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Detection of the large metcorold/NHO flux using Infrasound:
Recent detection ol the November 21, 1995 Colorada firohall

Douglus O, ReVolle
Radnoy W. Whitker

Tam Alumin Natlonal Lubwirmory
P.O. Box 1663, MS F6GS, Los Alamok, Now Mexlea 87545

ABSTRACT

During the early moming of November 21, 1995, u firehall us beight us the full moon entored the utmivepl
ver southeastern Colorado amt subsequenttly produced audible sonle Dooin reports from Texus 1 Wynming. The .
uis dotected lovally by a socurity vidoo camora which showed the reflocticn of the firchall ovent an the luand uf
uck, The camera also recordod treo shadows cast by the light of the firoball. This recording Includes the audio
{ n strong double boom as well. Subsequent invertigulon of the array near Lok Alarus, Now Mendca opersted b
on Almition Nutionul Taborstiiry as part of lix commiltment to the Camprebunslve Tont Bun Treaty aogutlutionk,
wwed the presence of an Infrasonk: signal feom the proper direction al about the correct tie for this firehall.

The Los Alunos array is & four-element (nfrasonic aray in near continuous operation un the Laboratury
roperty. The nominal spacing between the array olements ls $> m |n the Nort/South directlon and B0 m in (he
ast/West ¢'roctlon. The hasle sensor I8 n Globe Unlversal Sclences Madel 1000 microplune wlhose response bi
win abowt 0.1 (0 300 iz (which wo [Hhor st the high frequency omd 10 Ba llinhied w 20 Ha)., Sach low fregquoney
tkcrophone is connected 10 a 56t of (wolve porous hose wind nolso filics In ordor 10 docrcuse the signul/nolso rut
w signalx during strong winds.

The prellimluary chuoacteristios of the slgnut Include 1he signal onset arrlval thine ol 0939:20 LT (020X
157), with & muaxlmum timing uncortality of £ 2 mimitos, the slgnnl onser thinw delay fram the appeacance of th
roball of 19 minutes, 20 seconds, the total signal duration of 2 minutea 10 soconds. the vource Tocation tiward
prees (rom (rue math, the wrizontal ttuce veloclty of 429 nvsee, the signal veluchy ol 0,30 £ 0.0) kin/see, uxs
400 ki hoelzontal runge to the Rreball, the domlnant slgnad fiequency content of .25 w 0.84 1z (unalyzed In o
equency Intorval from 0.2 1 2.0 182), the maximum algnal crosi-corralatlon ar 097 mut the maximm slgnal
mpllude of 2.0 £ 0.1 microbara. Als, on the basls of the signal period at maxlmum amplingde, we estimute 8 «
nergy (e thin event of between 10w 100 tax of 'TNT (33,0 tons nomlnal).

weywordst Inlrasound, Ialldes, NUOs, long runge siond propigation, llust waves, awteo soumis
2ANUBOINICTION
Ll Contlnvmn Lluw, RegivecAuumapltie Lol ons

1he tuklanental pliysles of atmosphierle ontry for aon tagiaentmg bolide entey (at the stagnatian pont)

eveloped In iletwll in ReVello 11979: 1993). ‘The key dimenslinleye similurity purametein me the Knuwdven (e
reun fico puth/chmacterlaie oy dinnskon), Reynolds tivertlul/viscons fuices), Mach iapeed of w Inuly coitpa
1 allubiatic phase spead of scoustical waves), the hngaer numbers (o awans al extiating the optienl thickaer
s shock ahlatlon layer and imeasurad by comparing the Uuld tlaw distance 16 the phatn mean fiee puth). These
Ivy discussed ta Ceplecha et wl. (1996), For w sufticlently luege Reynolds manber wnd o auall Kondeen smnnber
sosegquently loge Mach i), theee in sl between o line sunee eqplasion and o ieteornid entry wal
cuely constunt veloclty whose eillng suerounillng tha tragectary (e the peodieet nt e Mach nnmber s i dia
1 the body. 'Ihis assmnes tor (e supersonic and ypersonle tlow reghnes that the wave diag due 1o maemul sres
o ctled foven i pressne diag ot faw Reymahis anmbers o conthasmn Opw s dmmnmages vmu‘tlvluly e the Wb
fotlon ileayg (dua o tangentlal atrossest. The hlast wave lequency at distaiees equal i about O Bast wave 1wl
tven hy:

L=/ 280 R e/ 281 (Ma-d,) .

