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Detection of the large metcoroid/NHO flux using infrasound:
Recent detection of the November 21, 1995 Coloruada firohall

Douglus O. ReVoliv
Radnoy W. Whituker

Lam Alumax National Laborutory
P.O. Box 1663, MS F663, Loy Alamog, Now Mexico 87348

ABSTRACT

During the early moming of November 21, 1995, u firehall us bright us the full moon entored the utmospl
ver southeastern Colorado and subsequently produced audible sonle booin reports from Texus 10 Wyoming. The .
s dotected lovally by a socwrity vidoo camora which ahowed the reflection of the firehall ovent on the uand of
uck. The camora also recorded tree shadows cast by the light of the fireball, This recording includes the audio
(' a strong double hoom ag well. Subsequent investigation of the array near Los Alamos, Now Meadeo opermed b
on Alumow Nutional Laborstory as part of fix commitmient o the Comprehonsive Tost Bun Treaty aogotintionk,
wowed the presence of an infrusonic signal feom the proper direction al about the correct tie for this firehall,

The Los Alunos array is & four-element infrasonic aray in near continuous operation un the Labaratory
roperty. The nominat spacing between the array olements ls $> m in the Nort/South direction and B0 m in the
ast/West "roction. The hasic sensor i a Globe Universal Sclences Madel 100C microphune wlse renponve i
o abowt 0.1 to 200 Lz (which wo fllter at tho high frequency omd to be limited o 20 Ha), Bacl low fieguancy
ikcrophone 18 connected to a st of twolve porous hose wind nolso filtews in ordor 10 docrouss the signul/noiso rat
w signalx during strong winds.

The preliminary chuvacteristios of the signul Include the signal onset arrival time of 0939:20 LT (0219: X
157), with & maximum timing uncortalty of £ 2 minutos, the slgnal onset tmo dolay from the appearance of th
roball of 19 minutes, 20 seconds, the total signal duration of 2 minutea 10 seconds. the source focation toward
pgreey from e north, the horlzontal truce velocity of 429 m/sec, the signal velochy of 0.4 & 0.03 kiv/see, asw
400 ke hoelzovntal runge to the irebull, the dominant signad ltequency comtent of 0.25 w0 0.84 117 (uualyzed in ¢
equency (ntorval from .2 1o 2.0 1kz), the maximun slgnal ceosi-corralation of 0.97 awt the maximu signal
mplitude of 2,0 £ 0.1 microbara, Also, on the basis of the signal period at manimum amplingde, we oxtimute 8 «
nergy for thin event of hetween 10 0 100 tonx of ‘TNT (50,0 on nominal).

weywordst infranaund, Iolides, NBOK, longvange sound puopagation, Blast waves, mateor sounds
2ANUBOINICTION
Ll Contlnvmn Lluw, RegivecAuumapltic Lol ons

‘I'e tutdamental physics of atimosphierle ottry tor aon hagenung bolide cntry (at the stagnation potit)
eveloped i detwll in ReVello (1979 1993). ‘The key dimensionlese similurity purameter ure the Knudsen (newt
veun freo path/chmacterisiie oy dimension), Reyoolds deetilul/viscons forces), Mach Opeed of w taudy connpa
i adlabatic phase speed of acoustical waves), the Wagiier nimbees (o neans of extimating the optical thickace
s shock ahlation layer and measured by comparing the tluld Now distanee to the phton mean feee puth). Thes
lvo discussed tu Ceplecha et ub, (1996), For w suliiciently turge Reynolds aumber wnd o sinall Koideen amnber
neseqquently Teage Moch number), theee in un andog between o line e explosion amd e meteornid entry wall
curly constunt velocity whose ridits suerounding the trajecny in the prodiet of the Mach aumber tnwes tha diw
t the body, ‘This assimes fue (e supersonle and hypersonic tlow regimes that the wave deagt due 10 il seress
o endhd form o pressire diag m low Reyoolds ammbers fo contingmm Qows dominates wmu‘\h-wly e the s
Iution deag (dua 0 tungential stiosses), The blast wave tregueney al distances equal 10 sbout (0 blast wave 1l
Iven by:

