudes of Lhe 
waves following the second trough are near background (approximately 1¾ feet) until 
the arrival of a reflected trough whose depth, is 1.6 urnes that of the first trough, and 
about 0.3 times the first crest height. This trough is followed immediately by a crest 
of aquel amplitude. Subsequent waves decrease in amplitude until the arrival of three 
ciests approximately 3‘/2 minutes later. This wave record is almost identical in char¬ 
acter to that at Station 190.01, Shot Navajo, except that the second, third, and fourth 
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waves of Navajo are proportional!}' larger than those of Union. 
For Shot Yankee, the record at Station 163.05 is identical in character to that for Shot 

Union discussed above. Wave size has increased in proportion to the higher yield. 
The location of reflecting boundaries and phasing of reflected waves is discussed in 

Section 3.7. 

3.5 DATA FROM SHORE STATIONS 

Shore stations located at Sites How, Nan, Oboe, and William, were operated for ail 
tests in Bikini Lagoon except for the How station during Shot Tewa. 

For the three open-ia^ooa shots, the wave records reflect the open-lagoon character¬ 
istics noted in Sections 3.3 and 3.4, plus characteristics induced by the lagoon, island, 
and reef topography. The wave systems from Shots Zuni and Tewa were unlike thu other 
wave systems and, because an analysis of these waves will have to be made from the 
shore station records alone, it is necessary to analyze the location-induced changes at 
the shore stations for those tests in which the open-lagoon system is well defined, and 
apply, if possible, these conclusions to the data obtained for Zuni and Tewa. 

For the three open-lagoon shots—Flathead, Dakota, and Navajo—Station 191.01 
was the closest in range (on the basis of refracted not direct paths), and the waves in 
reaching it traveled along the short axis of the lagoon. The station transducer was in 
SO feet of water approximately 373 feet from shore. Another 100 feet from shore the 
bottom depth was about 130 feet, and this slope continued to the average lagoon depui in 
the area. 

This slope is typical of the Oboe-Tare lagoon bathymetry with the consequence that 
the waves approached very close to the shoreline before being altered by bottom in¬ 
fluences. 

For Shot Flathead, the record from Station 191.01 (Figure A.2) can be compared with 
the open-lagoon wave system as recorded by the close-range Stations 196.03 (Figure A.2) 
and 197.04 (Figure C.l). The first trough was greater in amplitude than the first crecí 
and the second, third, and fourth crests were superimposed upon a very pronounced long- 
period change in water level. The nodal point in Figure C.l at 190 seconds coincides 
with the start of an extended trough (Station 191.01) at 16 minutes in Figure A.2. The two 
waves following this discontinuity were of an amplitude similar to the first crest and 
trough. Following these, the wave pattern was erratic and inconsistent. 

For Shot Dakota, the record from Station 191.01 can be compared with the open- 
lagoon wave system records of Stations 196.01 and 196.02 (Figure A.3)and Station 197.06 
(Figure C.3). Again, at Station 191.01 the first trough was deeper than the first cresi 
was high, and was symmetrical with respect to its phase zeros. The five waves follow¬ 
ing the first trough were much smaller in amplitude than the first crest or trough, and 
were again superimposed upon a long-period water level fluctuation. The third wave 
following the first trough appears to have the greatest amplitude of these later waves, 
but the variation of amplitude with wave number for these waves does not indicate any 
clear-cut trend as do those at Stations 197.06 and 196.02. This same tendency to random 
variation of wave amplitude for waves following the first trough was detected in the rec¬ 
ord of Station 196.01 and was attributed to the proximity of a reflecting boundary. 

For Shot Navajo, the waves recorded by Station 191.01 (Figure A.5) had the following 
prominent features. The first crest and trough were more than twice greater in ampli¬ 
tude than any other wave. The wave-group phenomenon for waves following the first 
trough observed at Stations 197.05 (Figure C.6) and 196.02 (Figure A.5) was preserved. 

31 



and nodal pointa ara indicated at 16 Vi and IS ' 4 in.nutes. The waves lOilowinj the first 
trough were superimposed upon a fluctuating lagocn water level, out the regularity of 
increasing and decreasing amplitudes with wave number obser'ed at S.ation 196.02 («.• g_ 
uro A.5) v.as not preserved. There is also evidence of a third wave group between 16 *4 
and 20V4 minutes. 

The arrival at later times of waves with energies equal to that of the first wave, simi¬ 
lar to thos? observed at the skiff Stations 136.01 and 196.02 (Figure A.õ) was not ob¬ 
served in ai'.y records for Station 191.01. Characteristic changes in the open-lagoon wave 
system recorded by the station are summarised as follows: (1) The crest heights of all 
waves following the first trough are substantially reduced relative to the first crest, 
height. Thle is a function of wav a size and tide stage, and is most prominent for Navajo 
waves and least prominent for Flathead waves. (2) Waves following the first trougn 
are superimposed upon locally induced long-period changes in water level. (3) Arrivals 
of prominent reflected waves are not detectable. 

The records from Station 190.01 show locally Induced characteristics that are unlike 
those of Station 191.01. For Shot. Flathead, the record Tor Station 13C.01 (Figure A.2) 
shows: (1) the first eight waves were symmetrical about the mean water level, (2) liho 
the open-lagcon record in Figure C.l, the first trough was greater in amplitude than the 
first crest, and (3) the second crest was the highest crest. The first nodal point of the 
Figure C.l was not detected at Station 190.01. A trough whose amplitude was approxi¬ 
mately the same as that of the first trough arrived at 23 s4 minutes, and was followed by 
a crest of equal amplitude. This was very nearly the highest crest a: this station. Other 
waves of equal amplitude arrived at later times but could not be identified with the more 
significant features of the open-lagoon wave system. 

For Shot Dakota, the record from Station 190.01 (Figure A. 3) has features very simi¬ 
lar to those of Stations 197.06 (Figure C.3) and 196.02 (Figure A.3). Again the first eight 
waves were symmetrical about die mean tide stage, the first trough was deeper than the 
first crest was high, and the second crest was slightly higher than the first crest. A 
trough arrived at 23*4 minutes, followed by the highest crest on the record. The rela¬ 
tive times of these features are almost identical with those recorded for the Flathead 
waves. Similarity of periods and grouping between the first waves recorded and those 
after 25 V: minutes indicate these later waves are reflections frem some other part of 
the lagoon. 

For Shot Navajo, the record at Station 190.01 (Figuro A.5) can be con.pared with those 
of Stations 197.06 (Figure C.5Ü97.05 (Figure C.C), and 196.02 (Figure A.5). The first 
crest and trough are of approximately the came amplitude, the second, third, and fourth 
waves are symmetrical about the mean water level, and decrease regularly in amplitude 
similar to the record for Station 196.02. The first nodal point wan at 20 Vi minutes and 
marks the beginning of a long-period trough which reached its maximum depth at 22*/4 
minutes. The second group of waves, as also observed at Station 196.02, is superimposed 
upon this long-period trough and could possibly extend into the following crest. This 
trough and crest were equivalent in amplitude to the first crest and trough and the periods 
of the waves which arrived between 25*4 and 2S*/4 minutes are identical with the periods 
of the second through third waves. It becomes apparent that the large waves on this 
record, wliich arrived after 25*4 minutes, are reflected waves from another part of the 
lagoon. 

The records for Station 190.01 show: (1) as the wave size increases, the first four 
waves increasingly maintain their open-lagoon configurations; (2) the early waves tend to 
be symmetrical atjut the original mean water level; (3) later in the record a prominent 
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trough and crest indicate the arrival of waves that are identifiable by their periods as 
being reflection? of the first waves of the system from another part of the lagoon; (4) the 
time from the first crest arrival to the arrival of the reflected crest is the same on all 
records, indicating that the reflector is the same for all shots; and (5) either the 
re fleeted-wave velocity is independent of wave size, or the reflector is physically close 
enough to the recorder to prevent detection of velocity differences due to the relatively 
small differences in wave height. 

The records for Station 193.01 are the most complex of all, because waves arriving 
at this station traveled a refracted path adjacent to the How-Gecrge reef. As a con¬ 
sequence, the open-lagoon wave systems were superimposed upon much longer period 
and greater'amplitude changes in water level, which made the characteristics of the 
wave system very difficult to detect. The oomusion of waves at this location appears to 
be a function of wave size and wave number, and the system characteristics can only be 
identified by their periods. 

For Shot Flathead, the record for Station 193.01 (Figure A.2) does not compare with 
any of the other records for this shot. The amplitude of the generated waves was veiy 
small, the first crest is approximately equal in amplitude to the fiist trough, and the 
discontinuity between the fourth and fifth crests at 16 Vi minutes has been identified in 
records for Stations 191.01 (Figure A.2) and 197.C4 (Figure C.l). Either the second or 
third crest was missing at Station 183.01. 

With an increase in wave size from Shot Dakota, the site-induced features of the wave 
system at Station 193.01 became more discernible (Figure A.3) and is very similar to 
the record of Station 196.01 (Figure A.3). The first trough was greater in amplitude than 
the first crest, the regularity of decrease in amplitude foi the second, third, and fourth 
V aves, as was shown at Station 196.02 (Figure A.3), was changed in a manner similar to 
tiiat at Station 196.01 (Figure A.3), and the second through ninth waves were superimposed 
upon a longer period change in water level. Wave action reduced to background a: ID 
minutes, and the first reflected trough and crest arrived at 28¾ and 29¾ minutes. 
Other reflected waves are apparent at even later times. 

The waves from Shot Navajo were of sufficient cize to amplify the location-induced 
characteristics at Station 193.01 so that they become quite apparent. In Figure A.5, the 
first crest was preceded by a small comparatively long period trough, and as in rec¬ 
eñí at Station 196.01, the first trough was shallower than the first crest was high The 
first trough was asymmetric about its phase zeros, and the second through eighth waves 
were superimposed upon a long-period water-level change whose maximum occurred at 
approximately 17¾ minutes and whose amplitude was about 1.5 times that of the first 
trough. These 'ong-period water-level oscillations, between 15 and 25 minutes, are the 
result of wave activity along the Gcorge-How reef and are characteristic of the station 
for shots located in the northwestern part of the lagoon. These long-period water-level 
changes are associated with the selectivity of a shallow reef parallel to wave path. By 
refraction of tho waves, the reef traos and absorbs wave-crest energy, but reflects 
wave-trough energy to the deeper lagoon waters. The net effect is that of a negative 
half-wave rectifier. This is best observed at Station 193.01 shortly after the arrival of 
>.he first trough. A reflected first crest and trough, typically the same reflected wave 
observed at proportionately later tiir.es at Station 190.01, arrived from a more remote 
part of the lagoon at 27 \\ and 28 Vj minutes. 

In summary, the principal locaticn-induced characteristic at Station 193.01 is a long- 
period reference water-level oscillation induced by the George-How reef, with relative 
amplitudes great enough to drastically alter the absolute wave height versus time picture 
of the cpen-lagoon system. 
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Station 1S2.01 had locally induced effects upon the open-lagoon wate system that were 
different from those of the other shore stations. The records are given in Figures A.2, 
A.S, and A.5 for Shots Flathead, Dakota, and Navajo. The record for Flathead shows 
the first crest and trough and the second crest to be eouai in amplitude. The second 
trough and third crest, have the greatest amplitudes in the recorded system, and only 
a.ter 17 minutes do the waves assume a regular pattern similar to what would be expect¬ 
ed in open-lagoon waters. The wave record does not compare in characteristics with 
those from the other shore stations, or with the one turtle record. 

Because of increased wave size, the Dakota waves recorded by this stat.on (Figure 
A.3), show the same characteristics as for Flathead but more prominently. The first 
crest height was equal to the first trough depth, and, as before, the second trough and 
third crest were the greatest in amplitude. The top of the second crest was at the origi¬ 
nal lagoon water level and was apparently influenced by a large-amplitude, long-period 
lowering of tae mean water level. The small feurth crest at 15minutes, coincided 
with the inflecUon point at 17 minutes at Station 196.02, and the fifth through ninth waves 
were again approximately equal in amplitude to the first wave. A comparison with those 
for Stations 196.02 and 136.01 shows that the most prominent feature of the record at 
Station 192.01 is the alteration of the second, thir \ and fourth wave heights and periods. 
The runtli crest was the highest with respect to the mean water level bu: it is observed 
to be so because of a longer period rise in lagoon water level and is not considered 
representative of the open-lagoon wave system. 

The Navajo waves at Station 192.01 (Figure A.5) amplify these characteristics even 
more. The first trough was slightly greater in amplitude than the ii rst crest. The 
inflection point at 14 minutes on the back face of the first crest was noted before in the 
records for Stations 196.02 (Figuro A.5) and 197.06 (Figure C.S). As in the Dakota rec¬ 
ord, the second crest maximum was about equivalent to the mean lagoon water level. 
The third crest was considerably higher than the second, and the fourth crest represents 
a nodal point in amplitude as was indicated by the òtation 190. J2 record. The fourth 
through »cnth v/aves form a second group; the sixth and ninth crests are the highest. As 
waa detected in the record at Station 191.01 for this shot, there is evidence of r third, 
much smaller group starting with the eleventh crest. Wave action returns tc background 
at 22 minutes, and at this time a long-period reflected trough arrives iron, another part 
o*’ the lagoon. The prominent reflected cresta at later times, recorded at Stations 196.02 
and 193.01, are not observed at this station. 

In summary, wave systems recorded at Station 192.91 arc altered as follows: (1) the 
degree of alteration is dependent upon wave size und energy content, and (2) any regular¬ 
ity in absolute and relative values of wave heights observed m the open lagoon r.re 
changea, and this change appears to be most prominent for the recona wave and de¬ 
creases in proportion to increasing wave number. Nodal points and inflection points of 
the open-lagoon system appear to be preserved. 

3.3 V/AVE ACTION AT NORTH NAN SHORELINE 

A camera station was established, maintained, and operated by Eigerton, Gormes- 
hausen, and Grier (EG&G) on the wooden tower located at the north end of Site Nan. The 
cameras were mounted adjacent to the Station 130.91 recording equipment at about the 
20 -foot level and timed photographs were obtained of the wave action along the shoreline 
from this tower south to approximately the Nan camp area. 

These films have been studied, and the information on wave heights and times of 
arrival at a point on the shoreline are presented in Appendix B, along with the v/aves 
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measured by the project Station 190.01 tran iucer, which wnu 2,500 feet distent on a 
bearing of 286 degrees true. The vertical scale for these photo records '.vas 
aetermined from known vertical dimensions on the LCÜ wreck located in the foreground 
between the cower and the Te ak Group 7.3 recreation area in Figure 3.1. The exposure 
and grain size of these films (13 mm) do not permit detailed photogranunetric analysis 
or enlargement for detailed examination; therefore, the continuous curves shewn in 
Appendix B represent a substantial amount of smoothing of data points, which wouid 
otherwise appear more accurately as oavv-toothad, vertical-fronted, breaking waves. 

All major waves at the shoreline entered the camera field of view from the right as 
breaking waves. The condition of the smaller waves as they ente:- the field of view s 
uncertain. The field of view of the lenses for the first 200 yards down the beach is quite 
narrow, and beyond this range, the film resolution does not permit conclusions about how 
far from the shoreline the waves started to break. Consequently, the curves cf Appendix 
E are applicable only to the shoreline between the north Man tower and the Task Group 
7.3 recreation area. The times of arrival of peale values cf the major waves are very 
accurate, the relative heights are within the experimental error of the other wave data, 
and the absolute heights are estimated to be accurate within 2 feet. The data sho ws 
several interesting features of these waves as they move onto a shoreline. 

One of the more apparent features of the Navajo wave record (Figure B.3) is that the 
first wave arrived at the shoreline iVj minutes after passing the project transducer. 
Based on the direction of wave propagation and the relative location of the two points of 
observation, the distance traveled is approximately 2,500 feet. At a velocity of 4*1 ft/sec, 
'/gF. in 60 feet of water, the indicated travel time is 1 minute and in 30 feet of 
water, the travel time would be iVj minutes. The bottom In this area shoals from 
120 feet to the shoreline in the direction of wave propagation in a horizontal distance of 
3,200 feet. Hence, waves cl this long wavelength (greater than 5,000 feet) respond to 
the comparatively rapid shoaling of tee bottom. Arother characteristic of these waves 
is tho increased height due to shoaling, or reflectance. The first crest of Navajo in¬ 
creased from 4.5 to 6.8 feet in moving from 60-foot water depth to the shoreline. The 
trough depth changed from 3.8 to 3.7 feet. The shoreline trough depth is defined as the 
minimum elevation of water recession prior to an advancing crest. The lagoon bottom 
is bare inshore cf this area. 

The second, third, and fourth Navajo waves measured at Station 190.01, arrivad at 
the shoreline as one continuous front ot water with the same travel time from, the trans¬ 
ducer as the first wave. Although the individual crests could be detected as breaking 
waves superimposed upon a water-level r.se as they entered ùe field of view and were 
observed to move up on the beach, the distinct troughs accompanying the crests in deeper 
water were not obssrved. 

The next major Navajo wave action to pass the Station 190.01 transducer was a large 
trough between 21 and 2Cl/} minutes, which was followed by a crest equal in height to the 
first crest. This large trough was not apparent at the shoreline, but ;he following crest 
vas the major inundating wave and was much larger than the first crest at the shoreline. 
Scientific personnel occupying Station 70 on south Nan, who watched the waves arrive 
at Nan, reported that the third wave was tho one that did the damage. It ie apparent that, 
from the standpoint of a water-level change at tno shoreline, the third wave was the 
largest. Observations indicate that waves at the shoreline are not always representative 
of the wave system in deeper water. The travel time of this major inundating crest from 
the Station 190.01 transducer to the beach waa approximately % minuto and was signifi¬ 
cantly less than the corresponding time for the first crest. Also, the increase in height 
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was approximately 180 percent compared to an increase of 50 percent for the ãrst c:es:. 
The trough passing the Station 190.01 transducer at 25.1 minutes was al?o observed at 
the shoreline, V3 minute later. The three prominent crests that followed this trough at 
the Station 190.»)! transducer between 251.¾ and 262/j minutes are observed to ochave as 
did the second, th.rd, and fourth waves in that they joined together at toe shoreline to 
present a continuous head of water. At 272/j minutes, a trough was indicated at the shore, 
which on a relative basis, is much larger than the trough that was at the shore at 25 /j 
minutes. While the Station 190.01 record shows the first of these two troughs, it does 
not indicáis the presence of the second and larger trough. The induced changes in an 
open-lagoon wave system as it moves onto a shoreline are obviously very complex. 

Because the water waves from Shot Dakota were much smaller, the changes in heig.it 
and arrangement were less prominent than those for Shot Navajo. The data is summa¬ 
rized in Figure B.2. The first crest and trough arrivals at the shoreline were so imper¬ 
ceptible that this section vas accidently cut in the film editing and is no longer available. 
The grouping of the second, third, and fourth waves at the shoreline did not occur as it 
did for the Navajo waves. The travel time for these waves between the transducer and 
the shoreline was, as for the Navajo waves, approximately iVj minutes, in general, the 
wave sequence recorded at the shoreline followed that at the transducer very o.osely. 
For example, the general lowering of the waves about a mean amplitude line at 22 /2 
minutes for the 30-foot depth was apparent at the shoreline at 23 minutes. The .anger 
period undulations of the mean water level between 22 and 24l4 minutes were reproduced 
at the shoreline between 22l/2 and 24*4 minutes. The secondprominentcrest which passed 
the 60-foot depth at 24*4 minutes was seen to arrive at the shoreline approximate.y 4 
of a minute later, which duplicates the trend in arrival time for this crest noted in the 
Navajo records. For Shot Dakota, the highest wave at the shoreline was this later crest, 
but its increase in height compared to the increase in the height of the first waves to 
arrive is not indicated to be as great as was the corresponding increase for the Navajo 
system. 