ReVelle, pupe Lo 12



R = ( E /[ ;3,))“'5 =Ma-d_ (2)

vhere
L'.'" u Source encryy deposiied per unh longth af iralt

p, = Anbleat pressure w1 the instantaneous soucce olevition

At preater range the wave period {l / L) incrviaes due 10 nonllncar stretching lat an ssumed unltonn
lensity medium in the munner (ReVetle, 1976):

Tl 562 ta.\"'"’" (3a)

T, =1/ f(x) (3h)

Similurly an equation can also be devoloped for the ratlo of the weak shock awplitude to the wave perlid of
n exprunling symmetcle N wave (egual posiilve und nogmtive plinses) ax also shown lo ReVelle (1976):

Ap/t=0.185-p°c/R (i

Rquluns (3a) uxd (W) were utlilzed In the duvrlurmcm of equatlun (7) felow whilels wae used o
tlisequently esthunte the bolldo source onergy assutning a llne source exphimion in tho ationplue.

vhero
dp = woplingde of the weak uhock wave (2e0a 10 peak)

oy
o (nn)
vow senled listanee Cann the soprer = R/Ro
R« tolal distance trom the source

WLloSouree Gilictengy

RoVelle (19%0; 19R7; 1998) has Invesalgmted 1w Tiveball ereegeacs, omt ReVelle and Whituker (1998) hpve
ecently analyzed the Geball meountle efficlency shiniline teo the nune well-himiwa hanianus efticleny i conomon ow
o mwteor physles (Ceplochia et al, 190, Using thelr approacit tor this Hruball, we tlnd an associated weoustie
(fidlency rungo of from 0,98 0,63 %, For 1hls estimate we 1ned a ground retlection fagior of U.90 as used previousiv aml
tnl slaot range of 400 kan, ay well ay wkip distnnces aguinst the prevalling whnenoe gulding wh ot 30 kol S0
w 400 ki, renpectively

b Audihle Soundy.and Snltasound foom Melides

ReVelle (1998 tecently sutmmaisd the historleal database of Infedasatile recordlags ot bighi acbally  In
hdition, diseunstons ol the possibtlities nt andible 1epartn uf sounds fran bright ilrebally und thetr tming relative o the
rjectiny, ete,, were recently sinmarized o Ceplecha et Wl (1996), There e basically thee typws of possible avimils
hat ltave been sepuated. 1) a single o maltlple Dot wiving typically severnl mintes atied the aghiting of the fadble
traveltag st newt iwnaal acovstic speeds abler an appopoiaste tine delay based on total distonee Qo the Indlde and
it U temipuerature and vertical wind steucture alafty, 2) siagle e mohitple swishing or clebing noes catnetlent with
e bodute appwenance uaveltng wlth appaaently we il deing comspaeet e tle anmpl acimate signata) ael t
iz 2t wind thind™ type sommdy assrcluted with the apganent anpact ot e nweteorines on the gronad sl s s lous
uttued teatnek und B Which there ay e an aewi tated wismte sianal oe well,
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2.2, Oiber Recont. Acoustic Deiggiions of Finbally

Thoere Is wt least one othor rocent recording that desorvos ingntlon, On November 17, 1995 at 23:59:30 UT in
\ndalucia Pruvince in Spaln, where video camerug with uudible acoustices capabllity woro used by tlans Betlem af the
Jutch Meteor Saciety (DMS) In cooperatlon with the Spunish Moteor Soclety (SOMYCE) 10 record bath the
woustical algnals Trom this bright Gireball (diwing e Leonid and the a-Monacerothd mcwor shower observing
'ampalgn) trom (wo locations: Zafaraya (Marc do Lignie, 1995) aund Almedinilla (1l Betiem, 1995), Spaln (the two
mall villages are about 80 km apart). The multlple booms from this event were heard at cach ol these stioas ahoul 4
ulnutes ufier the appearance of the fireball. Ontical signaln wore uvailable from thrce statlons In the speclul Duich
waerving network that hid beon st up during tho Lokl Tt was also phatographad by the Hurepean Fireball Netwouk
Spurny und Barovicka, 1995). With a stoltar magnaltudo of <10 (at 100 km altliude in the zanlth), I 18 the belghiest
oject ever photographed by the DMS. The (wy sonic boom recardinga are very Impressive and were mads ol muximum
otal ranges of sbowt 100-200 km respeciively. Work is continulng usiog these recordlngs (0 uncaver (ore detalis abaout
his very bright firoball entry. capeclally alnce detallod photographic lnfomtation yleldlng detalls on muss, velocliy,
rajectiny, orhit, oto., 18 also uvallable (or this event.

