UNCLASSIFIED

AD NUMBER

AD342207

CLASSIFICATION CHANGES

TO: unclassified

FROM: secret
LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Notice: Only military offices may request
from DDC. Not releasable to foreign
nationals.

AUTHORITY

DTRA l1ltr., 24 Jun 98; DTRA ltr., 24 Jun 98

THIS PAGE IS UNCLASSIFIED




SECRET
RESTRICTED DATA

DEFENSE DOCUMENTATION CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

RESTRICTED DATA
SECRET



NOTICE: When government or other drawings, speci-
filcations or other data are used for any purpose
other than in connection with a definitely related
government procurcment operation, the U. S,
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the faet that the Govern-
ment may have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporas:ion, or conveying any rights
or pemmission to manufacture, use or sell any
patented invention that may in any way be related
thereto.

JOTICE:
THIS DOCUMENT CONTAINS TNFORMATTON
AFFECTING THY NATIONAL “EFEKSE O¥
THE UNITED STATES WITHIN TIF MBAN-
1NG OF THE ESPIONAGE TAWS, TITIZ &,
U.S.C., SECTTOKS 733 and 9. T
TRANSMISSIOK OR THE REVETATION OF

TS AARTTTIEAIT O TAT AXTY JASTITD ren s o
L0 wuna gt s AXL PRy L ST

]

4

'—O

TNATTTHORT 7™

PYRAON IS PRONIRH

BY LAW,



AR FOROCE
BALLISTIC MISSILE DIVISION

TECHNICAL LIBRARY WT- 9003
! Copy No. 3
Doeumen No. S -é Ci i )
Copy No.

1'1‘ _’”~- Te ( 4

LONG}DISTANCE BL AST PREDICTIONS,
MICR%BAR@METRIC MEASUREMENTS, AND

UPPER-AYMOSPHERE METEOROLOGICAL
OBSERVATJONS FOR OPERATIONS UPSHOT—
KQTHOL

, CASTLE, AND TEAPmi__‘ ASTfip
U

‘\!t- \f”i /‘rp
ﬁ%l)a pteinber 20, 1957 ﬂ
o Il fi! AY i RN g
h /;5. 55

14 IRt
” "Dig é

RESTRICTED DATA

This document contains restricied data as
defined in the Atomic Energy Act of 19%4.
Its transmittal or the disclosure of its
contents in any manner to an unauthorized
person is prohibited.

El.u

f"

SANDIA CORPORATION - ALBUOUERQUE. NEW MEYICO
@




This report supersedes WT-9003(Prelim.), Series A.
Holders of WT -9003(Preiim.} should desiroy copies in
accordance with existing security regulations. De-
struction certificates should be forwarded to the
Sandia Corporation, Albuguerque, N. Mex.

If WT-9003, Series B, is no longer needed, return it {o
AEC Technical Information Service Extension
P. O. Box 401
Oak Ridge, Tennessee



\WDSOT §¥-677F

eavex SECRET 7/

i OO OS5
WT-8003
) This document consists of 90 pages
. - - No. * ™ ¢y of §§0;copies, Series B

215

' LONG-DISTANCE BLAST PREDICTIONS,
MICROBAROMETRIC MEASUREMENTS, AND
UPPER-ATMOSPHERE METEOROLOGICAL
OBSERVATIONS FOR OPERATIONS )
UPSHOT-KXNOTHOLE, CASTLE, AND TEAPOT . [

By \ ' R
. l : s
E. F. Cox \ R
and ! Fa)
/ & -l;“" L J

J. W. Reed A T

// R 5

/ ', Ena

Sandia Corporatica
Albuquerque, New Mexico
October 1956

RESTRICTED DATA

This document contains restricted data as
defined in the Atomic Energy Act of 1954,
Its transmittal or the disclosure of its
contents in any manner to an unauthorized
person is prohibited.

SECRET



SECRET

1 BATA

i

CT, 1954

x=

ABSTRACT

A blast prediction and microbarograph observation pro-

Upshot-Knothole, Castle, and Teapot. Refined methods for
blast prediction have been derived which appear to predeter-
mine adequately the possibility of blast damages occurring
outside the Nevada Test Site during test nperations. In addi-
tion, sound recordings have been usad for inverted geophysicai
seismic exploration of winds and temnperatures in the ozono-

sphere, 30-60 km above the earth.
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CHAPTER 1

THE PROBLEM OF LONG-DISTANCE BLAST EFFECTS AT THE NEVADA TEST SITE

During Operatinn Ranger in 195! 2t the Nevada Test Site (NTS), shock waves frumn
nuclear test shots cavsed considerable damage 11 Las Vegas (o6 miles away) and mdian
Springs (24 miles away). Although damage was confined to shattered windows and cracked
plaster, it was clear that continued damage could prohibit use of the continental test area.
In consequence, Sandia Corporation Weapons Effects Department was assigned to provide

Yo
forecasts of long-distance blast effects prior to each shot of subsequent test operations.

At the time of Operation Upshot-Knothole, long-distance blast prediction had been de-
veloped only to a qualitative level-—and predictions, based on scaling [rom pretest high-
explosives (HE) shots, were not considered wholly adequate. Data recorded during Upshot-
Knothole, from nuclear and HE explosions, were carefully studied to derive quantitative pre-
diction methods. Satisfactory solutions to the many facets of the problem finally were obtained
shortly before Opcration Teapot began in the spring of 1955, Reporting the Upshot-Knothole
program was therefore delayed to include refinements and verifications obtained in the 1955

program.

Weather conditions at NTS during Operation Upzhot-Knothole were unseasonable; ie, the
average femperature for May was an all-time recorded low.i/ (Departure of mean tempera-
ture for March-May 1953 is shown in Fig. 1.1.} In addition, a jet stream hovered over or
near the test area throughout the series. Fortunately, orientation of this high-speed air
stream on test dates did not support propagation of significanlly damaging shocks into any
nearby cities, On several occasions, conditions were borderline but, luckily, only twice did
overpressures measured in las Vegas, the nearest city, reach the minimum level for dam-
age, Peak overpressure measurements at Las Vegas for all tests except Operation Ranger
are plotted against shot vield in Fig. 1.2. Note that almnst damag;ng chockes were ghserve

on several occasions and from shot yields ss small as i kt,

“Historical and theoretical details of the problem of observing and predicting air shocks
at large distances from explosions have been published in earlier reports on Operations
Bustcr-Jangle}_/ and Tumbler—Snapperg/ and, with minor theoretical changes and corrections,
in Reference 3. To avo'd repetition, familiarity with these reports is frequently assumed in

this report.
i )
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As in previous test series in Nevada, several checks were made prior to each shot 10
estimate magnitudes and destructive effects of pressure waves reaching inhabited resinons
outside the test site. On the basis of predictions of aimospheric temperature and wind struc-
ture provided by the Air Weather Service at staff briefings on evenings before shots, theo- .
rectical sound propagation patterns were developed. These paiterns were adjusted during the
night, as later measurements of atmospheric behavior were obtained. Two hours before a
scheduled nuclear shot a 1, 2-ton HE charge was detonated, and the sound was recorded at
fifteen microbarograph stations circling the test area in Nevada, Utah, and California. At
minus one hour another 1. 2-ton HE shot was fired, and the records were checked for any late
indication of serious consequences to be expected from detonation of the nuclear shot. Even
when these multiple checks were made, predicted pressures were often considerably in error

but, as previously indicated, no heavy damage occurred.

On Upshot-Knothole, hcwever, 98 claims for blast damage were received by the Las
Vegas Branch Office of the Atomic Energy Commission, some from points as remote as
Modesto and Visalia, California, although the majority were from lLas Vecgas. This total is
to be compared with 27 on Ranger, 294 on Buster-Jangle, and 132 on Tumbler-Snapper. All
but one of the 98 were clearly insupportable and were denied.él The one claim which reccived
some consideration was from Las Vegas and was for a plate-glass window, possibly broken
during a borderline pcak-to-peak pressure condition of about 3.5 mb, but it was denied on the

basis of faulty installation of the glass.

At Groom Mine, about forty miles northeast of the test area, a number of small windows
were broken on Shots 8 and 10. On Shot 8, no actual pressure measurements were made at
that point, but on Shot 10 a mobile microbarograph recorded a peak-to-peak surge of 15 mb,
On both occasions, a strong shock had been predicied, and necessary precautions were taken
to protect local inhabitants from injury. Damages were repaired by informal arrangement

with the AEC test manager.

The strongest shock felt by observers at the Contirol Point during the entire serics was

on Shot 7. Although a microbarograph was not operated at the Control Point, an overpressure

P T o P O S R T ¥ FEU TR 1 e tpees E s S
€4 0y a vanaid CXPeiunenial diljel Cntidi pressure wransaucer,

[¢]
B
[

8. ¢ mb was measu
Eleven millibars were recorded at the Transmitter Farm, where overpressures are usually
less than half those at the Control Point. This shot catsed noticeably higher overpressures

than Shot 11, which struck the Control Point with about 22,3 mb.