The Flathead waves (Figure 3.1) recorded at the shoreline continua the trend, detected 
in Navajo and Dakota waves, to alter the character of the wave system recorded at .he 
transducer less and less as the wave size decreases. The second crest produced more 
of an inundation threat than the first, and, as for Dakota and Navajo, there was a later 
wave which was also prominent in tills respect. The travel timo of the second crest i'rcm 
the transducer to the shoreline was approximately iVj minutes as anticipated, but tne first 
crest travel time appears to be only about *4 minute and so is ahead of scnsdule. xhia 
value of Va minute may very well be due to inability' to resolve the first crest maximum 
for this small height, because the film is badly underexposed. It should be remembered 
that, between 13 and 22 minutes, there is a great difference in light intensity, because 
all of these shots were fired just before daylight and the attendant problems in photography 
and film development were numerous. 

One characteristic of the Flathead waves in Figure 3.1, which differs from those of 
Dakota and Navajo, is that the difference in arrival times at the transducer and at the 
shoreline of the second prominent crest was of the order of iVj plus minutes and not the 
V, minute of the corresponding Dakota and Navajo crests. This is interpreted to indicate 
that this crest arrived from a different direction for Flathead than for Dakota and Navajo. 
This feature is reviewed in detail in Section 3.7. 

In summary, the changes that occur to waves in traveling from deep ogoon water to 
an island shoreline appear to be directly proportional to wave size and ene-gy content. 
For the smaller waves observed, the deep-lagoon pattern is fairly we.l preser^ed at the 
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shoreline but for waves the size of those from Navajo the alterations of the deep-lagoon 
water elevation versus time curves at the shoreline are quite extensive. This same 
conclusion was indicated in the discussion of the shore-station records of Section 3.5 
and was most vividly exemplified by the records obtained from Station 1S1.01. 

3.7 REFLECTED WAVES 

At most station locations, there were recordings of waves that did not travel directly 
from surface zero, and in some instances the waves passed over the instrument at the 
same time as waves gonerated and radiating from surface zero. Sometimes these re¬ 
flected waves were traveling in the same direction as those from surface zero, and at 
other times they were not Except for the study of inundation from these tests, the 
reflected waves could be ignored, and analysts restricted to reflectance effects upon 
wave heights of the original system near a reflecting boundary. 

The damaging inundation at Site Nan was the result of a reflected wave. Approximate 
water level as a function of time curves at the north Nan shoreline were developed from 
EG&G timed photography for Shcts Zuni, Flathead, Dakota, and Navajo, as has been 
noted earlier in Section 3.3. The significance and size of the reflections increased rapid¬ 
ly with shot size, and as a result, the reflectance phenomenon being discussed was barely 
detectable for Flathead and became quite noticeable for Navajo. A review of th.. wa/e 
data for Shots Union and Yankee during Operation Castle shews this identical reflection 
at Nan and confirms the conclusions derived and presented in this report. The identifi¬ 
cation of this reflection in the Castle data, which has become possible only since this 
analysis of the Redwing data, also confirmed earlier conclusions about the type of wave 
system generated by Shots Union and Yankee, where previously the small quantity of data 
from these shots had not permitted the exclusion of these prominent leflected waves 
from the original open-lagoon system. 

The analysis of these reflections has been difficult will, the amount of data available; 
all the facets of the phenomenon cannot be explained. The conclusion drawn stems in 
part from a negative approach: a number of possibilities are examined and one conclusion 
is arrived at by exclusion. 

The majority of wave instrumentation was located in the eastern half of the lagoon, to 
minimize problems of placement and recovery due to radiation. Station 192.01 was in the 
southwestern end of the lagoon and recorded ail significant wave action in the western 
half of the lagoon. The prominent reflections under discussion were not apparent at this 
station, and it was concluded that significant reflections were directional and peculiar to 
the eastern half of the lagoon. The reflector was the lagoon shoreline of Sites Oboe and 
Peter. The mechanism of reflection is discussed below. The Navajo wave system 
(Figures A.4 and A.5) is used as an example. 

The wave systems from barge shots in the north-central area of the lagoon approached 
the Cboe-Peter shoreline at an angle of incidence approximately 25 degrees from perpen¬ 
dicular. The approaching wave system is as shown by the Station 196.02 record in 
Figure A.5. The first crest ran up the shoreline and spilled onto and flowed across the 
island. The amount of flooding was dependent upon wave height, tide stage, and first- 
crest half wavelength. A significant volume of water was momentarily removed from 
the lagoon and resulted in a general lowering of the mean water level adjacent to the 
shoreline. In exact phasing with this level change, the first trough was totally reflected 
from the shoreline and moved off to ether parts of the lagoon. The water that was upon 
the island had only partially returned to the lagoon at the time the second crest arrived 
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at thü shoreline. Because the mean water level near the shoreline was sufficiently low¬ 
ered by the water remaining upon the island, and also by the presence of the later por¬ 
tion of the reflected trough, the second and third crests did not exceed the shoreline 
elevation and were totally reflected (minus the energy losses of turûulence, and sc 
forth) and moved off behind the ref ected first trough. The second trough lost its identity 
at the reflector, and the energy of the second crest and trough and the third crest were 

reflected as a single crest. 
This is shown by the Station 1C1.01 record (Figure A.5) whose transducer was located 

at the eastern edge of the reflecting boundary. The second crest, second trough, and 
third crest arrived at this station at 14.2, 14.4, and 14.3 minutes respectively and are 
only faintly detectable in the pressure-time record. The representativeness of a sub¬ 
surface pressure record in this zone might be doubted, but if this reflected c.cst is 
enarr.n.'ed out in the open lagoon, well removed from the reflecting boundary, the second 
trough seems to have been absorbed by this wave and no longer exists. By the time tins 
crest has left the urea, the mean water level is back to normal and subsequent waves 
are too small in amplitude to repeat the process. There is slight evidence that a trough 
much smaller than the first is reflected next, which would imply that the fourth crest 
flowed upon the island. It can be imagined that the whole process is dependent upon 
delicate phasing and the effects of many variables. By this mechanism, a wave consist¬ 
ing of a trough followed by a crest is radiated from the reflecting boundary. 

This reflected wave (a trough followed by a crest) traveled toward Sites How and Nan, 
and is ebserved to pass Stations 1CÖ.02, 136.01, and 193.01 at the times given in Table 
3.3. The celerity of tnis reflected crest is 74.3 ft/sec, the same as that of the first 
crest. The reflected wave (trough and crest) does net appear to be dispersive over 
these ranges, because it maintains iis identity and integrity. Its amplitude is, on an 
average, everywhere equivalent to that of the first wave of the direct wave system. 

The reflected wave (trough and crest) from Oboe-Peter traveled in a northerly refract¬ 
ed path over slightly shallower lagoon water to Station 190.01 and arrived at .his location 
at 25 minutes (trough) and 25.5 minutes (crest). Prior to this, however, a comparatively 
long-period trough followed by a crest was observed to arrive and cause ttiv, maximum 
inundation of Nan. T 3 first disturbance of this trough arrived at approximately 21 
minutes. The maximum depth of the trough arrived around 22.5 minutes, end the follow¬ 
ing crest was at 23¾ minutes. By comparing the travel times between the Station 190.Cl 
transducer and the north Nan shoreline, the first crest from surface zero, and these 
reflected crests, it can be determined that these reflected waves are approaching from 
the direction of Oboe (Section 3.6). The reflected wave arrival at 23V4 minutes dictates 
that this crest traveled from Oboe to Nan at an average celerity of 88.5 ft/sec, or 10ft. sec 
faster than the first disturbance traveled across the deepest parts of ths lagoon. If 
allowance is made for the reduced celerity into the srcal areas of the transducers and 
reflection time at Qbou, a maximum celerity of 100 ft/sec is more realistic. This 
celerity value indicates that it must have bean traveling part of the time in water deeper 
than can be found in the lagoon, and the concb icn must bo that it followed a path that 
at some time during its travel placed it over the much deeper, and rapidly increasing, 
depth along the eouthern tace of the Er.yu Channel iFig1 ire 2.1). 

Examination of the hydrographic chart of Enyu Channel shows a subsurface ridge ex¬ 
tending irom Oboe to Nan and if the wave angle of incidence to this ridge were sufficientlv 
small, by refraction the wave could track along this ridge, and follow it to Nan. In 
addition, because the reflected wave originates inside the lagoon and is refracted onto 
this ridge, and then by refraction is forced to follow it, the reflected wave moving along 
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:s g — = 242 ft/sec 
2« 

(3.2) 

»he ridge can receive reinforcement and increase its energy content as it movea toward 
Nan. This is apparently what happened as the comparative size and accompanying inun- 
Ïüon of the two reflections at Nan indicates that the first arrival contained consider- 
X mor. .norty. ThI. çr.,»r .oergy .. mm.t3S.ed as increased period srri wavelength. 
E^n though a wave path out into deeper water oí the ocean and back into Nan »odd t« » 
considerably greater distance than directly across the Enyu Channel, increased /ei ty 
in the deeper water could more than compensate for this. The full ^ ^ 
inundating reflection at Nan is of the order of 3½ minutes. Assume a celerity ut 70 ft/ t-c, 
which gives a full wavelength of approximately 1.47 * 10< feet. The velocity C, of a 
wave in any depth h is expressed by 

„ 'g\ ^ 7 2ffh (3.1) 
c -V» t 

If the water depth (40S tathoms) is ons-eixtit the wavelength 

C 

and a wave moving into this water depth could malee up lost time dus to a longer path 
It is concluded, therefore, that the inundation at Nan after Shot Navajo resulted fr m 

a reflected wave originating at Oboe-Peter and that tins wave moved along the deep-water 
¿ide of the Oboe-Nan ridgo in the Enyu Channel. This reflected wave reentered the 
shallows of the lagoon in the vicinity of Nan and, at this poim and time, acted as the 
aource for another reflected wave. Indeed, it can be tracked as it moved north past 
Stations 196.02 and 136.01 at an average celerity of 74.3 ft/sec. This reflection moved 
on north to the Station 193.01 transducer and was recorded. With three significan» waves 
(the original first wave, the reflected wave from Oboe-Pcter, and the second reflected 
wave from Oboe-Peter reentering at Nan) moving about in the eastern half of the lagoon, 
the attendant confusion in preliminary analysis with a comparatively small quantity of 

data is apparent. „ j 
The wave data from Shot Dakota confirms the above conclusions. Smaller waves and 

a lower tide stage (Navajo was shot at a high tide) tended to reduce the magnitude of the 
phenomenon. With this reduction a relative change is noted in the wave trace recorded 
by Station 191.01; in Figure A.3, the second trough nas beta eliminated as it was for the 
Navajo waves at this station. 

For Flathead waves at this station (Figure A.2), the second trough was ident»fiaol- 
and arrived at 14.3 minutes, and in general the waves recorded at this station began o 
resemble that of tto open-lagoon system. The time difference between passage of »he 
reflected wave past the Station 190.01 transducer and its arrival at the Site Nan shoreline 
tor Shot Flathead (Figure B.l; indicates that this reflection phenomenon nas reduced wiu, 
wave size to the point that the Oboe-Nan ridge path is not a significant factor and that 
the primary reflected path tor Shot Flathead is the lagoon refracted path section 3.6). 

3.3 INUNDATION DATA 

To complete the study of these waves from their generation to their termination, a 
portion of the project effort was directed to gathering data about the extent a wave trav¬ 
eled upen or across an island, the order of intensity of its flow, and what erosion, struc¬ 
ture damage, and miscellaneous phenomena were caused by the wave. Experience an 
information gained from a similar effort during Operation Castle suggested specific areas 
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for given shot locations in which the inundation effects would be a maximum, and the 
project attention was focused upon those areas. 

It has developed that one of the most efficient ways to gather this type of information 
is by low-altitude aerial photography of the island shorelines from a helicopter, and 
project personne! carried out flights around the atoll on a scheduled basi;: for both pre- 
and postshot photographic mapping of the island shorelines using both black and white, 
and color film. Five cameras were used: two Roilieflex iCV« by 2\\ inches), one for 
black and white, and one for color transparencies; one H..ssellblad l2‘4 by 2*4 mches 
color) with interchangeable lenses for standoff shots of highly contaminated shorelines; 
and tv/o handheld semiautomatic K-25 aerial-mapping ty; js (black and white). The aerial 
cameras were particularly well adapted for this application, because ¡.he 50-exposure 
roles permitted maximum coverage before reloading. It is noted, however, that black- 
and-white photography alone is not sufficient for those purposes. Color photography :s 
required as an adjunct, because the wet and dry areas and eroded areas show much more 
prominently in these pictures. Reliance upon the black-and-white photographs primarily 
for continuity of coverage and upon the color for assessment of relative effects resulted 
in the best coverage. 

As it turned out, the full-atoll sweeps were not necessary except as confirmation of 
» negative inundation, in that the waves did not exceed the high-tide elevations at most of 

the islands. The possibility that the predicted yield fer a particular test might be low 
rather than high and that anything less than a full-atoll survey prior to a shot would ex¬ 
clude the possibility of accurately comparing before and after effects at a location of 
special interest justified the expenditure of the additional time and effort that resulted in 
a full-atoll photographic survey immediately prior to each shot day. Approximately 
1,600 black-and-white pictures and 500 color transparencies were exposed and processed. 
Of this quantity, approximately 10 percent contain positive nformation about inundation. 

Another technique used for studying water lavéis from v/ave action upon an island 
was by the placement of can-type gages on structures or palm trees at various levels to 
retain water should they be submerged. Empty beer cars were readily available, and 
these were tacked up at an assortment of locations and elevations. The placement of 
these gages was time consuming, compared to aerial photography; therefore, the effort 
in gage placement was reduced during the opera.ion, for all except the readily accessible 
locations, in favor of aerial surveys. Because the waves from the early shots did not 

J result in major inundation, very little data was obtained from these can gages. 
During the planning stage, it was conjectured that, should Shot Zuni (at Tare) breach 

the ocean reef and communicate significant energy to the deep ocean water, the inundation 
at south Nan around Station 70 could be vs 17 severe. Refraction diagrams showed that 
wave energy from both the lagoon waves and deep ocean waves could be Tunneled onto and 
trapped upon the subsurface ridge running from Oboe to Nan. The cumulative effect was 
prophesied as a very large v/ave at south Nan. Project effort was directed to mount inun¬ 
dation gages along the Tare-Oboe complex, Uncle-William sites, ana around Station 70 
at south Nan. Shot Zuni did not breach through to deep water, and the particular phe¬ 
nomenon that was expected did not occur. The blast effects removed all gages and the 
objects to which they were attached within the range where a water wave did cover a 
section of island, and at more distant ranges where evertdhing was not carried away, 
the water wave inundation was of a minor extent. 

The detailed examination of inundation as related to the approaching waves is discussed 
in Section 3.9. In summary, the inundation attributable to the direct waves from the 
Redwing series was comparatively minor except for special areas. The two principal 
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roas—Oboe-Tire and Dog-George complexes—were diametrically opposed from the 
Flathead, Dakota, and Navajo barge sites. The two other shots in Bikini Lagoon that 
Generated measurable waves in relatively protected locations, and consequently, the 
resultant inundation was nesliglblo. For tha Oboe-Tare areas. C« 
and the flow across the islands was dependent upon tide stase and wave sue. 1 
Ä Ld ¿orelincs were more susceptible to inundation than others in the southern 
Dortion of the lagoon, because the wave direction of approach was sufficiently near p 
nendicular to the shoreline, and the lagoon bottom shoaled more abrupt* in this area 
irking this shoreline a more efficient reflector of wave energy. As a consequence, the 
Maximum wave teight upon reflection was greater. Shorelines west of Tare are relative- 
jy weii protected by extensive lagoon reef areas except for those islands bordering deep 
channels to the ocean, in which case the channel constitutes a leak of energy o ' e p 
ocean, which tends to protect the adjacent islands. Nan was reasonably well Pr°^cted 
from direct wave action, and except for an unusual phenomenon discussed in Section 3. 
would have been undisturbed throughout the whole operation. 

The island and causeway areas from Dog to George were quite heaviiy inundated by 
waves from Shots Flathead, Dakota, and Navajo. Waves from Dakota and Navajo di 
extensive damage to the three manmade structures used on the Dog-Chanie reef for 
Cherokee test. Although the project was not prepared to instrument inundation efxects 
this area, the aerial photography gives a very vivid picture of the seventy of this wave 
action After Shot Flathead, the blast and the v/aves cleaned off tibe loose coral sand 
cover on^hese Island area* the Dakota and Navajo waves then tore away ^ --eperma- 
nently -emented coral foundations. This effect was especially heavy along the lagoon 
shorelines. In the postshot aerial photographs of the lagoon area, a progressive deteri; 
oration of the below-tide-stago shoreline is apparent, as is the deposition of large blocks 
Tcorai on the outer, ocean fringe reefs. Erosion and water-level marks °n mounded 
structures in this area indicate that 20 to 30 feet of water passed over the islands. 

Selected photographs related to the discussion of inundation and inundation effects 

in Section 3.9 are included as Appendix D. 

3.9 DISCUSSION OF INUNDATION EFFECTS 

The sequence of events attendant to the flooding of an island are visualized as follows 
As a wave surmounts the island edge elevation, the velocity of its breaking front a bore, 
increases asTe water height abore the edge elevation increases. Shortly auer the maxi¬ 
mum water level is reached at the shoreline, the impetus for Increasing the volume of 
water upon the Island diminishes. This decrease in head near the shoreline is notim- 
mediately reflected as a decrease in the velocity of propagation at the oore iront> w^ch 
is inland an appreciable distance by this time. Eventually the loss of Inundating head at 
•hs shoreline 1» communicated through the volume of water upon the Island, and this 
,o!um: rlrm, to the lagoon or ocean by the path, eneas, resistance 
opon the ratio ol the volume of water to the area inundated. If .he height-time factors of 
a ores, at to shoraUne persist long enough, to bore will travel across to island and 
continue acre, the ocean reef to the ocean. Because the sequence of tose event, and 
the flow from the Drat crest onto the island occur at a slower rate than to .merer ia 
being brought to the shoreline by succeeding crests, the initial head of water a e s ore- 
line can be replenished by the second and succeeding crests ^ferc the water already 
the island has completely receded. Under these conditions the fir* three or fourwave. 
of the system can pump an increasing quantity of water onto the island, and consequent y 
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inundation effects in s^me casas may be the result of a considerably greater quantity of 
energy than can be accredited to the first crest« An example of this typo cf phenomenon 
was noted for the second, third, and fourth crests at the Nan shoreline 'Section 3.6). A 
rigorous treatment of the problem is beyond the scope of the data and present theory, 
and it is only feasible to correlate the on-shore and shoreline effects with the recorded 
waves on a crud^ and approximate basis, which considers only the first crest ci the 
systems. 

The one exception in uhich the maximum inundation did not occur with the first waves 
was at Site Nan where reflected wave energy from Shot Navajo arrived over an unusual 
path from the Oboe complex (Section 3.7). Had Navajo shot time been at a low instead 
of a high tide, it is probable that the inundation at Nan would have been of minor degree. 

It has been shown that first-crest heights increase as they move from the deeper 
lagoon waters to the 60-foot depths ofthe shore stations and that the amount of increase 
is sensitive to the surrounding lagoon topography (Section 3.17). It has also been shown 
that these crests continue to increase in height as they progress f.'on the 60-ioot depth 
to the island shoreline. The data available to give an idea of the magnitude of this 
increase in height from the deep lagoon to the shoreline is assembled in Table 3.2 and 
indicates that the ûrst-crest heights were from 2.4 to 2.6 times greater at the Nan 
shoreline than in the open lagoon at the 60-foot depth. The average increase in first- 
crest height from deep-lagoon water to the shore-station transducers (excluding the 
Site How data because of the wave energy absorptivity of this area of the ligoon) was 
about 1.6, 1.4, and 1.1 for Shots Navajo, Dakota, and Flathead. 