R L] : -5 -,

LL Auwdibly Recorling

A securlty camera thit captuncd the Intage of the detanating freball on 1w ood of o uck alsa capaaned the
Koustic signals that urrived with shout u Y 172 minuta delay trom ane ol the najor exptoslons that were identified on
lie video recording. Alibough direction cun nit be determtined from a slngle acousile chnanel. the relative amplliude
b determined. This work has been underiaken by Me. Dan Neafun a techniclan o dwe Denver Museant of Naaeal
istory with the full suppoct snd etsouragement of Mr, lack Murily, Dlvector af thw ouscun,

W2 lufrssonic Detection

Arcays operated by Los Alaos Nutlond Luboratiny include St Gearge, Wali, the Nevada Test Site (NTS),
ind Lo Alminos, Now Moxleo. Suandard comptiter scarches wore tiamdo uslug the tadrssound datn fram bl thoswe sies,
ut signals were only readily disceenlble at the Los Alamon urray. The St. Goorge array was hnetly Inoperable during
his goneral perlod, but slgnuly could be dutected at NTS, lut were sod odmeeved, Glven  prapagation sgalist the wind
A1 this g of year) foe dwe SO ki duct, In eerrospeer, I oot surpeisiag that & signad from sach o siall soutce was
ot recorded at N'IS,

These urruyd aro ulf In the shape of rectungles of naminal tatal slze of 112 m and 172 m between sensors (16
wd B4 i between the center of the urruy und euch sennor in the NS uad B W directbons). The batle sencors are Glabe
Unlversal Sciemes Model 100C (naw Clinparrul Physlos, Altuwjuergue, New Mesled) wluwe poinlaal 1esponse iy fram
30 Uz 1w 0.1 Lz in aevnistle ampliiude. With « full scale detlection of #4010 V combiined with a callbratlon consant of
sthout 0.2 V/microbar (I microbar = (.1 I'ascals), we can reliubly recand slgnuls whvise umplitude v Petween showt 001
lcrobars 10 80 microbaes (poak (o peak) over the above frequency tange. All the pressute senvws e Hent precebed by
wilseeredanchig, puisesonkie Tnises whone gropertion e been previomly o nnented (Wiidtaher e sl, 19920 This
wilsg I8 prlmurily due to windswdveeted turtwibence although at tlivies elther natnral slpuals af lage amplissbe Gl ax
Microbaronis, ¢(u.) ur inemnttent ugnals due (0 manmnde sourcey ¢an dlsa intortere with the sghal duicctim pocess,

. AIONAL ANALYSLYS
L CEhe Laon, Alauves inlcuoide 8ol

Law Alwiias bogan waork ao the infrasound o andergriumd testn of acelear explontine tn the e ly 1U80'
s wink continged winll 199 with ilwe stort of the 118 naateninan aacabwave sgonnd testlng, I 1994 a4 wew Inltlative
cltdd ta i progrant of lnfrasound moaltoehng began witldae tiwe gulielines of e mopuosed CEVE (Comgrelunsse
Cent Wan Lremty). Some ot tho success ot the carly wark v detaiied in Mutschleener ¢t ul (1990 and tn Whituker ¢t
o, (LO9E; 1994), The cunent watk lncludes hath monltiaing av well on theruetival wank oo mtoouml ropagation tiaam
apbiasiuny whose enecgy caceed abont | AT (o d IR0 1), Suldects mded cominidération are: Hnpectad falw
torin ttes due W natial vkl manmade sounedcs e G explostony (ReVelle, 1481 ropagation of Lumb waven
ReVelle, 1996), xignal prowesslag techniques for gvent detection umd discominutian, mnumsl made caleulattans ol
fetnibad expuectatiny as u tanctton of vange i ol snmssspline sooetuol parsnstens eapes e, wikls, ete 1 usog