On Shot 8, at Frenchman Flat, peak-to-peak pressure measured at Camp Mercury

(Quonset 28} was 20.6 mb, and a number of small windows were broken there.
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From data such as these examples, we infer that large plate-glass windows are damaged
by peak-to-peak pressure pulses of about 3 mb; damage gradually increases with pressure

ievel until at 15-20 mb small window panes are broken,

During Operation Teapot, weather couditiviis were aga:n wul v than normeaelily disturbed,
but no month was so anomalous as May 1953. The departure of mean temperatures for
February-May 1955 is shown in Fig, 1.3, High-speed jet stream winds were only occasionally
observed in Southern Nevada, The operational program was changed by a greater emphasis on
safety from radioactive fallout: thus. the apparent imnnrtance of a blast prediction program
was reduced, although it certainly could not be overlooked. In general, high wind conditions,
which could have caused serious blast propagation, were deemed too risky because tiey would
nave carried fallout in narrow intense bands to relatively great distances., However, on some
occasions, when fallout patterns were forecast to lie toward the uninhabited "slot" to the
southeast, tests were considered which might, if carried out, have created considerable blast
disturbance in the Las Vegas area. Whenever winds were high enough to give strong tropo-
spheric blast propagation, wind direction changes during the night prior to the planned shot

caused cancellation,

The three air bursts of Teapot were small-yield weapons, so fallout was of relatively
minor importance. Upper winds for these three shot dates did net! support damaging shock
propagation,

The blast prediction program was operated a5 in earlier tcst operations, and weather
forecasts provided by Air Weather Service personnel were used fo compute predictions of
sound propagation patterns. However, Raypac* leas used for pattern prediction and made
computation much simpler than before. In earlier tests, great masses of hand computations
were required for even a rough quantitative estimate of the situation. Raypac, in about an
hour of operating time, could produce a complete picture of the pattern in adequate detail for
confident predictions. It became possible to make repeated checks based on actual upper air
weather observations made at frequent intervals during the early morning hours before a test.

Use of the analegue computer system is described in detail in Section 3.4,

Preliminary 1. 2-ton HE shots were continued at 1 and 2 hours before full-scale tests,
However, when complex propagation conditions existed, the Raypac-computed blast prediction
was usually superior to predictions made by scaling HE results, because a complete patiern
was available and probable weather variations for the last hour or two before shotl time could
be considered. Also, the possibilitics for additive interferencc of signals of long duration,

’:Ray Path Analogue Computer (developed at Sandia Corporation by Division 5413),

SECRET ¥
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Fig. 1.3 -- Departure of Mean Surface Temperature from Normal,
February-May 1955, Teapot
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associated with large-scale blasts, could be included. Nevertheless, for ozonosphere signals,

HFE. acaling techninuea remained the nnly nredictare
S °re

In summary, blast protection for the surrounding regions was well provided. At Las
Vegas, the maximum overpressure observed from a ''eapot test was from Moth shot and was
1.55 mb (about 20 per cent below the minimum level for damage). Informal reports of minor
damage to plaster were received, but there were no significant damage claims from the Las

Vegas area.

Ozonosphere signals above damaging minimums were observed at St, George, Utah,
Turk shot caused 3.4 mb overpressure, Bee gave 1.9 mb, and Met gave 4.0 mb. There was
a report of a previously cracked window being knocked out, bui ng claims were made. Evi-
dently the slower pressure rise rate of these particular ozonosphere signals may have allowed
larger peak pressures without the damaging effects found with waves ducted through the tropo-

sphere.

The only significant blast-damage claims from the operation were from turkey farmers
in the region of Fresno and Bakersfield, California. One, living near Bakersfield, claimed
that noise from Apple II shot stampeded his 5000 turkeys into the pen fences, suffocating and
killing 600 and causing the feeding schedule of the others to be disrupted. After Zucchini shot,
a similar occurrence was not so disastrous because the farmer had had prior news of the
planned test and had alerted help to break up the staimnpede when the blast noise arrived. A
settlement of this claim may have led a Fresno claimant to file similar charges, but on the
dates he claimed damages were sustained, Inyokern and Bishop microbarographs recorded

only 10-20 per cent of the noise levels measured from Apple II and Zucchini shots.

An abnormally strong shock, ducted beneath a strong surface-temperature inversion
from Turk shot toward the open shot area, demonstrated the effects of 0.5 psi, or 35 mb,
overpressure on housing. In the FCDA houses most windows were shattered, doors were
torn off, and other damages were sustained. Surprisingly, only a few panes side-on to the
blast and lee side from the blast were broken, but nearly all front windows were broken out,
with fragments blown through rooms and embedded in the far walls. Obviously, considerable
injuries to personnel would have been sustained under these conditions if no precauticns had

been taken., This pressure level could be expected 45 miles from a 20-mt burst.

Experiments conducted with dwelling-size panes of glass mounted under the HA (High-
Altitude) shot showed that, at least at 9 mb overpressure, windows up to 2 feet square were
not broken. However, under actual conditions found in a city, many such panes are held in

place by old dried putty or less secure frame fasteners and would be shattered by this blast

SECRET 3
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pressure. Further, in one case of atmospheric focusing, 9 mb overpressure was predicted
for Las Vegas at a preliminary briefing session., This particular test approach was finally
canceled because of fallout hazard but, from the point of view of blast damage, this was an

example of the kind of prediction the Weapons Effects Department was prepared to make.

In addition to their primary use in blast prediction, microbarograph observations of
blast pressure signals provide data on sounds refracted to the ground from the ozonosphere.
This information is used to operate the blast prediction system in reverse, providing obser
vations of atmospheric conditions in the 100, 000- to 150, 000-foot levels. During Operatinn
Castle, where long-distance blast prediction is of little interest, microbarographs were
operated primariiy to obtain data on ozonosphere conditions, Derivations and results of

sound probing of the ozonosphere for all three operations are detailed in Chapter 5.
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CHAPTER 2

INSTRUMENTATION

Microbarngraphs used by Sandia Corporation in Operations Busier-Jangle and Tumbler-
Snapper were borrowed from the U. S. Navai Electronics Laboratory. In Upshot-Knothole and
later operations, new Wiancko-type 3-PBM-2 microbarographsé’. were used. (Typical instru-
mentation setups for Castle and Teapot are shown in Figs. 2,1-2.4.) Their sensitivities were
stepped for several values of peak amplitude ranging from 4 ub to £12 mb. Each range also
had a quarter-scale output. Recordings were made on Brush two-channel recorders. Pres-
sure records were thus available for scales ranging from 0.2 ub/mm to 2400 ub/mm. Meas-
urement was theoretically possible for signal amplitudes of from 0. 2 ub to 96 mb but, since
ambient wind noise gives pressure waves of 10- io 100-pb amplitude, only under absolutely
calm conditions could signals of below 10 ub be detected. At 0445 PST, February 22, 1955,
however, a discernible signal from an HE shot was recorded at Boulder City, with only

0.48-ub peak-to-peak amplitude.

At the other extreme, UK-7 shot gave recordings of 22,8 mb at the control point, and
Apple II shot of Teapot gave peak-to-peak pressure of 21.3 mb. Teapot Turk shot records
show pressure amplitude of only 15 mb, but the building which housed the recording system
was so shaken that the record was cut off. When checked against other Sandia Corporation
pressure measurements on Teapot HA shot, microbarograph amplitudes were in agreement

8/

within 20 per cent.~

Eighteen microbarograph units were installed and operated during Upshot-Knothole
(in addition to a development model set up at Albugquerque and production spares operated by
Wiancko Engineering, Inc., at Pasadena, California). Some changes in operating location
were made during the test series, and a mobile unit—Skippy—was available for on-call
operation at points determined from preliminary forecasts. In an attempt to establish char-
acteristics of signals refracted to earth from the ozonosphere (30-60 k) and ionosphere
{above 90 km}, dual installations were made at six points, Maps of NTS and the surrounding
area are presented (Figs. 2.5 and 2, 6) to indicate operating locations of the various micro-

barograph installations and shot points for HE and nuclear test shots.

For Operation Teapot, the eighteen units were rearranged to improve the collection of

ozonosphere signal data. Figure 2.7 shows map locations of regularly operated recorders,
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Fig. 2.3 -- Microbarograph Sensing Head at Boulder City, Teapot
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Pig. 2.4 -- Microbarograph Recording Station, Boulder City, Teapot
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Fig. 2.6 -- Microbarograph Recording Stations Used
During 1953, Upshot-Knothole
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As before, one unit was equipped for mobile operations and, at various times, recorded at

locations indicated on the map.