As in the case of wave height, the extent and intensity of flow upon an island is depend¬ 
ent upon the ti ¿ interval for which the water level exceeds an averege island elevation 
near the shoreline. This time interval is in turn related to the wave period and the tide 
stage. The intensity of flow is visualized as being dependent upon a height dimension, 
and the quantity, or volume of flow, upon a time dimension. It is impossible to say 
exactlv what changes occurred in the wavelengths between deep water and the shoreline, 
but the data of Appendix D indicates that the proportionality of the first-wave period, and 
first-crest and first-trough height dimensions were reasonably well preserved from the 
Site Nan transducer to the Nan shoreline. As a result, tne extrapolation of a first-crest 
effective time (from the first disturbance to the first phase zero) in the open-lagoon 
system to the shoreline is considered to be an acceptable approximating assumption. The 
data rcqu’red for a comparative estimate of the first-crest effective time at various 
ranges from surface zero for the barge shots is given in Table 3.3 and Figure 3.2. 

For this discussion to accommodate changes in the tide stage from shot to shot and 
the various island area elevations, an approximating wave shape is required. In Section 
3.16 it is shown uhat the front half of the first crest is approximated by a solitary wave 
and the back half by a sine wave; this composite wave shape is reproduced in Figure 3.3. 
This profile graphically indicates the relative protection from inundation to be gained for 
low lying islands by firing at a low tide stage. For example, a reduction of the effective 
wave heignt of 0.1 at the shore level of an island, due to a lower tide, is indicated to 
reduce the crest length and its effective time interval from 1 to 0.6. As indicated in 
Figure 3.3, the vertical and horizontal acales are not in correct proportion, but on a 
percentage basis, the above numbers -are representative. 

The velocity of propagation of a steep fronted bore is given by , where h^ is the 
height of the bore face. This is a variable across an island and is a function of time and 
range. In order to hi -e a vertical dimension applicable to h^ for purposes of discussion 
of the extent and intensity of inundation from these first crests, the average velocity of 

42 



flow is approximated by taking two-thirds of the crest height on the island rim, as de¬ 
termined from first-crest height at the shoreline minus the difference between the island 
elevation and the tide stage. 

To facilitate the discussion of inundation effects, some oí the data on first-crest heights 
in 60 feet of water presented in Figure 3.22 lias been transcribed to Figure 3.4. As in¬ 
dicated in the figure, it is necessary to estimate the Flathead heighv- 

The manner in which the above information is utilized to study tht photographic evi¬ 
dence of inundation is as follows. The shoreline of Site Dog was an average of 4,300 feet 
from the surface zero of Flathead. The first-creet height in the open lagoon at this range 
is estimated from Figure 3.4 at 5.5 feet, and with the average shoaling and roflectanct 
factor of 2.6, from Table 3.2, this indicates ¿ First-crest height of 14.3 feet above tide 
stage at the Dog shoreline. From Figure 3.2, the first-crest effective time at this range 
is 29 seconds. The road elevation along the lagoon shoreline of Dog was 10 feet above 
mean low low water level (MLLW) or about 4.3 feet above the 5.7-foot tide stage at Flat- 
head time zero. The first crest has to top this elevation before it can proceed inland. 
From Figure 3.3, it can be estimated (1-0 - (4.3/13.7) = 0.69 ) that approximately the 
upper 70 percent of the crest height, and 47 percent of the first-crest effective time 
¿0.92 -0.45 = .47) is active, or 14 seconds. Two-thirds of the upper 9.4 (13.7 - 4.3) feet 
of the first crest across the road indicates a velocity of 14 feet per second, and if this is 
applicable over a time interval of 14 seconds, the first wave is indicated to have penetrated 
inland from ilia road approximately 200 feet. However, in Figures D.2 and D-6 it can be 
seen that Site Dog was completely covered by the Flathead waves which indicates tliat the 
penetration was 1,500 feet through one mechanism or another. It is impossible to assess 
the variation of maximum wator elevation with distance inland from the roadway, but tfca 
severity of erosion at the lagoon shoreline compared to iniand areas is apparent in the 
photographs. Tho Station 197.04 record of the Flathead wave shows that the second ana 
third crests were as high as the first, but their contribution to the inundation effects at 
Site Dog cannot be estimated. 

If the above calculations are repeated for Site Dog with the first crests from Shots 
Dakota and Navajo, their heights above the shoreline road are indicated at 25.5 and 53.4 
feet, their effective times at 20.5 and 20.3 seconds, and the first-crest penetrations at 
470 and 690 feet respectively. 

Preshot and postshot photographs of Site Dog for the Flathead, Dakota, and Navajo 
events are included as Figures D*1 through D,9. The first four are of the large bunker, 
Station 1320, at the west end of Site Dog, and show the progressive deterioration of the 
mounding and the surrounding island area. The destruction and removal of ‘he coral 
lagoon-fringing reef directly in .rent of this station is also apparent in these photographs. 
Although some of this must be attributed to airblast and shock effects, a very large 
percentage of it is a direct consequence of the water-wave action. The mounding behind 
the left wing of this station was partly removed by the Flathead wave, and an additional 
amount was removed by the Dakota wave. The joint between the wing and the structure 
was fractured during Shot Dakota. After Shot Navajo, the mounding behind this wing was 
completely removed while that behind the right wing remained. This is interpreted to 
indicate that tho direction of water-wave approach was perpendicular to the lagoon shore¬ 
line. Inasmuch ae the collimator tubes of this station were aimed at surface zero, the 
water waves were very definitely refracted in this short distance to enable them to 
approach the shoreline so directly. 

Figures D.5 through D.3 give coverage of the Site Dog area adjacent to, and east of, 
this bunker. The concrete block adjacent to the unmounded bunker, Station 75.01, in the 
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laft center foreground of Figure D.5 was moved onto the read, and the berm around the 
ocean side of the manmade Structure 3 (center background) was completely removed by 
tlio Flathead water wave. There is also evidence of water erosion around the foundations 
of the structure, and the mounding on Station 312.04, lust to the right of this, was partially 
removed by the same water action. The concrete slab just inland of the borrow pit deft 
center in Figu-e D. 5) remained in position through all three shots. 

Figure D.7 shows that Shot Dakota caused further erosion around Station 75.01 (left 
foreground), the concrete block located on the road prior to Dakota was oroken up and 
the reinforced base moved about 500 teet farther inland, ana the mounding around Station 
312.04 was completely removed. 

The effects of Shot Navajo In this area are shown in Figures D.8 anu D-9. The loose 
coral rubble around the foundation of Station 75.01 (Figure D«8) has been completely re¬ 
moved, and the station rests upon the exposed coral slab of the reef. Another shot s.milar 
to Navajo woula probably have moved this station. All evidence of the road lois been re¬ 
moved. Figure D.9 shows Station 312.04 to be even more exposed than in Figure D*7. 
The neavy cutting and erosion around the front and corners of this bunker indicates severe 
and sustained water tlow. The whole area has been generally cleaned off by wave action, 
and die ocean reef to the north is littered with transient coral blocks and debris. 

Figures D.10 through D.13 show the progressive .nundation effect, from the three 
barge shots, at Station 1S20 on the southeast tip of Site George. A calculation as outlined 
above, for the inundating first crests at this location indicates the following: the heights 
were 2.7, 7.5, and 30.4 feet, effective times were 14,20, and 27 seconds, and the pene¬ 
tration distances were 106, 254, and 585 feet for Flathead, Dakota, and Navajo respec¬ 
tively. The average shoaling und reflectance factor of 2.5 vas used as before, and the 
average island elevation in front of these structures was taken at 8 feet. 

The width of the island at this point >s about 350 feet. In the figures, the near sidek of 
these bunkers face surface zero and the approaching waves. The right 'extremity of the 
waterline from the Flathead wave tFigure D.ll) can be seen to extend directly from the 
front of the large bunker, v/hile the other extremity of the wetted area is approximately 
200 feet to the left. The water drained past both sidas of the smaller bunker onto the 
ocean reef in the background. This indicates that the Flathead wave action barely sur¬ 
mounted the island elevation in this area, and that the flow was negligible. The calculated 
first-crest effective heignt of 2.7 feet and the corresponding time and penetration values 
appear to be of the right order of magnitude. 

Figure D. 12 shows that the Dakota waves swept the whole area. The marks on the 
mounded bunker in front of, and slightly to the right of, the largest onrr.ounded bunker 
give some idea of the intensity and maximum water level in this area. The bulldozer- 
blade marks and outs have been smoothed out to the top of this mounding, and the erosion 
and cutting action of the water on the left front face indicates that the mere severe wave 
action in this area reached approximately 6 feet above grade. Some idea of relative 
dimensions in .his photograph can be obtained from the height of the mnn standing to the 
left of the unmounueii bunkers, and from the helicopters parked near the ocean shoreline. 
The 7.5-foot first-crest height calculated for Dakota and the dimensions derived from 
this photc '-aph are in acceptable agreement. 

The Navajo waves completely topped the two mounded structures directly in front of 
the DUKW in Figure D.13 and removed an appreciable volume of the mounding that re- 

, mainod after the Dakota wave. The general cutting back and erosion around the foundafon 
slabs of the unmounded structures is quite apparent. The maximum water-level rise is 
not indicated in the- post-Navajo pictures of this area, but ether records show that the 
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water wave was to the top oí the mounded structure 500 feet northwest of the small craft 
landing channel. This bunker was on the ocean shoreline and was mounded to 12 feet 
above grade. 

At Site How, water waves were low in height because of the range from surface zero, 
and becausj this lagoon area is a good absorber of v/ave energy. The How shoreline was 
not surmounted except by the Navajo waves, and this occurred only in random areas and 
ass of a very minor nature. A calculation, as described above, of the wave inundation 
potential at the center How helicopter landing pad shows the following for Shot Navajo. 
Thr wave height in the open lagoon at this range was 3.7 feet. The data of Table 3.2 shews 
that in this area the wave height was reduced by an average factor of 0.78, cr to 2.9 feet 
¡n 60 feet of water. An increase in ratio of 1.5 to 2.4 or a factor of l.C is indicated as 
the Navajo wave moves from the Site Nan transducer to the Nan shoreline, and if this 
figure is applied from the Site How transducer to shoieline the 2.9-foot crest height be¬ 
comes 4.7 foot. Tho tide stage was 5.9 feet, and the maximum water level rise at the 
shoreline is indicated as approximately 11 feet which is within a foot of the elevation of 
the copter pad. The copter pad was about half flooded with lagoon water. 

The progressive inundation effects at Site Oboe arc shown in Figures D.14 through 
D*17 for Snots Flathead, Dakota, and Navajo. The recording instrumentation for Station 
191.01 was housed inside -.alien 1515 shown i:: this sequence. The waves from Flathead 
penetrated the art a around this station, to the same extent as those from Shot Zuni. Cal¬ 
culations ol the inundation expected for this site, in the manner above, give the following: 
Maximum crest heights vere 0,1, and 7.9 feet using an average grade elevation of 7.5 
feet, ihc effective inundating times were 0, 19, and 45 seconds, and the associated 
penetration distances were 0, 87, and 500 feet for Flathead, Dakota, and Navajo respec¬ 
tively. The Flathead wove penetrated about 200 feet as shown in Figure D.15 in which 
the high-water maxi: encompasses the concrete slab. The Dakota waves reached farther 
inland as shown by the debris line in Figure D-16. The elevated fill directly in front of 
t.ie Lurker mounding, as outlined by the debris line in Figure D«15, was removed by the 
Drkota wave as is shown by Figure D.16. The penctraticn for the Palio ta wave was 
approximately 290 feet. 

Figure D.17 shows that the Navajo wave penetrated 550 feet to a point across the Oboe- 
Peter landing strip, that lhe beevy drag chain a::ached to tho aircraft-arresting barrier 
on tho airstrip was moved, and that the mounding on the front of the bunker has been 
heavily cut by water action. The maximum water-level rise around this bunker is esti¬ 
mated at 10 feet auove grade. Tne generator and sandbags atop this Ijunke»* are at an 
elevation of 20 feet. 

As was discussed in Section 3.7, this shoreline area is a prominent reflector of wave 
?r 'rgy, and the reflectivity has been indicated to be a function of wave size. As a con¬ 
sequence, the wave height on tiú» shoreline, and die attendant mundation, would oc ex¬ 
pected to vary in a nonsystematic manner, a comparison of the calculated inundation 
above with the pnotogn phic evidence indicates that the calculated waves for Flathead 
and i_ako.a v/hei’e .ow in height and extent, but chat they were in better agreomert for 
Shot Navajo. The pos.-Navajo cut cn the mounding at the Site Oboe bunker is in general 
agreement with the calculated 7.0-foct water elevation. 

Figures D.18 through D. 21 show a before-and-after sequence for the three shots at 
Station 2300 on Site Peter. The range of th’s nation was only 800 yards more than that 
of Site Oboe already examined, so the same calculated inundation values are apolicable. 
These photographs indicate that the wave action and flow at this point was much less • 
severe than at Site Oboe. From other photographs of the lagoon shoreline .between the 
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boaclung D U KV gad Station 2300 in Figiua D-1D, it can be de term* neu that the Flathead 
.vave barely topped the i alano grade m this area, and that the Dakota wave moved inland 
only slightly more. The Navajo wave crossed the airstrip, but the deposited derelict 
jeep in the center of the runway indicates that the wave, or waves, had lost most of their 
force at tins position. This is in agreement with the penetration indicated oy the photo¬ 
graphs of Site Oboe. However, the mounding and fill on tue west face (right front in Fig¬ 
ure D.21) of Station 2300 was comparatively undisturbed by the Navajo waves, and it has 
been concluded that the intensity of flew was much less at this point, and that this station 
is in a location prelected trom water waves bacause of the more gradually shoaling lagoon 
bottom directly to the north. Aerial photographs and bathometer soundings in this area 
show the existence of a bench of shallow water extending ;rom this location '.vest to Site 
Sugar, and although post-Navajo photographs of the road and causeway connecting Sites 
Peter and Tare show through-cuts and severe washouts, the degree of destruction of the 
roadway does not appear to verify the calculated 7.9 feet of water over the road. 

The Navajo wave which caused the maximum inundation at Site Nan was determined to 
have originated at Site Oboe as a reflected wave (Section 3.7;. The maximum water-level 
rise, ietermined from the EG&3 photographs of the north Nan shoreline, was of the order 
of 11 feet above tide stage (Section 3.6). The camp area at Site Nan is shown in Figure 
D.22. The maximum elevation reached inland in the Site Nan Camp Area was 12.5 .0 

13.5 feet. The tide stage for the Navajo vave arrival was 5.9 feet, and if the 11 fcot 
dimension at north Nan approximates the shoreline wave at center Nan, the maximum 
potential head of water adjacent to the baseball field would be 16.9 feet above the zero- 
tide reference. Holmes and Narver (K&N) charts show the grade level from tne baseball 
field past the user hall to the shoreline to be li feet. The maximum water-level rise 
above this elevation at the shoreline is then estimated at (16.9 —11) 5.9 feet. Figure 
D*23 shows that tne debris Uric in the wire mesh of the baseball backstop approximately 
32C feet from the shoreline was 4V2 feet above grade. 

At a point 400 fact from the shoreline on the main street in front of the H«iN accounting 
office, a can gage shewed the maximum v/ater depth to have been 3 feet above grade. The 
maximum grade elevation reached on this street is 13 feet in front of the post office, 630 
ieet from the shoreline. As estimated from Figure B.3, the effective time for winch this 
inundating wave was indicated to exceed the grade level at the shoreline wna 43 seconds, 
i. e. , the time duration of the upper 5.9 feet of the inundating crest shown at 241^ minutes. 
If this time, 43 seconds, is functional with the extent of water flow, the 630 feet traveled 
inland .ndicates an average velocity of 14.2 ft^sec. Following the same lire of reasoning 
as in earlier calculations of inundation, 14.2 ft/sec indicates an effective */’ height of 
6l/4 feet or a iota' of 9.4 feet potential height at the shoreline. The maximum was esti¬ 
mated as 5.9 feet from the north Nan uata. 

If docs not appear likely that such approximate methods as these will ever give much 
reliability, but a more rigorous and exact approach cannot be suggested at t’-e present. 
(Work is presently in progress on more complete inundation data acquired oaring Oper¬ 
ation Hardtack. ) 

3.10 WAVS GENERATION, ENERGY BALANCE, A NO WATER-CRATER SIZE 

The records of Operation Redwing together with those of the two open-lagoon tests of 
Operation Castle and Shot Baker of Operation Crossroad:’ comprise the totality of data 
from nuciearly generated waves for the less complex shallow-water generation parameters. 
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To obtain an accurate value of the energy content of generated waves, the records 
under study must not contain reflected components or be from locations near a reflecting 
or absorbing boundary. Therefore, only those wave records taken in open-lagoon waters 
as close to surface zero as possible are of primary interest. The above reference rec¬ 
ords are from wave stations at ranges of from 3,000 to 21,000 feet, and for yields from 

Of the theoretical works concerning the characteristics of wave trains generated by 
local disturbances, only Reference 4 considers the three-diinensionr 1 case in limited 
water depths. Because the tests under consideraron produced water craters which 
reached the lagoon bottom and represent unusually shallow water conditions of generation, 
this theoretical work was looked to as the ore most likely to give agreement with record¬ 
ed results. 

Reference 4 gives two basic approaches to the problem, that of an initial impulse 
applied to the water surface, and that of an initial displacement of tne water surface. As 
ail lagoon records showed the leading part of the wave train to be a crest, it was ai first 
considered that analysis from the stanapoint of initial impulse would most closely agree 
with the records. 3y contrast, an initial downward displacement {water depression) that 
is suddenly released would yield a leading trough. 

However, the analys.s from the standpoint of initiai impulse was incompatible with the 
data in that the calculated wate envelopes for shallow water at close ranges do not admit 
of both a crest and a trough of neai ly equal energies. Therefore the wave records (in¬ 
cluding tha first crests and troughs) cannot be fitted to any calculated wave envelope, 
even by a simple translation in time of the envelope curve to make the theoretical and 
measured .nitial disturbances coincide. Reference 4 does not allow for anv wave arriving 
earlier than at that time determined from -7I as is the case with the entire first 

VS*1 
crest in all cf the close-in records to date. (In the previous sentence, r is the range, 
feet, from surface zero. ) This early arrival of the first crest is traceable to two causes: 

a higher velocity because this first crest is seen to be the outward moving Up of the 
water crater whose higher rate of travel coincides with that of a solitary wave, and a 
head start; unlike the remainder of the wave train it is not emitted from the origin but is 
already beyond the water-crater radius at the time taken as zero for wave propagation 
(see next paragraph;. For purposes of theoretical analysis, the wave train is considc-ed 
to be the result of two separate mechanisms: the lip formation and the crater collapse. 

It was, therefore, necessary to modify the approach to the problem as follows. (1) 
.The initial condition is considere«"1 to be that of a cylindrical water crater extending to 
the bottom, with a raised lip representing .he first crest. (2) The energy in the first 
crest is considered to be equal to tho ener^’ in the crater lip, and to have not material’y 
decreased in energy over its travel to the recording station, because the records were 
taker, at close ranges. The energy in the remainder of the train is considered to be equal 
to that contained in the depression of the water crater. (3) Zero time is considered to 
oe that time at which tk* water crater has reached its greatest radius. At this time, the 
energy of the crater is entirely potential, although the lip has both potential and kinetic 
energies (which ure as.sumed to be equal). 

The geometry represented is an extreme extension of that considered by Reference 4, 
due to the hign ratios of crater radius and depth to water depth, and the proximity of the 
recording stations. This must be kept in mind when judging the extent of agreement and 
applicability ci results. 

The problem was attacked in the following manner utilizing the basic data given in 
Appendix C, anc the ciccc-in wave records of Shot Baker during Operation Crossroads 
(Reference 7). 



1. In order to “fix" zero Hire and the range of wave origin, it is necessary to esti¬ 
mate a Ume of maximum wator-crater radius. Calculations indicating .he approximate 
crater radius expected, and a review of available motion pictures of surface-plume phe¬ 
ne mena for simiU.r shailow-water shots suggested a maximum water crater at a time c i 
ths order cf 1 second. The periods of buoble oscillation observed in Operation Wigwam 
were also influential in the estimate of this time. 

2. The wave paths and associated water depths from each shot to the recording sta¬ 
tions were plotted, and p==- travel times were computed. For Station 197.04 (Figures 

fgh 
C.l and C.2) tide was a retracted, not a straight, path. 