L=,/ 280 R e/ 280 (Ma-d ) .
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R = ( E,/(x ;;,))M =Ma-d_ (2)

vhere

7 = Source energy deposited per unit longth of irail
p, = Ambient prewsure at the instantancous source elevation

Al preater range the wivo period {I /L) incrvanes due 10 nonlinenr gtreiching into an assumed unlionn
lensity medium in the munner (ReVolle, 1976):

Twu.562: ta.\"’"’" (}a)

T, =1/ f(x) (ah)

Similurly an equation can also be devoloped for the ratio of the weak shock amplitude to the wave perind of
n expunding symnrewle N wave (egual positive and negmtive plinscs) ax also shown in ReVelle (1476);

Ap/t=0.185-p ¢/ R (Jo)

Bquwlons (3a) urxd (W) were utilized {n the development of equation (7) below which was used ©
ubscquently estimate the bolido source anorgy ussuming « line sourca explimion in tho attiosplicee,

vhere
dp = waplitude of e weak shock wave (2000 o penk)

o= (nn)”

. weiled distance from the soueee = R/Ro
R« (olal distance (rom the source

oL Source Gtfislengy

RoVelle (19805 1987 1994) hav investguted the Tiveball ensrgetices, wnd ReVelle amd Whiaker (1998) hiiyve
ecenily analyzed te Gireball weountle efticlency slmilne o e nune well-hown luminous elliclency in common uw
n nwleor physies (Ceplocha ¢t al, 1990) Using (hele approach tor this Hraball, we tid an associated acoustiv
(fidlency rungo of from 0,58 0,63 %, For this estimate we used a ground retlection (agtor of U.90 as used previousty amd
ol sunt range of 400 kan, as well ay skhip distngees uguinst the prevalling winterume gulding wind ot 30 ki ot 200
0 0 At renpectively

Labs Audihle Soundy. and dntrasouad fwm Mofldes

ReVelle (1998) ieeendy sutmiatized the histordeatl database of dnfiasoiie eecordiags Lo bight tieebally i
dddition, dhscunsdons of the possibilities of audible taparts of sounds from bright firebally und their iming relative to the
Pajeciiry, ew., were redently sunmarized in Ceplecha et ul (19960), There e basicilly thee types of pocaible soamds
hat have been sepotted. 1) a slogle o nnddple bosin wolving typeally severad nbnutes alter we sighting of the tadlde
traveling at near normal acoustic speeds allee an appropiiate toe delay bawed on tofal distanee tram e ndide amnd
it U temperature and vertieal wind steucture atotty, 2y single oF nluple swishing or cHebang noies comardent with
lue beadidbe mppenennce (oaveling whtle appacently ot debiy compatesd e ol deonste siganly) wnd 4
vidzzing mand “thud” ype somdy assctated with the appasent impact of the neorites on the gronnd amd ity vatiogs
uttued feaiees and tor which the may e an asvk dated selsinie signal av well,

ReVelle, puge 20t 12



Thoere is wt least ono other recent recording that desceves mention, On November 17, 1995 at 23:59:30 UT in
Andalucia Pruvince in Spain, where video camerus with audible acousticy capability woro used by Hans Betlem al the
Jutch Meteor Saciety (DMS) {n cooperation with the Spunish Moteor Soclety (SOMYCE) 10 record bath the
woustical aighals from this bright Groball (Qurdag (e Leonid and the a-Moncendid mom shower obseeving
‘nmpalgn) trom two locations:  Zafaraya (Marc do Lignie, 1995) aund Almedinilla (L, Dotiem, 1995), Spals (the two
imall villages are about 30 km apart). The multlple booms from this ovent were hoard at cach of thewe swtioas shout 4
winutes ufer the uppearance of the fireball, Optical signaln wore uvailable tfrom three stations ia the speciul Duwh
waerving network that hid beon st up during tho Toonkis, Tt was also phatographed by the Hurepean Fireball Netwok
Spurny und Barovicka, [995), With a stollar magnitede of -10 (at 100 km alitude In the zanith), 1t s the brightest
oject ever photographed by the DMS. The twy sonic boom recardings are very impressive and were made ol muximum
otal tanges of sbowt 100-200 km respectively, Work is continving using these recordings (0 uncover more detalls whout
his very bright ficoball entry, capecially alnee detalled photographie Information ylelding detalls on mass, velocity,
rajeotory, urhit, oto,, is also avallable for this cvent.

