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ABSTRACT

Eight microbarograph stations measured the airborne acoustic
wave from Palanquin. By use of the high-explosives calibration shots
fired close in time and space to the nuclear cratering event, the
airblast transmissivity for this underground burst was determined to
be 0.026.

Rocket and rawinsonde upper air observations were used to cal-
culate acoustic wave paths, times, and propagated amplitudes for com-
parison with observations. Some problems in correlation were en-
countered which could not be completely resolved, but a good general

exercise in verification was allowed.
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LONG~-RANGE AIRBLAST

Event Description

Project Palanquin was a nuclear experiment in hard, dry rhyolite
rock executed as part of the Plowshare Program for the development of
nuclear excavation. Palanquin was fired on April 14, 1965, at approxi-
mately 0514.0105 PST (1314.0105 GMT) in Area 20 of the Nevada Test
Site. The resultant yield was 4.3 * 0.4 kt. The emplacement hole,
U20K, was 183 meters (600 feet) deep and extended considerably below
the device placement depth at 85 meters (280 feet). Geodetic coordi-
nates were:

Longitude W 116°31'24.8012"
Latitude N 37°16'49.3501"

Objectives

1. The first objective was to assure off-site safety from air-
blast by operation of the Blast Prediction Unit and verification by a
microbarograph network.

2. A determination of the airblast transmissivity was to be
made for comparison with other cratering évents.

3. Calculated propagations, made from weather balloon and rocket
sounding data, were to be compared with microbarograph results to give

further statistics on prediction accuracy.




Background and Theory

Explosion wave propagation to long ranges in a homogeneous
sea-level atmosphere may be assumed to give overpressure, AP, in
terms of nuclear explosion (NE) yield, W, and distance or range, R,

as

2

STANDARD AP mb = 357 (W kt NE)O‘4(R kft)“l' (1)

Il

85.9 (W ke NE)? 4(R km) 12, (1a)

il

At long ranges there is little significant difference between

positive and negative signal amplitudes, so peak—to-peak amplitude

P = 1.35 AP from close-in conditions is generally used, and
P, mb = 482 (W ke NE)O 4 (R wEe) L2 (2)
- 116 (W ke NE)O 4 (R km)~1-2. (2a)

This equation extends beyond the region where calculated hydro-
dynamic blast solutions are available and connects to the low pressure
end of IBM Problem Ml at R = 9000 ft (2.74 km), for W = 1 kt NE and
ambient pressure P = 1000 mb. The exponent on R was determined by
experimental HE bursts at high altitude with blast recordings of ver-
tical, unrefracted propagations to the surface.2 The exponent on W
is a consequence of the exponent on R and the use of cube-root dis-

tance scaling laws which are generally accepted.3

Blast propagations from near-surface or low-altitude bursts in
a real atmosphere are refracted by the stratifications of temperature
and wind, which occasionally duct and focus damaging blast waves at
long ranges, as happened during early Nevada nuclear tests.a’s’6
Various atmospheric structures and types of ducting may increase the
overpressures of Eq. (1) by factors of 2 to 6. As much as 15X magni-
fication has been observed at 65 km (40 miles) from 1.2-ton (1090 kg)

HE tests under jet-stream conditions.¥*

“Tests at Nevada Test Site, 1960, results not yet published.




On the other hand, explosive burial attenuates the source
strength to a degree dependent on scaled depth of burst. The trans-
mission factor for airblast from bursts at cratering depth has been

7-13 The transmission factor or trans-

measured on a number of events.
missivity is defined as the ratio of overpressure from a crater shot
to the overpressure expected at the same range from the same yield for
a free-air burst under identical propagation conditions. It appeared
to vary considerably depending also on material environment and whether
an NE or HE source was used. Considerable scatter also obtained for
different azimuth directions and even for different signal paths and
arrival times at a given station from a single burst event. As a

result, a factor of two prediction error becomes commonplace.

For the Palanquin event, a maximum credible yield of 8 kt was
stated for safety analyses. Airblast transmissivity averaged 0.20
from Sedan,* but individual measurements ranged from 0.05 to 0.35.11
Multiplication of airblast transmissivity by atmospheric magnifica-
tion shows that 15 x 0.2 = 3 times the standard amplitude of Eq. (1)

might occur from jet-stream ducting, or

i

JET STREAM AP mb = 2460 (R kft) 1-2 (3)

AP mb = 591 (R km) -2, (3a)

1l

This might cause the window breaking '"threshold" of AP = 2 mb** to be
exceeded at ranges to 115 km (375,000 ft or 70 miles). Conceivably,
this could hazard Indian Springs if a jet stream were in the area and

winds were blowing generally from northwest to southeast.

“Sedan was 100-kt NE at 635 feet (193 m) depth of burst in
desert alluvium, Nevada Test Site, July 6, 1962.

rigriy

. Blast Damage Summary, Private Communication from General Ad-
justment Bureau, Inc., San Francisco, Calif., to Las Vegas Field
Office, AEC, no date (1955), Unc.




Propagation near the surface, below about 1 km above ground,
may be ducted by nighttime temperature inversions or local wind ef-
fects. 1In this case, a maximum of 6X atmospheric magnification could

be encountered, and

INVERSION AP mb = 984 (R kft) 1-? ()

1l

!

AP mb = 236 (R km) 1*2, (4a)

which could cause window breaking to 53 km (175,000 feet or 33 miles),

beyond Beatty, the nearest and most vulnerable off-site town.