3. The^==- travel times plus the l-secor.d crater-formation time invariably predict¬ 

ed tí.-. sage of the first- :hase zero point at the wave stations. In absolute values, the 
maximum divergence was of the order of 14 seconds in 70 seconds, but as is noted below, 
the mere im.oor^ant consideration is that this ^ travel time was close enough to the 

measured first-phase zero time that the majority of the first-trough energy travels at 
VgS celerity, i.e., for the maximum divergence value above, 85 percent of the trough 
energy passed after 34 seconds. Although the theory of Reference 4 is formulated upon 
the proposition that the first disturbance propagates at /gF, and in this application, 
where the source for theoretical analysis is an initial depression, the consistency of the 
coincidence of times and the first-phase zero times (the first disturbance after the 
separately considered first crest in this case) is remarkable. This is net considered 
significant, however, because the theory is intended to apply only for r > > R, and for the 
ranges and yields under consideration this is not the case, dn the previous sentence, 
R is the water enter radius in feet. ) 

4. The energy in cash recorded wave train was measured in total, for that part 
following the -~r arrivai times, and for that part following the first crest. The latter 

•/ gh 
two energy values were the sama for all practical purposes. A choice of techniques for 
determining wave-system energy were available and are discussed in detail in Section 
3.16. The long-period wr.ter-levei-chxnge characteristic of Station 1D7.04 was elimin¬ 
ated by plotting the midpoint of eacii face of each wave and using a smoothed curve through 
these points as a base line for replotting the record. The wave shape for waves passing 
over these stations was assumed to be sinusoidal, and wave velocity was taken as the 
/¿F. , for oven though the average first-crest velocity from the crater lip to these stations 
’.vas noted to be greater than this, it is close enough for use in these calculations. 

5. Before this enerpy can be interpreted dimensionally at the water crater, it is 
nacesaarg' to determine a representative water dnpth at the crater. This depth can be 
arrived at by two techniques. Measurements of water depth prior to some shots arc 
available, but occasionally a second shot was located in the same place as a previous 
one without a crater survey in between. In this situation it is necessary to estimate a 
bottom dopth for the sperre’, shot. The second technique available is less direct and 
involves application of wave equation theory as outlined below. The results obtained when 
measured and estimated water depths are utilized are examined later. The tneory of 
Reference 4 gives the wave period T as a function. 

2 r 
Ecr 

tanli a n 

(3.3) 

Where: Sah 
> a parameter 
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Tgai 
weiter depth 
wavelength for period 7 
time (wave zero time) 
range (feet) from surface zero 

This, in effect, relates t to T at a constant r for a given depth of water. Whereas Ref¬ 
erence 4 assumed the water depth to be finite and constant, it was necessary to calculate 
an effective equivalent constant depth over the wave path and use an average TgH in evalu¬ 
ating T as a funôtion of t for corresponding values of <j . (The basic procedure for de¬ 
termining T au a tunction of t is given on Page 6 in Reference 4. ) The wave periods were 
plotted as a function cf time for the records of Appendix C, and these curves compared 
very well with those calculated from the above theory. 

6. The theory of collapse of a cylindrical crater (Referen 'e 4) requires nodal points 
In the wave train. Where these nodal points v/ere not obvious in the records, they could 
be detected by departures of the observed T values below the theoretical T versus t 
curves. Theoretically a nodal point represents a 180-degree phase shift, at which time the 
observed wave period is significantly reduced. 

7. The nodal points thus determined represent times at which the amplitude factor 
of the wave equation (Reference 4) is zero. For nodal points the zero order Hankel trans¬ 
form is zero which gives a finite value of the variable £_ . = ¡j ¿. e. the arater 

extends to the bottom). This can be solved for h, a theoretical water depth in the zone 
of generation. The theory considers cases in which tho waves are generated and propa¬ 
gated in water constant depth and in which tj0 * h. As a result, it was permissible for 
tho symbol h to represent water depths at the zone of generation and over tho paths of 
wave propagation. In this application it has been necessary to distinguish between the 
various h’s to establish an average h for wave propagation (see 5 abovs), and to calculate 
another h for the water depth of generation. The possible implications of this distinction 
in the theoretical derivations of Reference 4 cannot be evaluated at the present, but it is 
believed that the h’s in the amplitude term are all depths cf generation and these have been 
interpreted as euch. 

3. The water depths of generation were calculated for each nodal point of a given 
wave record, and an average of these was taken as a compromise value for a particular 
record. These nodal depths fell within a very narrow range, and were usually very near 
that of the measured or estimated water depths at zero point prior to the shot. The one 
exception was the Station 1S7.04 record which consistently indicated shallower generation 
depths, but the waves pausing this station were also consistently low in relative energy 
compared to the other records. Examples of the scatter cf these calculated depths for 
Shot Navajo ire as follows. At Station 197.06, the calculated water depth at generation 
was 213 feet for the f:rst node, 223 feet for the second, and 216 feet for the third; the 
average was 219 feet. The calculated average water depth at generation was 163 feet at 
Station 197.04 and 219 feet at Stations 197.C6 and 187.05. The measured average water 
depth at surface zero prior to Shot Navajo was 230 feet. 

9. From the water depth thus derived and the energy calculated to be contained in the 
water crater for a given station record, a crater radius in the direction of the station 
was obtained. 

Because tho first trough portion of the Yankee record (Figure C.8) was not obtain¬ 
ed, it was necessary to approximate the energy value of the waves following the first- 
phase zero fer this shot. Also, to maintain geometric similarity for tho calculation of 
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these crater radii, it was necessary to ¿nove the Union and Yankee waves and energies 
of Figures C.7 and C.8 to a scaled range that was in better agree merk with ihose oi the 
close-in stations of the Redwing series. To determine this range, y was assumed 

to be the valid scaling relationship for geometrically similar ranges. Range jcaLng for 
the close-in stations of the Redwing series was not considered necessary because of their 
much closer proximity to the zone of generation. 

The Union and Yankee data was interpreted as follows. The enerf^' concent of the 
Yankee waves following tlio first crest was measured at a more distant open-lagoon 
station (Station 163.05, Reference 3). The results of Reference 3 show that the wat e 
systems from Union and Yankee were identical except for an inc¿ease in size due to 
higher yield and increased water depth of generation. The energy content of Union and 
Navajo waves following the first crest were plotted as a function of range. The stupes of 
these curves were in good agreement. The measured energy of -the Yankee waves (after 
the first crest) from the more distant station and the energy of corresponding Union 
waves were projected to the scaled range of the Navajo Station 107.06 at the experiment¬ 
ally determined decay rate of the measured Union and Navajo wave systems. This energy 
value was then used to calculate a corresponding water-crater radius for Union and 
Yankee. These results are tabulated in Table 3.4 and are plotted as a function of shot 
size in Figure 3.5, which indicates this theoretical crater radius to vary as the fourth 
root of charge size. The radius for Baker is indicated to be disproportionately large; a 
possible explanation is that the Baker burst point was below the water surface. 

10. In the projection of the first-crest position as a function of time back toward the 
origin, its height was varied inversely as the range and fhe fourth root of water depth, 
and its velocity was assumed to be that of a solitary wave. These calculated positions 
of the first crest at zero time are in good agreement with the crater radii derived from 
crater-energy considerations in that they indicate the same order of magnitude and a 
slope- similar to the theoretical results derived above. The central-area dimensions for 
Baker were again indicated to be disproportionately large. The results of these projec¬ 
tions are also plotted in Figure 3.4. 

11. The derived water depth and crater radius for Navajo waves recorded by a specif¬ 
ic station wee applied to the wave equation of Reference 4. The crate- dimensions in 
the form of an initial cylindrical depression extending to the lagoon bottom were inserted, 
and the wave amplitude envelope at the range of the station plotted, fhas theoretical . 
envelope was compared with the recorded waves at the three clcse-in stations, and they 
were not in good agreement. Generally speaking, the cylindrical denressicn gave nodal 
points in the correct time relationship, but the amplitudes of the observed waves were 
not regular and symmetrical within the groups. Where wave amplitude was symmetrical 
within a group, the maximum wave height in some groups was considerably less than ¿n 
the theoretical envelope, while in others it was greater. The rerui.s were not consistent. 
A calculation using an energy equivalent to the cylindrical depression but with this energy 
in the form of an initial impulse with parabolic distribution gavo wave envolcpeo where 
the maxima decreased at a faster rats with increasing group number, and which more 
nearly resembled the trends indicated by experimental wave amplitudes. The first wave 
amplitude was of the same magnitude as the first trough. The nodal points did not lit the 
experimental dam,however. Another calculation in which the measured energy was uued 
in the form of m exponential distribution of impulse gave a single-amplitude envelope 
that recembled the observed wave amplitudes but did not permit the nodes and beat 
•ihenomena observed. It is to be noted that the above applications of impulse cxcluoe the 
first-crest energy, and in practice it is difficult to attach any real meaning to this. The 
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problem of applying theoretical equations to describe these observed wave systems re¬ 
solves upon the ability to mathematically describe the initial energy distribution. These 
exploratory calculations indicate that, for the Redwing wv.es, this shape probably lies 
somewhere between a cylinder and paraboloid. 

If, in Step 4 above, the wave energy following the first-phase zero instead of that 
following the /gh travei time is used, and ail succeeding steps are as outlined, the de¬ 
rived theoretical crater radii are as given in Table 3. a. 

.Tf the wave energy following the first-phase zero is utilized as above, but, as noted 
in Step 5, the water depth at surface zaro is that measured or estimated rather Jian that 
calculated from the theory of nodal points, the derived crater radii are those of Table 

If (a) the wave shape ie not assumed sinusoidal but the energy is ietermined by graph- 
.c integration of the wave traces (Section 3.i6), (b) the energy following the first-phase 
zero is utilized, and <c) the measured or estimated (where necessary) water depths are 
applied, the derived crater radii are as given in Table 3.7. 

All derived crater radii for a given shot are averaged and plotted in Figure 3.6. As 
in Figure 3.5, with the exception of Shot Baker, this theoretical crater radius is indicated 
to vary as the fourth root of charge w eight for yields from 

In summary, it should bo noted that the energy losses of the wave systems from their 
formation to these nearest stations have not been considered, and that, because of turbu¬ 
lence, these losses may be quite large during the early stages. Methods of evaluating 
these losses are not apparent. 

me primary contributions of the above analysis are as follows. It indicates source 
dimensions and their variation as a function of charge size, anu the separability of the 
generation processes of the first crest and the rest of the wave system. Implied vari¬ 
ations of energy proportion indicate the uncertainties of scaling the first-wave height (first 
crest to following .rough) as a function cf yield, and also the quantity of water lost to the 
lagoon with subsequent changes in the first-crest height with increasing yield becomes a 
primary source of uncertainty. This is graphically illustrated in Figure 3.7 in which the 
dime..sicns of generation are given in approximate scale. The first crest is depicted just 
outside the maximum crater radius at zero time. The data from Navajo Station 197.06 
was uti.ized to construct this figure, and the energy content of the criter approximates 
..ie energy oi waves following the first crest. The volume cf water necessary to repre¬ 
sent the estimated first-crest energy is as indicated and suggests that a substantial vol¬ 
ume of water which might otherwise appear in the first crest wuc removed from the lagoon 
in the first 2 seconds. 

3.11 ITHiiT-WAVE CELERITY iN THE LAGOON. 

The celerities of generated first waves in their travel across tno lagoon are examined, 
utilizing the data given in Appendixes A and C, for the three open-lagoon barge shots and 
Shot Teva. Three variables—finite wave height, water depth of propagation, and the 
refracted range—are significant in determining the arrival time.*; of waves at the vrrious 
stations. The degree to which arrival times were affected ty these variables was depend¬ 
ent upon the station location, shot location, and shot size. 

Siaxons near reefs and islands were the most sensitive to these location effects, ex¬ 
cept for stations 191.01 anu 192.01 which were on straight lines from surface zero over 
the average lagoon water depth. Any delays in arrival times induced by the rapidly shoai- 
izj lagoon bottom very close to these transducers were of such small magnitude, when 
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compared to the total travel time, that toe values based upon these times are essentially 
the open-lagoon celer1 ties. 

All shore stations ware initiated by EG&G hard-wire timing, and the recording rate 
was marked by chronométrie clock to givs time resolution within 1 second over a 1-hour 
run time. 

Wave, arriving at Station 190.01 were delayed intime primarily because of iuo sr.oai- 
ing water near the transducer; refraction over this path was negligible. Waves arrived 
at Station 193.01 relatively much later in time because of a refracted path over gradually 
shoaling water. 

In the open lagoon, arrival times at Station 196.01 were affected by refraction, but 
the arrival times at Station 196.02 were unaffected by either refraction or shoaiing. Un¬ 
fortunately the zero times for some records from these stations (196 series) are uncer¬ 
tain. Some cf this uncertainty in the data was due to ¡.roblems inherent with these instr u¬ 
ments which were first designed for and used in Operation Castle. 

The close-in stations received such rough treatment at zero time that there could bo 
no question about their starting, and,provided the record disk was not loosened on its 
spindle, zero and arrival times were accurately determinable. From Shots Flathead 
and Dakota, ihe waves traveling to Station 197.04 were siow in arriving because of a 
refracted path and shoaling water, from Shot Navajo, the wave arrived late at this 
station because oí shoaling water only. Waves arrived at all other close-in stations over 
straight-line paths and through water of depth equal to the average in the central lagoon 
areas. 

The arrival times of the first wave and second crest at all stations for Shct Navajo are 
given in Table 3.3 The celerities for this data, without regard for refracted paths or 
shoaling water, arc plotted in Figure 3.8, and the lines, representing the open-lagcor. 
constant-depth celerities, have been placed according to the data from Stations 191.01, 
192.01, 196.02, 197.04, and 197.06. lí the first crest and trough can be considered to be 
sufficiently related to represent a first wave (Section 3.171 then the increase in time inter¬ 
val, with Increasing range, between the lines connecting the data points represents :n in¬ 
crease in first-wave length. The celerities of the first portion of ♦he wave system are as 
indicated, and the second crest is observed to move at nearly the same rats as the first 
trough. The degree to which the wave-arrival times at the remaining stations have been 
altered by the variables of refraction and water depth are apparent. It is noted that the 
asymmetry of the first trough (Sections 3.3 through 3.5) is apparent and maintained through 
out the range of observation. 

A study of data from stations where the arrival time of the first crest is aolayed in¬ 
dicates that, for locations where refraction is the principal deterrent, a shift in time „o 
place the first-crest arrival time on the open-lagooa curve brings the arrival times of 
the other points into agreement with the open-lr.gocn curves. For station locations where 
shoaiing water is a cigniiicam deterrent, arrival times of waves after the first crest are 
progressively later in time, ana the shifting of die firct-crest arrival time to the lagoon 
curve doss not bring the other arrival times into correct relatiorshio. The first dis¬ 
turbance (the first measurable rise in water level associated with the first crest) arrival 
times as observed arc a function of instrument resolution, and it is believed that, if the 
sensitivity of the more dlotant station instrumentation had been great enough, the advance 
increase in water ie^el detected at the close-in stations would be observed at the more 
■listant ranges (Section 3.3), and that the celerity of .he first disturbance would bo much 
higher than is indicated. 
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It has been shovm experimentally that the velocity of solitary waves in very shallow 
water can be greater or less than /£h and that this difference is a function of the finite 
wave height ± rj, or Hc and HT (a single crest or trough) (Reference 5). The -rst-crest 
celerity in Figure 3.8 is 74.3 ft/sec. For this celerity, the water depth basea upon vgh 
is 171 feet. If. however, the ratio of £ a 0.10. a 5-nercent or greater error can be 
induced bv the uae of C = Vih instead of C = /g'h ± v) • For example, at the depth of 171 
feet a wave height of 17.1 feet would be reflected as a velocity increase of 3.8 ft/sec, 
and such a change in slope in Figure 3.8 would oe detectable over the ranges involved, 
i e. 1 to 13 miles. At 13 miles, this small increase in celerity would show as a 42- 
second difference in arrival time, if the celerity effect of fimte wave height is a variable 
to be considered in the data, this should oe reflected in the time of arrival versus range 
curve for Shot Flathead, where the flrst-crcst height at 1 mile was of the order 
feet, when compared to those for Shots Union or Yankee, where the first-crest heights 
were 19 and 30 feet respectively at a range of 3V2 miles. First-crest arrival times for 
waves from all barge shots of Operations Castle and Redwing in Bikini Lagoon were com¬ 
pared, and it was observed that all times for oren-lagcon stations are contained between 
lines representing celerities of 74.Õ and 72.4 ft/sec. This small difference seems to in¬ 
dicate that the celerity of the waves under consideration is independent oi finite wave 
height over ranges of 1.5 to 13 miles, because the observed difference between Flathead 
and Yankee waves over the same path is less than the theoretical difference indicated by 

the two formulas. , 
However, there are two other sources of evidence which contrauict this. First, the 

questionable time resolution of the Castle data, combined with the fact that tns Casiie 
stations most affecting these celerity values were located in the western section of the 
lagoon, and the Redwing data from similar station locations have shown the measurable 
time delay due to shoaling water to be critical and not sufficiently determinate for these 
small changes in celerity. For example, the time of arrival of the first crest at Staaons 
191.01 and 192.01 more accurately show variations in celerity from shot to shot than times 
from Stations 19G.G1 and 190.01, which were very near the Castle stations being consider¬ 
ed. Second, the gradual increase of first-crest celerities for Snots Navajo, Dakota, and 
Flathead (Figures 3-3 through 3.10) shows the effect of increasing height. The discussion 
in Section 3.10 proved conclusively that the first crest has to move faster than Vgh fr^m 
the crater lip to the nearest instrument locations, i. e., at Vg(h + r;) . It was also deter¬ 
mined that the first crest is a smooth crested wave very clc xe to the crater, and as such 
can respond to the celerity formula Vg(h - r,] . The continuity of these waves Implies that 
the formula applies also at greater ranges. There is also evidence that tne first trough 
moves slower than /gE over these ranges, and this appears to be more than just a mr.ction 
of its wavelength. It is pointed out in Section 3.16 that the first crest has the form or a 
solitary wave on the front side and the form of an oscillatory wave on the back side. The 
celerity of the first crest is a function of its height. 

The linearity of first-crest celerities in Figures S.S through 3.10 indicate that the 
refracted path and water depth are the remaining variables to be considered. Reference 
to a refraction diagram for wrves from the Shot Navajo location (Reference 3) and hydro- 
graphic charts of Bikini Lagoon have yielded the data in Table 3.11 on the difference be¬ 
tween the measured and open-lagoon first crest arrival times in Figure 3.8, and the differ 

nee between the measured and calculated first-crest arrival times with refraction ana 
shoaling effects included. Data from Stations 193.01, 196.01, and 197.04 are compared 
for Shot Navajo, because they best show the effects under investigation. The method of 
estimating the shoaling time increment for Station 197.04 is very much simplified because 
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of lack of data on wave motion at tnis range, but the calculated arrival time (1.75 min¬ 
utes) and the measured arrival time (1.83 minutes) are in acceptable agreement. The 
daw shows that the arrival times and celerities of the first crest of the systems can be 
calculated by stendaru methods for refracted vave paths over shoaling water. 

First-wave celerities in the open lagoon for Shots DakoW and Flathead are given in 
Tables 3.9 and 3.10 and are plotted in Figures 3.9 and 3.10. Late arrival times due to 
refraction and shoaling are again apparent for certain station locations, and these can 
be brought into proper open-lagoon perspective by consideration of refraction diagrams 
and the lagoon hydrography as outlined above for Shot Navajo. The asymmetry of the 
first trough about its phase zeros is not apparent in Figures 3.9 and 3.10; however, an 
examination of the individual records for these two shots shows that this asymmetry did 
exist at ranges of 1 to 3 miles, but that by the time the first troughs were at ranges of 
6 to 8 miles they had become symmetrical. 

