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MAW These waves. travel at sub—sonlc frequencles (OSClllatlon perlOdS -

' early nesearchers to refer to them as metEn—Assocmted—Waves or B

und waves of an wﬂmown orlgm have been observed

to radlaue frcm spec1f1c areas in the Rac}cy Mountams ThlS prcmpted e
r

| 1 0 to 1000 seconds) and are detected thrOugh a network of re&elvers o

; 1ocated thousands of kllC(I'eterS apart 'Ihe MAW events were found " LR

- to be assoc1ated w1th areas of maxmnnn wmd 1n the upper atmosphere. . vv ;
o of the alr flow past the nountalns. S

| ~generat10n of MZW Based on the theory of alrflow around cylmders, -

B but nodlfled by moorporatmg laboratory results, the model has been

N azmuthal ranges at a glven reoelvmg statlon 'IhlS may be due in -
. part to the "steermg" influence of the atmosphere upon sound wave |

| propagatlon- o

i ;Thls suggests a pmductlon mechanlsm whlcb may depend on the speed

_extended to serve on a synoptlc scale.. In thls" "natural" dlpole

'model the cylmder has been replaoed by the mass1f of a mountam

) jwarrant any deflmte oonclusmns However, the natural dlpole appears

‘~ to be a possmle explanatlon 1n over 50 peroent of the cases stﬁdled. ‘

A smple dlpole rrodel has been used to mvestlgate the

The observed MAW events were found to have preferred .

When the predlcted events were ocnpaned to observatlons, .;”l» e

ltwas foundthatﬂ)eobservedeventsweretoosmallmnmberto

iv



| -:';_"of Idaho, b'bscow, Idaho. S A

I w1sh to express my.smcere thanks bo my

| depart:rental supervmor, Dr. E R. Remelt for havmg suggested M' .

- ‘thlS study and for hJ.S mstrmental advme in preparmg thls

" Iwouldalso lJ.ketothankDr. _‘K.D Hage andDr

' i:A.N. Kamal who, along w1th Dr. Remelt, served on xry exammmg

P conm1ttee
'IhlS thesm 1s based on orlgmal hork beg'tm by

AERO W uy :
" "Professor L B Crame of Washmgton'Stabe Umvers1ty, I,?ullmam

‘ Washmgton along w1th Professor J E 'nnnas at the Un;wersn:y

'S S e . e LR

leave frun the Canad;.an Atmospherlc Env1rom|ent Semce. o

T

'I‘tus H'esn.s was' carpleted :m part whlle on educatlonal

R T R AN s a2 i




.-Mm..---o....s..,....--..'.o.~
A . . . . '/-n ! v‘

) ‘LISTOF SY}BOLS..g n‘.d..‘o.o..“.-

211

- Pr0p05ed Theory

! ‘n ’ T o . T4 n = L S .l’ A
) ABSTRACI“ se0e l.,o XEX R a.;_o s'e e’y D] a“«-‘.'- se e .l_“! .
. oL : P s o LTy, i no 5 <,
.. N " . - . L XY ;

o8
PN Py
A l

: ' TABI-E OF m’ls o.o-‘c,-o-.oo .o ho.-ooo o. . ..\.‘.... Vj-‘ L .
‘ LIST OF TABf.ES

: .. LISTOF Mm...OOOOOQOQ.OQ:.l.

,,4

.. ..o'. . o_. ‘. ‘.'-o RN E R

' v . IEIODYIUQEC SO(.ND-.-'-.-.;o.c.oon.oo.coooo..b.oo00.‘._':4?.'._‘}_.»‘:;._‘:-_;:.I,:‘-": . t v

ry of Sound Productlon._.'.'....;.‘..:', . « 4 W]

'Mmopole. SRR . ‘;' ..o 4 ; SRR

III
S B
E 311

S zlz

Dlpole... s
. .Quadmpole. - o o e ad e i e '.;.- e _;';',f 5 :'f”
Sound Fleld craractensucs..;,-..._......-..........i;{-_

Flw Of AJ'r PaSt a qlmr..ueo.O;O.I........'....:H»‘

mtaBlty Fleld.oco-n-o..oo.o.ov':“ il

xémén Vortlces and’Strouhal NUmbEr:u . vereeyeennns &
m Fleld.‘.....;.............-o--0oooo-.-:.--ou_".._yi_j']?:?.u‘»v'. .

o_ov..o _oﬁc‘o. .c-ov.,o.oaw

S _‘._"pnoumm OF rmmm—pssocmm WAVES 15 R SRR

@ »»\

Natural Dlmle f‘ﬁl’ﬁrators...-..-........-....\......‘: ls 8 .