Propagation ducted by the ozonosphere at about 50-km altitudes
would strike near 200-km range in a band where overpressures would

not exceed 0.5 mb.

For these reasons, the Blast Prediction Unit participated on
Palanquin and, with some additional recording stations, gathered fur-
ther information relevant to the general Plowshare airblast safety

problem for cratering explosives.

A less conservative view for Palanquin, and one expected to be
used in later planning, was for W = 4 kt at a deeper scaled depth,
with 0.1 transmissivity from dry rock environment and 3X magnifica-
tion by uncontrolled and possibly unpredictable inversion ducting.
This gives only a 0.53-mb peak overpressure at Beatty. There was
thus no need for extensive safety preparation; only a weather watch
for jet-stream ducting was required, and measurements were made at

surrounding towns for documenting possible nuisances.

In a source model for airblast from cratering explosives, origi-
nally proposed to explain Stagecoach results,8 a relatively strong
blast is carried up from the crater, gradually spreads down to the
surface, and is turned into atmospheric sound ducts. This model may
be used to explain the observed increase in transmission factor with
distance. This transmissivity at long range appears to vary in several
ways. Comparison of Danny Boy results12 with Sedan indicates that
NE airblast is less from bursts in dry rock than from bursts in moist
alluvium, apparently because of cavity pressure enhancement by the
presence of water vapor. However, a comparison of Stagecoach8 in

10




alluvium, Buckboard® in basalt, both 20-ton (18160 kg) HE crater events,
indicates that more distant blast was transmit ted from the rock environ-
ment to long ranges. This difference was not shown by close-in ground=-
level blast measurements. Furthermore, it appeared that large yields,
with lower fundamental wave frequencies and longer positive-phase dura-
tions, may have coupled into airwaves more efficiently. All these
relations, however, were taken from averages of data with large scatter,
The stated conclusions cannot be made firm and confident without con-
siderable numbers of experimental data points, so an attempt is made

to get results from as many cratering tests as possible.

Propagation calculations for tropospheric ducting have been a
regular part of blast prediction for atmospheric nuclear tests.6 Only
after 1958, however, have rocket measurements of ozonosphere weather
conditions near 50-km altitudes been possible. There have been rela-
tively few opportunities to make calculations and verify predictions
by microbarograph blast recordings. To date, a number of minor prob-
lems have turned up from these limited experiments which may be of
consequence in predicting waves from large Plowshare cratering events.
There seems to be an unexpected amount of blast energy propagated

into calculated '"silence" zones.ll’13

A satisfactory theory and cal-
culation for this diffraction or scattering have not been developed as
yet. Also, an adequate theory for maximum magnification has not yet
been obtained, although a beginning has been made for conical sonic
boom wave geometry by Friedman and associates.l# When theories for
these conditions are developed, then results and data collected on
cratering events will be used to help check out theoretical predic-
tions. Under present budgetary conditions, it is easier and more
economical to add parts to planned experiments than to field special
blast experiments for the sole purpose of checking specific aspects

of predictive theory.

The problem of air turbulence interacting with a propagating
wave, in particular sonic booms, has received increased attention
lately.15 Much interest has centered around the variability of wave
amplitudes in sonic booms, but this factor also seems to contribute
significantly to the scatter observed in transmissivity from under-
ground bursts.l® Further statistical study ard data collection per-

tinent to this problem would be useful.

11




Procedure

Seven off-site microbarograph stations were established to
record waves from Palanquin. An additional station was operated on-
site at CP-1 because blast prediction and control people were avail-
able for the short time required. Wintertime eastward ozonosphere
propagation was still expected, based on earlier rocket observations

17 Distant off-site stations

at Tonopah, White Sands, and Point Mugu.
were opened in the east quadrant, as shown in Figure 1. Stations
were operated at Beatty and Goldfield, at relatively close range, in
case significant low-level inversion propagation gave them a rumble
or minor nuisance damage. Distances and bearings to each station

from all shots are listed in Table I.

© LUND
NEVADA
o SUNNYSIDE
UTAH
COALDALE TONOPAH
(e} (o]
TONOPAH
] TEST
GOLDFIELD RANGE
CALIENTE
®
]
DEEP PALANQUIN
SPRINGS
CALIBRATION &’ GEORGE
CP
©BEATTY ®
o MERCURY
INDIAN ARIZONA
[+]
SPRINGS
SCALE:
LAS VEGAS
200 300
CALIFORNIA 0 '?o h =
. KILOFEET
0 40 60 80 100
P L A

BOULDER

JyLomETERS
CITY 0

40 60

10 TO

O CHINA

LAKE STATUTE MILES

® SHOT POINTS
() MICROBAROGRAPH STATIONS

© MB STATIONS USED IN OTHER TEST
EVENTS, NOT OPENED FOR PALANQUIN

Figure 1. Palanquin shot and station locations
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TABLE I