3.12 CLASSIFICATION OF WAVE SYSTEMS 

Times of wave systems that result from explosions can be diocussed only in a general 
way, because to date there is no experimenWl daW that explores in three dimensions the 
variation of wave systems from point-source disturbances over the full ranges of We 
parameters of generation. The two-dimensional wave channel tests of Reference 5 are 
very informaUve, and denote the range over which these wave systems can vary. The 
data from high-explosive and nuclear tests have given spot checks on the theoretical 
systems and have confirmed a few of We various combinations and forms that generated 
waves can take. The problem of predicting water waves from nuclear explosions has 
become considerably more difficult, but it has also become more accurately definable. 

The following discussion of waves from explosions is based on certain assumptions 
and conditions outlined below. In a scries of test shots, all variables of generation are 
held consWnt except the water depth. To eliminate questions about the effect of depth 
of submergence with changing depth of water, the center of the generating charge is fixed 
at the water surface. The water depth in all directions is constant and equal to that at 
surface zero. The bottom at zero point is flat and level for each shot, and the material 
density and compaction are constant. The wave heights, as a function of time, from 
these tests are observed as they pass a fixed and constant range. This range is suffi¬ 
ciently distant, in excess of 20 crater radii, from the zone of generation that the wave 
pattern is well formed and stable. The water depth (the only variable involved) is de¬ 
creased in suitable increments from about 4 times the maximum water-crater depth to 
approximately 0.1 of the initial depth. All experimental evidence indicates that the 
generated wave systems will undergo extensive changes in energy content and distribution 
as the water denth is progressively decreased. It appears Wat these wave systems can 
be grouped or typed, and that they can be related as a continuous function of the parame¬ 
ters of generation. Some of the indicated changes in wave arrangement, as the water 
depth in the above model is progressively decreased from the deep-water end of the 
spectrum to the shallow-water end, are discussed beiow. 

Waves from explosions in deep water, where the maximum water crater depth « /2 
water depth, aro dispersive waves. This dispersion results from the fact that the vel¬ 
ocity of the Individual waves (phase velocity) ia greater than the velocity at which the 
wave energy propagates (group velocity). For these condiUons of generation, the wave 
energy, when observed at a point very near Wo water crater, is in the form oi one or 
possibly two waves. As these move out radially, they increase in number and decrease 
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in size. A vertical section passing through the origin will show these vaves to be sym¬ 
metrical in amplitude about a center point which is moving at the group velocity; the 
height of the wave occupying this position at any instant is the group height (the height of 
•.he envelope curve) of the waves. The phase velocity of this center wave is twice the 
group velocity. The wavelengths and periods of the system decrease from the front to 
the back of the group, and because the leading waves are decreasing in amplitude with 
increasing time and range, the first disturbance (crest or trough) to be detected with an 
instrument of a fixed resolution depends upon its range from the origin. If the generated 
waves travel far enough before diminishing to obscurity, the wavelength will increase to 
the point where tho phase velocity is no longer dependent upon wavelength but upon water 
depth. When this point is reached, tr.e individual waves are traeiuonally described as 
shallow-water waves. In view of this, waves originating from the central zone where 
the parameters are defined as deep-water parameters of generation can become shallow- 
water waves if their range of travel is great enough even when the water depth is constant. 
In general, tho generation process for these low ratios of water-crater depth to water 
depth are typified by an initial cavity with a comparatively small (if any) lip. This cavi¬ 
ty collapses with one major mount at surface zero and the subsequent oscillations are 
very small. The waves from Operation Wigwam were of this single group type, and in 
the absence of direst measurements of the phenomena at surface zero, it was necessary 
to assume the generation phase to be a simple cavity and collapse type. The compari¬ 
son of theoretical to measured waves tended to validity this assumption (Reference 8). 

An examination of the basic data of Reference 1 has indicated that, as the water depth 
in the above-assumed test senes is decreased, the wave energy begins to decrease when 
the water depth is less than twice the maximum water crater depth. Further decreases 
in depth result in substantial decreases in wave energy until the crater begins to expose 
the bottom; beyond this point the decrease in wave energy continues but at a much slower 
rate. The only experimental data available which suggests what changes in form might 
accompany this decrease in energy, and the continuity of these changes, is the two- 
dimensional wave-channel study oi Reference 5. These results suggest that the first 
detectable change in wave system type as the generation parameters quit the deep-water 
conditions is the shift of the maximum wave height from the center of a symmetrical 
dingle group toward the front of the group, i. e., the wave group envelope assumes a 
teardrop shape, and this renders questionable the applicability of the conventional tech¬ 
nique of using the product of the highest wave and the range as a measure of the wave- 
group energy. The data of Reference 5 indicates that certain ratios of generation pa¬ 
rameters can result in not one but two or three wave groups, either symmetrical or 
asymmetrical about their group nodal points without any evidence of a prominent leading 
wave with solitary-wave characteristics, and no evidence can be found to indicate that 
these patterns could not be duplicated with explosives in three dim. isions. It is possible 
to speculate that the two or three group patterns should occur somewhere in the spectrum 
after the water crater reaches the bottom, but there is no evidence that multigroup sys¬ 
tems have been detected. After projection to this range of generation parameters from 
those of the Redwing tests in which close-in wave data shows a number of oscillations 
of crater and mount at surface zero, it is possible to visualize that the number of oscil¬ 
lations at surface zero are increasing proportionally to the decrease in water depth, and 
that the crater collanse, mount, and rapid subsidence associated with the deep-water 
condition is changing. It is conceivable that each remount at surface zero is responsible 
for a wave group, and that a horizontal radial dimension of each oscillation governs the 
wavelengths in the dependent group and indirectly the relationship of the phase velocities 
to the group velocity. 
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A farther decrease in water depth results in the increasing dominance of a leading 
wave (a crest followed by an equal trough) whose, crest assumes features similar to those 
of a solitary wave, and as such it is distinguishable from the following oscillatory waves. 
It is shown in Section 3.10 that the crest portion of this wave is formed as the water- 
crater lip, and that the trough portion is formed by the crater collapse. The waves fol¬ 
lowing the first crest are the result of the vertical oscillation of the water level at surface 
zero as a consequence of the crater collapse. In other words, the minor crater up in 
the deep-water generation condition has increased in size to become of major concern. 
The wavelength of the first wave is sufficiently great that its velocity, or celerity, is 
determinea entirely by the water depth. Waves following the first may be dispersive and 
develop into a wave group. The work of Reference 5 shows this type cl wave system, 
and has classified it as a system with solitary wave characteristics, first crest followed 
by trough. The wave system of Shot Baker during Operation Crossroads was of this type. 
The first wave was distinct, and, within the range of observation, was followed by a 
single group of waves which appeared to be dispersive, similar to the single group of a 
deep-water wave system. 

A further decrease in the water depth results in the type of wave system observed from 
the Redwing barge shots. The most obvious differences in the types of wave systems of 
Redwing, compared to those of Shot Baker, are the increr sed energy content of the first 
wave compared to following waves, and the development cf additional groups of waves 
following the first wave. Waves following the first trough tor Shcts Flathead, Dakota, 
and Navajo, tended to group themselves according to increasing end decreasing amplitude, 
and the presence of a beat phenomenon has been detected. The prominence of this is a 
function of shot size, i. e., the ratio of water depth to water-crater depth had the bottom 
not restricted this dimension, and it became quite apparent in the waves from Navajo. 
This beat phenomenon was observed in the experiments of Reference 5 and is predicted 
by the theoretical work of Reference 4 for water of finite depth. Undoubtedly, a large 
percentage of the irregularity of amplitudes in the waves exhibiting the beat phenomenon 
in the Redwing tests is accrcditable to the complex geometry of Bikini Lagoon, but it 
also noted that the smooth and regular data of laboratory tests are seldom duplicated in 
the ocean or lagoons. 

As the water depth of the hypothetical model is decreased even further, the parameters 
of generation give the types of wave system observed in Shots Union and Yankee during 
Operation Castle. Even though the Yankee yield was considerably greater than that of 
Union, the types of wave system from the two v/eio identical. The increase in water 
depth at the Yankee surface zero, caused by Shot Union, was in the correct proportion 
to maintain the proper combination of water depth and crator radius for Shot Yankee to 
produce a Union-type wave system. This type of wave system was observed in the labor¬ 
atory (Reference 5) and was also generated by the three-dimensional high-explosive (HE) 
tests cf Reference 6. Tho wave systems from Union and Yankee are characterized by a 
very prominent loading first crest followed by a second crest of app-cximately half the 
size. These two crests are connected by a comparatively shallow and long trough. At 
close-in ranges, these two creeds and connecting trough are the only waves, but at more 
extended ranges there is evidence that other waves are beginning to form following the 
second crest. A review of the original traces for ike 200-foot acaled depth tests of 
Reference 6 shows the wave systems of this series to be identically described by the 
above. These typea were described as the sk ;ie solitary and the complex solitary by 
Reference 5, and if the trend and pattern change already detected is continuous, a further 
decrease in water depth of the model would result in additional reduction in depth and the 
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lengthening of the trough connecting the iirat two crests, and the wave system would very 
closely approximate two solitary wave crests. Such a wave system would be Identical to 
the complex solitary waves of Reference S. A further decrease in the model water depth 
might possibly result in three solitary crests. 

At approximately the combination of generation parameters where the wave systems 
of Union and Ynrkee can be duplicated by high explosives, the wave traces of Reference 
6 begin to show a distortion in the first trough shape due to the restriction by the bottom 
crater lip of water flow baclt into the crater. This feature is very pronounced for very 
shallow water and is detectable only in the closest recorde, because at extended ranges 
the first trough has become symmetrical about its phase zeros. The cnaracteristic ox 
increased time (and distance) separation of the first two crests is, however, preserved 
at all ranges. It is noted that this feature was net detected in the close-in wave date from 
nuclear tests, and there Is no evidence of a significant bottom crater lip from postshot 
fathometer surveys. The asymmetries of the first troughs observed at the turtle stations 
for the Redwing snots are of a minor nature compared to those seen on the records of 
HE-genarated waves at comparable scaled rangas. A possible conclusion is that there 
arc distinct differences in the crater-collapse phase of nuclear explosions, at least in¬ 
sofar as the generation of water waves is concerned. 

The above simplified model with its associated wave systems is intended to present a 
more comprehensive picture of the overall problem of describing waves from nuclear 
devices. It should be remembered also that for simplicity one of the variables, the depth 
of charge submergence, has been assumed a constant even though the data of Reference 
1 shows that relative wave energy is very sensitive to this parameter. There is very 
little data that gives any real quantitative indication of the effect of the variation of the 
depth of charge submergence on the type of wave system produced by an otherwise con¬ 
stant set of parametero. There is some indication, however, in the date (Reference 1) 
that pertains to systems with single-group characteristics, that this parameter has very 
little effect upon thin particular type of system, at least to the point where the lower 
portion of the gas globe has intersected the bottom. The date of Reference 6 indicates 
that, for the other extreme of water depth to crater size, the type of system is unaffected 
by charge submergence. Conclusions about the variation of wave-system energy content 
cannot be readily drawn from the date of Reference 6, between the extremes of these 
testa, there is no systematic date relative to the effect of depth of submergence on the 
energy content or the type of wave system. 

The data collected in Operation Redwing applies to only a small portion of the wave- 
system spectrum, the Operation Castle data mother portion. The waves from Shot Baker 
during Operation Crossroads were very nearly the same type as those from Shot Flathead 
during Operation Redwing. The problem of predicting waves from nuclear explosions 
hinges upon the ability to specify the arrangement and energy distribution of the waves 
that will radiate from the central zone, and this, in turn, is dependent upon the parameters 
of generation. The use of general terms such as “deep water shot” and “shallow water 
shot” to describe water waves is not adequate; it is more accurate to speak about the 
parameters of generation and their relative magnitude. These parametric relationships 
will determine whether an energy release of the magnitude of Shot Yankee over coastal 
rnelf water would give a single-group wave system cr a wave system in which the lead 
wave had solitary-wave characteristics, or whether a weapon the sice of Shot Baker over 
the deeper channel waters of a harbor would result in a single-group system of the Wig¬ 
wam type. 
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It is apparent that the indiscriminate use of the product of a wave he.jjh. (H) and i.s 
ra. ge (r) from surface zero without coaaideratiou of the poesible energy distribution 
and arrangement of the waves is not permissible in scaling :or various yields. At pre¬ 
sent, the only portion of the wave trains generated in the Redwing series that can oe 
scaled as an Hr product is the first erect, and even this scaling is subject to question, 
because the loss of water from the lugooa cn the first expansion as u function of yield is 
indeterminate. First-wave heights (crest to trough dimension) are not considered valid, 
bocauce the first trough is shown to be associated with waves following toe first trough 
(Section 3.10). When the various types of wave systems that can be generated are consider¬ 
ed, the development of a mathematical model applicable over the full spectrum appears 
to be very difficult. 

3.13 FIRST-CREST HEIGHT AS A FUNCTION OF RANGE 

In Section 3.12, it was pointed out that the arrangement and relative magnitude of the 
component waves of a system of waves propagating from a zone of generation over constant- 
depth water can assume many forms depending upon the parameters of generation. 

In Section 3.3, examples of a very few of these forms In their early stage of propagation 
were given, and Section 3.16 discusses data and information about first-crest energy and 
total wave energy as a function of range and yield A relationship between energy disper¬ 
sion and characteristic wavelength was indicated, which is a determinate factor in the 
representati veness of energy measurements at increasing range because it controle the 
leak of energy from the higher energy section of the systems to ti.e smaller following 
waves. Dispersion and propagation losses wer? also indicated to be significant factors 
influencing first-crest energy as a function of yield and range. 

In Section 3.10, it was shown that the first crest is formed at the crater lip by the 
rapid expansion of the water crater, and that all subsequent wave action is the result of 
the crater collapse and remount. In that section, examination of the most advanced theo¬ 
retical work showed that the theory could not describe the whcle wave system and that 
description of waves following the first crest was deucately sensitive to assignment of 
scape to the initial disturbance. Thus the possibility of examining the highest wave as a 
function of range on a wave-system basis is postponed. The separability of the first 
crest and the following wav >e in their generation phase and the possibility that an increas¬ 
ing amount (per unit of yield) of water is lost from the iageon with increasing yield, i. n., 
water which would otherwise be in the first crest at the crater lip, suggests that .he most 
consistent and scalable part of lie wave system to study as a function of yield would be 
the first trough. Indeed, as is discussed in Section 3.18, the shape nnd proportion of the 
first trough is a sensitive indicator of the conditions of generation. But the most impor¬ 
tant dimension as far as overtopping, inundation, and structure damage at various ranges 
is the wave with 'he greatest energy content, i. e., the wavo with the greatest height ant. 
wavelength. 

In the .vave systems measured during Operations Castle and Redwing, the first crest 
was equal to, or higher than, any other wave over ‘no ranges of observation (up to 13 
miles) and contained the greatest energy of any other crost except the reflected crest 
from Site Peter-Oboe (Section 3.7). As noted in Section 3.13, the dispersiveness of a 
wav* system and its propagation losses are determinates governing the ranges over wnich 
the first ia the highest crest. For the Redwing data, the size of Bikini lagoon limited the 
ranges of observation to those at which the first wa .e was the highest. Therefore, the 
data restricts discussion of the first crest as the most significant crest over these ranges 
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only, with the realization that at more distant points of observation (constant water depth 
assumed) the highest crest will be found with waves after the first. For < xample, the 
relative dispersion of the waves from Shot Yankee during Operation Casue and Shot Flat- 
head during Operation Redwing would predict that at a distance of, say, 50 miles the 
highest crest in the Yankee system would shift to the second wave, and at perhaps 13 to 
15 miles the Flathead highest crest would shift For ¿hot Baker during Operation Cross¬ 
roads, this shift took place at around 3,000 feet, and it is interesting to note that, although 
the scaled range at which this shift occurred can be visualized as being ir come iccep^bie 
agreement with ihose of the Yankee mid Flathead wave systems, the energy content of 
the Baker waves was equivalent to that of the Flatheuu waves (Section 3.16). A possible 
implication that ±e coaled range at vhich the highest wave moves to later waves is not 
influenced by the depth of submergence can only be a conjecture at the present. 

With the final objective being the scaling of the most prominent crest (height and ener¬ 
gy content^ with shut size, the measured first-crest heights as a function of range for 
Shots Flathead, Dakota, and Navajo are examined. 

As noted earlier in tins report, the desirability cf standardizing on a common water 
depth for wave height comparison of the Castle and Redwing data has resulted in wave 
heights adjusted to the 60-foot depth. Although this was an improvement over the earlier 
shallow-water concepts as discussed in Reference 3, it is in contest w!th the depth of 
generation as a standard, and in cases where the depth of generation, depth of propaga¬ 
tion, and depth of measurement are the same, the desirability of using this latter depth 
is obvious. 

The basic data is presented in Table 3.12, which includes the first-crest heights Hc, 
the first-wave heights H (crest to following trough) in 60 feet cf water, and first-crest 
heights HCg in the water depuis of generation. The data for Shots Navajo, Zuni, Dakota, 
and Flathead is plotted in Figures 3.11 through 3.13. The Navajo curves in all three 
figures have been positioned by the data from Stations 106.01, 190.02, and 197.06. 

The reflectance effects upon wave heights in shoaling water as measured at the shore 
stations ¿re quite apnarent. The wave heights at Station 193.01 are consistently low, 
whi!n the heights at ail other shore stations are consistently high. These consistencies 
demonstrate the selective absorption of crest energy along the George-How reef (Section 
3.5) and the refi.ectar.ce effects at all of the other stations that have more direct angles 
of approach. Station 191.01 consistently records the highest waves, which indicates the 
proximity of the best reflecting boundary. The slopes of the first-crest height versus 
range curves are the rame for the 60-fcot water depth and the depth of generation. The 
first-wave height curve is si whtly steeper, which implies that the tirst-trough amplitude 
decreases with increasing range at a rate greater than does that o: the crest. 

The curves for Shot Dakota shew the same trend in slope as do theso for Navajo. For 
Dakota, the first-crest height measured at the Station 137.04 is disproportionately large 
compared to the height at Station 197.06, ana it is believed the Flathead bottom crater is 
responsible as discussed in Section 2.16. When the tirst-wave height at Station 197.01 
is considered ti’igure 3.12), the close-in data for Dakota is in a more proper perspective 
for influence upon the curve slope. As was the case for Shot Navajo, the Dakota crest 
height at Station 191.01 is high due to reflectance. 

Although tiro re is an insufficient amount of ciooe-in and central lagoor data to deter¬ 
mine a wave height versus range exponent for Shot Flathead, the shore station data appears 
to cluster about the indicated height versus range curve (Figure 3.11) n a pattern similar 
to the same station data for Shot Dakota. 
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The first-wave height is the only dimension for the Zuni wave that tends to exhibit a 
consistent slope over the full range of data. These daca are approximated by the Flathead 
curve in Figure 3.11. 

Interpretation of the available data for the Tewa first wave requires an assessment of 
the reflectance effects at the shore stations at Sites William, Oboe, and Kan. An esti¬ 
mate of thin effect could probably be arrived at by averaging the indicated increased wave 
heights a: these stations for Shots Dakota and Navajo, to give an open-iagoon wave height 
at a range for Tewa. The wave systems from Shots Zuni and Tewa are not comparable to 
those from the barge shots, so it appears üiat such an estimate would lack reliability in 
this particular instance. The waves from these events are discussed further in Section 
3.13, 

The first-crest heights in 60-feet of water for Shots Union and Yankee were found to 
vary inversely with range to the first power (Reference 3). This information is included 
with the data in Figure 3.13. The average exponent of the curves of Figure 3.11 is 0.95 or 

(3.4) 

The exponent 0.95 is sufficiently close to those indicated for tbs curves in Figure 3.13 
that it is permissible to say that 

HCg « r‘4’M for Dakota and Navajo (3.5) 

3.14 GROUP VELOCITIES IN THE OPEN LAGOON 

In the examination of close-range data (Section 3.3), the tendency for the waves follow¬ 
ing the first crest to form into groups separated by nodal points is not always apparent 
from visual inspection of the wave traces. The ncdal points are readily detected, however, 
from curves of wave period versus time. These ncdal points represent a phase shift of 
180 degrees in the wave amplitude versus time curves. In some records, a trend for the 
waves to be arranged with regularly increasing and decreasing amplitudes within the 
groups is detected, but this feature is not consistent. 