.. . Dlmle m:‘..-.........................--........-.‘..'ls":_ji.:"_:":._' S




[

'f§621f;

B prpmmczs

i A |

5.2.1 SJ"rlgle Sotlrw-' .o e .o .. o'» Pemseee ca '.c t‘; ss e e :

5.2.2 -

o .;}szmm ap DIREcrION FINDING. TR LT B S A
; . masu-retellt al'ﬂ Imrdlllgo " ‘- . o\.\- .o o -‘.. -bu ». R L o- LR 38 - s
Dlrecthn Flrﬂmg' LR R - ‘.’e o o o L] g ‘e, .4’ LR N o .. n .e . o . o‘- n ‘. “ 39 . X . if

M or mre murms' “' . . 0 0 . . o.o 0.‘ L] . o .o 0 L] . .’ . ' o0 . o‘o o.;. 04L e

: ;_"-_:'-cmPARISIm BE'IWEEN PREDICIED AD CBSERVED [ TS o
‘;_MNI‘AIN—ASSOCIA’IED WAVE CHARACI‘ERIS'I‘ICS . .».g4:53 L

wteorolmlcal mtaqonQoé..on...cu...'ooooooao-co...w'g-gj’.jj; \
wuﬁ Velwlty.,....'.........-.......‘...‘...._..;. 49
m‘mtatlmlal Procedure.......-.....¢....-..o-..... 51

-'::ksults... ....'. ‘." e sese 0;.‘- ‘.ol-v’- ..o .6.-.. . .n 0054 l '.

sroesen et e e g .. R

| L VII smny AND oavc:wsxms : 62




-:_."':;'._'Pmmnent ‘M)untams m each of the

'H.‘East-West zonal m:xis at‘ several
=‘;,gemEtr1c altltudes. SR

\

-Infrasomc trlangulatlon events for
i »}-_’ Aug 1971 to Feb 1972 : .

62 St . Peak he1ghts and dlst;&nces fmn recelvers
LD 'j'to sources{ £

L Al Predlcted mten31t1es at recelvmg
.c :‘: ' : ,. . -. Statlons. ) » ;.I/~ ‘ S B ‘




B S ; Directions frcm which Infrasomc Waves R
S e are recelved at Edson, A]berta oL 2

3:-.2:;.1‘?. ,i‘\mtensmy fleld of sound PrOdUC@d bY R
_{i_:(a) monopole, (b) dipole and (s:) quadmpole.; & e

.ﬁllf‘{,lﬂ-ﬂ;Productlm of::Kaman—vortlces m~the wake Of

e lkesultmg dlpole field formed. by»a cylmder
"-_embeddedlnaflowofalr. T o

41 ‘-}Ebr a plane wave bf speed c', t:he horlzontal <

atunspherlc tﬂﬂperature gradlent 28

s mpa gatlonof sound frananexplosmn B

o '_ Path of mfrasomc ray produced by a natural f DI
,:__‘-.__.dlpole;__:‘ t- hea.ght 2z, .._.,_I?? - ,

-;Effecu of vertlcal wi; shear upon W,; and
) dowmnnd Propagaclon f somd'f‘waves U e 36




" FIGURE =

51 "ﬁ Resolvable azmuth range around the true
S 5.2 . ,;:"Predlcted az:muth ranges it a reoelvmg
R -statlon frcm chree sources. A T '
' _{\ - ‘_5__3.‘. Az]_muth range for ar reoelver at Edson (ML)
P T -"‘;-'_for‘»souroes at mounta.m locatlons l, 7 and 8.

":',I./‘
: /

of the 16 AR, L

: v',/

L -;Infrasonlc trlangulatlon evem:s for Aug 1971 e T
| ST .-

Latltude of /MPN event and Jet sr.ream for each :

Peroentage of 51gnals rece;wed along predlcted"‘ T
:59

PAGE
o 4 =

an/:lval azumths at’ Oollege, Alaska.

./
e

B2

, ; 55 / Percentage of 51gnals ‘recaived along pre_dlcted "

AR arrlval azzmuths at Boulder, Oolorado.

A/t method used o constiuet. the predlcted ~ g

e trlangulatlon aréa, :

“_Peroentage of 81gnals reoelved along predlcted.'_ e
Cinet 59

55 g /Peroentage of sugnals reoelved along pnedlcted LR -

"// arrlval azlmuths -ac Pullman—Moscow, Washlngwn; 60




b
Rp.

