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AIRBLAST‘ PROPAGATION INTO ACOUSTIC SHADOW ZONES

Jack W. Reed
JWR, Inc.
Albuquerque, New Mexico
May 1, 1998

INTRODUCTION

Most of the Poseidon motor disposal explosions, which are fired during the warmer
months at Hill Air Force Base Range, west of Great Salt Lake, Utah, were fired in weather
conditions with an eastward-directed sound velocity versus height gradient that refracted airblast
upward, away from ground. Such weather conditions generally attenuate airblasts propagated at
ground level, they cause minimal disturbance to their neighborhoods, and they are usually
acceptable to explosion testers. These noise propagations have thus been mostly ignored in
studies of nuisance airblast propagations. Problems of atmospheric refractive enhancement of
airblast propagation, which can irritate the neighboring population and cause various degrees of
cosmetic structural damage, had priority for resolution. On the other hand, there are some cases
where attenuated propagations, shadowed either by atmospheric refraction effects or by terrain
barriers, can be of concern. Consequently, a better understanding of wave diffraction, scattering,
or diffusion into such shadow zones may be useful.

Poseidon-disposal explosions, equivalent to about 20-t (18-tonnes) TNT, were recorded
by sound-level meter on Antelope Island, in Great Salt Lake, at 65 km range, almost due east
from the firing site and WSW from Ogden.. During 1995, 39 shots were fired with recordings
made at Antelope Island of 24 of them. During 1996, 32 events were recorded of the 44 total.
These will be the subjects of this analysis.

BACKGROUND

During Operation DOMINIC, atmospheric nuclear tests at Christmas Island in 1962,
several megaton-class bursts were detonated at kilometer altitudes about 30 km southwest of that
atoll. In the prevailing easterly trade winds and relatively unstable thermal-structured tropical
atmosphere, airblast was propagated upwind toward the atoll within strong sound velocity versus
height gradient conditions that bent blast rays upward away from the surface, as illustrated in
Figure 1. Depending on specific wind and temperature conditions at firing time, some blast rays
reached pressure gages operated on the atoll, where measured overpressures were very close to
Standard explosion predictions from ANSI $2.20-1983 [1]. In other cases with stronger gradients,
however, the limiting ray just grazed the ocean surface short of gage distance. In these cases,
airblast was attenuated to below Standard explosion expectations. Analysis of detailed ray plots
showed that overpressures in this shadow zone, beyond the grazing point, decayed in inverse
proportion to the square of distance into the shadow zone. Undistorted spherical propagation at
such relatively low overpressures decays almost inversely with distance — to the first power.

These results were published in Weapons Test Report WT-2057, October 1963 [2],
classified secret along with all megaton-class explosion test data, and nearly forgotten. Recent
attempts to declassify this report under currently relaxed rules have been delayed because of
some included shot yields which have, so far, only been given yield ranges in released listings.




-2-

Nevertheless, this propagation principle can be stated — without available and adequate
documentation — and examined for validity in other explosion test results.

Four series of small explosion tests, of 1-kg, 8-kg, and 65-kg C-4 explosives, were
conducted in 1994 - 1996 by the Norwegian Defense Construction Service, to examine the atten-
uating influence on airblasts propagated through European forests. Vertical arrays of weather
instruments and airblast pressure gages were operated on 30-m towers for all tests. Two series
were fired on flat terrain, two series on hilly terrain. Summer and winter (snow-covered) tests
were conducted over each terrain type. The first series in June, 1994, and now partially analyzed,
showed that airblast overpressure indeed decayed inversely with distance-squared, at 30-m
tower-top height from the closest weather-dependent ray point at that height, in upwind
propagations, as shown in Figure 2. Similar paths to lower tower gages passed through forest
trees and were even further attenuated. Analyses of the winter series measurements of February,
1995, is scheduled to begin soon.

Thus, this shadow-zone propagation model appears to be valid over three orders of
magnitude in wave frequency and nine orders of magnitude in explosion yield! But neither these
Norwegian nor DOMINIC results can be applied directly to the most common problem of
horizontal propagation from a surface burst where the co-altitude ray is at the source, and
inverse-distance-squared overpressure decay clearly does nof prevail along the entire path.

Empiricism from Project PROPA-GATOR, 2.3-, 45-, and 1134-kg (5-, 100-, and 2500-
Ib) TNT tests of weather-dependent airblast propagation at Cape Canaveral, Florida, in 1979 [31,
showed that overpressure-distance decay rate increased with increased sound velocity decrease
— as measured between the surface and atop a 154 m meteorological tower — from an
approximate Standard explosion source near 2-kPa overpressure.

These results were incorporated into Program BLASTO® for weather-dependent airblast
predictions [4], but there are conceptual difficulties from yield-scaling principles [5] that require
scaling all dimensions, both horizontal and vertical, in proportion to the cube-root of explosion
yield, while conserving sound velocity difference (not gradient) in raypath equations. The height
at which the atmospheric sound velocity gradient should be established for yields other than
those used in these tests could only be guessed. It was assumed in BLASTO that the effective
decrease occurred at the yield-scaled height of 154 m above 100-1b TNT surface burst. But yield-
scaling this height for very large explosions often reached altitudes with much greater sound
velocity deficits from low temperatures, well beyond the “calibrated” range, about 10 m s?, from
PROPA-GATOR results. Also, such deep atmospheric layers usually contained several
significant changes in sound velocity gradient that produced a variety of potential raypath
patterns.

Sound velocity structure and ray paths for a typical Utah Poseidon explosion event are
shown in Figure 3. It was hypothesized that there should be some point along the limiting
raypath, emitted horizontally at 0° elevation angle from a surface burst, as it was refracted
upward through the atmosphere, that would have predictive utility as a virtual source — whether
scattered, diffracted, or diffused — for the attenuated wave reaching ground at distance.
Radiosonde balloon weather measurements (raobs) near the shot — in space and time — allowed
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raypath calculations for distant propagations toward Antelope Island, as was shown in Figure 3.
A first attempt to correlate measured overpressures with the limiting, horizontally emitted ray
path proved quite successful, as will now be described.