Only one equipment modification was tried during Teapot. An experimental 50-kc
broad-band radio receiver was connected to the recorder to give an automatic zero-time
iudicuiion {1 ie elecurvmagneuwc wansien o1 the bomb burst.LQ'/ l'his scheme worked
with only fair reliability, but proved in principle that an automatic zero-time indication was
possible for most types of atomic bomb tests. In future programs, a refined automatic zero-
time indication will be used to aid in communicating the occurrence or cancellation of a test

to distant operators, since WWV-based time indications are not always received.

Microbarographs were operated on Operation Castle to record pressures at observer

areas and measure ozonosphere signals.l—l—/ Stiation locations are shown in Fig, 2.8.
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Fig. 2.8 -- Microbarograph Recording Stations Used
During 1954 Operation Castle
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CHAPTER 3

PREDICTING SIGNAIL PROPAGATION

3.1 GENERAL CONSIDERATIONS

Atmospheric signal ducts are essentially of three types. First, and in some respects
simplest for sound-propagation analysis, are signals ducted under a surface tempcrature
inversion, as in Fig, 3.1, Next, the so-called complex case, where sound velocity decreases
with height above ground level, then increases to a value above that at ground, as shown in
Fig. 3.2. On occasion, further zigzags of the velocity-height structure occur. Finally,
there are signals refracted from the ozonosphere and ionosphere, essentially complex cases,
which preclude analytical prediction because they travel unknown regions of the atmosphere,
However, these may be scaled, with reasonable success, for pressures from smaller pretest

high-explosives shots.

/

. . . . 1
Peak overpressure, P, for continuous sinusoidal acoustic waves may be expressed by—

p = (2gpv/m'/2 (3.1

where p is the air density, V is the velocity of propagation, § is tue surface density of direct

i

energy, and T is the duration of the constant amplitude signal, In turn, § is defined by

We on

27R cot 90 —(ﬁ ) (3.2}

g =

where W is the total blast cnergy, R is the disiance from the explosion, and 90 is the initial
latitude angle on the sphere of the explosion of a ray returned to earth at distance, R; € is the

fraction of released energy which remains as acoustical energy after the blast wave has

traversed the horizontal distance to R. Near an explosion, nonadiabatic processesl—le—a—/ of

shock wave propagation leave behind, in the form of neat, much of the originally released

4/ 1/3>

energy. An experimentally determined valuel— of €, satisfactory for ratios of R/W

0.128 fi/(kt Nu,‘il/S, Nu meanirg nuclear, is

1/3

4.17x10 2+5.7x107% (W, kg HE) '~ /(R km)

n
Ll

(3.3)

"

£ 1x102+2.7%x 1072 (W, kt Nu)' /3 /(R miles) .
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Fig. 3.2 -- Sound Ray Paths for the Complex Atmosgheric Case,
with a Focus of Energy

SECRET




SECRET

Thus, except for places close by large explosions, this "efficiency" factor is 4,7 per cent,

At successive skip distances outward along its path, the energy of an acoustic wave will
be further reduced by absorption and dispersion, Equations 3.1 and 3.2 show that after n
cycles through the atmosphere, overpressure due to a single incremental initial solid angle,

Shuee al [ tie picssw e is 1elutuiced Ly retlecuon, may be expressed by

. oovowEf“'l(l +1) de

o
P" = cot 8 ==

TR (3.4)

The fraction of incoming acoustic energy reflected from the ground surface into the atmosphere
at each strike is indicated by f.
3.2 PROPAGATION UNDER AN INVERSION

When sound velocity increases linearly with altitude to the top of the inversion at height,
hi’ and decreases thereafter, the limiting ray, starting at 90 = GYrC COS Vo’lvi and becoming
horizontal at hi’ strikes the earth at a distancel

. (3.5)

Furthermore, under the inversion, at R < Rm

dR R
d6_ sine ° (3.6)
o o
Total incident sound intensity at a point on the ground consists of that coming directly
from the source, plus that received after one reflection from an area one-fourth as large at
half the distance, plus that received after two reflections from an area one-ninth as large at

one -third the distance, eic. If it is assumed that all impulses arrive at R at about the same

time, then overpressure may be expressed by

n=eo
p V We p V We +
P‘2=L9—Tcoseo(l+f)§:P:L%—coseo(-i——:—?)fN, (3.17)
TR n=N TR

where N is the whole number of times Rmax divides into R, or the number af completed cycles

over the atmospheric path touching the top of the inversion.

Little experimental and no known theoretical effort has been directed teward determining

effective signal duration, Reasonable values of 7, as observed at overpressures less than
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five per cent of a standard atmosphere, appear to lie, for thc linear inversion situation,

5/

I R 1
between two limiting equations, —

3.3 x 1072 (w, kg HE)'/3 sec

T =

! (3. 8)

11~
= 2.54 (W, kt Nu)™’"” sec, |
and
2 2 I2
7= 9.3x102 W, ke HE)O (R, km) 22 (R, ken)!/? sec
2 max
(3.9
= 1.4 x 10° (W, Kkt Nu)llﬁ (R . mi.)-4'2 (R, mi,)llz sec .

For more complex situations, a slightly different coefficient for Eq 3.8 is used and will be

discussed later. |

Similarly, little effort has been devoted to determining the energy reflection factor, f,
over real terrain, Reflection from a smooth air-to-topsoil surface density discontinuity
should be 99.7 per cent.lé/ Destructive interference apparently reduces f significantly below
this ideal value, and in experiments under surface inversions at NTS, the value of f appears

to lie between 60 and 75 per cent.

By joining these not-very-well-determined empirical values, and considering nuclear
blast yield to be one-half the blast yield of an equivalent tonnage of high explosives, two

expressions are obtained for predicting peak overpressure for the linear inversion sitvation:;

P, 13 (0.258/ 2/, mi.) mb (3.10)

40. 3(W, kt Nu)

and

0.415 . 2.1
1.2(W, kt Nu) (Rmax’ mi. ) (0.6)

P N/2/(R, mi.)l' 3 b . (3.11)

2

H

*
Graphs of these two equations for a typical HE explosion are shown in Fig, 3.3. Observed

peak pressures lie between these limiting graphs.
3.3 PROPAGATION IN COMPLEX ATMOSPHERES

A satisfactory system was also derived for predicting sound propagation under more
complex atmospheric conditions, with minor changes in constants and assumptions from those
used in developing the inversion case, Previously, it had beea assumed that differences in

arrival times of sound signals arriving by various paths were insignificant compared to other

:"Reproduccd from Refercnce 15.
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errors in determining paths and characteristics of atinospheric sound patterns. Considerable
difficulty had always been encountered in predicting exact (+1 second) arrival tinres ot shock
signals at large distances. Consequently, it had been assumedl/ that impulses arriving at a
point by various paths will undergo direct additive interference, and it had been deduced from
the appcarance of recordings that single impulses of explosive shocks break down Sntn acnnatic

pressure wave trains,

More detailed investigation of the situation has revealed ihat relative arrival times of
impulses following different paths through the atmosphere may be determined successfully,
Separation time between arriving signals was often found to be appreciable when compared
with the fundamental period of the initiation explosion. In fact, arrival times of signals
reaching Las Vegas by different routes through the lcwer (25, 000 feet) troposphere may differ
by 10 to 15 seconds. Under a surface inversion, arrivals by different paths will be spread
over not more than 5 seconds. Only when distance traveled is less than twenty miles for
nuclear tests may time scparation be completely ignored and ihic cumulative effect procedurce
be applied without question, On the other hand, treatment of overpressures as separate im-
pulses requires morc detailed consideration of the estimated reflection and period terms in a

peak overpressure equation similar to Eq 3.4,

A Fourier analysis of some Upshot-Knothole microbarograph records was performed by
REAC to determine maximum cnergy frequency components of individual records. Spectral
curves of relative occurrence versus frequency were averaged for several stations on each of
several shots of different yields in the Upshot-Knothole series. Results are shown in Fig. 3.4,

with an RMS fitted line for all shots analyzed, following the relation that period,

T = 2.836 (W, kt I\Iu)I/3 . (3.12)

. 16 .
Reasonable agreement with Cowan'5~~/ results is shown,

Energy flux, Eq 3,2, is proportional to dQO/dR, which requires systematic evaluation as
a function of the various aimospheric layers the signal has passed through. At first return to
the ground, n = 0; this rate may be found in inversc form, dR/on, by differentiating the ray-
1/

path equation,

h. - h, f
- L it i 72 ,2 _ J 22 5.0
R1+l Ri V., . -V, [Jp \1' \'p \'1'+1 : (3.13)
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When multiplied by soine of the other atmegpheric variables in Eg 3.4, the contribution to

divergence of energy due to passing twice through each layer, hi+1 - h, ;, once upward and
then downward, when V, # Vs I8

- R ) 2 vz) . o)
V‘—tar.s =R B 07, L S ) (3. 14) ‘

as 3 .
o ° o v ,(vp2 2)(V -ve |

2 2 . . .
= v i - -
1 o since Vp Vi+1 is zero, and its deriv

An indeterminate form is not reached when V

ative, as shown here, is also zero, not infinity. Instead, when Vi+l = Vp,
d(R -R_l) VV_l Vz-Vg
gtang —PP - (r -r H-EE-. P2 . (3.15)
[ o P P v v . -V
o p p-1