B T R
"B bai‘qnetric pressuxe 6 -
e@nr~mwmww 9 fuqxw za>
| ch hor:.zontal trace velocn:y RS E 25

& CP:CV 'spec1f1c hea;: of air - at’, conscant pressure o
L E Y "and volune respecmvely B T SRS S

d dlameter of CYlmder, - , -9 ‘“
dlameter of mountam peak o AN

: f frequency v 001’10115 paraxreter f 9

“«f@Au;mmmMMkmmMmay:>neu;v
g acoeleratlon due bo graVltY | | 49 « Fo
h o ‘- ".‘}1._«.';f'-f.:.?{horlzontal spacmg of vortlces 10 :

H o0 horizontal dlstance between oontours on’ a‘_‘-"?z 49
e -‘.:f'_constant pressure su.rfaoe A o

e _angle of mc:.dence

S lntensn:y

S r 4_1Ffd:..scance from the source to the recelver 13

s rj 'Efangle of refractlon

R Reynolds number i B

B :;'1- Iin o Speclfic gas constam: for a1r 24 PR

S g St.rouhal mmber 1, 9

| :- .»_‘l';:.,_.‘tenperature SRS
. ::i"effecu"e helght Of a muntam'peak S :; 51 g




spoL . . .. CreTwm Oy

_-‘...‘. . v ‘ - . o R A ) . " ) ’ ) K ,‘ . s ‘ S PR ".’..

i g '.:"_:he1ght above the Earth s surface : o ."49 S
| . angle between arrlval azmuths R
L angIe of mc1den0e R

 lspseace N T o

angle beween the wmd veccor and the h 13 =
».-,-‘radlus vector 0. the reoelmr SR ‘-_;j

| "f_rl'['_',,‘;wave 1ength of vortlces

.___'dynamc V150031ty of alr' -5

; 'klnematlc v150051ty of a1r
Li.derlsity of alr o

- fios\clllatlon perlod
| latltuie

C 1'.'}: ' angular veloc1ty of the E‘arth ‘

q.__.:



o 1.-1_‘ Pugpose of Studx -
The 1ow-fxequency band of of the acoustlcal spectrun
below 15 Hz is generally “referred to as the mfrasomc reglon‘
 There are a nmber of . at:nospherlc wave stmctures t.ravellmg at .
’acousuc ve1001t1es m the 10 t:o 100 seoond period range. Infra~
. .soundmthls reglonhasbeenmdenufledascamng fmnnén—nade ‘
' _sources such as nuclear explosmns (Donn and Ewing, 1962) and
sonlc bodm (Goerke, 1971) Varlous naturalﬁcouroes of. -mfrasound
vmclude explodmg meteors (Pekerls, 1948) kvolcamc explosmns |
(Goerke, et al, 1965), armquakes (Cook and Young, .1952), cert:am
--auroral events (Campbell and Young, 19637 Maeda and Young, 1965), ;
’~ andsevere stonns (Boman and Bedard, 1972) |
o In addltlon t:o these mfrasomc emlssmns ' naturally .
occurr:mg mfrasound of \mknam orlgm is frequently detected |
| ‘Worlt by Greene and Howakd (1975) mdlcates that t.hese 31gnals
,‘ occurmamly mw:.nterm theNorthemHemsphere Iocatlon ofa
:' source requmes trlangulatxon frcm two or mre obsexvatorles. ‘The

' ‘azixmth range for each stauon xecewmg these \mkrmn 51gnals

';_'SkWSVmpredaninantbards 'merelsacleartendencyforﬂae

"swroe locatlons tolle mruggednmntaimusareas This prcupted

early mvestlgators to refer to these sxgnals as "M:mtam—-Assoc:.atec

Waves (MPN)



Flg. l 1 shows the observed dlstrlbutlon of azmuth :
- ‘angles at Edson Alberta 'Ihe predommant smgnal occurs along
: az:muths beween 280° and 3200, suggestmg the lbcky Nb\mtams

for possmle souroe locatlons. - R R

360

S

a0+ Zaolreat ) ) 90
B B _Level : : :

.," o ' 130" . ’
Fig. 1. l_ Dlrectlons from whlch Infrasonlc -
' Waves are reoe:.ved at Edson Alberta

'Ihe length of tme durmg whlch MAW 51gnals are con-' -

'\\

tmuously reoemed (often called an event") at a statlon varies
.fran hours to days. Varlatlons in sa.gnal characterlstlcs durmg»»‘
o an event mdlcate that atnosphenc parameters ohange over the '

course of observatlm, the nature of the souroe changes, or that

"’mormresouroesmaybeomtrmxtmg‘totlesignal



RN .