' L] : -5 -,

LL Awdible Recorling

A securlty oamern thit captured the image of the detonating freball on thwe ood of o truek alsa caplared the
Koustic signals that urrived with about u Y /2 minuta delay from one of the wajor explosions that were dentified on
lie video recording. Although direction cun nit be detetmingd from a single acoustic clunnel, the relative amplitude
a b determined, This work lins been undertaken by Mr. Dan Neafus a technleian at tlee Denver Museam of Natural
Mistory with the (ull support s craeouragemcnt of Me, tuck Murphy, Dicector of the museum,

V2 tutl . .

Arrays operaied by Los Alaunss Nutionul Laborateny inclke St Goorge, Utaly, the Nevada Test Slie (NTS),
ind Lo Alminos, Now Moxico, Standard computer searches wore mide using the infrasound data trom all those sites,
wt signals were only readily discerniblo at the Los Alamos array. ‘The St, Gcorge array was hnctly inoperable during
iy genernl perdod, but signuty could te dutevied at NTS, b were s omerved, Gilven propagation agulost i wind
AU dene of yeur) fov dwe SO ki duct, In retroapect, I in ool sueprisiag that u signad frot such o siall soirce was
it reconded at NI,

These urruyd aro ull in the shape of rectungles of nontinal total size of 112 m and 172 m between sensors (30
wul KO i between the center of the ueray und euch sensor in the N.§ und B W directkons). The basie senvrs are Globe
Universal Sclemces Model 1O (now Clisparral Physlcs, Albaquengpme, New Mealea) whawe somibnal iesponse s from
0 Ha to 0.1 Uz ln acountlc amphitude, With « full seale deflection of #/+ 10V combiacd with a calibiation consam of
ibout 0.2 Vimscrobar (1 microbar « U.1 F'ascals), we can relubly record signuly whose aniptitude in botween about Q.01
nicrobars to 8O microbars (poak 10 peak) over the above frequency tange, All the ressure sensors e Hent preceded by
lsgetetilng, (ueous-sonker mines whone nopestion hinve been reviously doumrented (Whitaher et al, 19923 This
i i peimunly due o windswdveeted turtmlence although at times elthee natiural slgnals of targe amplinmte (such ax
nicrobaronis, ¢td.) ur interthittent wgnals due to MaNmNde fOUCey ¢an dlso interfere with the vighal dutection provess,

i SIGNAL ANALYSLS
Ll tha fon, Alauws Inteieoide $ogiui

Low Alamox bogan wark on the infrasound f1ony umdergroumd (watn of auelear egpbosions in the canly 19RO
This wenk continued until 199 with (e stint of e U8 aporatedisin on adsavesgoond testing, lo 19494 4 wew laltidive
clatud o the program of Infrasoumd moniaing egan within e guliebines of the proposed CTIVE (Cotmgiebensise
Fent Ban ‘Trewty), Some ot the succens of the carly work in detatied in Muschbleener ¢t ul (1990) and in Whituker et
o, (LU 1 1994), The curtent watk (ncludes hoth monitorng as well nn theonetiveal work o intowound (opagintion liom
apledans whose energy caceed abwimt | AT (0 J RS 1OID) 1) Subects dnder consideiatii ate: Hvpectad falw
e e dug (0 natral aid inanmadie soteees olbee it explinions (ReVetle, 19980, propagation of Lumb waves
ReVelle, 1996), vigaal prowessing techniques for gvent detection umd diserinination, avmael made calealattons ol
fetnibad expactations as u metion of puvge und of stmesplinic airactaal aransiens dempesatine, wisls, eie ) asing
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nodifications of the Pierce-Poscy-Kinney normal-mode codo (Whitaker et. al., 1994), ruy Wracings with and against the
vind as a function of launch angle and atmospheric structure, alc.. ln wddition, we huve also undertaken studles, with
ho collaboration of Dy, Jack Reed,, of the historical microbarogruph dutu available from Sundia National luboratory.
Pho rescarch on this extensive database has allowed us W0 frmulide & number of important new results, These Include
he iufluence of strastopause winds on the ducting of the acoustic signal amplitudes, the ciieclive signal velocity of
ar-sur{aco sourves as a function of scason and of duct height, etc.