Shot and Station Locations;
Shot-to-Station Bearings, Distances

Shot Points
CAL-1 Palanquin CAL-2 CAL-3
HE-20-3 U20K HE-20-2 HE-20-3
37° 13' 22,8"N 37° 16' 42.5"N 37° 13' 30.6'"N 37° 13' 22.8"N
116° 25' 46.3"W | 116° 31' 33.9"w | 116° 25' 38.1"w | 116° 25' 49.5"W
Microbarographs Stations 6450-ft msl 6200-ft msl 6450-ft msl 6450-ft msl
CP-1 36° 56' 05.3'"N 134.1° 132.6° 134.5° 134.3°
116° 03' 17.8"W 151,489 ft 185,794 ft 151,559 ft 152,362 ft
4144-£t msl 46.17 km 56.63 km 46.20 km 46.44 km
P = 870 mb
Las Vegas 36° 07' 57.9"N 137.3° 136.7° 137.4° 137.4°
115° 09' 30.1"W 544,624 ft 578,640 ft 544,732 ft 545,496 ft
2061-ft msl 166.00 km 176.37 km 166.03 km 166.27 km
P = 941 mb
Boulder City 35° 58" 22.2"N 135.0° 134.6° 135.1° 135.0°
114° 50" 47.6'"W 650,452 ft 684,696 ft 650,515 ft 651,302 ft
2461-ft msl 198.26 km 208.70 km 198.28 km 198.52 km
P = 926 mb
Caliente 37° 36' 39.7"N 76.3° 78.8° 76.3° 76.4°
114° 30' 52.3"W 572,731 ft 595,219 ft 571,884 ft 572,702 ft
4380~ft msl 174.57 km 181.42 km 174.31 km 174.56 km
P = 854 mb
St. George 37° 05' 37.9"N 94.1° 95.4° 94.,2° 94.2°
113° 35' 27.6"W 826,744 ft 855,816 ft 826,103 ft 826,997 ft
2911-ft msl 251.99 km 260.85 km 251.80 km 252.07 km
P = 911 mb
Lund 38° 52" 15.9"N 34.6° 37.3° 34.5° 34,6°
115° 00" 43.6'"W 726,272 ft 725,787 ft 725,241 ft 725,552 ft
5577-ft msl 221.37 km 221.22 km 221.05 km 221.15 km
P = 825 mb
Beatty 36° 56' 36.0"N 218.9° 204.0° 218.9° 218.6°
116° 42" 48.0"W 131,295 ft 133,872 ft 132,319 ft 131,902 ft
4700~ft msl 40.02 km 40,80 km 40.33 km 40.20 km
P = 890 mb
Goldfield 37° 41" 48.0"N 306.5° 306.7° 306.3° 306.4°
117° 13' 42.0"W 288,788 ft 254,214 ft 288,842 ft 287,976 ft
6000-ft msl 88.02 km 77.48 km 88.04 km 87.78 km
P = 818 mb

For transmissivity measurements, the atmospheric propagation
must be determined for a known source. At H - 120 seconds, H + 240
seconds, and H + 420 seconds, 1090-kg HE shots were fired from 4.56-m
platforms in the calibration shot area on Pahute Mesa, about 10 km
from Palanquin. For comparing propagation to distances over 160 km,
this separation seemed reasonable for establishing the basic propaga-
tion pattern, but there was admittedly a chance of moderate error.
Time and funds for a one-time use, new HE area closer to GZ were

short, so it was not established.
Waves from these HE calibration shots were recorded by all

microbarograph stations, and results were scaled to the expected

Palanquin yield, time, and location, but for a free-air burst. This
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result divided into the observed Palanquin wave amplitudes gave the

required transmission factor values.

From the weather observations and forecasts preceding the main
event,* it was clear that there would be no wave focused on either
Beatty or Goldfield. Moderate northwest winds near 5.5-km msl were
expected to duct tropospheric waves toward Indian Springs, Las Vegas,
and Boulder City. No strong focusing was indicated and the strike
distance was 50 to 60 km, so any focus intensity was expected to be
scattered or otherwise reduced by at least two ground reflections

before arriving in Las Vegas.

Wind rockets were launched from Tonopah Test Range after
Palanquin was fired. A Judi rocket motor, manufactured by Rocket
Power, Inc., Phoenix, Arizona, carried a Dart payload nose to 78-km
msl. This 13.6-kg system carried a 680-gm payload of copperwire
chaff, each piece 5 cm long and 0.13 mm in diameter. Chaff of this
size falls freely to about 60 km where air density and drag become
sufficient to carry it with the wind as it falls down to around 15 km.
Timed chaff-cloud tracks reported by a modified MPS-25 radar furnished
wind observations through height layers. These winds were observed
from altitudes of 18 km to approximately 62 km (Table II). Rawinsonde
balloon observations of wind and temperature in the troposphere and
low stratosphere were made by ESSA-ARFRO at Pahute Mesa from ground
level to 36-km msl. Above balloon flight levels, temperatures were
taken from the United States Standard Atmosphere, 1962.18

Weather balloon shot-time observations and rocket data were
used to calculate the sound velocity versus altitude and refracting
structure of the atmosphere. Ray path calculations were made for the
direction of each microbarograph essentially as shown in previous re-

19,20 The density of ray

ports,6 but refined recently by Thompson.
arrivals on the ground gives the relative airblast energy flux ex-
pected. Shot yields are then used to make actual overpressure pre-

dictions. Results were compared to recordings made by microbarographs.