ReVelle, page Yor' 12



nadiflcations of the Pierce-Poscy-Kinney normal-mode codo (Whitaker et. al., 1994), ruy racings with and against the
vind as a function of launch angle and aimospheric structure, alc.. lo wddition, we huve also undertaken studles, with
ho collaboration of Dy, Jack Reed., of the historical microbarogruph dutu avallable from Sundia National luboratory.
Pho rescarch on this extensive database has atlowed us 10 formubde & numiber of Important new resulis, These Include
he iMuence of stritopause winds on the ductlng of the acoustic signal amplitudes, the ¢iiective signal veloclty of
war-sur{aco sourves as a function of scason and of duct height, e,

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

Weo uso an optimized stoered array processor (0 anatyze the arriving signals (ussumed to be locally plane
vopagaling waves across our wrray) uslng u 60 s Hunning window to reduce nlinsing effects. The beam (s stoered (0 the
downess plane (21 by 21 pulute) o search (or the muxlnium croms-corrolutlon af powstble wermtio ings from all sensors
n tho array. lor Law Alamog, the array is in the shape of o square with a disunce of 106 m hetweon cach somior amd
he conter pulat of the array across a nearly level ground plane with maximum vertical changes of shout £ 2 m (total
tray zize f 202 m by 212 m) . The lobe structure ol the array Is a function of frequency thut can be uked (i ostimate
he detoctulnillty of a specified source signal. Once the roglon of largest cross-correlation hus been identificd, the
rarioua propertios of lhe assumcd planc wave sigoal can be uxcortulned woliably. Those Include the trace velwity, the
1zimuth and elevation angle of the amiving wave, the amplitude of tho signal within a speclallzed pass band, otc.
Chese are all summarized In Tahle 1 helow (e the Lon Alumos Array detection (over the frequoncy band trom 0.2 10 20
Hz), uslag standardized discrete fast Fourder tansform signal analynis techulques,

TABLYE L

November 21, 1995 Culovada Qreball:
Infrusound detection properties deduced at Law Alunios

V
0939120 UT (02139:20 MST) t 2 mimslen ‘
1 miosden w0, the T 11 velue
1
from True No
4 : el
0,293 +/= 0.0) ke, asvuming u horinontul
s of 378 L »
Na
0.9?
0 + 0.1 microbars

We have reproduced the 1ndividual channel plata of each al' the four sensors (jrressure ampliiude versus time,
with mnplivade Indhiated In valtuge unlty) for thin event ddetectian un bos Alanos In Flgme 1. On tlwe hasly of
sxsinlnutlan of these plivy and on the deduced carliest arrivals of possible wignal velocity values, we can ronclude that
lamb waves were st prosent (tom this event ur are vety weak In amplitude. Lroviusly, we have détertined that a
ypical Lunmb wave signal arrival speed In this period regline 1o be about 0.0 km/see, whieicar thie iax i
saplitude slgnal for tlds event las a nomiael anlval spead af anly 0. M kadsee, Uslog te rocant work of ReVell
"1990) vn Lutnb wuve gencrativn by airharae onpilavlans, we van alst it the mugtitude of this event. In this way we
wave found that the Lamb wave period must be & | 30 seconds al a source altttude of 48 kit lor Lamb waves a1 bwe the
bmaunt sigunl at the obwerved range. This estlnate (s hwsed on the Bt that w ot souree to an Inibennal,
wlndlens atimosphicre) at 48 ko aliltido shoukd have produced o lage anplined Lambe wave at u period af 130 sécomds
if & distance nt 2o at about 407 kit fram the source. Sakd another way, tor a 48 Kin source altfinde at the abycevd
aave period at utaximmn aiplitude, & dominant Lumb wave areival in ool expeciod OXCeM AL S IIUY 1ahges,
Aunparahle ty mmt > e owetl's chicumference, The gredicred Tong perbiud Lambe wave e et e emlily nlverved with
it cuptent lowslieguency inlciophone wrdy unfintunately and v the above predictbin can o e evmlasted in o
‘calisttc manner. Luntd wave propectios computed wncloding Ruytegh trietion paramaterzed viswous eltocts (Work
Harently ln (pagiess) will not slgnitieantly change dw above resulty st a perfod o 110 seeomds, Althoagh we can