L2..Signal Analysis Teohnigues and Rosults
L2,L. Crosa Corrolution and Boam Stocring

Weo uso an optimired stoered array processor (0 analyze the arriving signals (ussumed to be locally plane
wopagating waves across our wrray) using u 60 s Hunning window to reduce nlissing effects. The beam Is stoered in the
downess plane (21 by 21 pulnte) W search for the muximum eroms-corrolation of powsible wermtio ings from all sensors
n tho array. Yor Law Alamog, the array is In the shape of o square with a disunce of 106 m hetweon cach somior and
he conter puint of the array across a noarly fevel ground plane with maximumy verticul changes of shout £ 2 m ((tal
wray siz0 of 212 m by 212 m) . The lobe structure of the array in a tunction of frequency thut can be uked (o catimate
ha detoctalility of & specifiod source signal, Once the roglon of largest cross-correlation has been identificd, the
rarloua propertios of the assumcd planc wave sigoal van be uxcortuined roliably. These lnclude the trace velucity. the
1zimuth and elevation angle of the amiving wave, the amplitude of tho signal within a spocialized pass baad. ofc.
Chese are all summarized in Tahle 1 helow tor the Lon Alumos Array detection (over the frequoncy band trom 0.2 10 20
Hz), uxing standardized discrete fant Fourder ttansform signal analysis techniyues,

TABLY |

November 21, 1995 Colovado Qreball:
Infrunound detection proportien deduced at Laos Aluniow

V
093120 UT (021391280 MST) + 2 minies ‘
1 mimiden w,e.l, the T 11 value
1
from True No
4 : necord
0,293 +/= 0,03 ke, asvuming u horinontul
s of 378 L b
Na
0.9?
0 + 0.1 microbars

We have reproducedt the iadividual chunnel plota of each of the four sensors (pressure amplliude versus time,
with nnplitude lndicated in voltuge unity) for this event detection at Lo Alaos (n Flgare 1 On the bavly of
sxsininutlon of these plivy and on the deduced carliest arrivals of possible vignul velocity values, we van conclude that
lamb waves were st prosent (rom this event or are vety weak in amplitude. Lrovicusly. we have détertined that a
ypical Lumb wave signal arrival upeed in this period regline 10 be about 0.0 kimviiee, wherenr the imaximum
sniplitude algnat for s event s a nominal actval spesd of only .80 ke, Using s cocont wink of ReVell
"1990) on Lutnh wave gencration by airhorae explovions, we cun also limidl the magaitude of this event. In this way we
wave found that the Lamb wave period must be > 130 seconds at a suurce altitude of 48 ki for Lamb waves to be the
foaderant wignal at the obwerved tange. This estimate is haved on the fact that o point souree dn un ivihennal,
windlens atmosphicre) at 45 ke altitado should havo produced o large smplinedo Lamb wave at u period of 130 séconds
W a distance of 2% of aboul 407 ki from the source. Sakd another way, tor a 48 kin source altitinde at the obseeved
aave period at maximum amplitude, & dominant Lumb wave areival in ool expectod OxveM AL St Uy 1ahges,
anparibibe o and > tho emeth's clicumferenee, The predictsd lomg pendind Tambe wive can nol e aeidily obwerved with
wit curtent lowsfrequency mlcrophone wray anfortunately amd v the abwse pradietion can mon twe essliused o o
‘calistic manner. Lumb wave propectios computed including Ruyteh friction paramaterized vViswous etlovts (WOEK
ranrendly In grogress) will aot signitleantly change twe sbove results 8t a period of 130 gecomis, Although we can il
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1.0S ALAMOS D325/95 ARRAY
DAY 325 19056 084030