The case where Vi = Vi+1 is not special, as it is in ray tracing, but here

2 2
&R, . - R) v (v -v?)
1 it1 i _ p p o
v tan 90 30 = (Rﬂ'1 Ri) ( 7 2) (3.16)
o o
Yo p
Thus, for a complete path through the atmosphere and back to ground
(3.17)
2 0,2 2\ [i=p-2
1 ar _ Vo (Vp -vy) Rt - B L el (R, p /)
Y- 3 3 2
° Yo IOIV -V)(V _V1+1 p( )

This equation may be cvaluated from many of the same terms used in computing ray-path
distances. In this manner, microbarograph observations of overpressures at ranges from the
NTS control point to Boulder City were analyzed for two cases of complex atmospheric condi-
tions encountered during Operation Upshot-Knothole, Eighteen station measurements were
found to yield RMS values for f = 6,936 and for € = 0.0281. This value for reflection coefficient
is considerably nearer to a theorctical topsoil reflection factor than was derived for inversion
conditions in Section 3.1, but data scatter and the predominant eifect of varying the € term do
not allow strong confidence in the result. The € factor, however, falls reasonably close to

117/

an extrapolation from the 100- to 1-psi pressure levels for nuclear blast curves, —

sour09513 17, 18/ show considerable disagreement coencerning the form of the adiabatic trans-

Various

mission coefficient {r1g. 3.5). However, sound waves, being adiabatic processes, should

eventually acquire a constant energy level.
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3.4 RAYPAC PROPAGATION COMPUTATIONS

The Raypac computer, shown in Fig. 3.6, was being developed simultaneously with
studies of Upshot-Knothole data, so the tremendous advantage of rapid pattern caiculation was
not available for determining the nonatmospheric quantities, € and f. Construction of the ma-
chine was completed only shortly before the start of Operation T'eapot and was not available

for further research computations,

The computer is designed to take, as input data, the sound velocity versus altitude struc-
ture in a direction from a sound source. Hand calculations are not entirely eliminated at pres-
ent. Rawinsonde weather observations and weather forecasts provide (at specified levels in
the atmosphere) temperature, wind direction, and wind speed, plus other atmosptieric param-
eters of no interest in sound propagation. For sound-ray plotting, therefore, temperature
must be converted to sound speed, and the wind component in the direction of interest musi be
extracted from the total wind vector. Tables 3.1 and 3.2 are for calculating these necessary
terms, Actually, the input is not sound velocity but, rather, the ratio of sound velocity at an
altitude to sound velocity at burst height, This allows generalization to any burst height and
simplifies the analogue function generator. Table 3.3 is an example of computations neres-
sary to prepare actual inputs for the machine. After atmospheric data have been fed to the
machine, paths of prescribed sets of rays may be plotted automatically., For filling in, addi-
iional rays may be drawn by manual entry of initial angle cosines. A new vertical-structure
input and ray-path plot are necessary for each direction of interest, generally toward popu-
lated localities around the test site. Usually from 3 to 5 separate plots similar to Fig, 3.7
are adequate for a briefing forecast, and they are made only for directions in which upper-air

sound velocity exceeds the surface value.

At first glance, a plot shows where sound will strike the ground and whether a blast will
be heard. However, since each ray path is for a known initial elevation angle, the arrival
spacing of successively inclined rays provides a dR/dE)0 measurement, AR/AQO, for calculating
overpressure. Experience has shown that even at distances nearly 100 miles from a large ex-
plosion, hlast wave overpressure-time curves maintain an N-wave shape, similar to the close-
in wave, rather than degenerate to sinusoidal form. In this case, the coefficient of Eq 3.1 i3
changed so that

- 1/2
Py wave = (380V/1 77 (3.18)
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Combining Egs 3. 2 and 3. 18 with the positive-phase duration (one-half the period deter-
mined by Eq 3. 12), and both nearly doubling wave energy by reflection at R and diminishing
its energy through each previous ground reflection by f, a relation is obtained that
2/3

230+ f)fn-l e w cot 90 AGO

P - i .
(1.418)2n Yo o~ R AR * (o. 1Y)
Substitution of the previously determined value for €, and the approximate relations

(1+f)x 2, Py = 10_'j g/cc, and Vo ~ 1100 fps (with necessary conversions for dimensional

consistency), shows that overpressure,

2/3 n-1 A®
~ ,w ! o
P =133 m—; - ‘——E mb . (320)

In thig relation, R and AR are expressed in miles, W in kilotons, nuclear yield, and 90 in

degrees. This equation is graphed, in Fig, 3.8, for W = 1 kt, n =1, and R = 10 miles.

An overpressure computation is thus performed from measured AR/AQO and indicated
Bo at R on a Raypac ray plot. Figure 3.8 gives the overpressure for these values at the first
ground strike, if at R = 10 miles. True overpressure may be scaled for observed R, number
of reflections, and predicted weapon yield by
1n1
_ w3l
true P = (graphic P) . W mb . (3.21)

n-1

Table 3.4 lists values for f 2 for integral values of n which might be found in practice.
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TABLE 3.4

*
Reflection Faciors Used in Blast Prediction

n-1 n-1 n-1 n-1

(0. 60) 2 (0. 75) 2 (0.936) 2 (0.997) 2
1.0 1.0 1.0 1.0
0.775 0. 866 0. 967 0.999
0. 600 0.750 0.936 0.997
0.465 0. 650 0. 906 0.996
0. 360 0.563 0.876 0.994
0.279 0.487 0.847 0.993
0.216 0.422 0.820 0. 991
0. 167 0.365 0. 793 0. 990
0.130 0.317 0.767 0.988
0. 100 0.275 0. 742 0.987
0.0778 0.237 0.718 0.985
0.0602 0.206 0. 695 0.984
0. 0467 0.178 0. 672 0.982
0.0361 0.155 0. 650 0.981
0.0280 0.134 0. 629 0.979
0.0217 0.116 0. 608 0.978
0.0168 0.100 0.589 0. 976
0.0130 0.0867 0.570 0.975
0.0101 0.0751 0.551 0.973
0.00781 0. 0650 0.533 0.972

(n is the number of cycles traversed through the atmosphere)
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CHAPTER 4

VERIFICATION OF PREDICTIONS

4.1 ACCURACY OF PREDICTIONS PRIOR TO OPERATION TEAPOT—I—g/

The degree to which blast prediction, as used during 1951, 1952, and 1953 operations
at NTS, was successful has been studied for the city of Las Vegas. Resulis are summarized
in Table 4.1.

On the evening before each test, the USAF Air Weather Service issued a forec.st for

20/

atmospheric conditions expected to exist at shot time,~—' Using these data—temperatures
and winds as a function of altitude—as well as the predicted yield and burst altitude, the blast-
prediction group computed the peak-to-peak blast pressures that would strike Las Vegas if

the weather forecast and the predicted yield and burst altitude were true at shot time. These

forecast pressures are listed in Table 4,1,

Predicted yield of the atomic device and a "scaling factor™ equal to the square root of
the yield ratio (nuclear-to-HE) were used to predict pressures from those observed on the HE
shots fired at H-2 and H-1 kours before the test detonation (Table 4.1). While the weather
forecast covers no more than the lower 50, 000 feet of the atmosphere, HE shots and associated
microbarograph measurements give information on shocks returned from the ozonosphere as

well as the troposphere.

Only once, on Upshot-Knothole Shot 6, did the predicted pressures based on the previous
evening's weather forecast call for damage (Table 4. 1). However, this does not in any sense
reflect the interesting situations that arise. For instance, on a number of occasions a sharp
focus of blast was predicted a certain number of miles from the test site in the direction of
Las Vegas; had this distance been close to a submultiple of the distance from the shot point to

Las Vegas, this focus could have struck close to Las Vegas after a small number of reflections.,

Moreover, although literal use of the weather-yield forecast might call for small or
zero pressures in Las Vegas, a slight change from the forecast weather conditions could

change pressures in l.as Vegas tremcndously.