ANALYSIS PROCEDURE

1. At what distance from the explosion would a Standard explosion overpressure source
be in order to decay with inverse-distance-squared to give the recorded overpressure? This
answer is found on a Standard explosion log-log overpressure-distance curve, as shown by
Figure 4, for a 17.9-Mg TNT surface-burst equivalent for two Poseidon motors. It is intersected
by an inverse distance-squared line through the measured overpressure, shown as 110 dB (6.32
Pa) at 65 km, for example. Intersection occurs at 19.2 km with 72.9 Pa (126.5 dB). Such source
distances are shown versus target decibel overpressures in Figure 5, for graphic solution. For the
example in the right-hand graph of Figure 3, with a measured overpressure of 101.2 dB (2.3 Pa),
this distance is 6904 m.

2. At that distance, what is the height of the raypath initially emitted at 0° elevation
angle? BLASTO output tables of directed sound velocity versus height toward Antelope Island
and West Point were used for calculating refracted paths for rays emitted at 1° increments up to
15° elevation angle, showing the altitude of the 0° ray at the specified distance as 2457 m MSL in
Figure 3 .

3. Considering the similarity yield-scaling problem, what is the non-dimensional ratio of
this ray height above ground at 1293 m MSL to the gage distance? The limiting ray height, 1164
m, is divided by the 65 km gage distance to give the ratio 0.017906. These numerical values are
shown in Tables 1 and 2 for 1995 and 1996 events, respectively.

4. What is the mean sound velocity-height gradient below the limiting ray height? This is
read from a BLASTO output table of sound velocities at the surface and at ray height; the
difference was divided by the height to give the gradient, 4.2696x10” s, entered in Table 1.
The connection is shown by a dotted line in the left graph of Figure 3. The dotted connection to
the surface velocity reduced by 6.5 ms™ at 1900 m MSL will be explained in a later section.

5. Is there any correlation between the distance ratio and this gradient, since upward ray
curvature depends on gradient magnitude? The answer is yes — for events fired with easterly
surface wind components and upwind propagations toward Antelope Island.

UPWIND RESULTS

Correlated points, plotted in Figure 6, are scattered around a decadal diagonal line
indicating roughly inverse proportionality. A statistical RMS fit line was only trivially different.
Also, points from events in both 1995 and 1996 fell within the same belt, although there was
larger scatter in 1996. Using the resultant relationship

Z/R=(10 G)! )
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Table 1. Shadow Zone Propagation Analysis, 1995.
7 8 9 10 11 12 13 1 16

1 2 3 4 5 6 4 16 17
Raob MSL | AGL | 100x | 1000 x | Duct Down-
Shot| Date | Time | RaobjObsvdiRay| Ri Zi Zi ZIR Grad |Dpth] Za Ra | Model} Error |wind ?
# utc| # @B 1O} m (m) | (m) ) fm]| m ] m]| @B | @B
94l 4/5 | 2240| 5020 118.8] 15| 65000]10 km + 100 Yes
113| 4/24| 2105| 5032| 119.0] 6} 65000 10 km + 10 Yes

115] 4/26 | 2050] 5036| 101.2 6904| 2457| 1164] 1.7906] 4.296 o[ 2810] 8810j 102.9 1.7} No

0
127] 5/8 | 1800} 5044] 98.4] 8| 4788 1684 591] 0.0091] 6.261[ 10| 2331} 7381 102.0 3.6] Yes
1371 5/18| 1846 5049] 117.8] 7| 59478]10 km + 10 Yes

141] 522 | 1847) 5053] 94.0] 0] 2630 —1788] 495] 0.7615] 20.808 o[ 1605] 1870] 91.6] -2.6] No
150 5/31] 1904} 5057 96.3] 4] 3605 1490] 197| 0.3030] 5.085] 10] 2571]11 800 105.2 8.9] Yes
151] 6/1 | 2015] 5062 0 0 No
85| 7/5 | 1906] 5070] 100.4] 0] 6271 2369] 1076] 1.6552| 6.413 ol 2307] 5960} 100.0 -0.4] No
205[ 7/25} 2016 5095 0 0 No
206) 7/26 | 2032} 5100 11 4500 Yes
207[ 7/27] 2046) 5104 0 0 No
211 7/31] 2036} 5107 0 0 . No
212] 8/1 | 2049] 5113 4 2500 Focus
215] 8/4 | 1924] 5117 0 0 No
218] 877 | 2023} 5123 9 10 Yes
228] 8/17] 2055| 5128 8 447 Yes
229] 8/18 | 2025| 5133 0 0 No
233] 8/22| 1824] 5138 0 0 No
535| 824 | 2108) 5144| 111.5] 8| 26746 8130| 68371 10.56175] 2.925] 10| 3515]|12200 105.4 -6.1] Yes
239[ 8/28 | 1928| 5148 5 10 Yes
241] 8/30] 1939] 5152 0 0 No
542| 8/31| 1840 5156 107.0] 0| 14970 3768| 2441] 3.7550] 2.786 0] 3650]14500] 106.8 -0.2] No
247] 9/5 | 2144] 5161 5 10} - Yes
249] 9/7 | 1948} 5165 5 10 Yes
2501 o/8 | 1830] 5168] 93.9] 7] 2595 1605  305| 0.4692] 10.169] 10} 1959] 4830 98.5 4.6] Yes
2541 9/12| 1901| 5172] 93.6] O] 2490 1705] 385] 0.5923| 12.208 o 1852} 3340| 95.8 2.2] No
256] 9/14 | 1845] 5176] 108.4] 0] 17950 4804] 3574] 5.4980| 2.882 0| 3576]13100] 106.5{ -1.9] No
257] 0115 2002 5180} 114.8] O} 40716]10 km + | No