CHARNNEL 1}

SIGNAL (VOLTS)

TrTTTRITVEYY

eaddaad il iila diboaddli

b ") 1.0 0.0 3.8 49.0 5¢.e 00.2
TiIME (SEC)

Tilgure 1. Channel plotx of amplitude versus tinig tor cagh of the four pressure sensors at peah conelation (or (e
Colorado firghall detection

tule out an encrgetic event with auch a long period, hased on lour independent eathimates of surce energy descrilud
luter, we can say that it is unlikoly that this evont was > 0.2 kt,

Wo have also ploited the computed trace velocity, azimuth anglo of the direction of the wave urival, and the
concddutlon coeflicient for thix event und diese wie given in Pigoe 2,

4.2.3, Sourve eneryetics:. Paciod at ouanun, wmplitvde ud othes relationy fur cululution of, source etery

At prosonted in ReVelle (1995), the petiod at maximum amplitude of the signal can be used to infer tiwe vield
of un exphindinr An indliciied in logwdtbnic fran below the yleld of my exphnion can I seluted to the olnerved petiod
at manimam signul amplitude to abeut the fourth powee, contrary (o the thind power s caprected from the siple new -
ficld binst wave scaling taw result. Using the squations listed in KeVelle (1995), we can estimate (he cnergy of thiy

event (0 b between 10:100 wne of TNT (33,0 vy somionly. Ty was dode using a peciod st macdmum moplitude of
0.8 117 (2 secondn period) fin the Colormde flrebial! dgonl. The iolathon used mny e wiliten as,

log (I, / 2) = 44 - tog (P) = 2.58: 1, < 100 ke (41

whete

P = wave perlod ot maxinuim signal amplitude '
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LOS ALAMOS ARRAY (PC)
20 SAMPLES/SEC 0.20 TO 1.99 HZ NORM
20 SEC WINDOW CHANNELS 1| 2 3 4
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TIME (UT)

Higure 2. Azimuth arrival angle of the waves, Trkw volacily, and the correlaton coetlicient versus time v the
Colorado (ireball detection.

Alsa, using thice methods utitized recently In Baawn ot al. (19960), we cia omke udditional evtlmates of the
source cnergy for thix flreball as woll, These methods cun be beletly sutnnualoed s

i) Limgsricul upprowch
i Acountic afficloncy approwmh
Hi) Line source approach

The relevamt equntions wg:

E w1 dS-0( 2)apiat gy 00y g (%)
)

E, .-:um([-.“/.?u}k ‘A - J:"'An;’ ',/(D«‘,)dl. (6)

Lo=115n pMR' {A’{.- » / ‘/p;"p"'}‘ AL (N
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whero

Vso = magnitwde of the guiding ozonospheric winds (near 30 km in altitude) in m/sec
€uc = acoustic offliciency (ReVelle and Whitaker, 1996)

A = propagation correction factor due o ground reflection effects, etc.

ey = weoustic impedance at the obsarvation location

td = jotal signal duration

fm = meteoroid hulk density

v = metooroid velocity in the atmosphere

rg = surfaco mtmospheric presaure

Pz s ainwsphoric pressure at the altitude of the source

Computations using tho abave equations give the following reaults using the nominal obaerved parameten
indicated carlier, with additional valuos indicated in parcntheses afler vach source energy ostimute:

i) 6:100=2) o 0,197 kit (Vs = 0 {0 -20 nv/xee)