ReVelle, puge 4 i 12



1.0S ALAMOS D325/95 ARRAY
DAY 325 19056 084030

CHANNEL t

SIGNAL (VOLTS)

TYTTITTITT Y

eaddaad il iila diboaddli

b ["] 1.0 0.9 3.0 40.0 5¢.e 00.2d
TiIME (SEC)

Flgure 1. Channel platx of usipilliude versus e for cavh af the four pressure seasiirs at peak conrelatton far tiw
Colorada (lreball detectiun

1ule nut an encrgetic event with such a long period. hased o lour independent eathinates of surce energy descrlind
later, we can say (hat it ia unlikoly that this evont was > 0.2 K,

Wo have also plotted the computed wrace velocity, azimuth anglo ol the direction of the wave urival, and 1he
tottedutlon coefliclent i thix event and these wie glven o Blgoe 2.

4.2.3, Sourve energstics:. Pocisd at owatnu amplitudae ubd other relutlons tue caloutution ol source eherly

At prosonted in ReVelle (1995), the petiod at maximum amplitude of the signal can be used 10 infer tiwe yicld
uf un enpholin An Idicmied I g lthnnte e Welaw the yleld af s esphsbon cun be telakd o the olneved petlod
At s lnann sdgnut amplitude (1 abost the fuunth piwee, cantrary to the thind power sy expected from the staiple new -
ficld hilast wave scallng law result. Using the squations listed (n KeVelle (1995), we can estimate the energy of thiy

event 10w Lbetween 104000 wons of TN (33,0 (ons sominaly. Thly was dode nsing @ peeted wt macdnana muplide of
0.8 117 (2 secomtn perbnl) fon the Cokrmhe thelwl: dgoul. The ndathm vsed nimy e wiltiea o,

Iog (I, /7 2) = ddd - log (P) = 2.58: &, < 100 ke )

where

it = wave period ot uiashmuim signal puplilode .

ReVelle, page S of 12



LOS ALAMOS ARRAY (PC)
20 SAMPLES/SEC 0.20 TO 1.99 HZ NORM
20 SEC WINDOW CHANNELS 1 2 3 4

36’. ARAAAASARS ArARSR ARAS SRR AN R R R AR A A AR ARR AR N RARA R AN N
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L
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o
.

9. F
.
o

TG00, HHHHRHH R 0

-
aata sl a4

S

Enaa s ' 4
608, -
1.8 [ HHHHHHHHHH A Y
g b T e T e
2.6
24 ¢ L

.2 ¢
.

Libabted b chuibubadutbbed dodedd b dedbdadod A L A d bbb bbb Al bbb b AN A0 0B Sbd
9925 093% 2945 a93%% 1008 1819 1Pz

TIME (UT)

CORR COEF

ligure 2. Azimuth arrival ungle of the waves, Traes volocity, and the correlation coeftlcient vorsus time ton the
Caliwada Groball deteciion.

Alsa, uslng tluee methods 1lllzed 1ecently b Brawn e ol (19961, we e ke uddlilonal ethinmes of the
source cnergy lor thix flreball as woll, These methods cun by beletty swianuuleed as:

) Lmpdricul appowch
i Acauntle officloncy upprowch
11}] Line source apprsach

The relevant equations aig;

E ot ds-t0( 2)apiiit gy o0 g %)
. ' W )

E, .-:l:m(E‘/Ju}R A -J:’ ap! './(p«'.)dl. (o
L=1l5x p".l\" {A/{" » / ‘/p;"p"'}‘ (.'.‘ /V i
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whoro

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

A = propagation correction factor due (o ground reflecilon effecis, eic.