souroe of metaln—-Assocm

1.2 Proposed Theory

Crame, 'l‘hanas (1970A, 197OB, 1971), and co—workers at
Washmgton State Unlver51 and the Unlversn:y\of Idaho have for y

several years mvestlgated atural aemdynamc sound as a llkely RY

Waves. - Iarsen (1971) has also suggested ‘
the mteractlon of wmds w1th nbmtamous reglons to. be a posmble n

source mechanlsm

S '/"_ ~’ . o K ' s '

'l‘hls the31s w111 attenpt to show that natural aero—-

o dynamlc sound of dlpole orlgm is a 11ke1y som‘ce for many of the
| observed MAW events. A model for the productlon of sound at J.nfra- '- ' ‘

somc frequenc:.es m the atmosphere w111 be constructed Propagatlon '

effects wxll be dlscussed to pomt out the dlfflcultles mvolved B

in determlnmg the orng.n of a sound ray emltted by a souroe of

moertam locatJ.on. o

'Ihe characterlstlcs (ie. az:muth of arrlval and mtensity) s

. of the sound reoelved at an mervatory on a g:.ven day are predlcted
| A tnangulatlon xeglon 1s constructed based ‘on- the model and then

carpared to actual observatlons for the same tme perlod (bnclusmns“ :

axe then drawn aooordmg to the correlatlon bemeen predlcted and

actual neasurerents. S



CHAPTER II -
oL .‘..““ )

2.1 '_Iheo‘ry“o’f‘ Sound 'Product_ion' _ |

_ Followmg the outlme of acoustlcal theoxy and
- -‘Ananenclature given by Bates ‘and Stevens (1966) and Kmpo (1973)
| ,.therearethree fundanentalways mwhlchkmetlc energymay :
R _be converted mto J.nfrasomc wave motlon, namel through the
( ._f actlon, respectlvely, of monopole, dlpole and . le osc111ators. - e
e TG
2.1.1 Menopole -

A mnopole, saret:mes called also a smple source, lS
"I:" ~v_produoed by forcmg the mass :Ln a flxed reglon of space to fluctuate.. -
Cne could plcture apulsatmg spherewhlch 'causes denSJ. fluctuatlons

2.8 e

»m the surroundlng fluld, as shown schematlcally m Flg 1
' 'f'?-denSJ,ty fluctuatlms then propagate radlally outward :Ln the form of B

’_sound wa%)es, producmg a spherlcally symnetrlcal mten51ty f1eld

o ‘f'there 1s no net manentun change N

PR
= o

SRk 2 1 2 Dlp_ole

| Forcmg the mcmentun in a flxed reg:.cn of space UO fluctuate

eqlllvalently, forc:mg the rates of mass flux across fmed surfaces

- "uo vary consututes a dlpole (See Fxg.\ Fluctuatlcn of mcmen
. .' t‘m correspmds to a fluctuatlon of force causmg a denslty vanatmn e
B -in the surm\mdmg f1u1d whlch propagates away frcm the dlpole in the b

by

n Smce the mward and outward fluctuatlons anOlVe the same mass flux, R LI



'form of a- sound wave. Physmally, a dlpole may be thought- of as: two o

'monopoles, ]omed hy a flxed a)us, pulsatmg 180 degrees out of phase.

'Ihe mtens:.ty of the sound fleld pmduced by a dlpole is a maximm along :

the ax15, decreasmg to. zem perpendlcular to the ax15 (Flg. 2. lb)

2.1.3 Quadrupole

An aooustlc quadrupole is equlvalent W two dlpoles

! \

_actmg together ‘Ihemdlpolescanbethoughtofasmforoesa _}? _

small dlstance apart whlch cause a fluctuatlng shear stress mthln a‘v

fluld. 'me in 1ty fleld produoed by a quadrup01e (see Flg.‘ 2 1c) ,.' 1 w0

‘ :', hasma:umaalong linesxandy, andmlmma along lmesxxandyy

T a

'Ihe monopole, dlpole and quadrupole fom a nonotonlc o

' ':- sequence of decreasmg eff1C1ency 1n the sense that

- (a) a dlpole 1s a less eff1c1ent means Of .enervgy L
4‘00nver51on than a uomPOler a“d a quadrupole is less
o - 'v;;.fefflc1ent than a dlpole. N . |
o (b) .":'_the dlfferemes in decreaslnq eff1c1ency beoome

a0 i, Sl b A i il

: 7 'i'-»more pronounced as the frequency of osc1llatlon ' T




od proguoed by a) mowle, b) dipole, |




2.2 Aen)dynamlcSow\d Production

- 2.2.1 Sound Field ‘Characteristics

| The productlon of sound in a free flUld, 1e. a fluld not
'constramed by, nor contalnmg w1thm 1t, any sohd boundarles, Wlll ;,
_ be con51dered next Sound produced in the absence of any SOlld boundarles Ac
| _'.1s called aexodynamlc sourd; he f:LrSt theory whlch concerned 1tself |
’.w1th the lntensn:y of sbund produced by a fluctuatlng fluid flw was | ..