260] 9/18] 1910| 5183] 96.0 3450|  1731] 411] 0.6322] 13.140f 10 1815] 3890] 96.9 0.9 No

261] 9/19| 1825] 5186] 107.7 16400 3763| 2443| 3.7581| 4.544 10| 2751]12300] 105.5] -2.2] Yes

263[ 9/21 2109] 5192] 97.0 3043| 2038] 718] 1.1045] 7.660 o] 2169] 4630] 98.1 1.1| No

267| 9/25 | 2204] 5198{ 115.9 26800] 8130] 6810] 10.4760| 2.852 1140 3522|30800] 112.4] -3.5] Yes

268 9/26 | 2015] 5202} 104.1 10240] 2468| 1148] 1.7660] 4.443] 10 2783|11820f 105.2 1.1] Yes

274] 10/21 1908] 5209] 111.6 27088| 3980] 2660] 4.0919] 0.574 8091 Focus

-t

2771 10/5] 2006] 5216} 106.0 13142| 4347| 3027| 4.6565| 3.171 o] 3370] 9250 103.3 -2.7} No
282]10/10] 2001} 5219] 114.6 20000]  9120] 7790] 11.9835] 2.555] 10 3864[15300] 107.0] -7.6] Yes
288[10/16] 2044] 5225| 120.5 >65000 Yes

1
8
0
2
5

270] 97281 1931] 5205] 107.2] 8| 15370 2273 2053| 4.5427| 4.808] 10| 2672 9660] 103.7 -3.5] Yes

6
0
5
6




Table 2. Shadow Zone Propagation Analysis, 1996.

Raob MSL | AGL| 100x [ 1000 x| Duct
Shot | Date | Time [Raob|Obsvd| Ray| Ri Zi Zi ZR Grad |Dpth| Za Ra | Model | Error |DownA
# UTC [ # | (dB)] (m) (m) (m) ™ (m)| (m) | (m) | @B) (dB) |wind?
4561 4/1 | 2050] 6015 0 0 No
459| 4/4 | 1843|6018 7 10 Yes
463| 4/8 | 1004| 6021 0 0 No
466] 4/11| 1858] 6024 12 10 Yes
470| 4/15] 2004) 6028
477) 4/221 2057) 6032 10 3780 Focus
478| 4/23| 2005) 6036 6 3536 Focus
487| 5/3 | 2018] 6046 10 3824 Focus
491| 5/6 | 1955/ 6050{ 118.5] 2| 65000 4684 Focus
494 5/9 | 1858] 6054( 100.6| 5| 6445 2266( 946 1.4543] 4.757| 10| 2687 7990{ 102.2 1.6] Yes
498 5/13| 2003| 6058 112.8] 8| 31576 10350] 9030 13.8910] 3.032| 58| 2274 7510] 101.9] -10.9} Yes
505] 5/20 | 2024( 6064 Focus
519| 6/3 | 1852| 6067| 104.5] 0| 10801 3201| 1881F 2.8936| 5.954 0] 2412] 7030 101.3 -3.2] No
622] 6/6 | 1855/ 6070 98.6] 2| 4911 1855 535! 0.8230| 6.667( 10| 2295 7240 1015 29! Yes
526/ 6/10| 1827/ 6072| 99.3] 4| 5413 1679| 359] 0.5523| 5.392] 224| 2525 11000| 104.6 5.3| Yes
528| 6/12] 1729|6075 99.5] 0| 5561 19451 625| 0.9614] 13.496 O] 1802| 4920 986 -0.9] No
5291 6/13| 1958|6079} 105.5] o] 12315 3854| 2534 3.8981] 2.586 0| 3834]12200{ 105.4 -0.1] No
540] 6/24| 1919]| 6091| 102.2| o] 7900 2860) 1540| 2.3690{ 3.766 0] 3046] 8850| 103.0 0.8 No
5641 7/18| 1843/ 6102| 97.0f 9| 3943 1669 349] 0.5369] 7.965! 10| 2136 6970) 101.2 4.2] Yes
5681 7/22| 1821/ 6108] 102.4| o| 8185 2675] 1355| 2.0844] 3.542 0f 3155|11300] 104.8 24| No
§70| 7/24]1 1922 msg 7964
5711 7/25] 1919|6111 113.4] 1| 34079 9620| 8300 12.7681] 2.241| 10| 4221 15300| 107.2 -6.2| Yes
5751 7/29| 1926| 6114| 97.0| 8] 3900 1750 430! o0.6615 9.070{ 10| 2037 5520{ 99.3 2.3{ Yes
577 7/31| 1844|6118] 97.0{ o] 3943 1988! 663] 1.0199] 10.256 0| 1954| 3790 96.7 -0.3] No
578] 8/1 1934| 6122 : 0 No
584) 8/7 | 1817/ 6128] 918/ of 1913 1666] 356| 0.5476] 18.820 0| 1665 1900 91.7 -0.1] No
585 8/8 | 1847(6131] 106.5]! 0] 14025 3883] 2563 3.3427| 2458 0| 3965[14300] 106.6 0.1 No
5891 8/12| 1856 6134] 108.2| 0| 17497 4503| 3183| 4.8965| 3.864 0] 3002|10600| 104.4 -3.8] No
5901 8/13| 1936 6137] 112.5| 7| 30393 10790 9470| 14.5679| 4.826] 10| 2667| 8050 102.3] -10.2| Yes
5921 8/151 2019|6141) 97.2] o] 4051 2023] 703| 1.0814] 7.824 0] 2151| 4720 98.3 1.1] No
597] 8/20 | 1912| 6149| 106.1 51 13319] 3727| 2407 3.7027] 5.775] 10| 2446] 8180 102.4 -3.7| Yes
599 8/221 1827|6152| 97.8| o] 5041 1907| 587! 0.9030| 11.244 0| 1898] 5020{ 98.3 -0.5] No
603| 8/26 | 1907|6155 84.9] 0| 1437 1506 186] 0.2861[ 26.344 0] 1567f 1770 91.1 6.2] No
6111 9/3 | 2111| 6164] 103.3] 0] 9500 3130 1810 2.7844] 4.917 O} 2642| 7250 101.2 -2.1|No
613| o/5 | 2139| 6167] 110.5] 9| 24000 64301 5110| 7.8608 1.722] 10| 5095|17300 108.0 -2.5|Yes
617| 9/9 | 1920{6172] 84.7] o 650] 1396 76] 0.1169) 46.053 0} 1461 1080] 883 3.6|No
620| 9/121 2014{6177| 85.4] o 720{ 1390 70] 0.1077] 35.714 0| 1502 1570 90.2 4.8{No
6271 9/19| 2023|6186 105.4] 6| 12000 2060 740f 1.1384| 2.568] 10| 3761}26800 111.0 5.6|Yes
6311 9/23| 2131|6193} 102.0{ o] 6600 2442] 1122] 1.7260| 2.585 0| 3894]17800{ 108.2 6.2|No
638§ 9/30| 2121|6206
640] 10/2] 2041] 6210] 86.4] 0 850| 1442] 122| 0.1877] 44.262 0| 1467| 982] 874 1.0{No
6411 10/3| 2102{6213| 96.7] 7| 3800 1665) 345/ 1.0614| 5.797] 10| 2451| 8360 103.7 7.0{Yes
648|10/10] 2149 6227] 122.0] 0l>65km No
649110/11] 2201| 6230] 110.0| 4] 23000 4844| 3524] 5.4210] 2.695 0] 3742|18200[ 108.5 -1.5Yes
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where R is target distance, Z is the source height on the 0° ray, and G is directed sound velocity
gradient, or decrease per kilometer. For each event, the depth fraction from Equation (1) was
used to back-calculate a prediction for 65 km range. Comparison with observed overpressures
showed an error standard deviation of +2.53 dB, or an error factor of (1.34)*! for 28 events.