peg = woustle lmpedance at the obsarvatlon location

td = intal signal duration

fm = meteoroid hulk density

v =  moteoroid velochly in the aimosphere

rg = surfaco stmosphoric pressure

Pz s atimusphoric pressure at the altitude of the source

Computations using tho above equations give the following resulis using the nominal ohserved parameiems
Indicated carlicr, with addlitional valuos indicated in parcntheses after cach source encegy oxtimate:

i) 6:10(=2) 10 0. 197 ki (V5 = 0 10 -20 nVsce)

i) SRAAOGI) 10 0.1 Kt (A = 17,0 10 0 (no propagation corections), Ege = 001, p = 1215, ¢ = W0
m/soc)

) 6.9-10(-4) Kkt (¢ = 53 km. Hp = 7.0 kun, py = 101325 1KS) Pa, V = 1.2 knfsec, €5 = 30 misee,
P = 3.5 10(3) hyg/nd)

whoro

= sourge ahilede

49
Hy = pressure scale helght
o = surface atmospheric pressure

These sonrce energy vildues enn bo comspurcd wltle the canller estinate of S.3100:2) ke ande ovingg the petiod
al nxinm slgal sinpllinde (see equation (4)). Thos, our foue cocrgy estlinstes cange from 6.9-0K-4) kt i 0.197 ki
for this event, depending an the mothud uilllized. Uguution 171 requlres the largest amaunt of Infonnation e known
about the event. Bquution (6) requires Information in densl ahout the propagation umd equation (6) assumes a nour:
wurlsee souree. Bquatlon ¢l) Is wotally empirical, but Is hased on o large nnnber of olmervations of explanion evenis,

Lquation (7) was derlved frum equations (3a) and () glven carliee. tn conblaation with (7) we can also
inake a sell-consistent prediction of the corresponding wave perdod using (la). For the condithms glven In 1D above we
tiedd that Ty = 0.63 seconds as compared v the ebserved porlad at the maxhnum algnal amplliede ol 2 seconds.
Cansldaring all thwe uncertalitios, the overall solf-canslstont agrecment Is qulio o,

t'rom the infrasonle data wo have also compuied the algnal pawer per channol and the predominam peak
fiequency fise thly detectlon versus thne ly shown ln Vlgine

421 Aucitlay Infucnution
4280 Sccucily camera tape (viden and uwdlg)

A securlty caera (Panasonle Model no. 'V 4314) st u private restdence tn Colordo Springs was detetmined
1 hive cuptured the event b goestlon. The reflectlon of the fireball' lomnilmms tajecting wis seen on e tuand of «
198R Clieveolet plekang truek parked Tn tho dilvoway af i estdence I sutlicast Coloembo Springs. This camera had
Ittt standund s inlble und wudilile reeordlng capabiiltles, "Fiwe camblined audio amd video tage s available trom Me, Chep
Boyve, News director o KOAA TV In Colorado Springs:Puchlo, Coloradu, Unifortunaely with only a single senvw
aeonsticnl ttmgnilation of dwe arclving sdgnaly i gaadble, Bt sonnie slted saplinale wd sovee atiltide thniog
analynis (8e¢ below) I pansllile asting the avallahle Insamuental bandpass lataomation. Tha con e ased ta esthimate
the source energy un well withough 1t 1 not nearly w reltable as the Inlasome techatiques dticussed cotliee above thai
have Leen thoreugidy docutiented Tor nuwious low wlthude explusians,
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Figura 3. Power per chuanol and 'cak Frequency versus thine for the Infrasenle Duetecilon of thw Novembor 21, 1295
Colarado Flreball. The flreball event occurs hetween about (VY and Uv42 U'T.