) SB410(-3) w0 0.1 KA = 170 10 O (o propagation corrections), Ege = 001, p = 1,225, ¢ = W0
m/soc)

i) 6.9 10-4) kt (24 = §5 km, Hp = 7.0 ki, gy = LOLI2S-UKS) Pa, V = 1.2 ha/see, €5 = MO mfsce,
pm = 3.5:10(3) hy/nd)

whaero

= sourge altivude

7y
Hp = pressure scale helght
o = gurface atmospheric pressure

Tlhese sonrce encrgy viilues cun o compured with the curlier estimite of S.3:100:2) ke niwde aving the period
al munimum signal amplitude (see cquation (4)), Thus, o four coergy cdimatos range frimm 6.9 1K-4) kt o 0,197 ki
tor this event, depending on the methad utilized. Lguutdon (7) requires the largest amount of infonnution o e known
atout the ovent. Equution (6) requires information in detiil ahout the propagation umnd equatton (6) assumes a nour-
surfsee souree. Bquation (4) Is totally empirical, but is hased on o large nuimber of olmervations of explosion evenis,

tiquation (7) was derlved from cquations (3a) and (3¢) glven carliei, Tn comblnation with (7) we can also
make & sell-consistent prediction of the corrcsponding wave perlod using (Ja). For the conditions given in i) ubove we
e that Ty = 0.63 seconds as compared to the ebserved porlad at the maximun signal amplitude of 2 seconds.
Considering all thwe uncertaintios, the overatl solf .conslstont agrecaient Is gqulto gond..

Krom the infrasonic data wo have aleo computed the signal power por channol und the predominant peak
frequency foe this detection versus thine Iy shown in Bigwe 3,

4.2.) Aucillay Iotutnutivg
4250 Seeucily canwra tape (viieo and uudi)

A security canwra (Panaroaic Model no. PV4314) at u private residence in Colorado Springs was detenined
10 hve cuptured the event in question. The reflection of the firebnll luttinous tajectny wis seen o the il of o
L9RR Cheveoket plekp ek parked In tho dedvoway of the wesddence i southicast Coloembo Springs, This canveta had
furth standunt sinible und wudible reeording capabllities, Clw comblined audio and video (ape s available trom Me, titeg
Boyve, Nows director of KOAA TV in Colurado Springs-Pueblo, Colorade, Untortuaaely with only a single sensw no
acoustical thwgulation of dwe weekving sigasdy v posaible, gt some lmbted maphiaale amd source altiade diing
analyrin (e below) is ponsihle usling the avalluble instrumental bandpans information. Thia can e used o estimate
the source energy tn well wlthough o in a0t ocady we rellable as the intrasonie techniques digctissed entlier above that
bave bevn thotoughly documented for nunwivus low ulthude esplosivns,
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LOS ALAMOS ARRAY (PC)
20 SAMPLES/SEC 0.20 TO 1.99 HZ NORM
20 SEC WINDOW CHANNELS 1 2 3 4

POWER PER CHANNEL
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Figura 3. Power per chuanol and I’cak Frequency versus o for Uw Infrasonic Dueteetion of the Novembor 21, 1995
Colorado Firchall. The flreball event occurs hetween about (VY and Uv42 UL,