developed by nghthlll (19%1)

'Ihe stresses produ::ed in the fluld glve rlse to a quadrupole e

type radlatlon fleld Although nghthlll s theOry assumes that there \4 o

Bt f"ﬁfare no Solld boundarles present, he pomted out that they mlght well

o [play an Jmportant role m sound productlon, and oould make thelr o

(s Presenoe felt m two ways. b

: l) Sound generated by quadrupoles Wlll be reflected and T S

dlffracted by solld boundarles.

2)  The quadrupoles w111 be no longer dlstrlbuted over the

' "‘;.'whole of space, but only througi'out the reglon external

: bo the SOlld boundarles

'Ihexe may also be a resultant dlstnbutlon of dlpoles e

RS :;f_at the solld—fluld mterface (Dlpoles are 1lkelY Smcer STy

Lo L
L 'vln acoustlcs, they correspond to excernally-applled

N '~f1uctuatmg foroes, and such foroes ar>e present be’meen

o .the flmd and SOlJ.d boundary)



_ - Curle (1955) extended nghthlll s theory by exammlng the
L : mfluence of sOlld boundarles upm the pmductlon -of aerodynamc sound. S
He ' showed that the sound fleld may be regarded as belng derlved from ‘

tm dlstJ.nct orlgms

i '1) the quadrupole fleld wthh represents the fluctuatmg
N applled stressesmttunthefluld ‘ ~
2) : the dlpole fleld Whlch represents the fluctuatmg |

=S

'-“‘e relatl"e “‘agnltlﬂe of dlpole and quadrupo1e radiation S
o mteneltles is glven as.v -
(U) .' x functlon of the Reynolds nmber ~ (21)

l Thas for a sufflmemsly small Mach number (U/c) i the omtrlbutlm o
g,the sound fleld frcm the dlpoles should be greater than fmm the =
:_Aquadmpoles. » _'Ihe exact value of mch number for thlS to occur depe nds;“
upon the nature of the fmctlon of the Reynolds mmber, th.ch ;Ln tum : .. ;
1s determmed by the charactenstlcs of the flow -‘;_‘.‘ o S Y

' 2.2.2 Flowof AirPastaCylinder ~ .

ARG A statlonary cylmder embedded in an air stream, W1th 1ts
| axls perpendlcular to the flow may be expected to cause quedmpole and |
' dlp°le aooustlcal flelds t° be set uP- Before exanum.ng the characterlstlcs T

o of the sound f1eld produoed in such a manner, 1t 1s useful to rev1ew
L the cmoept of the Reynolds nunber. 0 "




@
o 'I’ne nature of a ﬂow, ie, whether 1t 1s 1amJ.nar or- turbulent,_. L
| and 1ts posxt.lon on a scale 1ndlcat1ng the relatlve mportance of ‘
»lamJ.nar to turbulent bendencles 1s 1nd1cated by the Reynolds number
‘,,"a non-dnmensmnal quantlty deflmd as:. .‘ B

O Re ‘.’: inertial forces = Cwdp a2y
ke —‘scous forces . w0

the Reymlds nmber e

B
5éhj'

a D8f1nmg the k:mematlc V150051ty by v =
rmay be wrltten as. RN o

. 2.2.2.1 Kimén vortices'and Strothal Nuber = -

'Ihe flrst extenswe experm\ents on the flow of a1r past a‘:-','(ji-'» e
: ."";statlonary c;chular cylmder were done by Strouhal (1878) : He me-ﬁ )

: that sound of an essentlally pure tonal character lS radlated for ':»ﬁ :1'?::

B Reynolds numbers m l:he range of 50 to 3 x 104 Such sounds are Sy
i usually referred to as "Aeollan tones" and are famlllar as the | |
e v»"_l"ﬁ"hmmung" of telephone or poner lmes in hlgb wmds Strouhal found ".'-_;
that the frequency of the note was predlcted by | i
f—Ol% H_"“tfﬁjl (20
L e It 1s now customary to express the frequency m terms of SRR
,the non-dmensxonal Strouhal nutber, s, such that '_ o | : 2
s = SR T 25 P
U e T St .~ffw*“-ua( )M,~,¢
TR - 0 185 in Strouhal's experm\ents)




i "--vortioes 1s unstable unless they are pos:.tloned m accordanoe w)’\?itt} the

FAREY spacmg ratJ.o glven by

100

- S:ane Strouhal's early flrximgs there have been numerous experlments
- dealmg w1th flow past cylmders J.n an attempt to explaln the productlon
of aeollan tones. . A Slgnlflcant advancement occurred wh% Von Karman .
(1911) developed ms now-faxmus theory of the "vortex s%reet" e o
\basm vortex theorem states that the flmd flow across a cylmder w111

result 1n the formatlon of two unsymetrlcal rows of vortJ.oes w1th

altematlng arrangement (Flg 2 2)