These upwind errors are small for such great distance, considering the greater
propagation variability found previously when comparing duplicate shots at short time
separations [6], and attributed to atmospheric turbulence and mesoscale variability of winds
aloft.

In what appeared to be an upwind case in Table 1, on 9/15/95, 114.8 dB was recorded,
much above any expectation. Its source was calculated to be 40 km horizontally and over 9 km
vertically from the burst, and above the highest raob reports. Thus this event could not be
evaluated nor included in the error analysis. It must be assumed that some strong westerly winds
were encountered along the raypath which were not encountered by the raob balloon, to cause
such a strong wave.

‘ Similarly, in another upwind case with an easterly flow near the surface, Table 2 shows
the strongest wave in two years of record, 122 dB was enhanced above Standard propagation on
10/10/96, and not explained by the raob weather report. In this case, an upper wind report of
238° 18.5 knots at 3300 m MSL must have missed an effective wind stream at least 7 knots
stronger. That bang would have been quite loud at Antelope Island, but not approaching the
window damage threshold of 200 Pa or 140 dB.

DOWNWIND RESULTS

Explanation of propagations downwind from surface winds has proven less successful.
Events fired with westerly surface wind components, however light, in Figure 7 show much
greater scatter and appear extremely sensitive to sound velocity gradient, which is hard to
specify. Surface downwind ducting is assumed to extend only to the 10 m standard anemometer
height, unless a higher-altitude raob measurement also showed an effective westerly wind
component. These conditions should be expected to enhance eastward propagation in the surface
frictional wind layer, unless the sound duct is blocked by terrain. And terrain did obstruct
eastward propagation below about 20 m above these shot points, and before the airblast wave
reached the flat lake surface. '

Unfortunately, low-altitude details, reported as significant levels in original raob
observations, were not included in delivered collections for dates prior to mid-August, 1995.
These were apparently lost from computer files, so that only records at 1000-ft height increments
were preserved. This resolution was all that was used for “BOOM-TOO” predictions [7] until the
importance of low altitude details for these predictions was explained and 500-ft increments
were adopted.

In those cases with surface wind ducting, the lowest ray that broke through the sound
velocity inversion was used as the limiting ray for calculation and gradient correlation. These
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escape ray angles are also entered in Figure 7, as well as an approximation line through the data
points along

ZR =784 G** )

Furthermore, as shown by Figure 8, there does not appear to be any correlation between
this escape ray angle and the error from applying the upwind model of Equation (1) above the
surface sound duct. Comparison with observed overpressures for the 22 cases showed a
modeling error standard deviation of +5.06 dB, or an error factor of (1.79)*!, much larger than
for upwind correlations. :

“UTAH” UPWIND MODEL

Calculations for acoustic ray paths through atmospheric layers with varying directed
sound velocity are described by many references. An adequate method, derived from the
Rayleigh approximation that the horizontal wind applies along the ray path, may be used for
relatively horizontal propagations from explosions [8]. A more exact solution [9], using actual
wind components along ray paths at larger elevation angles, is necessary for application to sonic
booms and high-altitude explosions. The approximation method can be greatly simplified in the
surface burst gradient case, for a single surface atmospheric layer, so that

X=Z[(Vo +Vz)/ (Vo - V7)]'? 3)

Where X is horizontal and Z is vertical distance and V is directed sound velocity, subscripted 0
at the bottom and Z at the top of the layer. Interpretation of Equation (1) as (Vo-Vz) = 10* R,
and approximating (Vo+Vz) =2 Vo= 680 ms™ the simultaneous solution is that

b

X =2608 Z R e))

Prediction for Antelope Island, at 65 km range, would thus proceed by identifying the altitude, Z,
where (Vo-Vz ) = 6.5 ms™; assuming that layer gradient was linear; calculating the source
distance X; and finally reading the predicted pressure level from Figure 5. Similar predictions
were made for cases with westerly surface winds, but using (Vi-Vz ) = 6.5 ms™, where V; is
defined at the top of the low inversion. This procedure for upwind airblast predictions was
dubbed the UTAH Model. Such predictions for Antelope Island in 1995 and 1996 are shown in
Tables 3 and 4, respectively, along with their prediction errors.