The trend of wave energy to fall back with increasing range to later waves within a 
given wave system (Sections 3.12 and 3.17) indicates that, for ranges of observation 
greater than those in Bikini Lagoon, the zone of interest in which to locate the highest 
wave and predict its height will be In the wave groups following the first wave. In this 
reference it is desirable to examine the data and see if it will support conclusions about 
the behavior of later waves. 

The observed nodal-point times as a function of range are presented in Tabie 3.13 and 
plotted in Figures 3.14 through 3.16. In additica, the curves from Figures 3.3 through 
3.10 defining second-phase zero ranges as a fimetion of time for these wave systems are 
presented in order to give a more complete picture of whore the group« are relative to 
the first trough. 

Figure 3.14 indicates the existence of three divisions In the Navajo wave system. The 
term "division” is used, because it cannot be concluded that the three waves following 
the first trough and leading the second ncdal point constitute a group In the Implied sense 
of the term. Indeed, the mean velocity of this division is 70 ft/sec, which is essentially 
the same as that of the first trough. The data from the turtle statione shows the existence 
of a nodal point very soon after the passage of the first trough, and also shows four crests 
ahead of the second nodal point, but by the time these waves pass the 14,000-foot range 
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the first nodal point is lost to the system, and the original seconu and third crest have 
been replaced by a single larger crest to give a three-crest group ahead of the second 
nodal point. These three crests maintain their identity to the limits of the lagoon. 

Similar data for the Dakota waves (Figure 3.15) indicates a single group after the first 
trough. The turtle record of Station 197.05 shews the presence of a second group, but 
this feature cannot be confirmed at the more distant ranges. 

The Flathead data (Figure 3.16) also shows the waves to form into one major group 
following the first trough. As was found in Shot Dakota, the close-in Flathead turtle 
record indicates the presence of a second group, but there is insufficient data to examine 
this feature at greater ranges. The wave size at these greater ranges is near background 
level, and the second nodal point for both Dakota and Flathead may be obscured by this 
at the shore stations. In examination of the records oí Station 192.01 it was noted that 
the later nodal point arrivals at this location coincided with the times at which the reflec¬ 
tion from Oboe-Peter was due, and that the wave patterns around these times were not 
consistent with the indicated characteristics of the approaching system. 

It is concluded, with one exceptiou, that the wave groups following the first wave of 
these systems were dispersive, because the distance and time between the nodal points 
increased with range. The one exception was in the three waves following the Navajo 
first wave, which appeared to be moving in a distinct manner. This conclusion implies 
that at ranges much greater than those observable in Bikini Lagoon, constant-depth water 
assumed, the largest waves will not be found in the front of the system. 

3.15 FIRST WAVELENGTHS AS A FUNCTION OF RANGE AND YIELD 

At the very close ranges of the turtle stations in these tests, a large percentage of 
wave energy is moving with the first crest and trough, and the rate at which this energy 
can move back to later waves is indicated to be a function of some wavelength in this 
portion of the system and of the water depth of propagation (Section 3.17). The period 
and wavelength increase from the back to the front of the system, and, practically as 
well as theoretically, the wavelength approaches infinity as the point of observation moves 
out to the first measurable disturbance, time being fixed. 

It is desirable to select a horizontal dimension in the wave system—a dimension that 
is common to all systems, is accurately measurable, is functionally representative of 
and sensitive to the magnitude of the parameters of generation, and is usable as a measure 
of the dispersiveness in a system. The first reference point in the system, which can be 
measured with sufficient accuracy, is the first-crest maximum. Following this, the 
points of reference are in succession, the first-phase zero, the first-trough maximum, 
the second-phase zero, the sacond-crest maximum, and so forth. The choice of a repre¬ 
sentative horizontal dimension of sufficient magnitude is between the combination of the 
the first-crest maximum, with the first-trough maximum, the second-phase zero, or the 
second-crest maximum. With the sequence of events that constitute the generation process 
as described in Section 3.10, the following conclusions can be reached: (1) the distance 
between the first- and second-phase zeros would appear to be the best indicator of the 
magnitude of the water-crater radius; (2) the distance between the first-crest maximum 
and the second-phase zero would also be a dimension indicative of the crater radius but 
would include a factor of measure of the first-crest position and size at zero wave time; 
and (3) the distance between the first-crest maximum and second-crest maximum would 
be an indicative dimension including the first-crest position and size, the water-crater 
radius, and the remeunt at zero point, which should be functional with the residual ener-y 
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in the zone of generation alter the fir&t crest and trough have moved away from surface 
zero. Consequently, it is concluded that from a generation viewpoint, the first crest to 
second crest is the most inclusive horizontal dimension of the generated wave system. 

In the examination of wave records at these olese ranges (Section 3.3>, the asymmetry 
of the first trough about its phase zeros has been noted. The variability of this feature 
indicates that a horizontal dimension with this trough maximum as one extreme would 
not be sufficiently definitive as a reference dimension. 

A characteristic wavelength that could be used as an indicator of the dispersiveress 
of a wave system, and the measurable dimension most representative of the majority of 
energy (the first crest and trough at these ranges) is the first crest to second crest 
wavelenrth. An alternate dimension, the llrat-crest maximum to second-phase zero, 
would tend to further restrict attention to the first crest and trough, but the indicated 
variability of phase-zero positions with asymmetry of the first crest and trough about 
the mean water level and the inability of theory to accommodate half or quarter wavelengths 
suggest that the first crest to second crest is che better dimension. 

The basic data for determining the first crest to second crest wavelengths were ex¬ 
amined in Section 3.11, and these results are summarized in Table 3.14 and Figure 3.17. 
Figure 3.17 shows that this wavelength for Navajo increases at a faster rate than for 
Dakota and Flathead, which are equal in rate of change with range. With the range of 
observation fixed and the wavelength expressed as a function of yield. Figure 3.18 shows 
that the wavelength is proportional to W*21 over the range of the data. It is noted that 
this is reasonably close to the exponential proportionality of water-crater radius R*W1/4 
as derived in Section 3.10. 

The above does cot,however, give a clue to the correct renge scaling for comparison 
of wave heights. Wave heights are decreasing with increasiag time and range ana the 
comparison of wave heights from different-size shots In an assortment of water depths 
involves the question: At what relative ranges are the wave heights directly comparable 
to variations in yield and other parameters of generation? This range and its ratio with 
some exponential value of yield is usually specified as the range criterion for geometric 
similarity of wave systems, and at this range the wave height is generally conceded to 
be more simply related to the remaining significant variables. Available information 
indicates that the types of wave Systems that can be generated with respect to wave size 
and arrangement are more numerous than previously suspected (Section 3.12), and as a 
consequence, an additional and more important criterion for geometrically similar ranges 
is that the wave systems be identical In type. If this condition is met and the waves arc 
propagating in water depths of ‘he correct scale ratio for identical diepersiveness, then 
it would appear that there would be a common scalable range at which wave heights are 
directly comparable as a function of the other variables. As a result of the study of the 
Redwing results, the only dimension that can be visualized as indicating the correct 
range scaling for comparisicn of wave heights, when two wave systems of identical type 
are propagating in the correct scaled water depths, would be the range at which the 
highest wave changes from the first wave to a following wave. Such questions are beyond 
the scope of tills data, and, as far as is known, beyond the scope of any three-dimensional 
wave data to date. 

3.1Q ENERGY CONTENT OF WAVE SYSTEMS—REFLECTANCE AND SHOALING 
EFFECTS 

All data collected about wave height and shape in the Redwing testa was in the form of 
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surface v ater elevations as a function of time for a fixed range interpreted from subsur¬ 
face measurements of pressure versus *ime. 

A number of the stations were located in shoaling water near reflecting boundaries 
(Sections 3 4 and 3.5), and as a Ct. ¡isequence the heignt-tiir.o pictures cf arriving waves 
were altered. The more important alterations were changes in absolute and relative 
heights. The degree to which these changes were noted at susceptible station locations 
varied greatly from location to location. To corre ttly interpret the energy content of 
wavo height-time records, it is required that a velocity be determined for the time period 
in which the wave passes over the point at which its height (pressure effect) is being 
measured. While the war'e is in the central lagoon area where the depth cf water is rea¬ 
sonably constant for over a wavelength, average velocities can be utilized to give surface 
wave profile. When water elevation versus time measurements are recorded in shoaling 
water, the true surface profile is uncertain, because the wave is decreasing in velocity 
and increasing in amplitude proportionally to the decreasing water depth. Because large 
changes in water depth occur near shorelines in distances less than one wavelength, it 
is difficult to assign with confidence a representative velocity applicable to a whole or 
even half wavelength for determinations of wavelength, shape, and energy. It has also 
beeii observed that alterations in open-lagoon wave heights occur at stations located very 
near, but not in, shoaling areas. A comparision of the records from Station 196.01 with 
these oi Station 196.02 are examples of tlds type of alteration (Sections 3.4 and 3.7). The 
alterations in the Station 196.01 waves are more prominent for later waves in the train, 
end it is concluded that these are the result of reflected waves from the nearest reef line 
^approximately 5,700 feet',. If these reflectance effects reach to stations outside of the 
moro rapidly shoaling areas, they are also a consideration in the interpre'ation of wave 
energy from records closer to the reef and/or in a shoaling zone. The representatives 
of enere calculations from shore and near-shore recoras are affected not only by the 
shoaling v/ater but also by the reflections from nearby island • and reefs. (Station 191.01 
records discussed in Section 3.7 are an extreme example of these effects. ) 

Theoretically, the total energy content per unit of arc of an approaching wave minus 
losscu in scaling is transformed to potential energy as runup or flooding. Such losses 
as fricuon from orbital particle motion, turbmencs in shoaling and breaking, reflected 
energy, and energy that might oispsrso to following waves are significant factors. Thus 
from a conservation of energy viewpoint, it might be expected that if spot measurements 
of energy having sufficient accuracy over the range from central lagoon to shoreline could 
bo obtained, an energy balance could be completed, and a link established between waves 
in ioep lagoon water and inundation at a shoreline. In Bikini lagoon: (I ) the shoaling 
rate is not constant, *2) the shorelines are a complex and random shape, (3) the shcal- 
ing waters are dotted with coral heads of various sizes and shapes, and (4) waves vary 
in height, period, and wavelength from wave to wave within a given system as well as 
fro.-n system to system; therefore, the theory and data on shoaling waves and the reflec- 
fance of sloping bottoms and shorelines do not permit direct energy analysis, and the 
desirable energy balance above cannet be obtained. Aacther factor for consideration is 
indicated by the laboratory data of Reference 9, which shows that for angles of incidence 
less than 60 degrees the reflected wave height (the reflectivity of the reflector) decreases, 
and under the conditions under investigation, changes in direction of approach by refractio 
could conceivably have as profound an effect upon energy determinations as a shoaling 
bottom. 

The Redwing underwater pressure versus time records were translated to surface 
elevation versus time by the application of formulas that consider the attenuation of 
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preasura fluctuations as a function of wavelength and water depth (Reference 10). The 
technique of this transfer was developed from the theory of trochoidai waves and was not 
intended to permit reproduction of wave profile. For example, a given pressure change 
with time at some depth, between a crest maximum and a trough minimum in a series 
of waves, is representativo of a related change in surCace-water elevation. The data of 
Reference 10 gives this relationship, and the results have been shown by laboratory 
experiments to be accurate within from 1 to 10 percent. The faithful reproduction in 
time of these maxima, or of any portion of a wavelength, in absolute or relative t.me 1s 
not guaranteed. For an accurate determination of the surface wave profile by a subsur¬ 
face pressure-time record, wave amplitude corrections would have to be linearly propor¬ 
tional to subsurface-pressure amplitudes and follow in exact timo sequence for all wave 
heights and periods and in ail depths of water greater than the breaker aone. Experi¬ 
mental data to assist in resolving this question is not available, and it has been necessary 
to assume the above to arrive at a surface-wave profile for a fixed range. Examination 
and study of the pressure records from the comparatively shallow waters of mese lagoons 
nave tended, in a negative way, to improve the plausibility of such interpretations. Pe¬ 
culiarities of a wave system such as inflection points, asymmetry of a wave about its phase 
zeros, and nodal points are faithfully reproduced at various ranges from p: ssure rec¬ 
ords at an assortment of water depths, and for waves moving in various depths of water. 
As yet, any inconsistencies or irregularities induced by these interpretations of subsur¬ 
face pressure-time records have not been detected. 

The potential-energy content Qp per unit width of a surface elevation as a function of 
time record is expressed as 

Qp “ ^ Pg C fmT¡2 dt (3.3) 
2 g 

where p is the density of seawater, C is the celerity in ft/sec, tj is the amplitude in feet, 
and t is the time in seconds. If a wave is moving in water of constant depth and its shape 
and particle motion are those normally associated with free-gravity waves in the particu¬ 
lar depth of water, its total energy is equally divided be.ween potential and kinetic. This 
equality has been derived theoretically in Reference 11 for deep-water waves and In Ref¬ 
erence 12 for shallow-water waves. As long ao the particle motion remains of the same 
form, theoretical considerations show that this equal division of potential and kinetic 
energy is maintained for both oscillatory and solitary waves in shoaling water. Experi¬ 
mental evidence to confirm this division in shoaling water for oscillatory waves is un¬ 
available and presumably lias not been attempted because of the complexity of devie.ng 
a satisfactory experiment Experimental measurements of wave heights at times when 
solitary waves are considered to contain zero kinetic energy and all energy !a in the form 
of potential, do not give confirming values of the energy distribution in the free-moving 
state. The instability to pC'-titon the energy into potential and kinetic is usually a result 
of the change in form at the instam the wave can be considered to contain zero 'cinetic 
energy. This change in form invalidates the application of the energy formula based upen 
a solitary wave. The two tests referred to are: ,1) two solitary waves directly approach¬ 
ing each other and crossing, and (2) a solitary wave reflected from a vertical wall with 
a 90-degree angle cf incidence. Although pure solitary waves ars not being dealt with in 
this data, positive results from such tests would improve the confidence of an equal-energy 
division in this instance. 

After establishment of a central-lagoon wave celerity, the open-lagoon wave profile 
can be determined and the potential energy about the moan water level calculated. The 
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total v/ave energy Qt In the central lagoon areas is evaluated as twice the potential energy 
(Equation ‘’.G). 

Although a mathematical expression for surfact. elevation as a function of time is not 
available, the total wave energy can be determined in two ways. The first and most 
obvious approach is to perform graphic integration upon the record. The second is to 
approximate the wave trace with a simple curve for which the Integral can be evaluated. 
The sine, trochoidal, and solitary waveforms are the traditional approximating forms. 

The feasibility of graphic integration is cased on the assumption that the shape of the 
curve has been faithfully preserved through several reproductions such as the transier 
from curvalinear to rectangular coordinates (the read out of the original traces) and the 
interpretation of subsurface pressures as wave heights. For records that were highly 
compressed along the time aids la their original state, tida assumption is optimistic. 

Another factor which must be borne ia minu in the choice of methods of evaluating 
Equation 5 is that the preponderance of energy aa well as the major irregularities of 
waveform occur during the first cycle. This is quite apparent for stations close to the 
origin of the disturbance. Although the waves following the first wave, at all ranges, 
are more regular in their oscillations, the accuracy of determination of thsir energy 
content is of less consequence to the overall picture. In reference to the selection of 
an approximating waveform, the disparity between tha energies calculated for sine and 
trochoidal waves is well below the experimental accuracy for the flat waves measured. 
As a result, a simple sine-wave formula, which requires only that the wave height and 
length be specified, serves very well to approximate the energy in the more regular end 
of the wave train, i. e., the waves following the first wave, and is affected but little by 
the attendant waveform distortions due to die techniques of data reduction. 

The slopes of the first wave are less steep than those of the other waves succeeding 
it and give it a more spreadout appearance or the record. It can therefore be more 
'aithiully reproduced, and graphic integration for the determination of its energy content 
is more accurate. 

The effect of hysteresis (friction; in the recording system is to materially reduce the 
measurable energy. This is due to the fact that surface elevation enters as iha second 
power in the energy equation. A record which shows a fiat cutoff on its crests and troughs 
must therefore be viewed with suspicion for purposes of energy analysis. 

A plot of profiles for several different mathematical wave shapes of equal amplitudes 
und containing equal energies are given in Fig-ire 3.19. Curve 1 of this figure is a half¬ 
sine wave about ¿he abscissa, and Curve 2 is a full-sine wave about r¡ = tí.37 (effective 
q = 0.37'. At the crest, these curves show a very narrow band of possible surfaces, 
although there may be marked divergence at the low potential level (Stillwater level or 
trough depending upon the plane of reference). This indicates that minor variations in 
wave shape near the Stillwater level may be neglected and the energy calculation baaed 
upon an estimated equivalent-sine wavelength. In ary particular open-lagoon record, the 
majority of waves (approximately 90 percent) are reasonably symmetrical about the 
Stillwater level, and the recorded wavelength quite accurately determines the energy 
content. For portions of the record where the traes is highly asymmetric about the still- 
water level, experience shows trat an estimate of the equivalent-sine wavelength, and 
*hereiore of the energy of the wave under consideration, is within 10 percent 

The first crest of an impulsively generated wave train in there shallow waters appears 
to bo of two basic components: a half solitary wave on the fore slope followed by an 
oscillatory form on the back slope. As the first wave is the mos. prominent over the 
ranges during Operation Redwing, a pertinent question is: How does the wave height 
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change as the wave mcves into shoaling waters? In the past it has been patent to assume 
that Green’s law applied, the wave height varying inversely ae the fourth root of the water 
depth. This follows directly from the conservation of energy of a s;ne wave traveling at 
the limiting celerity for shallow water (jgH). This may also be appl'ed to a flat troohoidal 
wave to the extent that it approximates a sine wave. However, for steep trochoid.il waves 
and solitary waves, the foregoing relationships do not apply. 

The energy Q for the theoretical solitary wave (Reference 13) is expressed ae 

With the conservation of energy, vave height is seen to vary inversely as the first power 
of water depth, which is a signiücant departure from Green’s law. Moreover, Reference 
14 suggests that, for purposes of evaluating energy dissipation, the ordinary pattern of 
the shallow-water oscillatory waves be replaced by a succession of solitary waves. In 
other v/ords, the shallower the water becomes the more nearly does the trochoidal wave¬ 
form approach that of a solitary wave, and if the baseline is lowered so that it is tangent 
to the trough bottoms (constant amplitude waves), the wave train can be closely approxi¬ 
mated by a series of solitary crests, without connecting troughs. Reference 1 suggests 
the Inapplicability' of Green’s law to waves of finite height and submits supporting data 
from laboratory tests. However the data is inconclusive, becauce the test apparatus does 
not represent the conditions of gradual shoaling encountered In these lagoons. There ic 
an apparent need for experimental work in this area, to establish a relationship for finite 
wave height to water depth applicable to a system of waves of varying amplitude and period 
such as those observed during nucloar tests. 

Observation of th . shallow-water records (30-foot depth) from the Redwing series 
shows that the steeper waves were of the order \ = ^ • Tti3 is one~tenth of ateeP" 
ness of breaking waves; therefore, the waves were somewhat flat. These steepest waves 
occur at the middle of the wave groups following the first wave, where the oscillations 
are usually regular. A careful examination of the original traces fails to show any asym- 
metry between crest and trough curvature that would be indicative of a trochoidal wave¬ 
form. Indeed, at this degree of flatness, it is not expocted that the difference between 
sine and trochoidal forma would bs detectable. 

It would then seem that Green’s law is applicable over the osciLatory portion of the 
wave train. Hov/ever, its applicability to the first crest, which has the velocity and foro 
slope of a solitary wave, is still a matter of conjecture. In the absence of experimental 
evidence, Green’s law has been applied throughout in this report. 