“All NTS weather information is furnished by ESSA, Air Resources
Field Research Office, c/o AEC Nevada Operations Office, Las Vegas,
Nevada.
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TABLE 1I

Upper Air Observations
Used for Sound Ray Calculations

Height Temperature Direction Speed
(kft, msl) (km, msl) °c) (deg) (knots) (mps)
6.2 1.9 - 2.1 175 5 3
7.0 2.1 - 1.7 170 6 3
10 3.0 - 8.0 160 2 1
15 4.6 ~15.4 300 6 3
18 5.5 -20.7 300 26 13
20 6.1 -24.6 280 31 16
25 7.6 -34.6 280 32 16
30 9.1 -45.2 270 48 25
35 10.6 -54.7 260 45 23
40 12.2 -49.6 250 52 27
50 15.2 ~-58.6 230 54 28
60 18.3 -57.9 210 18 9
70 21.3 -56.3 070 12 6
80 24.4 -53.6 110 11 6
90 27.4 -49.0 060 12 6 *
100 30.4 -43.1 260 7 4 o
110 33.5 -37.2 270 17 9
* 120 36.6 -31.1 260 32 16
%% 130 39.6 -23.8 230 48 25
140 42.6 -15.4 255 54 28
150 45.7 - 7.0 214 30 15
160 48.7 - 2.5 223 30 15
170 51.8 - 2.5 263 45 23
180 54.9 - 7.3 255 60 31
190 57.9 -13.3 274 53 27
200 61.0 -19.3 270 35 18
NOTES :
*Data above line: ESSA rawinsonde, released at Area 20, NTS, 0514 PST.
**Data below line: Winds - Sandia Corp. chaff rocket, launched at
Tonopah Test Range, 1110 PST (0631 PST track plot
in error) 18
Temperatures - USSA-62 Standard Atmosphere.

The microbarograph equipment was the same as has been used for
several years in distant airblast recording.21 Differential pressure-
wave sensors were twisted bourdon tubes which turned an armature with
respect to an E-core. Varying reluctance in the E-core modulated a
carrier wave transmitted by a coaxial line into the appropriate sig-
nal amplifiers for recording. Sensor heads were manufactured by

Wiancko Corporation, Pasadena, California, as specified and evaluated

by Sandia Corporation.22

Amplifier and timer systems in current use
were designed at Sandia and built by the Electronic Engineering Com-
pany, Santa Ana, California. Brush Electronics Company pen-type re-

corders were used at a paper speed of 2.5 cm/sec, with l-second time
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marks provided by an event-marking pen. Zero-time signals for both
calibration and Palanquin shots were transmitted on NTS Net 12 radio
and recorded on each pressure trace. The combined instrument and
recorder response time for pressure signals was such that 95 percent
of pen deflection from a square-wave pressure pulse would be recorded
in about 15 milliseconds. Thus, there was very little amplitude

damping for signals having frequencies lower than 10 Hz.

A major recent refinement is that a simple snow-fence wind noise
attenuatorZ3 was placed on a 3-m radius circle around the microbaro-
graph sensor. Tests have shown that ambient wind noise amplitudes can
be reduced by a factor of 6 without significantly reducing the shock-

wave amplitudes from charges as small as 116 kg.

Results

There was no audible signal from Palanquin reported at any off-
site microbarograph station or town. The maximum amplitude recorded
off-site was 20.3 pb at Lund, while the calibration shots gave Lund
as much as 68.3 ub, barely in the audible range. At the closest sta-
tion, Beatty, calibration shots gave only about 5 pub, while Palanquin
produced 8.8 pb. Propagation was weak in the Beatty direction, only
0.045 of standard for 1090 kg of HE in a homogeneous atmosphere.
There was no effective ducting inversion, and the waves were refracted
upward away from ground. On the other hand, observations with jet-
stream ducting and focusing have shown propagations over 300 times as
strong as were recorded at Beatty. It is conceivable, but extremely
unlikely, that the Palanquin airblast source strength could have
caused pressure amplitudes (peak-to-peak) in excess of the window-
breaking level (4 mb) at Beatty had the winds been unfavorable.

A complete tabulation of microbarograph results from calibration
shots is shown in Table III. Each significant signal from the cali-
bration shots recorded at each station is described, along with ar-
rival time in seconds after the shot, peak-to-peak pressure amplitude
in microbars, average or group velocity in meters per second and feet
per second, the atmospheric magnification or focus factors, and

16
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appropriate remarks. Group velocity was obtained by dividing shot-
to-station distances from Table I by travel time. Signal paths are
identified by their velocity, i.e., arrivals faster than about 1050
ft/sec (320 mps) were ducted by troposphere winds, while slower ar-
rivals were ducted by the ozonosphere. No ionosphere signals, which
are reflected by high-temperature layers above about 100-km altitudes,
were found on any of the records. They have not been found by this
network for these source strengths in the past, although they were
frequently observed from full-scale atmospheric nuclear tests.

Atmospheric focus factors result from dividing observed ampli-
tudes by the standard amplitudes determined by Eq. (1). For 1090 kg
of TNT burst at 4.56 m above ground, or 1.12 ft/(1b HE)L/3, height of
burst enhances the blast?4 so that it equals the strength from 1930 kg
of HE2S or 4.25 x 10~3 kt of NE free airbﬁrst. Since peak-to-peak
amplitude, Pk’ is about 1.35 APl, the standard amplitude for calibra-
tion shots at sea level is obtained by substitution in Eq. (1):

P, mb = 54.4 (R kfe) 12 (5)

13.1 (R km) -2, (5a)

1l

This is corrected for standard atmospheric pressure, Pg, at the re-
cording station by using

P, = 13.1 (PS/Pm)O'6(R km) 12, (6)

Results from Palanquin are shown in Table IV, again including travel
time, group velocity, and amplitude. Free-air burst standard ampli-
tude, for W = 4.3-kt NE and including the appropriate correction for
standard atmosphere18 station pressure, which is shown in Table I,

is given by

.6 1.2
P, mb = 3.28 (PS mb)o (R km) 1-2. (7)

18
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Fach recorded calibration shot signal in Table III was used to
make an amplitude extrapolation for Palanquin yield, but free-air

burst. The effects of nonstandard observed amplitudes on the yield-
scaling exponent26 were included in obtaining values shown in Table IV.
These amplitudes, divided into observed wave amplitudes, give the tabu-

lated transmission factors.