Other predictions are also included in these two tables, including the BOOM-TOO
method, which has apparently been required by agreement with the State of Utah for monitoring
these events. BLASTO predictions were made, by this author (JWR), using the best obtainable
weather data, and by NSWC-Dahlgren using the provided raob reports at 1000 ft and later at 500
ft height increments as shown in their CD-ROM report [10]. In BLASTO, when terrain profiles
are provided, Standard overpressures are assumed in any terrain shadow, for lack of any better
approximation. This probably is the source of most differences between JWR and NSWC
BLASTO calculations. :
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ne Predictions, 1995.

Table 3. Shadow Zo
1 2 3 4 5 6] 7 8 9 10 11 12 13 1 14 | 15 T 16
Raob Duct|Down-|BLASTO|BLASTO| UTAH BOOM Prediction Errors (dB)

Shot | Date| Time | Raob|Obsvd Ray] Dpthjwind ?] JWR | NSwcC | MODEL TOO [BLASTO|BLASTO| UTAH | BOOM
# . UTC | # | @B) | (m) (dB) (dB) (dB) (dB) JWR | NSwC | MODEL| TOO
94| 4/5 | 2240] 5020] 118.8] 15 100| Yes 119.8] 118.2] 113.7] 1255 1.0 -5.1 " 6.7]
113] 4/24| 2105{ 5032} 119.0] 8| 10 Yes 119.8] 117.1] 1055| 1152 0.8 -1.9 -13.5 -3.8
115] 4/26 | 2050| 5036] 101.2] 0o 0l No 106.0f 102.8] 100.4| 120.1 4.8 1.6 -0.8 18.9
127| 5/8 | 1800| 5044| 98.4] 8| 10 Yes 119.8] 118.8] 105.7] 1158 204 204 -7.3 17.4
137) 6/18| 1846 5049 117.8] 71 10 Yes 1198] 117.7] 1033] 1124 20 -0.1 -14.5 5.4
141] 5/22| 1847] 5053] 94.0] o 0] No 926 89.0 92.5] 1137 -1.4 -5.0 -1.5 19.7
150] 5/31| 1904|5057 96.3| 4| 10 Yes 119.8 105.0] 1121 23.5 8.7 15.8
151] 6/1 | 2015] 5062 0 0] No 106.8 93.7] 117.7
185] 7/5 | 1906] 5070 100.4] © 0] No 100.9 99.6] 1354 0.5 -0.8 354
205| 7/25 | 2016) 5095 0 0f No 103.3 78.0] 126.1
206] 7/26 | 2032| 5100 1114500] Yes 119.8 121.8
207| 7/127| 2048| 5104 0 0] No 105.7 95.2| 126.6
211 7/31} 2036| 5107 0 0| No 98.5 99.0 115.4
212| 8/1 | 2049] 5113 412500| Focus| 131.8 128.2
2151 8/4 | 1924| 5117 0 0] NO 97.8 912 1188
2185 8/7 | 2023} 5123 9] 10| Yes 119.8 114.2
2281 8/17| 2055{ 5128 8] 447| Yes 119.8 118.5
229 8/18| 2025| 5133 0 0] No 95.3 8441 1269
233] 8/22| 1824] 5138 0 0] No 104.3 : 112.9
235) 8/24| 2108( 5144] 111.5| 8| 10| Yes 119.8] 1189] 104.3] 1136 8.3 7.4 -7.2 2.1
239] 8/28 | 1928{ 5148 5| 10| Yes 119.8 112.7
241| 8/30| 1939 5152 0 0{ No 103.5 . 118.7
242 8/31] 1840| 5156{ 107.0] o 0] No 105.3] 104.3 96.1 120.0 -1.7 2.7{ -10.9 13.0
247] 9/5 | 2144] 5161 10 10| Yes 119.8 121.2
249] 9/7 | 1948] 5165 5] 10| Yes 119.8 115.4 :

250 9/8 | 1830| 5168] 93.9] 7| 10| Yes 119.8) 118.3] 106.0] 120.0 25.9 24.4 12.1 26.1
2541 9/12| 1901] 5172| 936] o0 0f No 107.0f 1055 1052 1124 13.4 11.9 11.6 13.9
256| 9/14| 1845| 5176f 108.4] 0 0 No 100.6 97.7f 100.6] 111.9 -7.8 -10.7 -7.8 35
257 9/15] 2002| 5180] 114.8 0 No 97.7 96.1 99.3 1121 -17.1 -18.7 -15.5 2.7
260) 9/18 1 1910| 5183 96.0] 1| 10| Yes 119.8] 1155 98.6] 111.6 23.8 19.5 26 15.6
261| 9/191 1825 5186) 107.7] 8| 10| Yes 119.8] 119.9] 1053} 1135 12.1 12.2 -1.4 5.8
2631 9/21] 2109 5192| 97.0 0 0] No 105.0 102.3 99.4 121.4 8.0 5.3 24 244
267) 9/25| 2204 5198| 115.9] 2/1140] Yes 1249 106.2] 1124] 1348 8.0 -9.7 -3.5 18.9
268{ 9/26 | 2015 5202} 104.1] 5| 10| Yes 119.8 16.5] 104.7] 1155 15.7 125 0.6 114
270] 9/28| 1931/ 5205{ 107.2| 8| 10| Yes 119.8] 119.0] 104.8] 1132 12.6 11.8 -2.4 6.0
2741 10/2] 1908] 5209] 111.6 1618091 Focus 131.8 130.6 132.0 20.2 19.0 204
277 10/5] 2008 5216] 106.0] o 0] No 98.5 96.1 117.1 <75 -8.9 11.1
282110/10] 2001| 5219] 114.6] 5| 10| Yes 119.8] 1152| 109.4] 1206 53 45 -5.2 6.0
288]10/11] 2044] 5225( 120.5] 6 Yes 119.8] 117.2] 1123] 1208 -0.7 -3.3 -8.2 0.3