C o

Flg. 2 2 Productlon of Karman vortloes m the ' SRt O=E
wake of a cyllrder ;,, c L

Aooordjng to thJ.S theory, an arrangexrent of tworows of

i 'mis phermenon of vortex sheddmg 1s responsxble for &
the product;.on of aeohan tones.‘ the frequency of the tone emtted

e : {'18 equal to the rate at which the vort.loes ane shed



n

Sl Smce Von Karman s orlglna-l work, many theoretlcal ard

/

j_exper:mental mvestlgatlons on the Karman vortex street have been

'cnnducted (eg R)shko, 1954a, l954b and 1961, Gerrard, 1966) Although

R very llttle 1s understood about the prmc1ples J.nvolved 1n the actual

o 'vortex sheddmg at ‘the cylmder, some mterestlng results have been

e obtalned For e_xarrple, ic was orlglnally thought that °rgamzed

‘ "A, $ vorcex shed,dmg occurs only over a. rather lmu.ted range of Reynolds '
- '.fnumbers( 50<Re<105 )- Iaboratory results have shown hoWever, _that :
'1t/ ex1$ts to Reynolds nunbers of at least 107 (Roshko, 1961) a.nd there

: aappears to be no reason to belleve that thlS lS an upoer l:mlt. , However,

i 1t is extremely dlfflcult o produce hlgher Reynolds mmbers ina e

e _T'-Ajf_laboratory, so results m thls hJ.gher range remaln unavallable.v Another

""7":."->_'t~result has been the detemunatlon of the frequency W1th Wthh the vortloes R

are shed from the cylmder, and henoe the frequency of the sound producedt" S

As mentm@ earller, thls frequency 1s usually expressed l_n terms of

v'."-f,a Strouhal nurber (Eqn 2 5) The Strouhal sheddmg frequenCY aPPears w

be about 0 28 for clrcular cylmders at hlgh Raynolds mmbers (R)shko, “,,: L

'7.,{:.,7.:_'1961) . decneasmg to about o 18 at low Reynolds nunbers (Ger’rard, 1955)

| e :,.:{_'.vf__", by the sheddmg of vortloes 1s uxiependent of ta;perature, denSltY

L = .}dlameter and there 1s a spanwme couplmg of frequenc1es along the

It should be thed that the frequency of the sound produoed

E‘or c1rcular oones the frequency :LS determmed bY the 10031

| length of“‘the cone (Gaster, 1969) | Instead of observmg a smgle St

=l
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- frequency, or pure tone, as in. the case for cylmders, one could
- '_i,expect a broadenmg of the spectrum Thrs effect beccmes mcreasmgly

: _Jmportant at lower frequer\cles.v [

S
L
i

©2.2.2.2 Sownd,Field

'l‘heory shows that the fluctuatlng foroes of an air flow on L

_ a rrgld body may be expected to possess an assocrated dlpole radlatlon
B 'fleld (nghthlll, 1952) Eb(perrments have cOnhrn‘ed thls (Gerrard,

R _1955) 'Ihe sound fleld prodwed by an a1r flow past a cyllnder,

o perpendrcular to the axJ.s, lS found to possess a dlpole fleld (Flg. 2 3) :

o f.'less mtense than the fundament-al frequency (Etkm, 1957)

o .Of nearly pure tone character, _the harmonlcs present are oons:Lderably

ol

' Dipolefiald - -

A FJ.g 2 3 Resultmg dlpole' fleld formed by a cyllnder ,.f, [t
L B « 1naflowofa1r SRR

The sound gererated is aerodynamc, 1e. 1t 1s not produced

W .;'-'-_by nbrauon of the cylmder 1tself ’Ihe sound spectrun has a strong peak

;at the ﬁmdanental frequency, a weak peak at double the fundamental =y S
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B frequency and w1de—band no:.se  at hlgher frequenc1es. v 'I‘he w1de—band
o n015e appears to orlgmate from quadnxpole so%rces produced m the
, wa.ke of the cyllrxier ‘Ihe fundamental tone radlates most . strongly in.