Signals recorded by the CP-1 microbarograph are reproduced in
Figure 2. Since the Brush recorder pen is about 7.5 cm long, it
sweeps an arc in attempting a vertical line, as shown. Paper feeds
from left to right through the recorder, so time increases to the
left. Labeled times are in seconds after the Palanquin zero tone sig-
nal. Vertical scale varies slightly from shot to shot. It is checked
by frequent calibration signals, and the calibration mark closest to

each received signal is used to determine the local amplitude scale.
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Figure 2. Microbarograph recordings at Ccp-1




Off-site signals were generally of low amplitude. The most
interesting and clear recording was made at St. George, Utah (Fig-
ures 3 and 4). Signals "a" and "b" from Tables III and IV arrived
traveling at about 299 mps (Figure 3). The later arrivals, signals

"¢'" and "d", traveling near 280 mps, are shown in Figure 4.

In general, Palanquin signals had frequency contents which were
similar to but of lower frequency than the calibration shots. Had
Palanquin been airburst, however, the overpressure duration at CP-1
would have been about 0.6 secondl and the negative phase duration
about 1.6 seconds, so the total duration of the main wave would have
been about double that recorded in Figure 2. At long range, positive
and negative phases are longer and tend to be more nearly equal, and
the St. George cycle duration would likely have been nearly 5 sec-
onds?7 rather than the 2 seconds indicated by Figures 3 and 4.
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84, 4ub
) 1 i 1 !
734.95 730.95
(o) to} PALANQUIN
A
PR— \/

25.36ub

1 1 1 1 1
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{b) (a) CAL-2

25. 36;/.b

IOBI 95 IOBO 95

() ) caL-3

25.36ub

1 1 I
1273.95 1270.95 1268.95
TIME (SECONDS)AFTER PALANQUIN ZERO

Figure 3. Microbarograph records of early
signals at St. George, Utah
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Figure 4. Microbarograph records of late
signals at St. George, Utah

Palanquin transmissivities are compared with results from other
cratering tests in Figure 5. The predominant feature is the much
lower transmission factor it gave. The low value apparently cannot
be attributed to yield uncertainty or to the rock environment. Neptune
data probably are not valid for comparison because proper atmospheric
calibration was not made on that event (WT-9006), but Danny Boy, Dug-
out, and Buckboard results, even in thelr extremes, do not allow trans-
missivities lower than 0.04. The conclusion may be made that airblast
amplitudes were reduced by a factor of 3 or 4 by the shaft which ex-
tended over 300 feet below the shot point.

On the other hand, because of the nature of this explosion
event--it did not blow, but it spewed--most other Palanquin effects
were likewise anomalous. For useful predictions of Plowshare activi-

ties, it must therefore be ignored.
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An exercise with transmissivity scaling for a measured pressure
shows that a reduced assumed yield at fixed depth would increase the
scaled depth of burst and also increase the transmissivity. On Fig-
ure 5, the path of the T point would move to intersect the dashed di-
agonal line with an assumed yield of 1.7 kt, DOB = 2.34 f£t/(1b HE)L/3,
and T = 0.038. This apparent yield is in good agreement with similar
interpretations of close-in measurements by Vortman,28 which suggests
a 2-kt apparent yield.

Signal variability between calibration shots, supposedly from

propagations under identical conditions and only minutes apart, was
particularly noticeable at St. George. This was studied and reported
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separately16 so details are not repeated here. It was established

that in the time scale of minutes between calibration shots, signals

would be repeated only within a factor of (1.60)il for the standard

deviation range in a logarithmic normal distribution. Furthermore, a

similar analysis of Dugout data also reached this conclusion, giving
+

a factor of (1.43)'1 for an ensemble of 2, 3, and 5-minute shot sepa-

rations. Palanquin separations were 3, 6, and 9 minutes.

Scatter of transmissivities from Palanquin agreed very well
with this scatter of repeatability, as shown by the logarithmic dis-
tribution in Figure 6. Neglecting the three large reported values
where T > 0.0894, the scatter factor was 1.57. One of the largest
values was obtained from the tropospheric signal at Las Vegas and
may well have been erroneous because the operator was adjusting the
recorder pen zero-value near signal arrival time, so the apparent

amplitude reading may well have included some mechanical pen shifting.
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Figure 6. Distribution of transmissivity values

The other two large values resulted from the "g4" signal at
St. George (Figure 4). For CAL-1, three distinct pulses are shown,
and all decay considerably by CAL-2 and CAL-3. From Palanquin, with
its longer wavelength, these three waves apparently caused construc-
tive interference and a resultant large amplitude. This effect can-
not be disregarded in predicting for large yield, low frequency sig-
nals, for it has happened before in full-scale atmospheric nuclear

testing, but these results may rationally be discounted in discussing

random signal variability.




A mean transmissivity for Palanquin thus appeared to be T =
0.026, rather than an arithmetic average of all data where T = 0.033.
The logarithmic standard deviation was 0.451, so that the #*lo range
extended from 0.64 to 1.57 T, or T = 0.017 to T = 0.041. Neither the
mean nor standard deviation varied appreciably between results of
separate calibration shots, i.e., various small time separations of

2, 3, and 5 minutes caused no noticeable time-dependent effect.