4.2,1.2. Trujetory Anulysly

Indopendent trjectory analyses has been performed by (wo lna.lduals, namely, Mi, ILH, "ud" Vag Cleet e,
u relired Air lurce Bnglncer and by Mr. Frank Sunders o Phiveiclst und Blecirical Englacer who worky tor the U.S.
Departaient ol Cammerce In Boulder (Insthute for Telecommunlcaion Sclences) ard wing 1d alse u valunteer fur the
Denver Maseam of Naturul History (vee als beluw), Thene independent anlyses (Vaa Cleol, 1995; Sanders, 19%)
were doae uslug the firoball data avallable from the bieief video recording made in Culorado Speings using cthe sccurlty
vamery results mentlhined abave, In uddition, the unutysis by Sanders utlllzed the reparts af four ground obsorvers us
well ty the thilng of the neoustie (ndlo) signaly st the groamd. The acoustie analysis only idlzed stundind
atimoaphere wmpetature data (which were convertad (0 souiml speed data), but st the effects of middle atinspierle
lhuricootal winds uniostunately. [oth analyses tndicute thet the throhall trajectony wan orented fimn Southwest (o the
Nottheunt (about 113 deg, fram teue Nowth) and the trajeciey descent entry angle was deteimined (o v about |
degrees Oneasiired thawawaad Tronn the borlzamtal), "The polan of vrlgln was foaisd foom e video recontiog W he abwn
19 deg N 106 W at an altlinde of about 35 kin. The fotal gromd track length was culculated to e about & 1H) b,
Using the 1otad e und gronamd puth distance . the meteornld velintty was culeulated (0 e flom 3660 havsee | vsing
two differemt wethods, Yarlier however, Mr Juck Murphy bud csttmated a speed ol 20 mtleviee (1 K kin/sec) fon (s
event, Hiwever, these are bl extremely large valnes for such bdght (lago) tirehalls, Bases v tesalia fiiwn dwe U S
atrie Netwark opernted hy tha Smlibisonlaa Tastiotion trom 1004 1974, average entry spieeds of Ialght Heetatls ane al!
< 41 Kaveed., witlo iypcal meteonw entey values belng < 1820 kia/see. [ the two values estiated ubuve ate even
chmg b belng eoner, e lRelbmd of areteordies iercling e pront G i event (o sery paus dog sebee ot
alilatyon onpected gt sich high velociles (ReVelle, 19719
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Using the various assumptions regarding the acoustic propagation path (with winds not having been
incorporated) , the altitude of tho major explasion hurst height was detormined (0 be abowt §5 km above Colorada
Springs, Colorado (This is also fortuitously the height of the first appearance of the firehall 1n the sky as well). This can
be compared (o the eud point height which was determined to be ahout 27 km (above mean sea level) or 25 km ahove
mean ground level) for the termination of the visible flight path of the firchall,

2338 -

Through communications with Dr. Rdward Tuglisferri of B.T. Space Systems, lac. (Los Angeles, Ca.), we have
been able o deteratine that this Gireholl was ulso detected by U.S, DOD ssellite sysiems operwting in the Intrured (IR)
part of th2 clectromagnetlc spectrum, These duts allow us 1o further constraln the position/trajectory of the Giceball, but
untortunately do not allow (s to determine either the velocity or any orbiwal information for this particular event. The
results of the IR analysis ure Indicated In the table below.

TADLE it.

Sumnary of US DOD Infiared detectian of the
Noveniber 21, 1995 Colvrado firehall

Kﬂ Paranieters Velies

Dale November 21, 1995
Time 09:18 UT

Latitude 386 deg N
Longlude 104.6 deg W
Althude 45 km

Similar scarchex in the visible part of (he electromugoeetic specirum were perfomied hy Mr. Richard Spalding
of Suixlis Natlonal Laboratory, b these were oot successful due presuniably 10 the very fow Hght intensity level loe
this relutively sinall eveut (hy suteliite lght lovel standoards).

4.2.3.4 Aichxrne Particle Collection Systems

Reeenily, the anthors have also beconw swire that alrborue purticnlae smspling ol (he mcteorold debrs cloud
tiuy sl have Inudvertently ocaitrred (personal communlcation with M. Zolensky, NASA-ISC, 1994). Orlglaally thix
dobrin coud wan assuing tn be of voleanie arlgin sloce this is u qulte common occurrence. Thix Is a very lingrotunt new

development since we huve hal 10 assume u bulk densny and campaosition tur the body In order (0 use equation (1)
ahove. Hupefully we wlll have more useful daw on the bulide conpoxition which will be rapidly lortheonnng.

4214 Altborne Padicle Cullectiun Systeins

Reeently. the authors have also become awure that aleborne particulate sampling al the mctootold detnls ¢loud
nay ulso huve Inadvortently occurred (porsansl communication with M. Zoleasky, NASAJSC, i9%0), Origtnally thix
shebiedn chond wus wanume (o be off videanle arigin sloce this Iv e qalie common acermeace. This I o vety inguatam sew

developmaent sluce we liave had to assune 4 bulk denshy ad compoition for thwe body Iy arder Lo tive equathon (7)
ahave, Hapefully wo will have more usetul daa on the bollde cotiposition which will be rapldly fortheomiing.