Table 4.2 is an attempt to assign a "grade" to each of the two or three blast predictions

for Las Vegas on each nuclear shot of Operations Buster-Jangle, Tumbler-Snapper, anc

SECRET 43




SECRE1

o34 4 0 0 o o o 8°09 &9 £8/y /9 1
(4 [} 0 gz [ [ o §7%1 ¥1 £5/s2/8 o}
S4 388 Burang us pasow w000} Juoung | g8t 13 ¢ 0842 [ oL s8¢ £z ez es/er/s [
S Ine Huramp pvdads gnoog | o [ Q 04g o0zLY $1% ozt 92 o€ £5/8 fe ®
[11:14 Sz 52 %82 8 4 087 (13 se £8/sz/% 3
0 [ 0L-08 | oge g 008-529 | 0255-098% £2 0%-02 | £8/81/% 3
¢ o jous an | oZy [1534 w0ys oN | 061 220 (] £8/31/% S
B1EDY-1 WaumASYT | o ¢ 0 02£2< | ogat ottt o 011 911 BS/8 /¥ ¥
[} [:3 o ort ] obI-00L | SZE~082 [l k-8t gafvefe ¢
[N 008 oL 0 [ 0 08z 592 s £s/ve/e H
Ty swey Juranp pa siues sroog | g ¢ 4 15 ozet [38} 091t 29t 81 gs/Lrfe H atouiouy-jousdn
18] 0 4] [} [\ 0 0 R 2 81 25/5 /9 8
L33} BLY 091 0 o o 0 £ 8t 281 {9 L
a1t Q 324 o 0 [ o et 2l z8/sefs 9
022 ort [ o ¢ [ 0 N 21 g¢/L /s s
? 8 [ 008 088~ 022 | 622981 | o ER Y oz-81 } 28/t /5 v
154 008 o i o 0% o 008 [14 28fze /v |3
0 oF [ 08 o [ [ &6l £ 28/st/e 2z
4 F34 0 it 0% $a 001 w 1 28/l ¥ I Aoddeug. 1atqumy,
&t 1048 ON 0T Qg 48 oy | oez 131 [ £t 1a/e2/11 a
42 14 weuseN | 9 ] Wys oN | 0 17t £ 1e/ex/11 8 apung
;Eog-gp wsamanug | o [ Yous oF | 592< N1z wys oN | @ 408 s€ 18/g J0 K
DIEVS-31 0 uawray | Q ] woys on | 0013< BRQE< WYs oN | © $°1% 8% IS TARNAR a
2L JOUS 1P JUBSQE SNy AP | 05T aL wys oy | g 9 Wy oN | %8s u1 81 1¢/08 /01 ol
PRIIPIAE uv i3 6931 PISIA | oft 08 woug on | 01 0 wous an | g g 19/82/0¢ 8
PIINPaId ury 453 YORW PlAFX | O [+ Yous oN | R 08¢ 0us oN | 561 [ 1872z A SNy
3 w7 e ] FER
¥ sE 2ox 0, 8 g 5it !
= e, + Z
s g | BoF | 3 Boz i gug | FiE |
2 §g n g8 5 233 e 5 ¥ '
g -9 L3 £ a - -
H 8 o g5 o ] 2E L BED -
& 23 3 = a T g L
] 3 3 3 é~3
T R) 52 SUEORORLY HABUAR S0 g, 5 ) SR WOug a0 1048
TQA} FeBaA S0 IR SHIHREadg PIOTA DY platx
paxnseaw papphag

B304 SUT UT SIINESBIY 1SVIY HEIJ~01-NBAY

'y 31d VL

=
s

44




SECRET

(roys a0y w.np oN)

t ot 8 81
3
%
X
X
X
P
X
bS
X
>
b
b4
X
X
X
X
X
X
X
X
X
X
X
X
T R T
¥ o s o
> 5 5 R
—
AH Moy -

WOJy ONDIEIIS

{S30Us 4 J0§ TIRp CN)

i I 4 €1
X
X
X

X

X

X
b4
X
X

X

X
X
X
X
X
X
X

X

X
FT7oS
= 1 2

F LN

HH ANOH -~

Woay UoTIdIpdIg

sefap SO WOl UONOTPRLd 1881H U0 dPBAN

g £ L 1
X
X
X
X
X
X
X
X
X
b 4
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
el = 55 O
2 of £ 8
g 5 2
18002104

J3YIBI M PODUTADY
wody uoTioIpdd g

2P A3THYL

ILICN

ot

NA PO DD S —~

i -30mouy-10usdn

e o © o~

1 ~1addeug- anyqean

puncaBaapup

avejang-o1duryp
Lseg
8o(
aTIBYD
aJaneg

219y~ 3938ty

aug

[ir]
b2

SECRET




SECRET

Upshot-Knothole. Weather in Nevada was remarkably stable duving the Tuwebler-3napper
series, and blast predictions based on weather forecastz of the previous evening were all fair
or good. On Buster-Jangle and Upshot-Knothole, because the weather was variable, essen-
tially half of the advance blast forecasts were fair or good, half poor or bad. An average for
26 shots, on which hlaat nredictione wern hneed cnlaty an the wonthes foveennts of the provi

ous evening, was 69 per cent fair or good, 31 per cent poor or bad.

Predictions based on scaling of data from ihe high-explosives shots were remarkably
good for both Buster-Jangle and Tumbler-Snapper. In three instances (Upshot-Knothole
Shots 1, 8, and 9), weather changes in the final hour before the nuclear shot caused consider-
able embarrassment to the blast-prediction group. On two of these occasions the H-1-hour
predictions called for near-damaging blast to strike Las Vegas; the actual blast pressure was
anything but damaging. On another occasion (Upshot-Knothole Shot 8), there was no prior
indication that damaging blast would strike Las Vegas, but recorded pressures from the
nuclear shot were very near damaging. Thus, although the record for predictions from the
H-1-hour shot stands at 88 per cent fair or good, 12 per cent poor or bad, "The evil that men

do lives after them; the good is oft interred with their bones. "

Microbarograph measurements on high-explosives shots at H-2 and H-1 hours have an
outstanding advantage in that they alone supply a means of predicting blast refraction to earth
from the ozonosphere. But they also have an outstanding weakness as far as both troposphere
and ozonosphere shocks are concerned; they come close to being "yes-no" -type iests. When
there is a blast focus, microbarograph measurements by a small number of instruments at
preselected locations cannot tell us the extent of the focal "point"; worse, they cannot say
how near the city the focus may be. To improve accuracy in forecasting blast pressures

transmitted through the troposphere, we need improved weather forecasts.
4.2 VERIFICATION OF TEAPQOT PREDICTIONS

A summary of predictions actually presented at Teapot briefings has not been made
because the main source of inaccuracy in these calculations was in the weather forecast.
Consequently, to check objectively the actual blast-prediction system, shot-time weather
records have been used to provide after-the-fact pressure-wave amplitude estimates for each

microbarograph recording site,

Signal amplitudes expected to propagate under surface inversions were estimated from
the limiting equations presented in Section 3.2. A scatter diagram of computed versus ob-
served overpressures from Eq 3. 10 is shown in Fig. 4.1, and from Eq 3.11 is shown in

Fig. 4. 2. From this comparison it appears that Eq 3. 10 is satisfactory for nuclear shots,

16 SECRET
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but generally overestimates pressures from IIE preliminary blasts. On the other hand,

Eq 3. 11 generally underestimates overpressures except in a few of the HE cases. Equation
3.11 would probably be imiproved by using f = 0.75, as used in Eq 3.10. Scatter in verifi-
cation is still not altogether satisfactory, and it is difficult {o convince test site personnel
that the Blast Prediction Unit verified much better at a ranar of 100 miles than af 10 milee
Since signal ducts under an inversion give signal intensities which decrease rapidly with
distance, no damaging conditions would be forecast for or observed at surrounding citics
from this type of signal propagation, so prediction errors observed within N'TS would never

have serious consequences outside,

Verification of pred.ctions for complex atmospheres has also been computed for Oper-
ation Teapot. Where foci appear, large gradients of overpressure with distance would be
predicted, although sufficient observations have never been obtained actually showing such
narrow intense sound bands as theory indicates. Thus, a large error in predicting over-
pressure could have been a small error in predicting focal distance. This factor has been
considered by forecasting a range of overpressures for distances within 5 miles of the re-
cording site. These ranges are piotied against observed overpressures in Fig. 4.3. Most
cases verified showed quiet zones falling within 5 miles of the recorder, and this is indicated
by a dashed extension down from the range line, A similar verification, but for distances
within 10 miles, increased the computed ranges only slightly and allowed sound at the three
stations otherwise predicted to have silence. It appears that verification is about as good as
could be hoped for. A further check of complex cases was prepared, comparing observed
overpressures with prediction scaled from H-1-hour HE prelimirary shots. Results for both

1
WI/3 and W /2 scaling are shown in Fig. 4.4. According to Eq 3.19, overprcssures should

. 1/3 . 2 . .

be proportivnal to W / . Yet it appears that Wl/ proportionality more nearly represents

the true condition. Under a given atmospheric condition, the probability of constructive inter-
ference increases with increased yield, since the positive-phase duration is increased. Thus,
w1/3 1/2

includes empirically the additive effects of interference. Probably a better scaled prediction

scaling would provide a minimum estimate of larger yield effects, and W scaling

could be made if the number of cycles of signal observed from the HE in one positive-phase

- . 1 .
duration period for the atom test were multiplied by the W /3 scaled amplitude.