The arithmetic average transmissivity from troposphere signals
is 0.042 which is larger than the ozonosphere average of 0.030, but
this difference was mostly caused by the probably erroneous Las Vegas
value. Furthermore, it seems that troposphere ducting would have af-
fected the rays emitted at a lower elevation angle which, according
to our cratering airblast source model, should have shown lower trans-
missivity. With these limited statistics, therefore, no significance

can be attached to this anomalous result.

It would have been interesting to see the effects of the St.
George multicycle "b" signal in Figure 3 for a Palanquin blast fired
about 3 minutes after Palanquin was actually fired. But then the "d"
signal constructive interference would not have been so evident. The
point to be made is that nonscalable constructive interference of
lower frequency waves will occur quite often, so the few extremely
high transmissivities which were reported do not follow the normal
statistical distribution caused by atmospheric turbulent transmission

variability alone.

Weather data for propagation calculations are given in Table II
which lists air temperatures and wind vectors versus altitudes above
sea level (msl). The ESSA rawinsonde balloon rose to 35.8 km
(117,717 ft), an exceptional ascension.

Immediately after the Palanquin event was confirmed, a chaff
rocket round was fired at Tonopah Test Range at 0631 PST. At 1110 PST,
about 6 hours after Palanquin, a second TTR rocket was launched to
check wind variations. Both flights are reported in Table II.

Rocket temperature observations were not made, so the tempera-
ture and speed of sound determinations above balloon heights were made
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using a standard atmosphere.18 Error from this temperature assumption
probably does not exceed *15°C. This would give only a 9 mps sound
speed error which is smaller than chaff wind measurement error2? and

probably not significant in its effect on ray calculations.

Ray calculations were made from the weather data for the direc-
tion bearings to each microbarograph station. Observed pressure am-
plitudes from calibration shots were compared with calculated ray
patterns and predicted overpressures. Observed and calculated signal
arrival times were compared to see if the correct ducting level had

been shown in the calculation.

There was a great difference in wind speeds reported by the two
rocket observations. The early flight gave high speeds, while the
later flight gave speeds only 30 to 40 percent as large plus some di-
rection changes. The differences seemed much too great for atmos-
pheric variation in a 5-hour interval. Rawinsonde data by ESSA showed
light winds at altitudes where the two measurements overlapped. How-
ever, an observation on April 9 showed high wind speeds, so at first
the high-speed 0631 PST data were accepted, and the difference was
attributed to a mistake in setting the radar plotting-board scale-

switch during the second observation.

When reports from other stations were received,17 however, it
appeared that lower speeds were generally found during the entire
month and at all stations such as Point Mugu, California; White Sands
Missile Range, New Mexico; and Cape Kennedy, Florida. After ray-
tracing calculations were made for both sets of wind data for verifi-
cation by microbarograph reports, a number of difficulties were found
which could not be explained by either wind report without significant
adjustment. This is discussed in detail, station-by-station, in suc-
ceeding sections, but the most acceptable conclusion, however weak,

seems to be that the light wind data should be used.

CP-1

Ray calculations showed ducting by winds in the 4.9 to 5.5-km
altitude layer, with sound returned to ground level at about 5 km
beyond CP-1 (Figure 7). At CP-1, the lowest part of the calculated
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wave passed about 1 km overhead. Nevertheless, because of either

atmospheric scattering or nonrepresentativeness in the weather obser-
vation, there was a maximum measured amplitude from calibration shots
which was about 32 percent as large as the calculated wave of 341 ub

which passed overhead.
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Figure 7. Ray paths calculated toward CP-1

At the 57 km range of CP-1 from Palanquin and with a slightly
smaller calculated focus factor, a calibration shot wave would have
hit the station with 210 ub. This would have yielded a transmission
factor of only 0.013 for Palanquin. Instead of accepting this ex-
trapolation to so low a transmissivity, a more likely conclusion is
that the actual ducting and focusing were not so sharp. Then, the
lower calculated amplitudes were spread over a wider band to include
CP-1, and this resulted in higher calculated transmission factors.
The actual values calculated for CP-1 (Table IV) are in reasonable
agreement with off-site data, although they may be a bit high. At
any rate, the calculated ray pattern indicates, if anything, that
CP-1 transmissivities may well have been measured to give values that

were too high.
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As shown by Figure 8, there was quite good agreement between
calculated and observed arrival times. Observed group velocities
were high by less than 1 meter per second. Observed arrival times
were early by less than half a second. From these results, it ap-
pears that CP-1 signals were definitely ducted by a layer at an alti-
tude of about 5 km. Propagation in the 2-km altitude layer would

have traveled at about 331 mps and arrived 2 seconds earlier.
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Figure 8. Calculated and observed
group velocities at CP-1

Beatty

There was no troposphere ducting calculated to strike the ground
in the direction of Beatty. Rays were bent upward away from the
ground (Figure 9) and passed 2 km above the station. Near horizontal
propagations are also diverged so that at 2 to 6 km above Beatty, the
blast amplitude was only about 0.48 of standard. The 6.4-pb scattered
wave recording is less than 10 percent of the probable source ampli-
tude and thus shows that less than 1 percent of the acoustic energy
flux was being scattered to ground level. Arrival time calculation
also agreed well with observed arrival, with only about 1 meter per

second discrepancy.