4.2,1.2. Trujectiry Anulysly

Indopendent trajectory annlyses has been performed by two (o iduals, namely, M, ILE, "Hud” Vaa Cleet e,
u retired Aie Norce Bngineer and by Mr, Frank Sunders o Phveicist and flecirical Englacer who worky tor the U.S.
Departaient of Commerce in Houlder (lnsuute for Telecommunicuion Sclences) atd wiv 14 also u volumaer for the
Denver Museum of Naturul History (vee also below), Thene independent anidyses (Van Cleol, 1995; Sanders, 198%6)
were duse usiug the fiscbatl Jata avallable from the Lrlel video recording made In Colorado Speluge using the securlty
vameru results imentlonad shove. ln addition, the unalysis by Sanders utilized the reports of four ground obsorvers u
well i the dming of the aeountic (dio) signals wt die ground. The wcoustie noalysis omly wilized stundand
almoaphere wmperature data (which were converted to souiul spoed data), but net the effects of middle atimosphede
lhoricootal winds uniostunately. Both analyses indicate that the firshatl trajectoty wus oreted from Southwest to the
Nottheust (about 118 deg, from teue Noth) and the trajectory descent entry angle was detennined o be about 11
degrecy (measared downward frinn the hocdzontul), The polat of orlgin was foumd (rom e vides reconding 0 be abwt
A9 deg N, 106 W at an altitude of about 88 k. The total ground track length was culeutated to b about & 1) bm,
Using the (otid tiawe and grormd puth distance o the ieteotold velinily was ¢uleulated (0 e flom 36-60 havsee | vsing
two ditferenmt methods. Yarlier however, Mr Juck Murphy bud estitinted a speed of 20 mileviee (41 8 kim/sed) ton this
event, However, these are beah axtremely large values for such nighn Gargo) tirchalis, Pases on tesults frons (e UES.
Prafvie Netwik operated by tha Sinlthsonlan fnstitation trom 19041974, uverage entry speeds of tedght fieebativ are all
2 41 kaveed, with typical moeteonw entry values being < 1930 knvsee. 1t the (wo values estimated ubove ate even
Chosg (o bebng coreer, the TiReRuwnd of meteortes cemching dw g (o s event is very s dow o the geeat
ublation oagected at such high velochies (ReVelle, 1979
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Using the various assumplions regarding the acoustic propagation path (with winds not having been
incorporated) , the altitude of tho major explasion burst height was detormined (o be abowt 55 km above Colorado
Springs, Colorado (This is also fortuitously the height of the first appearance of the fircball in thw sky as well), This can
be compared (o the eud point height which was determined 10 be ahout 27 km (above mean sea level) or 25 km ahove
moan ground level) for the termination of the visible flight path of the firchall,

233 .8 -

Through communications with Dr. Rdward Tuglisferri of BT, Space Systems, lac. (Los Angoles, Ca.), we have
been able to determine that this Gireholl was also detecied by U.S, DOD saellite systiems operuting in the infrured (IR)
pact of ths clectromagnetic spectrum, These data allow us 10 further constrain the position/teajectory of the (iceball, but
untortunately do not allow us to determine either the velocity or any orbiwal information for this particular cvent. The
results of the IR analysis ure indicated in the table bolow.

TADLE 11,

Summary of US DOD Intiared detection of the
November 21, 1995 Colorado firehall

Key Parameters Velies

Daie November 21, (Y95
Mime 09:18 UT

Latitude 386 deg N

Longitude 104.6 deg W

Altitude 48 km

Similar scarches in the visible part of the electromugnetic spectrum were perfunmed by Mr. Richard Spulding
ol Swindis National Labworatory, tan these were oot successful due presumably o the very low ligln intensity level for
this rclatively sinall cveut (by wuellite light lovel standards).

4.2.).4 Airhorne Purticle Collection Systems

Recently, the anthors have also become awire that airborie purticulate sanpling of the meteoroid debrs cloud
muy als have inudvertently occurted (personal communication with M, Zolensky, NASA-ISC, 1996). Originally this
dobtis cloud wus assumic to be of volcanie orlgin since this i u quite comuwm occurtonce. This Is @ very lngentunt new

development since we huve hadd to assume a bulk density und compaosition for the body in order 1 use equation (/)
ahove, Hopefully we will have more useful data on the bolide compmition which will be rapidly fortheonung.