L .a dlrectlon perpendlcular to the flow, wh11e the weak hamomc radlates =

e most strongly parallel o the flow. _ The sound produced shows no

dependenoe upon the physmal prOpertles of the cylmder (eg type of

| »"materlal, hollow vs. solld cyllnder) @;2

Expeerents suggest (Gerrard 1955) "

Pt

' frcm the cylmder aXlS (1.>l) :Ln an air. flow of ve1001ty U, »relatlve
to the cylmder, the mten51ty of the sound obeys the relatlon

SRS '_(Inte‘hslffy:'_)__{_,'i S

ms ) o




o1

AU bt

" (0 'Ihe mten31ty 1s mdependent of the elastJ.c propertles of

the cyllnder (le. cylmders of steel and brass, as well as hollow
cylnﬁem produoed the same mbenmty for all other parameters
remamlng constant) Holle (1938) J.nvestlgated the dependenoe of

‘ sound mten51ty upon the veloclty for varlous\vaiues of cylmder dlameter

He fomd no dependenoe on dlameter exoept at hlgh velocltles '. % f.’ \v ;

e ‘> > 30 m/sec) o TR




CHAPTER III

. 'PRODUCTION OF MDUNTAIN-ASSOCTATED WAVES

3.1 Natural Dipole Generators . S e

_ ;_-;:,_ﬂ;%- s o 'I“ne flow of air past a scatlonaxy qylmder may be |

(,1.‘ 1ntu1t.1ve1y extended .on a global scale, to the flow of air past a
i | prcmment nomtam peak, w1th an acconpanymg oonversmn of k_metlc
to aooustlc energy A dlpole radlatlon fleld Wlll be pmduoed in
smular manner to that produced by a cylmder 'I‘he moxmta:.n—assocmted

waves can now be ;:hought of as’a form of aeollan tones in. che mfrasomc ’

7 N
. o
: - - . i

frequencyrange o e _ .

& : 3

| | Although there is I:ttle theoretlcal or. exper:unental
ev1denoe o support thlS theoxy for{ the productlon of muntam—assomated
waves, some authors have suggested such a means of productlon, and the
need for work in thls area (I..arson, ,1971, (-bssard and Hooke, 1975) |
Il'eVonKémanvortexstreethasbeenobservedmthewakeofnmmtam ’
peaks w:Lth the aid of satellite photography (NASA, 1967). o

A splendld exanple of the natural oot’urrence of vortex

2 sheddmg ™ a sy t)d: scale, w1th Reynolds nunbers far greater than
‘ can be achleved in a# laboratory (Ie~101°) ) is glven by 'Deunlssen (1977)
By reomstxmumg the flcm pattem, 'Iemlssen obtams a Reynolds mxnber
of52x109anda8tmuhal nmberofOlS. ’Ihelattervalueagrees

well mth Strouhal mmbers obtained m 1aboratory expernmnts. Recal_l

- 15 ) |
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that von Karman concluded the vortex street muld remain scable only

| if the ratio h/)\ were equal to 0.28. 'Deunlssen calculates’ value

of h/\ - to be 0.3.

, : Photographs of vortex streets on asynoptlc scale have beoome
_~fa1rly fam111ar in reoent years (eg. Bayliss, 1976) The mportance '
for the exlstenoe of vortex streets on synOptlc scales ocames to the
fore men one necalls that aeollan tones: are produced by the breakmg
y of VOI‘thES.-. Just as acoustlcal aeollan tones are detected, for

vi'example, as the hutmmg of pmer lmes in’ the wmd, mfrasomc aeollan

.\‘
AN

_'tonesmayexlstasmw. . : » R ; a . :
’Ie\mlssen (1977) has calculated a vortex sheddlng frequency - :
{ _-' of 107 4/sec for the flow of air past a mmtam that 1s 1300 m hlgh.

Recalllng the theory states that the sound frequency is equal to the | R

: vortex sheddlng frequency, thlS mplles a sonlc frequency of lO 4 HZ oy |

~certainly well into the mfrasonlcv range.

o 0L

If nountam-—assomated waves are actually produced by a

—

natural dlpole it would be a main source smoe, after a snnple source,
the dlpole is the next most eff1c1ent method -of- convertmg kmetlc

erxergytoacmxstlcalerergy PR “_;

§ .