s
T
~
w4
=
—
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Ozonosphere signals are generally observed 30 to 60 seconds after troposphere signals,
so they are easy to recognize on recordings. Thus, a separate verification of HE -scaled
ozonosphere signals was made as shown in Fig, 4.5, using WI/3 scaling, and in Fig. 4.6,
using WI/2 scaling. Again the Wl/2 scaling appears to give the best results, but the relative

/3 . .
mmprovement over w ‘  scaling 1s 1ess wian 1o’ COplex wt VPUSPLELLIL LUhULLULDS,

It is likely that errors in prediction either from computation or scaling could be explained

qualitatively by consideration of time and space variations of the weather.
4.3 ACCURACY OF WEATHER PREDICTIONS

A summary of vector errors in predicting velocity of sound in the southeast direction
for the evening briefing has been prepared for the 1951, 1952, and 1953 series of tests. In
Fig. 4.7, average and standard errors are plotted against altitude, MSL. Most of these errors
result from inaccuracy of wind prediction. Mean errors and magnitudes of errors in speed of
sound, a function of temperature, are plotted against altitude in Fig. 4.8. Temperature fore-
cast errors are relatively small, but it is noticeable that velocity errors are comparatively
large; so large, in fact, that a detailed pattern for sound propagation, derived from forccast
data, mmay be changed considerably. However, prediction errors are not disproportionate

when compared with errors which would result from assuming that 0100 PST upper-air obser-

vations persisted until shot time. Standard error for all point-level forecusis is £26 fps,

whereas that for 0100 PST data persistence is *18 fps. Assuming persistence of the atmos-
phere for even 1-hour periods gives errors in sound propagation intensity which are occa-
sionally large, as may be noted by comparing the E-2-hour and H-1-hour HE predictions in

Table 4.1, In particular, note Upshot-Knothole Shots 3, 6, 8, and 9.

Hourly variability of the wind at any level less than 30, 000 feet MSL has a standard
deviation near 16 fps.ﬂl It is believed that at altitudes greater than 30, 000 fcet and in jet

22/

stream regions this variability becomes much larger.~—~' The Meteorology Section of Sandia
Corporation's Field Test Organization operated Project Rawijet to measure this high-level
variability, but the necessary statistical analysis is not yet complete. At present, it seems
reasonable to conclude that prediction of blast-pressure patterns and magnitudes will be
subject to frequent errors in verification whether based on weather forecasts or on pretest

HE shot results.
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A5 might he expected, ervors in predicted winds ave not randomly vaviable with sic-
cessive heights. For the three test series, mean thickness of atmospheric layers having
errors of the same sign was found to be 6000 feet, The mean error within such layers was
16 fps (Fig. 4.9). From these values, general classes of likeiy sound-propagation patterns

may Le derived irom a meteorological-forecast condition. However, application as shown

/

{
FORECAST—" ~ OBSERVED

—

d = 6100 FT

02dX 25,000 FT
Y
— le- €= I156 FPS

ALTITUDE—>

SOUND VELOGITY -———=

Ped

Fig. 4.9 -- Layer Character of Errors in Predicting
Sound Velocity

in Fig. 4. 10 emphasizes the fact that adding possible errors to any forecast structure may
change sound intensity expected at a point location from zero to many times the level pre-

dicted by literal application of the forecast sound velocity-height relation.

To summarize, more accurate wind forecasts would be helpful in predicting shock in-
tensities for inhabited localities around the NTS, but even forecasts as reliable as 1-hour
persistence could conceivably allow amplitude prediction errors large enough to cover the

range from insignificance to damage near focal points,

A theoretically developed function relating the probability of damaging shocks to atmos-
pheric structure has been suggested, but the complexity of the sound path and energy equations
has discouraged the attempt thus far. On the other hand, as more data on these relations ac-

cumulate, an empirical function may be found that will work reasonably well,
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CHAPITER 5

HIGH-ATMOSPHERE (OZONOSPHERE, IONOSPHERE) SIGNALS

5,1 DEDUCING OZONOSPHERE WEATHER CONDITIONS

Although we have distinct evidencel/ that sound signals from nuclear explosions do,
under certain circumstances, travel at least part of their paths to remote distances through
the higher-level atmospheric regions known as the ozonosphere and ionosphere, established
meteorclogical procedures do nol as yet permit us to make measuremnents in these regions.
However, Johnson—zj/ and Crarygﬁ/ have described methods for deducing atmospheric condi-
tions at these higher levels from distances, arrival tiines, and characteristic velocities of

sounds measured at three or more azimuths from a shot point.

In an attempt to measure the characteristic velocities of some of the "anomalous"
signals that had been returned from the ozonosphere and ionosphere, dual microbarograph
stations were operated at several outlying locations (Fig. 2.6) during the Upshot-Knothole
series of nuclear test shots. The characteristic velocity of a signal, which represents the
velocity of sound at the level where the ray became horizontal, is the apparent velocity of
travel between the dual stations (Fig, 5.1). (If the two stations are at different elevations,

minor modifications in the computation procedure outlined below are necessary.)

STA |

D

station spacing

b
[

Fig. 5.1 -- Geometry of Dual Microbarograph Sound Recording
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3 . . . .
Cox et al—/ have given the distance traveled by a signal through the lower aunuspheric levels

{in which measurement is possible) as

i=m-1
h. _h'\ _—
_ it i 2 42 2 _ 2
D =2 (v. _V)(f/'p v jvp Vi+l)' (5.1)
. it+1 i
i=0
The time required for this travel is
“m'l{h“ -h, vV o+ Vz-vi‘ v - V. Vfﬂ .
T, = 5 T | log | L RN P (5.2)
] i i
o el v - viov? ovii [vB oyl
p p 1 P i+l

(Values to the maximum meteorologically observed level are denoted by m.) Subtracting these
values of Dm and Tm from the total recorded distance and time traveled by a given signal
gives D' and T', the distance and time of travel in the unknown atmosphere,

Various postulations have been made concerning atmospheric structures that satisfy
23-30/

these conditions. In general, it has been found that differences in the postulated inter-

mediate structures do nct appreciably change the estimated heights at which the rays become

29/

horizontal, =~

For convenience, the unknown region was taken to extend from that altitude at which
meteorological observations stopped to thet where the velocity of sound was equal to Vp. An
evaluation procedure which assumed this region to consist of twe layers, each having linear
velocity-altitude gradients, could be used to determine a family of solutions satisfying the
(T', D, Vp) conditions (Fig. 5.2}). When 6 is taken to be the inclination angle of the ray in
question to the horizontal (V/cos 8 = V_), the family of solutions may be described by the
following relations.ﬁ'l {(The primes ar;:d double primes indicate the two limiting structures of

the family; gd_le is the anti-Gudermanian of 0.,)

sin 01 = (D'/T'V) gd lor | (5.3)
Vo= Vp cos 8", (5.4)
h' = D' {1 - cos 8')/sin B! . (5.5)

in o = si - S S |

sin 8" = sin Bm + (DY/ I'Vp)(gd 2} gd Gm) , (5.6)
V"=Vp cos 8, (5.7)

1

h" 3]
m

u

(Ve - V) Tt/2(gd e - gd lemy (5.8)
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The points at which changes in the interimcdiate gradients take ploco decorilis v approvimate!:

straight line, dashed from (nm, V') 1o (¥, V¥ in Fig. 3.2, for all solutions of a fam.y.

" T_ h"
/ — -Y-h'
unknown ] .
atmosphere \——hfomlly of
| two-grodient
solutions

height
h

V'

Rowinsonde
dato

v Vo

sound velocity characteristic

velocity

Fig. 5.2 -- Two-gradient Solutions of Upper Atmosphere
Sound Velocity

If the earliest signal of an ozonosphere set is used to determine a family, succeeding
signals having higher characteristic velocities may, in turn, be evaluated, using as now valuces
of hm’ Vm‘ Tm, and Dm the range of values just determined, While thisz method has been
used successfully by other investigators dealing with smaller numbers of weaker signals, on
nuclear tests as many as 25-30 distinct ozonosphere return pulses may be received over a
period as long as 100 seconds. Successive application of the two-gradicnt solution was found
to give reasonable intermediate conditions for only two or three successive signals. Further
successive solutions would have entailed zero or negative sound velocities in intermcdiate
regions, an obvious impossibility, Determination of a multiple-parameter structure that
could be evaluated as an approximation toward satisfying a complete set of data would indecd
be a formidable task. Consequently, only the strongest signal in cach set was evaluated by
use of the two-gradient method, the mean value of h' and k" being taken as the height of the

ray crest. However, successive solutions were used 1o compute crest heights for ionospiere
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returnsg arrivin: considerably later than those of the ozonosphere set; here the two-gradient

PN -

.atermerti- vidiiions appeares reasonable,
esults of this analysis of tae Upshot-Knothole data arc plotted in Fig, 5.3. Exami-
nation of the grouping of points by stations led to the discovery that, when plotted as D/V')T .
I3
vs h/D, *aese points fell very neurly on a straight line even when the four ionosphere signals

were included (Fig. 5.4). The RMS line computed for these variables is

h/D = 0,865 - 0,789 D/VpT . (5.9)

When h, the height of the crest, is computed from Eq 5.9 without regard for known metcoro-

logical conditions or the azimuth from the shot point, computed crest heights vary only by the

amounts indicated by the vertical line segments in Fig, 5.3. In several instances, these
changes were small enough to be negligible on the scale of this plot; in nearly every instance,
the change was less than h" - h', the range of uncertainty for the two-gradient solution. No

analytical proof for the validity of this simplified empirical relation has yet been developed.