28




1
70 T T T

20

60 |~ INITIAL RAY
ELEVATION ANGLE

109

50

G

(SYILIWOTIN ) ISW *3anliiiy

G
ugof-
w
[o]
.
x
2301 10
b3
w
o
2
[ =g
Heol
L4
00
-5
(1067 FPS)
10
o BEATTY
10 20 (KILOMETERS) 30 40 50 60
[« 1 T L 1 1 | 1 1lp
0 50 (KILOFEET) 100 150 200
RANGE
Figure 9. Ray paths toward Beatty

Goldfield

Although no signal was observed at Goldfield in the 10-ub back-
ground wind noise, rays were calculated (Figure 10) to explain the
lack of signal. There was a calculated ducting in the surface layer
240-m deep, but this wave apparently was blocked by many hills along
the route. Near this azimuth, several hills reach near or over 2.5-km
msl; the GZ was at 1.9-km msl.

Clearly, no ozonosphere signal was expected because the wave was
shown to pass Goldfield at an altitude of over 40 km. A much larger
source wave, from a nuclear airburst, for example, would have given a
weak, scattered signal arrival near 307 seconds. It would have come
from the wave passing near 16-km altitude and 40-km range. The dif-
fracted wave amplitude for the calibration shot yield would have been
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no more than 5 percent of standard propagation, or 3 ub, and much

below the 10-ub wind noise level.
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Figure 10. Ray paths toward Goldfield

Las Vegas and Boulder City, Nevada

Calculated ray paths in the general southeast direction are
shown in Figure 11. Solid line curves were made using light wind
data from the 1110 PST rocket report; high wind speeds from the
0631 PST rocket gave the dashed line curves on this and subsequent
ray-trace figures. Separate calculations were made for CP-1, Las
Vegas, and Boulder City at bearings of 134, 137, and 135 degrees,
respectively, but they differ only slightly. Inner boundaries to
the sound ring ducted near an altitude of 5.5 km varied by only
1.1 km; this is of little significance at 50 km. Calculated and
observed group velocities are shown in Figure 12, and pressure am-

plitudes are shown in Figure 13.
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Troposphere ducting was shown to give signals at Las Vegas and
Boulder City which had been reflected by ground two to six times.
The group velocity was calculated to fall between 323 and 325 mps.
Reported signal arrivals agree well with this calculation, as shown
in the upper part of Figure 12. The amplitude at Las Vegas 1is low,
however, for the one troposphere arrival time when the equipment was
operating (Figure 13). Calculated troposphere amplitudes are about
double the standard propagation amplitude, as shown by the dashed
belt in Figure 13, while at CP-1 and Boulder City the observed sig-
nal focus factors were nearer 0.5. At Las Vegas, only one-sixth
standard amplitude was recorded. Although there are 3 to 5 ub of
noise on the recording, nothing occurred comparable to the 13-ub
value obtained by interpolating between CP-1 and Boulder City. The
operator had equipment trouble earlier and may have not correctly
switched the set range. Such an assumption could be used to correct

the low amplitudes from both troposphere and ozonosphere duct signals.

Ozonosphere ducting from the 1110 PST rocket data show that all
rays land more than 40 km beyond Boulder Ccity (Figure 11). The high-
speed wind data give a strong wave prediction for both Las Vegas and
Boulder City, with larger amplitudes at Las Vegas (Figure 13). 1If an
operator error in switching at Las Vegas is assumed (an adjacent
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switch point gives a scale factor larger by a factor of 3), the average
Las Vegas ozonosphere signal amplitude is larger than at Boulder City
and is in agreement with the trend of the dashed curve (0614 PST).
Alternatively, light wind data would not predict such strong signals
at Boulder City from scattering into the silence zone but might pre-
dict that Las Vegas amplitudes would be the smaller of the pair.

Arrival times and group velocities for both stations agree well
with calculations from the 0614 PST, high-speed data. If wind speeds
at 1110 PST at the 42.6-km level were increased by 20 mps, however,

a 17-degree ray would have been calculated to land near Boulder City
at about the correct group velocity. The amplitude would have been
calculated to be at least twice too large, however, so possibly a
compromise 10-mps correction and some scattering gives the best over-

all conclusion.

St. George, Utah

Ray paths calculated from the 1110 PST rocket are shown in
Figure 14. Group velocities for each wind set are shown in Figure 15,
and pressure amplitudes are shown in Figure 16. The main sound ring
strikes St. George in the light wind calculation. Verification of
calibration shot amplitudes can be made almost equally well from
either wind assumption. The high wind case does not give amplitudes
as large as were observed but it does give two distinct signals, as
observed, and it shows the latest arrival as having the largest ampli-
tude. Use of the light wind data would allow an explanation of the
second signal by assuming a small increase in winds at 50 to 55-km
altitudes, but arrivals would be relatively weak and this is the re-

verse of the observed condition.

Troposphere signal arrival velocities are about right for the
ducting which was calculated from near 6-km msl. Observed amplitudes
are much more attenuated than expected from three ground reflections.
Horizontal variations in the strong winds at 6 km probably led to
considerable duct leakage and amplitude reduction from 35 pub to the

observed 11 ub and less.