4.2 4 Alrborne Particle Collectiug Systeins

Recently, the authors have also become aware that ailborne particulate sampling ot the mctcorold detuls cloud
tnay ulsy huve inadvortently occurred (ponional comimunication with M. Zolensky, NASA.JSC, 1990). Originally thix
detwds chomd wus assume (o e of vileanic origin since this v a quite common oaccumrence. This s a very itogortin sew

developmaent since we have had to assutie & bulk deasity and composition for the body Iy onder W uve equathon (7)
ahava, Hopefully wo will have more usetul data on the bolide cotiposition which will be rapidly fortheoming,

< l!l“”!l.‘ﬂmshul.‘ 'l:"h IKH "ul
). Encryy. Constraings

On the hasin of the voary Hemlted sateltite duti and the single anay stution infrasound deteetion, we estimate
that the energy rolcase trom the bolide did not exeeed G.1 kt. but cuuld have been as low as only about 0.004 k.,

.2, Larcuthon Cunatiainty
On the basis ol the discrete deteetion algonthng used, we extiinale a direction (o the bolide teotn Los Alainos

of M deprees teom tue North, with an associated uneetiainty of 1 degree. This estutiste confitins twe headig of the
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trajcctory determined from the trajectory analysis of the video camera records in Colorado Springs deterinined by two
independent analyses. Had we beon able to dotect the event at cither SL George, Utah or at the Novada Test Site, we
could have found a location ellipte withia which the signal was emanated. Due (0 the counter-wind situation for Loy
Alam with respect to Southeastern Colorado (where we anticipute shurply reduced umplitudos compared to the down.
wind case), we were very fortunate for such a snwll cvent (0 be so easily detected, and this poiats out the real power of
the acousticd methed as a toal for detecting brigiu fireballs as discussed in ReVelle (1995a) and in ReVelle and
Whitaker ( 1995).

In Figure 4. below we indicate the deduced infrusonic bering (azimuth) with respect 10 the observed
rajectory oblained by Sanders (1996). Note that the waves emanated nearly perpendicular (0 the deduced shiullew
trajectory which is consistent with the source geometry considered in ReVelle (1976), For such shallow trujectoties
ReVelle (1976) deter.ained that it was far more likoly that ray paths could bo found that would reach observers or
detection instruments on the ground,

Flgure 4, A mup of the region in which the firchall enwred the Eurth's atmosphere und the correspanding infrusonic
szlmuth computed assuming u plane wave acrogs e Low Alanwy, New Mesico aeray,

S, Additional Work in Pugreas

Additionul studies of the probuble ey puthy for the deduced geametry of dhis Tirehall (o the basis of
constralnts provided by the trajecuny analyses, the intrusound recording und using other duta) will soon be undertaken,
Tieve will he used 10 expmine e probuble eny poth dacting between the source il the locwtion of the video dewcun
In Colorado Springs as well as the Infrasonle detection in Los Alanws, The combined detection at two sites will
heavily conntrain the posaible ucoustie puths. Alvo, o detailed vornal mode caleulation will ulso be pesformed toe tas
case assuntdng o runge of 350 km in altitude Jor the elevation of the sourve. Uaing the code onginutly developed by
A D). Pleres ad co-warkers we will inguie renblstic emperature and wind protiles fom the gromd (o 150 kinin onke w
compule the wave umplitede and period ax a function of range from an axautned elevated point source o a wnpe-
Independent environmant, Cor dwe eapected counter wind stuution for this time of the year with respect to propagation
from Southeast Color o (0 Los Alarios, N M., we expect to contitm o decrense in observed amphitinde for w sonee
encrgy n tho range ‘com oughly 10 10 100 tong CENT equivalentd, ax compared to e et (nential) wind case
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An infmatonic detection was made at an array of pressure sensors operated by the Los Alamos National
Laboratory in Los Alamos, New Mexico, The properties of the lireball ussociuted with this detection is consistent with
thase detcrmined independently in Colorade Springs, Colorado and the surrounding vicinily which indicated x shallow
trajectory from NW to SE (about 115 degrees from true: North). It is also consistent with US DOD intrared satellite
vhservations which fortuitously covered the region of interost at the timo of the bofide as well.

From the fireball’s infrosound we can infor 4 most prohable source energy of from (0 to 100 T (TNT
equivalent) for a sea level source. Since the source altitude was 30-50 km ubove the ground, this may be an

overcstitate of the real source energy for the bolide. Future work with ray wacing, normal madel analysis and other
procedures may help to further resolve the present uncertaintios.

This work was supported by the U.S. Depanment of Energy.
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