A check was made of the generality of Eq 5.9, for height finding, by computing ray paths
and arrival times for signals ‘raveling a broad range of possible atmospheric structures. The
various str ctures used for the check computation are shown in Fig., 5.5. In Fig, 5.6, com-
puted parameters are plotted with the line described by Eq 5.9 for comparison. These points
fall below the Upshot-Knothole data line because the irregulariiies of a true atmospheric struc-
ture have been smoothed out with lines in Fig, 5.5. This serves to increase V and so decrease
L/D below a true value for atmospheric transmission. Thus, the approximaiion is entirely
adequate for height finding and may be used to replace laborious solution methods which have

23, 26, 29/

been previously derived, with no loss of accuracy.

5.2 OBSERVATIONS FROM OPERATION UPSHOT-KNOTHOLE

Values of T and VP for all anomalous signals strong enough to be identified on both
recordings from a dual station were then determined from microbarograpn records. Altitude-
velocity points for individual observations were computed from Eq 5.9 and plotted in Figs. 5.7
and 5.8. All points have been coded in accordance with the relative peak-to-peak pressures of
the signals and weighting factors assigned to each amplitude, A, range. The speed-of-sound

31/

curve adopted by the Rocket Panel-—1 has been superimposed on each plot for refcrence, as

have the observed meteorological dala for lower atmospheric levels obtained by the Air .

20/

Weather Service, —

About 60 points were plotted for each of three altitude levels: 80-120 kft (Zone I), -
120-140 kft (Zone I1), and 140-180 kft (Zone IlI). Thus, enough data points were obtained to
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SOUND VELOCITY, Vl(fps)

Fig. 5.3 -- Upper Air Sound Velocities from Upshot-Knothole
Microbarograph Recordings
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UPSHOT-KNOTHOLE DATA POINTS
EQUATION FITTING U-K DATA:
h _ v
p - 0865-0789 Ve
WHERE h = CREST HEIGHT
= DISTANCE TO OBSERVING
__ STATION
V = MEAN WAVE VELOCITY
Vp® WAVE CHARACTERISTIC
VELOCITY
CALCULATED POINTS FOR i
ASSUMED ATMOSPHERES 1
4 A-STRUCTURES
© B-STRUCTURES

O C-STRUCTURES
» D-STRUGTURES

o
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h/0
Fig. 5.6 -~ Computed 3ound Travel Parameters froir Assumed Atmospheric Structures
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permit o siatistical evaluation for the vzonosphere region, and ihe welighting faciors were ap-
plicd to determine a mean value of V for each altitude range at each station., No attempt has

been made here to evaluate the meager ionosphere data statistically,

1f sound and wind speeds arc directly additive, as has been assumed, these parameters
may be separated when measurements at three or more azimuths are obtained. For Zones I
and 1I, mean values of V were found for only three stations, Las Vegas, Goldfield, and
3i. George, and the sound and wind speeds could be separated directly. For Zone III, data
points were obtained for five stations and an RMS fitted solution was possible. Strictly speaking,
the relative amplitude weighting procedure for a given azimuth should take into account the dif~
ferences in yield for different shots; for simplicity, howcver, the mean values of V were
weighted in accordance with the number of records contributing to the mean. These mean
values of V are piotted against azimuth in Fig. 5.9, ac are the direction cosine curves and the
separated mean wind and sound speeds. In Fig. 5.10, the three mean sound speeds are cem-
pared with the Rocket Panel Atmosphere, 31/ the NACA Atmosphere,—:;—g/ and Cox's Helgoland

21/

data, —

These data indicate temperatures in the ozonosphere region to be about 60°C higher than
those estimated in the Rocket Panel Atmosphere and more in line with earlier NACA data.
However, the deviation may be attributable to the peculiar geographic location, to marked
variations from normal of the entire atmosphere during this test period, or to correlation with

specific atmospheric patterns required for safe nuclear testing.

Actually, the data used in this analysis represent probably no more than half the anoma-
lous signals received at the six dual stations during Upshot-Knothole. Some dual stations were
not operated during several test shots, and equipment failure and procedural unccrtainties took
further toll of potentially usable data. Nevertheless, the cxpcricnce gained on this operation
established greater confidence that significant results were possible from this type of instru-

mentation, so later tests could be instrumented with much greater efficiency.
5.3 OBSERVATIONS FROM OPERATION CASTLE

Microbarograph operations for Castle were begun before Upshot-Knothole data on the
ozonosphere had been znalyzed. Thus, instrumentation was not set up to give optimum resuiis,
In fact, isadequaie time synchronization of the various records at an ahsolute minimum num -
ber (3) of distant recording stations, shown in Fig, 2.8, made resolution of signal data into
temperature and wind observations impossible for most shots. The great distance to the
Ponape recording site made the exact number of reflected cycles traversed through the atmos-

phere indeterminate. From 2 to 5 cycles seemed to be required for most signals, but the
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Fig. 5.10 -- Mean Ozonosphere Sound Speeds and Winds, Upshot-Knothole
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exact number is needed for a confident estimate of maximum height of path. However, what
appeared tc be the best estimate of sound velocity-altitude data points for each Castle shot of
mt range is shown in Fig. 5.11. The apparent mean for all the observations, which may be

close to the mean sound speed, is very close to the mean for NTS sound ranging observations
of high level conditions made during Upshot-Knothole, This causes further concern over at-
tributing the large discrepancy between rocket observation data and data found by other

methods to the difference in observing points,

A most interesting feature of records of megaton shots, shown in Fig., 5.12, is the
appearance of nonacoustic waves., Dispersive gravity waves, similar to shallow water oscil-
lations, which indicate oscillation of most of the depth of the atmosphere, are observed to
arrive somewhat before ozonospheric sound signals. Sharp shocks are also observed, in
Fig. 5.12, to arrive at very high incidence angles, up to 45 degrees, which, according to
Eq 5.9, would have required 2000-3000 fps ambient velocities in the 300, 000- to 400, 000-foot
Legivn fur acvusiical relracuion back 1o grouna, L'he strength of these cracks suggests that
these waves were propagated as shock waves in accordance with the Rankine Hugoniot rela-
tions rather than as sound waves, and ray tracing for shock waves to large distances requires

further theoretical study for explanation,
5.4 OBSERVATIONS FROM OPERATION TEAPOT

The full benefit of experience from Upshot-Knothole and Castle was applied in operating
microbarographs on Teapot, The need for exact time synchronization between stations of a
pair was stressed, and precise surveys for relative spacing and orientation of the pairs were
obtained. Six dual stations were operated, completely circling the test site as shown in
Fig, 2.7, for confident resolution of wind and temperaturc components of the deduced high-

altitude sound velocities.

The results of the ozonosphere observation program are listed in Table 5,1, giving
winds and temperatures observed for each shot. Temperature-height curves observed during
1955 are shown in Fig, 5.13 with the Rocket Panel Atmosphere curve for reference. In
Fig. 5. 14, the chronological sequence of upper wind observations for the ¢ntire operation is
shown, From this figure, it appears that the seasonal change from winter westerlies to sum-

33/

mer season easterlies, reported by other observers and summarized by Gerson, —' may be

better expressed as a shift from winter ncrthwesterlies to summer northeasterlies.

In a few instances during this operation, some uncertainty prevailed as to whether
certain recorded signals had traveled one atmospheric cycle to 150, 000-200, 000 feet or two

cycles to half that altitude. Often these signals had characteristic velocities of 1300-1600 fps
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which could not very well be placed below 100, 000 feet. However, with the postulated
temperature-hicight decrease above about 160, 000 feet, extremely high wind speeds would
be necessary to explain these signals by acoustic refraction. When an adequate shock re-
fraction theory has been derived, these signals may possibly be interpreted as refracted
shock waves. However, soine observations at a different distance along the radial to a sta-

tion observing these peculiar signals would greatly aid in identifying the layer responsible

for refracting these sounds to earth,
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Alt (ft, MSL)
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TABLE 5.