Attempts to analyze the energy content of waves in shoaling water were unsuccessful 
because of the inability to determino wave lengths, i. o., velocity, and to evaluate the 
variability of the refiootance-induced changes in wave height as noted earlier In this 
section. There is lata, however, which permits the study of open-lagoon wave energy, 
and its change as a function of range and shot size is investigated below. In previous 
studies of impulsively generated waves (References 1 and 2), It has been customary to 
approximate the wave shapes with a sins wave and to calculate wave energy from a 
measurement of wave height and wavelength at a given range. Because the waves being 
studied In these references varied regularly In amplitude and were symmetrical about 
tholr phase zeros and Stillwater lovel, this technique resulted in the desirable accuracy. 
It has been concluded above that a more applicable method, in certain instances, of 
figuring the wave energy is by graphic integration of the first wave and by approximation 
of the remaining waves as sine waves. In all instances, induced errors are not greater 
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than the cumulative error between the basic measurements and the final wave traces of 
Appendixes A and C. 

When the wave recoraa from Operation Castle (Reference 3) were obtained, the non- 
systematlc and irregular wave traces and the inability to assign velocities to waves 
following the first wave restricted energ" calculations to the first wave and dictated am¬ 
inore cautious approach than a sinusoidal wave approximation. Energy values in Refer¬ 
ence 3 were determined by graph c integration of the surface elevation-time curves to 
calculate potential wave energ”. The desirability ox tills method has been further con¬ 
firmed by the Redwing results ai ove. This value was doubled to give the total first-wave 
energy. 

The energies of the wave systems generated by Shots Flathead, Dakota, and Navajo 
as measured at selected stations are presented in Table 3.15. la addition wave energies 
from Shot Baker during Operation Crossroads, as determined from Reference 7, and the 
total wave energies of Shots Union and Yankee during Operation Castle are included. As 
the generation phenomenon discussed in Section 3.10 shows the wave system to be logically 
separable into twe sections by the first-phase zero, so have the energy values of Table 
3.15 been divided. 

The energy values of the shore stations liave not been considered for the reasons out¬ 
lined above. The one exception is the Navajo data from Station 190.01 wherein the first 
four waves are symmetrical about the mean water level, and the energy content is the 
highest of the three Redwing shots being considered. The wave celerity was assumed ox 
be i/gh for the 60-foot transducer depth. The energy value is seen to be higher than that 
measured at Stations 196.01 and 196.02 for this shot, and if the shoaling effects upon wave 
height and lengths are sufficiently approximated by Green’s law, the increased energy 
content can be accredited to reflected energy from the Site Nan island and reef areas. 
The Station 190.01 value includes the first five waves and the sixth crest. The fifth crest 
is at a nodal point at 20V3 minutes (Figure A.5) and is not readily identifiable from this 
record alone. This value docs not include the energy of the seventh, eighth, ninth, tenth, 
and eleventh waves, because they are superimposed upon a reflected trough which arrived 
from Site Oboe between 21 and 23*4 minutes. Inasmuch as the derived wave energy at 
Station 190.01 is low by an indeterminate amount due to the exclusion of the later waves, 
tiie indicated reflectance effect by comparison with energy from the open-lagoon system 
is conservative. If wave energy is proportional to wave height squared, it can be expected 
that wave heignt.3 observed near these reflectors will vary radically fi om location to 
location. It has been previously detected and noted that profound cha .ges occur in wave- 
system composition and arrangement for stat ons near reefs and shorelines (Sections 3.4 
and 3.5). Changes in wave height are examined further in Section 3.17. 

The data available for cousideration of total wave energy decay with increasing range 
is plotted in Figure 3.20. There is a discouragmgiy small quantity of data for examina¬ 
tion, »rd the scatter and variation of these do not permit positive conclusions regarding 
wave-energy decay with range. The lines shown in Figure 3.20 have been positioned as 
a consequence of some highly selective reasoning, not acceptable as, or representative 
of, standard teenniques of statistical analysis. The Baker data is from stations located 
in a straight line from surface zero and indicate a definite trend of energy with range. 
One additional record m these ranges from surface zero is available (Station 24 at 4,000- 
foct range), but it is in a different direction from those shown. The energy and wave 
heights at this station are appreciably lower than at the others, and it was noted in Ref¬ 
erence 2 tnat waves from tiis test had directional characteristics attributable to the gen¬ 
eration process. 
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The Redwing data of Figure 3.20 also shows these directional characteristics, but 
the trend is not ccnsisteat. For example, compare the wave energy at Station 197.04 
(located in a northerly direction from surface zero and in shoaling water) to that from 
Station 197.06 (located east and in deeper water) for Dakota and Navajo; the energy at 
SUtion 197.04 was less titan that at Station 197.06 for Navajo and greater for Duxota. 
Had the information from Station 197.04 been consistent, it might be possible to extrap¬ 
olate this trend to arrive at some estimated value for Flathead wave energy in the direc¬ 
tion and range of Station 197.06. Dakota was fired in the Flathead crater, but Navajo 
was moved farther out into the deeper lagocn water, and a logical conclusion wou.d be 
that on a per unit of yield basis, the energy of the Dakota waves was greater m a north¬ 
erly direction than the energy from Flathead waves becauae of the presence of the Flat- 
head lagoon-bottom crater. ... 

Regardless of the relationship of measured en-rgy at Station 197.04 to the north with 
wave energy to the east or southeast, the energy content of the waves from Flathead 
compared to Baker show the increased energy content (wave¬ 
making efficiency) of water waves due to the Baker depth of submergence. This is in 
contradiction tc the results implied by a constant first-wave height for constant charge 
size as the charge position varies near the surface in Reference 6 but is in agreement 
with the trend established in the experimental work of Reference 1. It is noted, however, 
that the type of wave system of Reference 6 for the 200-foot scaled depth (section 3.1*) 
was that of Shots Union and Yankee, and as such the constant first-wave heights and 
implied energy content of waves for varying charge submergence near the sunace may 
be a unique feature associated only with this range of parameters of generation. I. wave 
energy on a scaled-range basis is compared for geometric similari'v of wave systems, 
the -esults are even more striking. The scaled ranges for this aro given in Table o.l6, 
and the spread cf these values is indicated in Fig-are 3.20. Any range scaling within 
acceptable limits indicates the Baker wave energy to be equal to that of Flathoad. The 
conclusion is that had the burst point of Flathead been below the water surface, as -vas 
that of Baker, the wave energy would have been very appreciably greater. 

The energy values from Station 196.01 are questionable, because it has been conceded 
that waves at this location are within the zone of influence of the shoaling water and re¬ 
flective boundary east of the station. The remaining data about energy versus range 
that can be ussd with any degree of confidence is shown in Figure 3.20, and through these 
points the Union, Navajo, and Dakota curves have been drawn. The lines indicate 
Qt oc r”#-a as compared to Q. « r"9,22 for Baker waves. This difference in slope can 

* . .. m      «tttéU Ioc•!rarr T*îlT'Orp 1: be interpreted as evidence that the rate of wave energy decay with increasing range is 
a function of energy, i. e., wavelength and height. For larger waves, the energy de¬ 
creases more rap;dly with increasing range. Such an iaterpretaüon also implies that 
for a given wave system the energy content versus range cannot be described by a con¬ 

stant exponent. _ 
For an assumed radially symmetrical radiating wave system in three dimensions 

from a point source, the measured wave energy passing one zone of observation should 
be accountable at a mors distant zone of observation as wave energy plus propagation 
losses. With instrumentation of a given resolution and a fixed background for wave 
measurements, such an idealized energy balance would be impossible to obtain. With 
increasing range, wave heights decrease primarily because: a) the wave energy is 
diffracted over an increasingly lar~er area, and (2) the wave energy does not move as 
fast as the individual waves (dispersion). The accuracy of energy measurements also 
decreases with decreasing wave height. As a result of dispersion, energy can move to 
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later waves in a system and be lost to observation as small waves near background level. 
For waves from ths Castle and Redwing barge shots, energy diffraction occurs under the 
same geometry for each shot, and if changes in energy absorption and reflection with wave 
size along reef lines such as the George-Kow reef can be minimized, the wave heights 
and measurable energy content should change at the same rale due to diffraction for all 
of these wave systems. 

The rate at which wave energy advances with a wave (dispersiveness) is a function of 
the ratio of water dopth to wavelength and is determined initially in the zone of generation. 
The percentage r¡ of energy that propagates with a wave is 

(3.6) 

This equation indicates that, for desp-water waves, half the wave energy moves with 
the wave, and for extremely shallow water, compared to the wavelength, all the wave 
energy moves with the wave. Thus, it would be expected that the measurable energy 
content of a wave system as a function of range v/ouid be functional with wavelength, wave 
energy, and consequently shot size. If depth of water is constant and dispersion is the 
only effect considered, the largei the waves the greater the percentage of wave energy 
that is retained in the first and larger waves with increasing range. For smaller waves, 
die energy begins to drop back earlier and, because the wavelengths within the system 
decrease from front to back, the process is accelerative. By this process, a wave 
system continually loses measurable energy out the trailing end or, in other words, in¬ 
creases the proportional energy content of later wave groups. 

For the wave systems being investigated, the *aves having the greatest wavelengths 
arrive first. If dispersion is a determinate factor controlling wave energy decay versus 
ranga aa a fonction of wave size, this might be detectable by comparing the percentage 
cf wave system energy in the first wave at various ranges from shot to shot The per¬ 
cent energy in the first crest is shown in Table 3.15. For the Balter system, the data 
indicates that the first-crest energy, as well as the percentage of total energy in the first 
crest, increases with range. Tiiis is not understandable, and it is necessary to Include 
thus feature along with the comparatively high energy content noted above as evidence that 
r hot Baker was an anomaly from the standpoint of water waves. In a comparison of the 
percentage energy transported in the first crest for Shots Dakota, Navajo, and Union at 
Statione 133.02, 163.05, 196.02, and 197.06, it is observed that: (1) the percentage of 
the wave system energy in the first crest increases with shot size, and (2) the first crest 
tends to retain its proportional amount of wave energy with increasing range for increas¬ 
ing shot size. This comparison on ^ percentage basis obviates the question of appropri¬ 
ate scaled ranges for geometrically similar wave systems. It has been pointed cut in 
Section 3.12 that the wave systems cf Redwing and Castle are very different, and as a 
consequence, the problem of scaling range becomes complex and indeterminate. Obser¬ 
vation 2) above incisâtes that dispersion is a significant factor in the first-crest energy 
(wave height squared) as a function of nmge, while Observation (1) could easily be ex¬ 
plained away on a scaled-range basis. If dispersion were the only factor in determining 
measurable wave energy with increasing yield (diffraction assumed equal for this data), 
it wou!d be expected that the larger wave systems would lose less energy with increasing 
range, but the comparison of energy decay for Baker with the others (Figure 3.20) indi¬ 
cates the opposite. This is interpreted to mean that increased propagation losses with 
increasing wave size is also an important factor. Observation (2) combined with the 
above implies that range scaling for different snot sizes is a more sensitive parameter 

69 



when dealing ’vith total wave energy from larger shots than when dealing with first-ores; 
energy from smaller shots. 

The experimental trends in exaggerated form are summarized on a schsmatio basis 
in Figure 3.21. Absolute or relative values cannot be estimated, except to say that die 
higher yield alope approximates those of Figure 3.20. There is an insufficient amount of 
data to purjue the subject further. 

3.17 SCALING OF FIRST-CREST HEIGHT AS A FUNCTION 07 RANGE, WATER 
DEPTH, AND YIELD 

Examination cf scaling relationships as applied to the first crests of Shots Union and 
Yankee during Operation Castle have shown that wave size per unit of yield is very sen¬ 
sitive to the water depth in the zone of generation (Reference 3). For the Redwing tests 
wherein the water depth of generation as well as the yield varied with each shet, it is 
necessary to arrive at some understanding of wavemaking efficiency as a function of water 
depth before a generated wave height versus range can be related directly to a yield valus. 
The variables to be considered are a representative water depth in the zone of generation 
hg, the first-crest energy Qc and total wave-system energy Qt taken at ae close a range 
to the generation zone as possible, and the yield value W. 

In Section 3.10, it is concluded that the first crest is separable from the following 
waves in any consideration of wave generation and energy. In this section, water depths 
in the zone of generation are determined from preohot hydrographic surveys, and by the 
nodal-point theory of Reference 4 applicable to the waves following the firs; crest. If 
a value is assigned to the water depth in the zone of generation applicable to analysis cf 
the energy content of the first crest or of the whole wave system, there Is a possibility 
that two different water depths will be Involved. The first such depth would determine 
the amount of water available for the first-crest formation (and con sequer dy its energy), 
and the second, and greater, depth can be visualized as a parameter of the energy found 
la the waves following the first crest. This implies that the water depth prior to shot 
time, averaged over the water-crater radius, is applicable to the energy content of the 
first créât, and that the nedal-point depth, or a postshot measure of the average depth of 
the true bottom crater, is applicable to the energy content of all waves after the first 
crest. The higher percentage of energy in the Navajo first crest compared to that cf the 
Dakota first crest, both measured at Station 197.04, could bo construed to bo the result 
of the 2-year-old Union-Yankee bottom crater, the center of v/hich was between Station 
197.04 and Navajo surface zero. In the same vein, the percentage of energy in the first 
crest for Dakota at Station 127.04 might have been greater bad the Dakota yield been less 
than that of Flathead which had the same surface zero. 

At the prosent, there is neither data nor a technique for handling 'data that would per¬ 
mit the determination cf a representative water depth that would be fbr.ctional with the 
volume of water going into the first crest over an irregular bottom. Neither is it possible 
to guess what part of the water originally occupying the crater is lost to the system at 
zero time, nor what the 'distribution of tifia lost volume might be before zero time. The 
data indicates that the crater maximum Is reached quite rapidly ia from 1 to 2 seconds. 

For the Redwing shots, most of the wave syrem energy is in the waveo following the 
first crest, and the nodal-point water depth is the most representative, especially because 
the theory appears to allow for the sloping bottom at surface zero when based on the data 
from the different turtle stations around surface zero. This is discussed at greater length 
in Soction 3.10. For Shots Union ana Yankee where the wave systems do not exhibit nodal 
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points and half of the v/ave energy is in the first crest, a measured, or estimated, aver¬ 
age water depth over the zone of generation ie moa' representative. The data for the 
assessment of wavemaking efficiency is presented in Table 3.17. 

The water depths cf generation in the table are those indicated above. To maintain 
dimensional uniformity, the ratio is given as a function of in Figure 3.22. The 

crater radii used are those of Table 3.4. 
With the exception of Shot Baker of Operation Crossroads, whose data falls beyond the 

scale of this figure, the points are closely grouped. This cluster of data gives a graphic 
example of one of the shortcomings of the nuclear tests to date; although the yield values 
have been varied ovar a suitable range, tfcs depth values have varied accordingly so that 
the evaluation cf the effect of too depth-of-generr.tion parameter on wavemaking efficiency 
lacks a suitable range of data. It is impossible to draw any conclusions from the data of 
Figure 3.22, but if the trend is approximated by the dashed line indicated with slope 30 
degrees, then 

(3.9) 

(3.10) 

Qt1/2 « hg \Vwi or (3.11) 

Data to plot Equation 3.11 is available in Table 3.17 and the curve of Figure 3.22 tends to 
confirm ihe exponential proportionality of Equation 3.9. 

This data shows that the total wave energy is proportional to ihe water depth of gen¬ 
eration squared, and to the yield to ihe or.e-balf power. As the objective is to relate a 
wavemaking efficiency applicable to the first crest in terms of these variables, a state¬ 
ment relating the first-crest energy to the total wave energy is required. The results 
of Section 3.16 have indicated that the partition of energy between these two Is not constant 
but is a function of the relative magnitude and arrangement of the generated waves, i. e., 
the type of wave system. The data of Table 3.15 showed that approximately 50 percent 
of the total wave energy was in ihe first crest for Shots Union and Yankee, but the Red¬ 
wing first crests contained a much smaller percentage. However, the turtle records for 
Redwing indicate that the percentage of energy in the first crest is approximately constant 
over these ranges of yields. The one inception is ihe Station 197.04 record for Navajo, 
and, as pointed out above, the influence of the Union-Yankee crater is believed to be the 
cause. In the absence of additional data, the yield range is restricted to from 375 to 
4,690 Id and Qc is assumed linearly proportional to Q{ over this range of yields, or. 

Qc ce hg! Wl/i (3.12) 

in view of the above discussion, this assumption is accompanied by a change of water 
depths of generation from the nodal-po.nt depth to a measured or estimated average depth 
prior to shot time. 

In Secfion 3.16, it was determined that Hc re-s5 is a constant for any given Qc and hp 
(water depth of propagation) so 

(3.13) 
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where n and m can be constant or functional exponents. If they 
and because the depths of propagation for these tests have been 

Her1'« « q/ 

Her1 0-95 K (hg2 
/ 

VV^i from Equation 3.12 

are assumed constant, 
the same, 

(3.14) 

(3.15) 

The data for evaluation cf X and n is given in Table 3.18 and the results are shown 
graphically in Figure 3.24. Now, 

/ . \ 0.63 

*,4S = 0.0234 |h_2 \V1/2 ! (3.18) H„r 
g / 

Where: Hc 

r 

first crest height (feet) in 60 feet of water 

refracted range (feet) from surface zero 

h 
g 

preshot average or estimated average water depth (feet) over the area of 
generation defined by R 

W = tnt equivalent of yield (pounds) 

which is a scaling equation fer the first crests from surface shots with yields of from 375 
to 4,690 kt in open-lagoon waters, propagating in an average water depth of 170 feet The 
height Hc is for the first crest in 00 feet of water and can be moved to other depths by 
Green’s law, i. e., Hc yHc = h^ : within the limits of 60 to 170 feet and for 

distances from reef lines greater than approximately 5,000 feet. 
As was observed in Section 3.13, the shore-station data exhibits trends which include 

the reflectance, or absorptivity in the ease of Site How, of nearby islands ard shorelines 
and are not representative of the open-lagoon waves. As for other curves based upon 
these data, the curve of Figure 3.24 has been positioned with consideration for the induced 
effects of station locations, and as such is subject to individual interpretation. By way 
of comparison, data for Shot Tcwa has been tabulated and located in this figure. Tewa 
was on a barge in 20 feet cf water located within CCO feet oi ‘he Charlie-Dog reef, and 
the average water depth within u radius of 860 feet was somewhere between 10 and 30 
feet. To oe conservative in the following compariscn, It is necessary to assume that 
the average water depth in this area was 50 feet. A representative value for the open- 
lagoon ordinate of Figure 3.24 is estimated at 7.0 « 104. The abscissa value of 
(hg)2 W,/2 for this ordinate indicatas an average water depth of generation of 180 feet, 
or on a wave-size basis the data indicates that Shot Tcwa looked very much like Navajo 
in ISO feet of water. This points out the delicateness of assigning water depths of gen¬ 
eration under these geometries for the purpose of c^vsnce wave-height predictions. The 
aoove observations do not of course consider the reflected energy that could be directed 
toward the deeper lagoon waters by tiie reef, and as such negate the circular-crater 
assumption in favor of some assymclric crater and result in an increased average water 
depth of generation. 

The results of Reference 3 tena cd to show that wave height as a function of range was 
proportional to hg*'2 W1^2 . This was supported primarily by scaling from Shot Baker 
and the HE data of Reference 6 to Shot Union. As a result of the conclusions of this 
report, reconsideration of the results of Reference 3 lead to the following observations. 
The type of wave system generated in Reference 6 was very similar to that cbserved for 
Shot Union, and if identical scaled depths of propagation are assumed, the wave heights 
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of the two systems should be related by some exponential combination of W and h_. Be¬ 
cause the wave systems of Baker and Union v/ere decidedly different, the comparaüve 
scaling of the first-crest energies with water depth and yield is questionable. The per¬ 
centage of wave energy in the first crest for Baker is Indicated to be greater than that of 
the Redwing barge tests, but it is also substantially less than that for Union (Table 3.15). 