Table 4. Shadow Zone Predictions, 1996.
5 7 8 9

11 2] 3 |4 3 101 11 ] 12 13 4___ 15 16
Raocb Duct|Down-|BLASTO|BLASTO| UTAH | BOOM Prediction Errors (dB)

shot| Date| Time |Raob|obsva|Ray| Dpth|wind ?{ JWR | NSWC | MODEL| TOO [BLASTOIBLASTO[ UTAH | BOOM

# urc| # | @) O] m @) | @ | @ | @) | JWR | NSWC |MODEL| TOO

456| 4/1 | 2050] 6015 0| O No| 1103 1153

459| 4/4 | 2050|6018 7| 10| Yes | 1198 1116

463| 4/8 | 1904| 6021 of of No| 1077 1237

466| 4/11| 1858| 6024 12| 10| Yes | 119.8 1115

470] 4115 2004) 6028 126.4

477| 4122 2057|6032 10|3780|Focus| 131.8 131.0

478| 4123 | 2005| 6036 6|3536{Focus| 131.8 1248

487| 52 | 2018| 6046 70| 3824 Focus|  131.8 1269

o1l o6 | 1054| 60s0| 1185| 2|a68a|Focus| 131.8| 1208 1172 1258] 133 1A 43} 73

a04| 50 | 1858 6054| 100.6| S| 10| Yes | 119.8 19.2

408l 5113 | 2003 60s8| 112.5| 8| s8| ves | 110.8] 1180 1044] 1127f 70 52 81 -0

505/ 520 | 2024| 6064 Focus| 131.8] 1296 1334

>ToT 5| 7853l 6067|1045 O] O] No | 1066| 1058| 1060 1177 21 13 15 132

222l o6 | 1855 6o70| o8| 2| 10| ves | 1108 1162] 1027} 1127} 212p 178 44] 14

206l 110 | 1827| 6o72| 99.3| 4| 204| ves | 1184 1159) 1083 1140f 194f 166 6O} 147

208l 12| 1720|6075 oo5] of of No | 1198] 1149} 67| 1127| 203 154 28 132

aoo| 6113| 1958|6070 105.5| o of No | 1077| 1038 10s4] 1117) 22 A7) 04 62

s40| 624 | 1919 6091) 1022| o] o No | 1023 1004 1044} 1217 21] 22| 195

=i5ie| 1843 6i0a] 970] O] 0| Yes | 119.8| 1208] 1058 1153 228[ 238  88) 183

ses| 722 | 1821|6108 1024] of | No | 1075| 1048} 1002] 1205  s1f 24 68 184

570| 7724 | 1922| msg

a71l 7725 | 1019| 6111] 113.4| 1] 10| ves | 1198 115.4] 1010f 11521 64} 20} -124

a75| 720 | 1026|6114| 70| 8| 10| Yes | 1198 119.4] 1040l 1149] 74 221 7.0

a77| 7131 | 1842|6118] 70| o of No | 1085] 1023] 987 1178] 85| 53 17

578| 61 | 1934| 6122 O] No | 109.1 1204

aea| &7 | 1817| 6128] 91.8| o of No | 1035l to1o] e3el 1132} 117} 92 18

ags| &/ | 1847|6131 1085| o o No | 1039] 1017| 1023 1270] 26 48 42

aso| 8112 | 1886|6134/ 1082] o| o| No | 1059| 1043} 10s0| 1169 23 -39  -32

a00| 8113 | 1026| 6137] 1125] 7| 10| Yes | 1198] 1190 e84 1121|7365 144

so2| s | 2010| 6141| 72| of of No | 1078] 1048| 1078 1178 108 76 108

207l ar20| 1012| 6140| 106.1] 5| 10| Yes | 1198] 1162 1048] 1137|437 104} -13

200l 822 | 1827|6152| 978 o| of Mo | 1035| 44| 1003 1168 57 34 25

603| 8/26| 1915|6155| 84.9) O Of No | 865 956| 111.9] 2.1 6.1

=153 2711l 616a[ 1033 O] O] No | 1049| 1025 1034 1146] 16  -08 0.1

s13| o5 | 2130/ 6167|1105 9| 10 Yes | 1108 1204 o76| 1183 93 99| 129

e17| aio | 1020| 6172] 847 of o No | 1088 10s8| 1007) 1144] 2441 201} 250

620 9112| 2014|6177 854] of ©Of No | 1077 107.0 223 216

eo7l oo | 2023\ e186| 105.4| 6| 10| ves | 1108 1175 58| 1238] 144 121) .06 182

eat| a23 | 2131] 6193} 1020] of | No | 1070 1040 1178 1282  sof 20| 158} 262

638| 9/30| 2121|6206 137

oxo| 12| 2014| 6210] es.4| of of No | 1002| eo| es2f 1115 138 116 72 257

cail 105 | 2101|e213| 67| 7| 10| Yes | 1108 1177] 1033 1109 231} 210] 67 142

easl1010| 214¢| 6227] 1220 of of No | 1064| 1103 1056 127.4) 158 L7y 164} 54

eaol1011| 2201| 6230|1100 4| 10} ves | 1198 1149] 1076] 1236 o8] 49 22 13.§J




Table 5. Statistical Summaries.