SEPROPERTIES OF THEBOUIE
. Encryy. Constraings

On e bashs of tho sory Hhinlted satellite dita amd the shigle anuy station Infeasound detectton, we estlinate
that the encrgy rolease tront the bollde did not excecd O.1 ki, but could have been as low as anly about 0.001 ki

2. Lacuthon Cunstiuiny
Un the basis ol the discrete deteetian algnritho nved, we estinate o derection (6 tw blde tram Fas Alanos

of M depreey tom Gue North, with an associgted snceiintity af 1 degree. This extinuste comlitne e heading of the
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trajectory determined from the trajectory analysis of the video camera records in Colorado Springs determined by two
independent analyses. Had we beon able (o dotect the event at either SL George, Utah or at the Novada Test Site, we
could have found a location ellipte withia which 1he signal was emanated. Due (o the counter-wind situation for Loy
Afamox with rospect 10 Sontheastern Colorado (where we anticipate shurply reduced umplitudes compared (0 the down-
wind case), we were very fortunato for such a snwll cvent 10 be so easily detected, and this paints 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 beuring (azimuth) with respect 10 the observed
lrajeciury oblained by Sanders (1996). Notc that the waves emanaied neadly perpendicular (6 1he deduced slulliow
trajectory which is consistent with the source geomelry congsidered in ReVetle (1976). For anch shallow trajecioties
ReVelle (1976) deter.vined (hat it was far more llkoly that ray paths could bo found that would reach observers or
detection instruments on the ground.

Firabal!
COLORADO  Trajoctory

Flgure 4. A mup ol the regian Ih whilch we firohatl enwred the Eurth's anaosphere umd the correspanding mtiusonic
szhuwh computed assurmtng u plone wive scroks the Lod Alanwg, New Mexica arruy.

8.3 Additional Work in Pugreas

Addditionul sudics of the probuble tuy puhis lie tlie deduced geamerry ol this firehall (on the basis of
constralnts provided by the trajecuny unalyses, the Inirusouad recording und using other dutat will soon be undertnken.
Theve witl e used 10 expline are probatde eny poth ducting between the soace st e locwtion ol e viskeo deweenn
In Colorado Sprlngs as well as the lnfrasonle detection In Los Alanios, The combined detection at twa sltes will
heavlly cunutraln thie xisalble ncoustle pathis, Alse, o detalled nornal mode caleulation will wlsa be perfaracl tie s
case aswumlng @ ruage ar 150 km in altude Jor the elevation of the sourve, Ualuyg the code onginutly developed Ly
A D Clerce mikl co-warkers we will inpuat seallvtic wempecatire wnd wilmd poosiiles from the promd 10 150 ki io onden
compaie the wave anmpliiade snd periind ax a functlon of range fron an assumed clevated polnt soiicee 10 o enaye-
independent envltonnian, tor e eapected counter- wind atuution i this tiie al the year with respect W propagation
fiom Southeast Color a ta Las Ataimos, N M., we expect i comiam o decréae m observed ampliinde o w souee
enctgy i tho range “1om roaghly 1010 100 tang CENT equivadent), as compared il zera nernial) wiml case
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An inlmagonic detection was made at an array of pressure sensors operated by the L.os Alamos National
Laboratory in Los Alamos, New Mexico, The properties of the fireball ussociuicd with this detection Is consistent with
thase detcrmined independently in Colorade Springs, Colorado and the surrounding vicinity which Indicuierd a shallow
trwjectory Irom NW to SE (about 115 dogrees from true North), It Is aiso conslstent with US DOD intrare.l satellite
observations which fortuitously covered the region of Interost at (he imo of the botide as woll,

-' . ..

From the fireball's infrasound we can infor a most probable source energy of from 10 10 100 T (TNT

equivalent) for a sea level source. Since the source altitude was 30-30 km ubove the ground, this 1nuy be an

overestimate of the real source energy (or the bolide. Future «vork with ray wracing, normal ansdel snalysis and other
procedures may help (o further resolve (he present uncertaiotios.
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