33




RANGE

50 100 150 (kM) 200 250 300
200° } " ; t } ;
}e0
22.2° 1%
150
0ZONOSPHERE -
DUCTING >
T40 4
- e
E 25
-t — ~ .
(4]
=
=100} 1502
llJ' -
o
Sgol
=t
=
260k 13°12° 11°10° 20
40f
6.8° +10
4.6 TROPOSPHERE
20 Jo DUCTING
o f 1 1 1 ! 1 1 7787877 o
() 100 200 300 400 (KFT) 500 600 700 800C P 900 100
RANGE ST. GEORGE
Figure 14. Ray paths toward east, St. George,
1110 PST rocket data
RANGE
225 250 275 (KM) 300 350
1100 + + + +
L Vo (AT G6.Z) ° TROPOSPHERE 3%
P ° ,~ DUCTING o
r ° 7°
o 4
1050 290 3209
(o] s o
— -— <
g ] _<< - o
w —
7 28° . — <
WINDS
e -7 0614 PST Wit OZONOS PHERE 22° ]300
oL - DUCTING =8
N 7° £5
1000 <
L — 4300
MO PST WINDS
190
950! 1 A A | | -1290
700 800  CAL.  PAL. 900 (KFT) 1000 1100
ST. GEORGE RANGE

Figure 15. Calculated and observed group velocities,
east direction, St. George

34




RANGE
200 250 (KM) 300 350
T T

50 T
|-d & -« CAL.SHOT #|

X~ TROPOSPHERE
-~ 180 S SIGNAL
4. ~~ . - \,_e./§3‘iEF;LECTIONS
S !
30 . 1

"™\ 0Z0NOSPHERE
SIGNALS

20—

AMPLITUDE
(MICROBARS)

o
|

PRESSURE
@
T

\\ _,/
B LEGEND N
—-=—-0514PST
5 BALLOON DATA
3-ae — e 0614PST
ROCKET DATA
r HIOoPST T
CAL SHOT 4 2 ROCKET DATA
TROP. SIGNAL"g" ~»2-0 ©
3 1 [N & 1 1 1
600 700 (KFT goo ¢ P. 900 1000 1100 1200
RANGE ST.

GEORGE

Figure 16. Calculated and observed
pressure amplitudes, east
direction, St. George

Caliente, Nevada

Ray calculations for light winds showed that the ozonosphere
sound ring began near 216 km, at least 30 km beyond the station. Ob-
served focus factors in Table III ranged from 0.9 to 1.9, however.
High wind calculations indicated a sound ring landing on Caliente
from winds at 33.5-km msl and another band arriving slightly later
and with a bit less amplitude from 42.6-km msl winds. Amplitude vari-
ability in Table III shows that on the first and last shots the first
wave had larger amplitudes, while for the second shot the largest am-
plitude was recorded from the last wave arrival.

As shown in Figure 17, group velocity calculations do not agree

with observations. Calculated arrivals for the high wind assumption

were too fast, while low winds gave no arrivals at such short range.
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Again, as for the southeast bearings, a moderate wind speed increase
could be hypothesized to contract the sound ring into Caliente range.

Then observed group velocities would also come into good agreement

with calculations.
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A very weak signal duct was calculated for the surface 300-m
layer, but this was no doubt blocked by the several intervening moun-

tain ranges, for no early troposphere signal arrival could be found

in the recordings.

Lund

Ray paths are shown in Figure 18 for light winds.
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This figure

shows that the station was located in the main sound-ring from wind

ducting at 40-km msl.

Observed large pressure amplitudes and focus

factors of nearly 4X were fairly well explained by this calculation

(Figure 19).

calculations (Figure 20).
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Observed group velocities were also in agreement with
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On the other hand, calculations from the high wind data showed
that the main sound-ring landed far short of the Lund range, ampli-
tudes were much lower in the outer fringes, and group velocities were

8 mps too fast.

No troposphere signal was detected to correlate with the 300-
meter deep surface inversion duct shown by the calculation, but again,

this duct was no doubt blocked by mountains.

In summary, the Lund data seem to tip the balance in favor of
accepting the data obtained by the light wind speed rocket at 1110 PST.
An adjustment to slightly higher winds at only one level, near 40-km
msl, would serve to bring much better all around agreement with micro-
barograph data in the east and southeast directions, yet not hurt the

agreement with propagations in other directions.
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Summary

It is impossible, with the furnished rocket wind reports and
single station microbarograph observations, to decide for certain
whether ozonosphere wind speeds were generally light or strong. Ac-
cepting the lighter speeds, with minor adjustment and considering the
accuracy of these chaff tracking measurements, seems to give the best
fit for the amplitudes and arrival times of the collected microbaro-
graph signals. 1If dual stations had been set up at one or two sites
(two sensors about a mile apart on a line from the shot point), ar-
rival incidence angles could have been computed for further signal

path identification and verification checks.

Arrival times and group velocities at long ranges can usually
be calculated within about 5 seconds and 2 mps, respectively. This
seems very good in comparison with wind-speed measurement accuracy,
but it does result from averaging out most random errors and varia-

tions over a thick layer of atmosphere.

Many observed amplitudes exceed calculated values, so there
appears to be no overconservatism in focus factor determinations. On
the other hand, where signals are consistently high, this cannot be
attributed entirely to atmospheric turbulence effects. It would re-
quire a very careful, redundant set of experiments to establish
whether the apparent average excursions were caused by wind field
measurement errors or mistaken assumptions about standard propagation

mechanisms.

There was no troposphere blast ducting toward Beatty or Gold-
field, so they heard no rumbles and they were exposed to no airblast
hazard. Because of the low yield and Jow transmissivity, there was
no noticeable wave propagated into population centers east and south-

east.

The mean transmissivity from Palanquin was T = 0.026; values
were scattered with a logarithmic normal standard deviation of 0.451,
so the *lo range extended from T = 0.017 to T = 0.041. This scatter
appears to be mostly attributable to amplitude variability between

the calibration shots fired only a few minutes apart; the amplitude
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variability was caused by atmospheric variability. This mean trans-
missivity is so low compared to results of other better-behaved cra-
tering experiments that it must be ignored in extrapolation to other

Plowshare activities.
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