Gradient Propagation Analyses.

Number | Average | Standard Modeling
of Pressure Dev'n  |Error(RMS)
Cases (dB) (dB) (dB)
UPWIND 28 99.99 8.654 2.531
DOWNWIND 26 107.14 8.120 5.056
Prediction Error Comparisons
Upwind | Downwind Total
BLASTO JWR vs NSWC N=24 24 48
JWR 11.267 11.443 11.355
NSWC 9.666 9.718 9.692
BLASTO JWR vs UTAH N=28 25 53
JWR 11.347 14.168 12.756
UTAH 9.602 8.431 9.069
BLASTO JWR vs BOOM-TOO N=24 24 48
JWR 10.728 10.697 10.713
BOOM-TOO 18.939 18.775 18.860
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Statistical prediction errors from these four methods are compared in Table 5 from
listings in Tables 3 and 4. First, comparing JWR BLASTO predictions with those by NSWC,
NSWC predictions were slightly more accurate, by 21% in overpressure, in spite of their not
having been made from more detailed raob reports. It appears, from this particular sampling, that
weather and terrain details simply added confusion.

Comparing JWR BLASTO predictions with BOOM-TOO predictions demonstrated
results from intrinsic fallacies in BOOM-TOO modeling, as previously described and criticized
[11]. In an explosion experiment on Chesapeake Bay [12], measurements were used with an
unfortunate selection for an empirical fitting function that precluded any realistic response to
atmospheric enhancement of overpressures. This function was initially adopted in programming
BOOM-TOO into an early digital mini-calculator for field use [7]. Overall, BOOM-TOO errors
were 8.15 dB greater than BLASTO errors, which translates to a factor of 2.56 larger pressure
prediction error. ‘

The UTAH Model performed only a little better than BLASTO, which was surprising in
light of the apparently good correlation that provided its foundation. Deviations from the
assumed single gradient may obviously and strongly affect ray curvature, and thus the height and
distance of the actual diffusive source for further R? propagation. When prediction errors are
plotted against observed pressures in Figure 9, however, it clearly appears that low
overpressures are overpredicted and high pressures are underpredicted by both BLASTO and
UTAH.

Most remarkable and disturbing is that all errors, on average, are very nearly equal to the
observation deviation from the sample mean. In other words, by simply predicting the mean
value; UBAR = 99.99 Pa, for each of 28 upwind propagations, an error standard deviation of
only +8.65 dB resulted. This is 0.95 dB (12%) smaller than the UTAH model error. In 26
downwind cases, a larger UBAR = 107.14 dB obtained, as could be expected, although the error
standard deviation was smaller, +8.12 dB. That was 0.31 dB (4%) smaller than
comparable UTAH model errors.

Compared to Standard overpressure at 65 km, 118.5 db, it shows 18.5 dB average excess
attenuation for upwind propagation. About 1.3 dB of this may have been caused by atmospheric
turbulence and classical atmospheric attenuation (molecular relaxation) [13], which has been
ignored. It is not at all clear how this overall mean attenuation can be applied to generalized
predictions that require yield scaling and do not have an archive of measurements for reference.
Further data analyses may provide an appropriate value equivalent to the 6.5 ms™ velocity
decrease applied in UTAH predictions, but that is beyond the scope and capability of this report.

COMPARISON WITH BLASTO MODELING

Gradient propagation pressure-distance curves used in BLASTO and derived from
Project PROPA-GATOR results are shown in Figure 10, for 100-Ib TNT surface bursts, and
gradients of 5 and 10 ms’, as defined by the 154-m meteorological tower. UTAH calculations
were made for gradients of 2, 5, and 10 ms™ with the same dimensions, as shown by symbols on
this figure. Reasonable ball-park agreement is shown, and at comparable yield-scaled distances
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for both Norwegian tests and nuclear tests. Similarly, as shown by the dot-dash curve, the UBAR
average prediction also crosses the same neighborhood. '

UPWIND SOUND VELOCITY STRUCTURES

In hope of finding additional clues to explaining error scatter in Figure 6 and refining a
prediction model, east-directed sound velocities were graphed. Figure 11 shows ten cases with
observed pressures from 89.5 to 100.4 dB; velocities for each raob were individually shifted so

would become weaker with higher pressures (lessened upward refracted ray curvature), and this
appears roughly confirmed for most cases. Two exceptions, #3 and #7, showed the greatest
correlation point heights as well as the largest fitting errors. But there does not seem to be any
clear identifying characteristic to their vertical structure that separates them from the other cases.

Similarly, Figure 12 contains the other ten cases with higher observed overpressures,
from 101.2 to 114.8 dB. This subset holds more examples with higher altitudes of correlation
points, but the largest error magnitudes occurred with lower altitude points, in contrast to the
pattern in Figure 11. Furthermore, the effective gradients in the two highest pressure cases, #19
and #20, are nearly the same as for #10 in Figure 11, at 10 dB lower pressure. In summary, these
figures give no clear and obvious clues to correlation deviations.