1

Ozonosphere Observation Program Results

Wind (fps)

100, 000
110, 000
120, 000
130, 000
140, 060
150, 000
160, 00G
170, 000
180, 000

70, 000
80, 000
90, 000
100, 000
110, 000
120, 000
130, 000
140, 000

100, 000
110, 000
120, 000
130, 000
140, 000
150, 000
160, 000

100, 000
110, 000
120, 000
130, 000

339°/62
336°/56
326°/48
334°/58
3320/60
3287/59
321°/58
310°/58
309°/77

277 /29
034 /4z
033 /36
004 /25
009 /28
0100/24
010_/25

Sound Speed Number of
{fps) Temp (OC) Stations
Moth Summary 2/22/55, 0545 PST
1058.5 -14.6 5
1091.8 +1.9 5
1115.0 +13.7 5
1137.86 +25.4 6
1161.7 +38.2 6
1182.9 +48.5 6
1208, 8 +62,7 6
1218.5 +68.2 6
1232.1 +75.8 4
Hornet Summary 3/12/55, 0520 PST

1023. 32 -22.4 5 (+1 extrap)
1092, 49 +1.2 5
1100, 88 +5.5 6
1102.48 +6.3 4
1120, 87 +15.7 4
1132, 36 +21.6 4
1148, 61 +30.2 4
1161, 77 +37.1 4

013°/39

Turk Summary 3/7/55, 0520 PST

323 /46
0080/20
359 /14
323 /21
3080/38
296 /48
324°/64

1064. 4
1108.6
1120.0
1128.9
1133.5
1143.8
1152.9

-12.6

+9.4
+15.2
+19.9
+22.3
+27.6
+32.4

Wasp Suir.mary 2/18/55, 1200 PST

013 /sA
007 /67
346 /62
3347716

1073.1
1096.0
1110.0
1127.4
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Alt (ft, MSL)

90, 000
100, 000
110, 000
120, 000
130, 000
140, UGG
150, 000

100, 000
110, 0V0
120, 000
130, €00
140, 060
150, 000

100, 000
110, 000
120, 000
130, 000
140, 000
150, 000

90, 000
100, 000
110, 000
120, 000
130, 000
140, 000
150, 000

SECRET

TABLE 5.1 {cont)

Sound Speed

Number of

Wind (fps) {fps) Temp (OC) Stations
Pon Quymmary 3/22/55, 0505 PST
0032/31 1091. 6 +0.8 5
357 /28 1099, 7 +4.9 5
0090/39 1122.3 +16,4 4
001_/39 1136.0 +23.5 4
3440/3:' 1156.3 +31.0 4
5340/45 LIte.n +45_ A 3
323°/43 1197.2 +56.4 3
Ess Summary 3/23/55, 1230 PST
o
006 /33 JiuL? .8 7 =
041 /41 1134.7 TRmE 5
639 /39 1151, 4 +31.9 4
02732 1160, +3U, 0 .
0107 /29 tian +AT 0 4
3 ~
06 /16 120L.? +55. 3 4
Tesla Summary 3/1/55, 0530 PST
2902/54 1049. 8 -19.8 4
2870/31 1096.4 +3.2 4
303/20 1130.8 +20.8 4
2880/30 1144.3 +27.9 4
274 °/40 1158. 8 +35.5 4
254° /72 1161.0 +36,7 3
Apple Sumroary 3/29/55, 0455 PST
0282/20 1099. 4 +4.7 6
0600/21 1119.9 +15.2 6
0520/32 1137.7 +24.4 5
043 /47 1159.9 +36.2 5
036_/18 1161.5 +37.0 4
032_/217 1184.2 +49.3 4
027°/32 1198. 6 +57.1 4
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TABLE 5.1 (cont)

Sound Speed o Number of
Alt (ft, MSL) Wind (fps) (fps) Temp (TC) Stations

Wasp! Summary 3/29/55, 1000 PST

100, 000 0352/18 1117.7 +14.1 6
110, 000 052 /29 1139.4 +25.3 5
120, 000 3472/15 1143.8 +27.6 3
138, 660 343 /12 1159.3 +35.8 3
140, 00g 3252/12 1174.7 44,1 4

150, 000 3007 /21 1183.8 +49,0 4

Post Summary 4/9/55, 0430 PST

45, 660 0717748 1068.5 PN 8 j
90, 000 065_/40 1086.9 -1.5 . ‘
iU, vuuy vou_fou FIVE NN +3.8 b |
110, 000 0362/26 1111,8 +11.0 5 ‘
12U, vuu 03 i0,4; 1136.9 Ti4.t 4

130, 000 039 /51 1163.9 +38.3 4

140, 000 038 /53 1188.2 +51.4 4

150, 000 030°/86 1234.4 +77.1 3

Met Summary 4/15/55, 1115 PST

90, 000 0212/46 1107.8 +10.0 6

100, 000 026 /45 1129,1 +21.0 5

110, 000 3530/38 1133.3 +23.2 4

120, 000 340 /45 1146.3 +30.0 4

130, 000 351 /57 1175.8 +45.8 5

Apple II Summary 5/5/55, 0510 PDST

90, 000 1052/33 1086. 8 -0.6 6

100, 000 1070/16 1100.9 +6.5 6

110, 000 016 /4 1116.9 +14.7 6

120, 000 137 /3 1123.7 +18.2 6

130, 000 1430/13 1127.3 +20.0 6

140, 000 133 /11 1136.1 +24.6 6

150, 000 060_/4 1136.2 +24.7 5

160, 000 0710/10 1142.2 +27. 8 5

170, 600 073°/19 1149.5 +31.7 5
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TABLE 5.1 (cont)

Sound Speed o Number of
Al (ft, MSL) Wind (fps) (fps) Temp (' C) Stations

Zucchini Summary 5/15/55, 0500 PDST

70, 000 061°/55 1044, 3 -21,5 5
80, 000 0532/56 1069, 0 -9.5 5
90, 000 043°/60 1097, 0 +4.5 5
100, 000 039°/68 1124.9 +18.8 5
110, 000 0432/90 1142.1 +27.8 1
120, 250 037°/62 1141.6 +27.5 3
130, 000 032°/58 1148.5 +31.2 3
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE OPERATIONS

Ap aitempt should be made to observe overpressure-distance gradients near focal point
ranges. This could probably be done with reasonable success by four recording slations oper-
ating rear and just beyond Indian Springs for one or two special HE shots at times of strong
complex atmospheric ducts. Although these conditions would not be suitable for nuclear testing,

a temporary station change could be made without losing nuclear test data.

Microbarograph recording systems should be re-engineered to develop a more poriable

and reliable instrumenti. Today, greatly improved stable amplifier systems are available

which could be used to reduce package size, decrease maintenance time and skill requirements,

and reduce operator qualification levels,

With a simplified measurement system, remote location recorders should be operated
by local contract personnel at considerable financial and manpower saving. If very stable

equipment 1s developed, remote-controlled opcration could even be considered.
Further development of a reliable zero-time indicator should be supported.

An attempt should be made to derive a simplified method for ray-path calculations for
low-energy shock propagation at very low ambicnt pressures to explain certain signals re-

corded both in the Pacific and in Nevada.

The program for observing ozonosphere weather conditions from sound propagation
should be continued, at least until adequate rocket sounding techniques and capabilities have
been demonstrated. In particular, these observations should be made during the International
Geophysical Year (IGY) 1956-1958. Statements of at least moral support from cther agencies

interested in high-altitude research are solicited to help justify this continued program.

A system for rapidly reducing ozonosphere signal data should be developed so that wind

and temperature chservations could be madc available on a synoptic basis.

The Raypac computer should be modified so thai input data on winds and temperatures

may be programmed to the computer as received from the weather station.

High-explosive preliminary shots could be eliminated with only a small measure of risk i

that conditinons existing in the ozonosphere would refract damaging signals into S5t. George,
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Las Vegas, 2ud Boulder City., For predicting signals propagated through lower layers,
Raypac computations are more economical and provide equal or superior verifications than

scaling from HE detonations.

To reduce uncertainties in prediction for the test site area, further study of relatively
short range propagation (to 0.1 psi) under inversions should be made. It was difficult to
convince test operations personnel of the fact that the prediction umt verified much better at

a range of 100 miles than of 10 miles. Also, the light structural damages due to a tactical

shot made under an inversion should be made more predictable,

84 SECRET




SECRET

CHAPTER 7

SUMMARY

Microbarographic vbservaiion and blast predicuon systems used during OUperations
Upshot-Knothole, Castle, and Teapot were reasonably successful, During this 2-ycar neriod,

techiniques were introduced which allowed rapid prediction of possible damaging blast propa-

gation to large distances, with adequate accuracy which was largely limited by tire uncertainties
of predicting the weather. No scrious incidents of long-range physical damage occurred, un-

favorable public reactions were confined to irritations caused by audible noises.

A method has been derived for observing ozonosphere signals so that conditions of ten-
perature and wind in the ozonosphere may be deduced with reasonnable confidence and a limited
number of calculations. Unless adequate and accurate rocket-borne sounding techniques are
attained, the mecthod appears to be, at prescnt, the most feasible and economical for obtaining

daia on this region of the atmosphere for the IGY.

Planning and development is under way for continuing the program, at least through

foreseeable test operations.
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