In Reference 3 a wave generation model was examined in an attempt to relate the more 
prominent variables determining wave size in a simple parametric form; however, the in¬ 
dicated variability of the generating efficiency and the energy distribution within a system, 
as a function of the parameters of generation, points out the inadequacy of an oversimpli¬ 
fied model, except possibly for the scaling of identical wave systems generated and pro¬ 
pagating in identical scaled water depths. 

Equation 3.16 indicates that the first-crest height is more sensitive to the water depth 
of generation than previously indicated (hg1,4 compared to h_#*T) and that the wave height 
is less sensitiva to yield (WVS compared to W1/J). It should be borne in mind, however, 
that this is applicable only to a very narrow band of the full spectrum of impulsi vely gen¬ 
erated waves. 

The difficulty lies in the fact that this discussion is concerned with two water depths: 
the depth of wave generation and the depth of wave propagation. For these shallow 
waters, relative to charge size, the depth of propagation is a determinate factor in con¬ 
trolling file conservation of energy, i. e., height in the first wave with increasing range, 
while the depth of generation is controlling primarily the energy going into the waves and 
the energy distribution within the system. For the nuclear tests to data, the water depth 
of propagation has bean a single value, which has tended to minimize the dispersiveness 
of waves to the extent that wavelength is r lated to charge size. The depth of generation 
has been a variable, but the variations have not been of sufficient scope or in the right 
direction with respact to yield, so the bast.c problem of scaling these waves beyond the 
range of the dam cannot be solved. In fact, the results of nuclear tests to date have 
permitted only a glimpse at the scope of the problem. A comprehensive series of HE 
tests would be required to explore the problem of depth scaling as a function of crater 
size and generating efficiency. 

3.18 DATA FROM SHOTS ZUNI, TEWA, YUMA, HURON, AND APACHE 

Wave data for these shots was much more limited in extent than for the open-lagoon 
barge shots. During Shot Zum, the project efforts were plagued by instrument failures, 
and during Shot Tewa the rollup phase was in progress. A shore station (195.01) was 
kept active at the personnel pier on Site Elmer at Eniwetok Atoll to record whatever waves 
might come along, but the two barge shots, which from a size standpoint could have been 
efficient wave generators, were located inside the crater produced by Shot Mike during 
Operation Ivy, and the waves were comparatively small in amplitude. 

The wave traces from the 60-foot v/ater depth for these tests are included in Appendix 
A. With the exception of the record from Station 196.02 during Shot Zuni, all traces 
were recorded by shore stations, and included reflectance-induced increases in wave 
heights. 

The data from Stations 192.01 and 196.02 (Figure A.1) Indicates that the Zuni wave 
system in the open lagoon consisted of a first crest and a trough, after which the waves 
reduced rapidly in size to background. The records from Stations 191.01 and 192.01 
(Figure A.l) indicate the presence of a second crest following the first wave, but this 
crest was not prominent in the deeper lagoon at Station 196.02. The wave action at Sites 
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Nan and How became confused immediately after the arrival of the first trough, but this 
was probably more a result of the signal-to-noise ratio than any .hing eiso. In v.ew of 
the analysis of wave generation discussed earlier in this report, there are two notable 
features of the Zum wave system indicated by the data. First, the energy content of the 
first trough is significantly greater than that of the first crest, and second, the wave 
action following the first trough is so smali as to be almost nonexistent. Both of these 
features stem from the fact that the burst point was over land, very close to the lagoon 
shoreline. Surface zero was located on the east rim of a small water-ñlled crater from 
Operation Castle, which may have induced some asymmetry into the wave-generation 
process. Consequently, the wave system in the Site William 'iirection may have differed 
from that in the Site Nan direction. 

The first expansion iormed a crater partially in the coral island, and this In combina¬ 
tion with the shallowness of the contiguous lageon waters allowed only a proportionally 
small amount of energy to go into the firs: crest. Because the lagoon waters could flow 
into the crater mainly through the restrictive breach in the crater periphery, a compar¬ 
atively greater length trough, due to the rate cf filling, followed the initial crest, and a 
larger percentage of the total energy moved out as a trough, compared to the first crest. 
The inflow to the crater was predominantly unid' recticnal instead of radial!:/ equal a- 
round the crater circumference, and this restricted the height of remount at surface zero 
for formation of a second crest. The energy of the initial crater minus the first-trough 
energy can be visualized as having been dispersed in this comparatively small remount 
and in the turbulence expended upon the inland periphery of the coral crater rim, and 
the number of waves following the first trough was drastically reduced. From the wave 
records, it appears that the comparati ve length of the first crest and trough, the relative 
magnitude of the second crest, and the number of waves following the first trough are in¬ 
dications of the source conditions of generation, and given two shots of equal size in dif¬ 
ferent locations, such as on an island edge and in epen water, the two locations would be 
identifiable by comparative observation of the wave systems from the two. 

If surface zero for Shot Zuni were moved to the shallow reef area of the open lagoon 
so that the energy coupling to the lagoon waters would be increased, the features noted 
above would become mors prominent as shown by the records for Shot Tewa at Staiiom 
191.01 and 192.01 (Figure A.6). Although these records are from stations 9 to 15 miles 
from surface zero, and contain locally induced characteristics, the unbalance between 
crest and trough energy is still quite apparent. It should be noted that Tewa besides 
being closer to deep lagoon water had a greater yield than Zuni. 

As discussed in Section 3.17, the first-crest size is affected by water depth in the 
zone of generation; therefore, it is futile to attempt to scale wave heights from Shots 
Zuni and Tewa. It can only be>said that, if these shots were repeated identically, the 
wave heights at the same locations would be us shown in Figures A.l and A.6. It would 
probably be an acceptable approximation to calculate the cpen-lagoon wave heights in 60 
feet of water for Tewa by employing the Navajo reflectance factors for the individual 
stations given in Table 3.2 because of the almost identical directions of wave approach. 
Such an approximation would not be acceptable for the Zuni data however. In conclusion, 
it is noted that for the Tewa waves at Station 190.01 (Figure A.6), the reflected wave (a 
trough followed by crest) arrives with the identical time lag after the first crest as was 
noted and discussed in Section 3.7 fer the Navajo wave system. 

The waves recorded from Shots Yuma. Huron, and Apache in Eniwetok lagoon are In- 
cludsd in Figure A.7. Shot Yuma was a device or. a tower at Site Sally in 
the northeastern part of the lagoon, and tue measured- water wave was somewhat of an 
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unexpected oddity. The shot site was inspected from the air after this wave was record¬ 
ed, and there was no evidence of ground cratering at the tower base, let alone at the 
lagoon shoreline, which was estimated to be at a distance of 150 feet. The evidence is 

, that this wave was generated by air Impulse acting upon the adjacent lagoon water. 
Shots Huron and Apache were fired in the crater produced by Shot Mike. The crater 

rsotricted the wave energy that escaped to the open lagoon. The waves traveled 19 miles 
across the lagoon to approach Site Elmer at a refracted angle of approximately 30 degrees 
from the perpendicular. The records of the Huron and Apache waves (Figure A. 7) show 
the greatest wave amplitudes to be associated with the second to third crest, which is a 
characteristic of the more dispersiva wave systems traveling over relatively great dis¬ 
tances. It is noted that the wave crests and troughs are not symmetrical about the mean 
water level for the second through fourth waves, and that this is more pronounced for 
the Apache waves than for Huron and must therefore be related to wave size. It is not 
known whether this asymmetry is associated with the open-lagoon system, or is induced 
by the lagoon and island topography near the station. As a result of the study of waves 
approaching Bikini lageen shorelines, the latter explanation is considered the more like¬ 
ly. The absorptivity or reflectivity of the Enlwetok station cannot be assessed in order 
to estimate an open-lagoon wave height. 
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TABLE 3.1 SHOT PAïUTCIPATION 

X oaiticlpated, useful Jata; ' ■ ptrtlclpamd. partUl diU; 0 ■ participated, no dita. 

Stkion Bikini Eniwatok_ 

Nu.nhcr Charokeo Eliü Flath« ad Dakota Navalo Tewa Apache H'iroa 

190.31 
191.il 
192.01 
133.01 
193.01 • 
lOS.Ul 
196.02 
190.03 

1C6.04 
196.05 
197.01 
197.92 
197.03 
197.04 
197.36 
197.06 

X 
X 
X 
X 

X 
X 
X 
X 
X 
0 

X 
X 
X 
X 

0 

0 

X 
0 
0 

X 
X 
X 
X 
X 
X 
X 
0 

0 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 

* Station 193.01 was operative and yielded data for Slots Yuma, Oacge 

Mohawk, "rie and Lica. 

Seminole, 

TABLE 3.2 INCREASE OF FUST-CREST WAVE HEIGHTS IN TRAVELING FROM OPEN LAGOON TO SHORELINE 

________Ratio of Firat-creet 
First-Creel Height yjeESlirea Flrst-Crast P.ntlo of Measured Flrat-Creat Haight Height at Nan Shoreline 

Station In 60 ft of Water Heights In 30 ft of First Great to Open- at North Nan Shore- w H#lght ln Q0 u o( water 
Number ln Oper. Lagoon water at Shore Statlona Lagoon First Crest line (AppendLx B) ln 0pen Lagoon 

'Fliu.a 3.¿41 . . .. 1 ""— 
- ft- tT « 

Shot Navajo, tide stage * 5.9 ft 

190.01 2.0 
191.01 3.8 
192.01 2.5 
193.01 S.’ 

1.3 
1.9 
1.4 

Avarage 1.3# 

6.8 :.4 

Slot Dakcte, tide stage 

190.01 9.92 
191.91 1.1T 
192.01 1.1 
193.01 1.1 

3.5 ft 
1.1 
:.3 
1.0 
0.3 

1.2 
2.0 
0.9 

Average 1.36 

Shot Flamead, tice stage 

190.01 0.4« 
191.01 0.59 
192.01 C.58 
193.01 0 36 

5.7 ft 
0.40 
0.8 
0.8 
0.4 

0.9 
1.3 
1.1 

Average 1.1 

1.2 2.6 





TABLE 3.5 THE ORE TIC .-VL WATER-CRATER RADIUS 

Energies after lirst-phase zero points. Wave shape sinusoidal. Water depth 
at crater from nodal-point theory. All related values not listed are the same 
as In Table 3.4. 

Station Crater Nodal-Point Theoretical 
Number Energy Water Depth Crater Radius 

Operation 

1011 ft-lb ft ft 

Crossroads Baker 27 
Redwing Klatle id 197.04 

Dakota 197.04 
197.06 

Navajo 197.04 
197.05 
197.06 

Castle Union 163.02 

4.0 160* 400 

40.0 
68.0 
17.0 
35.0 

145* 
220* 

145* 
220* 

1,410 
1,190 

919 
870 

Yanlee 163.02 
Union 16.1.02 
Yankee 163.02 

* Union, Yankee, and Baker wave systems did not contain identifiable nodal 
points and associated beat phenomenon. Water depths are averaged or estimated 
at surface zero before shot, 
t Long-period wave removed after first trough. 

TABLE 3.6 THEORETICAL WATER-CRATER RADIUS 

Energies after first-phajo zero points. Wave shape sinusoidal. Average 
water depths at the crater measured or eatimsted. All related values not 
listed are the same as in Table 3.4. 

Operation Station Crater Preshot The 3 ret irai 
Number Erargy Water Depth Crster Radius 

1011 ft-lb ft ft 

Crossroads Baker 27 
Redwing Flathead 197.04 

Dakota 197.04 
197.06 

Navaja 137.04 
197.05 
157.05 

Castle Unica 103.02 40.0 
ce.o 
17.0 
35.0 

160 
120 
140 
140 
230 
220 
220 
145 
220 
145 
220 

Yankee 163.92 
Urden 153.02 
Yankee 103.02 

Long-period wave removed after first trough 
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TABLE j.ll COMPABISON or tTHST-CRÏiT ARRIVAL TIMES O'ER SR UAL WATER AND REFRACTED PATHS. SHOT NAVAJO 

-nur lorw.tlwi Hm. iwslrcHJ-____ 
—-AUâuin.l Air Rtiruud Tim« Arrlv.l-Tlm« l»cr«n--r.! Arrl'mJ-Tlm« bKrtrwiu MMMirM .irrlv»! Tim* Opwi-Uuioon 
S-.ulon vrttvlj LlM RdrtcHo« Dw to RcIrACtinq Du« ui *hojLrc Wiur MUiu* R»!r«cuon ud Arn*«l Tira* Clltomc« 
'.jfnDAr T|ma R ar. (in Dl**r«m (r ■ TO ft/KO Aka* Hr Ir mad Rath ShoAilri lni:r»mer.l» from ri*ur«'.l_ 
—1 —^ur «vai Mui tti «wiautaa minuta« ni: ate« annul«« parcant 

.04 1 44 Not mfractad 
lfit.01 9.IT t.T5 
103-01 »0» I.« 

• Arrival Um« Inc remaní du» ta «hoali«« ts dUVsreoc« hatwaan: 
IX) Traval uma ol a cra«t from U* cr««ar Ap (010 faat from caro* to Suuoa l»?.0í (T,580 íjat from atro) 

la SOO-ft'iBcramaau «Hora c • tg<i4e ♦U avarac« Hc « 1/R «ad (b, l^r 
(2) Traval Um« of a cr««t from Uw craur Up u> SUtloa 107.04 ««timaud trorj Um av«; af« v«locl»> of the 

fl rat craat ta SUUoa 107.04. 
1(1) • ItS nae (1.74 mm) 
c(2) avorag« • 01.9 fl/aae 
t,2) * 49.2 «ao 

i Tima te'ramena ■ 21.4 MC 

fchoaUng water »«mira la 
laat 2% mite« cf travai 

TABLE 3.12 FIRST-CREST ANO FIRST-WAVE DATA. SHOTS ZUNI, FLATHEAD. DAKOTA, NAVAJO, AND TEWA 

Station 

Shot Zunl 
191.01 
192.G1 
196.02 
19J.01 
103.01 

Refracted 
Path Range 

lO*« 

18.0 
33.0 
52.8 
69.0 
73.8 

Shot Fiathead 
197.04 7.5 
196.03 35.5 
191.01 60.8 
193.01 84.6 
192.01 64.2 
190.01 79.8 

Shot Dakota 
197.04 7.5 
197.06 7.5 
196.02 53.8 
101.01 60.6 
192.01 64.6 
192.01 64.2 
196.01 64.8 
190.01 79.8 

Shot Navajo 
197.06 6.5 
197.04 8.5 
197.05 14.4 
196.32 50.1 
191.01 57.3 
193.01 58.5 
196.01 63.3 
192.01 62.1 
190.01 77 7 

Shot Tewa 
192.01 57.0 
191.01 06.0 
190.CI 93.3 

Fit st-Crest 
Height In 

80 Feet of Water 

ft 

2.6 
1.5 
1.1 
0.5 
0.2 

3.7 
3.4 

1.5 

First-Wave 
Height in 

60 Feet of ’Vater 

ft 

Water Depth 
of Generation 

First-Crest Height 
in Water Depth 
of Generation 

ft ft 

5.1 
3.4 
1.9 
1.2 
1.0 

120 
120 
’.20 

1-0 

12C 
120 

140 
UC 
140 
140 
140 
140 
110 
140 

230 
230 
230 
230 
230 
m 
230 
230 
220 

/.3 20 4.9 
7.7 20 4-5 
1.9 20 2.0 

• Tout wave height estimatc-t aa twice the first-trough depth. 
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TABLE 3.18 TABULATED DATA FOR FIRST-CREST SCALING OPERATION REDWING 
BARGE SHOTS 

Wave« propagating In 170 faet of water. Crest height felvei for 60-foot water depth. 
Average Water Depth 

_ First-Crest of Generation ., » « 
nan#e H„ -H «•.».»„-rf HCr‘ 

Station 
Measured and Estimated 

10’ ft ft ft 104 ft 

w^'V* 

10* ft1!!) TNT 
equivalent 

Shot Flathead 

197.04 
196.03 
191.01 
193.01 
192.01 
190.01 

Shot Dakota 

197.04 
197.06 
196.02 
191.01 
193.01 
192.01 
196.01 
190.01 

Shot Navajo 

197.06 
197.04 
196.02 
191.01 
193.01 
196.01 
192.01 
190.01 

7.5 
35.5 
60.6 
04.3 

61.2 
79.8 

7.5 
7.5 

53.8 
60.6 
64.6 
64.2 
64.8 
79.8 

6.5 
8.5 

50.1 
57.3 
58.5 
63.3 
62.1 
77.7 

120 

140 

220 

Shot Tewa 4.6 Mt 

192.01 57.0 3.7 
191.01 66.0 3.4 
190.01 93.9 1.5 

20 12.2 0.4 
12.6 
7.96 

... «É uMuauUiMlüÉM. 
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Figure 3.21 Trends of measurable first-crest and total wave energy as a 
function of range and yield. Constant depth, shallow water. Energy ob¬ 
servations as a wave amplitude for Increasing time at fixed range. 
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Chapter 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

Stuty of waves generated by the Redwing shots has led to methods for predicting effects 
of future shots within certain limitations. Of primary significance is the recognition of 
the separate influences upon wave height of the water depth of generation and the depth of 
propagation. The effect of varying depth of propagation could not be quantitatively eval¬ 
uated, because it was nominally the same in all the cases considered, i. e., Bikini lagoon 
depth. The qualitative effects, howe’ er, are well indicated by theory and by trends in 
the data studied. 

Study of Reference 5 and comparison with the records of impulsively generated waves 
has led to the conclusion that wave scaling is not a continuous function but depends upon 
the characteristic type of wave system generated. 

Analysis from an energy standpoint of close-in wave records has given a much clear¬ 
er concept of the dimensions of the generative process and has led to the isolation of the 
parameters of wave generation. This has not only provided the basis for derivation of 
a scaling law but has also indicated the need for direct measurement of these parameters 
in future tests. 

Energy studies have also revealed the disproportionate size of the wave system from 
Shot Baker during Operation Crossroads, compared to those of the larger surface shots. 
The inescapable conclusion is that the wavemaking efficiency of Shot Baker was enhanced 
by its depth of submergence and cannot be classified with surface shots for purposes of 
water-wave analysis. 

The task of analyzing and predicting Inundation effects has always been rendered 
prodigious by the unlimited combinations of topographic features that can significantly 
offset the oncoming waves. Add to this the equally unlimited combinations of waves that 
can occur in a particular train, and the difficulty of a quantitative analysis can be well 
appreciated. The method presented here is applicable to a particular topographic layout 
and illustrates the salient factors involved in inundation of low-lying areas by longer peri¬ 
od waves. Bowever, inundation prediction must still remain very much a specialized art. 

•1.2 RECOMMENDATIONS 

The present study points up the limitad scope of past observations and gives a strong 
indication of the direction in which future work mart lie. A greater range of generative 
conditions (yield to water depth ratios) must be explored and related to the class of wav* 
system generated. Observation of the effect of several water depths of propagation on 
initially identical wave systems is also necessary. 

Measurements must be made as close as possible to the center of the generative 
process. These must not be limited, as in the past, to water-wave records but must try 

100 



to penetrate to the water crater and measure its expansion in radius, depth, and time. 
Analysis of cores of the lagoon bottom on a cross section of the crater may yield valu¬ 
able clues that are covered up by the wash-back from water-crater collapse. This core 
study could still be of value from existing craters. 

Underwater shots in shallow water, such as Shot Baker, must be fitted to their prop¬ 
er place in the wave-producing spectrum. The existence of a criUcal depth of submer¬ 
gence as related to other parameters of generation should be resolved and evaluated. 

The limitations imposed upon, and by, nuclear tests make desirable a program of 
intensive study, under more highly controlled geometries, using high-explosive charges. 
This could now be done with much greater insight Into the proportions and Auctions to be 
explored than was possible in the past. 

There is a need for continuous documentation of the changes which an impulsive gen¬ 
erated wave train undergoes as it enters shoaling water and inundates a beach area. 
This is necessary to test the adequacy of present formulas relating wave height to water 
depth, and to fortify the art of inundation prediction. 
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APPENDIX A 

WATER-SURFACE AS A FUNCTION OF TIME 

AND RANGE IN GO FEET OF WATER 
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