The entire sequence of 20 upwind sound velocity structures is shown in Figure 13 with
heights marked on each for 6.5 ms™ velocity decreases. The largest under-predictions shown in
Tables 3 and 4, for #15, #17, #19, and #20, cluster in the lower right hand portion of the figure,
while the largest over-predictions, for #3 and #7, fall in the upper left portion, further reflecting
the conclusions from Figures 9 and 11. :

DOWNWIND SOUND VELOCITY STRUCTURES

Similarly, downwind sound velocities are shown in Figure 14 for 93.9 to 111.5 dB
pressures, and in Figure 15 for pressures from 111.6 to 120.5 dB. Heights where (Vi-Vz) =
6.5 ms™ are marked, along with prediction error for each case. The only obvious pattern is the
error trend with increasing overpressures that was displayed earlier in Figure 9. Detailed case
studies of terrain blocking and surface wind ducting effects, using airblast measurements made
on the shoreline and beyond the small ridgeline east of the shot area, may elucidate these
propagations.
sssddd

DISCUSSION

Six explosions in 1995 and two in 1996 were measured at 114.8 to 122.0 dB, as shown in
Tables 1 and 2, and close to the Standard explosion overpressure-distance curve. On 4/5/95 a
westerly wind duct extended to 100 m above the terrain, according to detailed Raob #5020 winds
and Figure 15, maintaining a near-Standard propagation. On 4/24/95 (Raob # 5032 in Figure 15)
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and 5/18/95 (Raob #5049 in Figure 15), low-level wind details were not provided, but there must
have been more than a shallow ground wind-friction duct at work, as occurred on 4/5/95. On
9/15/95 (Raob #5180, Figure 12) there was no indication, either at the surface or aloft, of
westerly winds to propagate the observed overpressure, but they must have occurred along the
true raypath but undetected by the raob balloon. It is quite likely that low-level wind circulations
over Great Salt Lake differed from those over shot-site terrain where the raob was released. On
10/2/95 (Raob #5209, Figure 15) )strong winds aloft showed several ducting layers up to 8 km
MSL. This should definitely have been a NO-SHOOT condition. On 10/10/95 (Raob #5219)
raob winds at 1500 m above ground came very close (by 0.1 m/s) to causing ducting so it can be
safely assumed that some slightly higher wind speeds were encountered along the limiting
raypath.

On 5/6/96 (Raob #6050, Figure 15), Standard propagation of 118.5 dB was observed
from a dog-leg sound velocity curve extending up to 4700 m MSL, but with only 0.1 ms™ excess
aloft to generate a focused ray path. The Utah model only underpredicted by 1.3 dBA, so there
was no strong focusing, Nevertheless, a small increase in the causal 38 knot wind at altitude
could have ducted much more airblast energy, and its occurrence at a few hundred meters higher
altitude could have moved the focused ground return to a greater distance toward Antelope
Island or Ogden. Review of two earlier raoh winds showed a slight speed reduction and southerly
directional shift was occurring during the count-down, causing an encouraging trend to the
velocity structure. But the go-ahead decision based on such small safety margins seems a bit
hair-triggered. '

On 10/10/96 (Raob #6227), sound velocity decreased very slowly with altitude, by only 3
ms™ at 3000 m MSL, then to 6.5 ms™ by 3500 m MSL. Apparently, some winds along the ray
path were stronger, causing this 50% overpressure amplification above Standard. There was,
however, no marked dog-leg structure to threaten focusing.

COMPARISON WITH PROPA-GATOR RESULTS

In Figure 10, of overpressure versus distance for 100-1b TNT surface bursts, one solid-
line shows Standard explosion propagation and two dashed lines that were fitted to PROPA-
GATOR measurements at 200, 500, 1000, 2000, and 5000 m, for surface to 152 m tower-top
decreases of -5 m/s and —10 m/s in sound velocity. These were calculated by the BLASTO
program. Values were then calculated from the Utah model for comparison, as shown by
symbols for -2, -5, and ~10 m/s. The Utah model shows consistently lower predictions, although
not many fell below PROPA-GATOR error scatter-bars, A dash-dot line connects the Utah data
upwind average 99.99 dB measurement to the Standard overpressure curve following R decay.

Also included in this figure are indicators of yield-scaled distances for Christmas Island
nuclear tests, Norwegian kilogram tests, and Utah data at 65 km. All fall in the same general ball
park of yield-scaled distances. :




CONCLUSIONS

It appears that explosion airblast propagation into acoustic shadow zones, hypothesized to
follow inverse-distance-squared overpressure decay from nuclear megaton and chemical
kilogram sources, also follows this decay from upwind measurements of Poseidon demolitions.

At this point it seems that the derived “Utah” model is superior to the PROPA-GATOR
empiricism as applied by the BLASTO program, in that it evades yield-scaling problems and
represents a much larger-scale experiment that should have allowed better measurement
precision. -

Using the Utah model for propagations downwind of low-altitude or surface winds also
gave smaller prediction errors than BLASTO, although Utah downwind errors were also smaller
than Utah upwind errors, for this particular sampling.

Standard deviations around the mean recorded overpressures, for 28 upwind and 26
downwind cases, were also smaller than UTAH prediction errors. But this would only provide
predictive utility when a large number of similar previous events had been monitored. '

On several occasions, shots were fired under marginal noise-propagation weather
conditions. On a couple occasions, firings were conducted under conditions which could easily
have caused focusing on the populated east side of Great Salt Lake.

RECOMMENDATIONS

Case studies of the effects of the small terrain barrier, east of the firing point, on short
range propagations to the lake shore could elucidate the surface downwind duct assumption, as it
confused prediction and several times managed to transmit relatively strong airblast waves across
Salt Lake.

The inverse-distance-squared model should be further explored to see it if also applies in
airblast shadows beyond other terrain barriers. Such study is scheduled for analyses of
Norwegian test data from series conducted in hilly terrain. It also should . be applied to
measurements collected at Vandenberg AFB, in 1981, in a sequel to PROPA-GATOR, to
determine the protection provided there by surrounding mountains.

The collection of Nevada nuclear test data contains many examples of gradient-
dominated propagation to long distances of 50 to 150 km. These tests were mostly fired at early
morning hours under strong desert night-time temperature inversions. But these inversion airblast
ducts were blocked by 300- to 500-m mountains that surrounded both Yucca and Frenchman
Flats. These data are in hand and could be analyzed against the Utah model.
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