- 3 1 1 Dipole Nbdel
' | " !
'nus nodel deals w1t.h one type of natural dlpole souroe , —

\

‘ mtheatnosphere theflowofalrpastanumtampeak Moondltmns "

'arenecessary ammtainof largedlaneterprojectmgvellabovethe -
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surmmmdlng lesser- peaks, and an approprlate flow of air. Rather
f than workmg w1th every mounta_m in a glven reglon, ‘only the most :
‘prcmment peak is oon51dered in the analy51s | o
| . 'There are ten mountaln reglons in the area under study
.‘ ’ (F:Lg 3. 2 and Table 3 1) 'Ihe resolutlon poss.tble from topographlcal
- maps enabled a boundaxy to be drawn for each of the tegions.’ ‘I‘hese
Tsouroe locatlons need only be checked for wmd speed and dlrect).on | ,

I

'to prov1de J.nput for the dlpole model

| 3.1.1.1 . Frequency of ~t'».t:‘um:a'in-‘ASSOC_iat:ed Waves

) For atmospherlc flow past a muntam the Reynolds nurber
o is typlcally around 109 Eor very hlgh Raynolds numbers such as | )
: these, the correspondmg Strouhal mmber appears to be about 0 27
: ‘(lbshko, 1961) “A check can be made on the J:easonablllty of the |
- frequency predlctlon by usa.ng Strouhal's Law 'Ihe actual frequenc1es o
}'are known ( o1 Hz<f< 1 Hz), S 1s known U can be obtamed fmm upper—
.air charts, d can be derlved and then checked usmg topographlcal :
"_maps, ap belng of xeasonable value. For typlcal values of U and -
| B f, d has a value of about 500 neters there 1s, therefore, no need
| “to perform thls check in each lnstance. (Note that d 1s now the

dJ.ameter of a noum;a;n peak) S o - \ L s



'3,1.1.2 Intensity of Mountain-Associated Waves

o v Equatlon 2.7 mtroduced in the prev1ous chapter w111
‘ ',',be used to predlct the mten51ty of the mounta:m—assocmted waves

. at a reoelvmg statJ.on

'Ihe functlon, f(R) ’ has only been obtamed for Reynolds |

| numbers up to 104 (Gerrard, 1955) In thlS range it has the form:
f(R) 3.6 % 10° (Re) R <3 1)

fSlnce there has been llttle experm\ental work done at hlgher
h Reynolds numbers, the above functlonal relatlon for f(R) w111 be

ext:ended and applled to atmospherlc flows

Substltutmg for Re ( Uyd) equatlm 2 7 beccmes-‘ ‘_

(3 6 x 109) Qf’_fﬂ_z%e sin 24 -‘i o -f (3 2
~ Cylinder RN

g Rooewer
(lntens:fy I)

Flg. 3 l Incensn:y at a dlstanoe r. fran a source .
of dJ.ameter din-a flow of veloclty U L

18



| " : observatlons (see Chapter VI)

- An explanatlon of the varlables and the pmwdure for :

' ‘obtammg thelr values follows. |

'I'ne peak dlameter, 4, can be obtamed frcm Strouhal s
-law, or: by use of a topographlcal map. A value of 500 m has been - found

 tobea reasonable estimate for most mountaln peaks.

_ The determlnatlon of the phy51cally 51gn1f1cant helght
_of the peak, y, poses a problen, should y be measured fmm sea level, :

mountam, or same other reference level. Smoe 1t

of an 1solated peak w1th the wind that is Jmportant, 5 o

- the helght, y, 1s taken as that port_ton of the peak WhlL,.h 1s above the

o _’average helght of'the surromdmg terram A v15ual J.nspectlon of a._ °

~ topograph1cal map show" the average helght above sea level of the terraln

g to be about 2500 meters in Ibglons 1 to 9 and 3000 meters 1n Reglon 10.

(Peak he1ght, and he1ght above sea 1evel are’ glven in Table 3.1).

3 ”;j' ’I‘he dlstanoe frcm souroe to reoelver, r, lS assumed to follow L

the great c1rcle arc between the two

. u\_

e _

The values of a1r den51ty, 0, sound veloclty, c, and e
kmenatlc VlSCOSlty of alr, v, are calculated fmm meteorologlcal

The angle 0 and wmd speed U, as. shown On qu- 3 l, are

PR PP R




'Ihe J.ntensn:les at a reoewmg statlon fram each of the f

- - sources can be ranked ’ and a dcmlnant dlpole generator plcked out. .
~In suxrmary, the dlpole model predlcts generatlon of
"mfraSound whenever air flows past a mountaJ.n peak. The sound w111 be

] receJ.ved at a stat.lon 1f the w1nd veccor U and radlus vector r

PR ¢ N

(see Flg 3 1) are not parallel, 1e. 0 # 0 degrees. | 'Ihe sources w111

o ‘be ranked acoondmg to mten51ty

£

20



. TABLE 3.1

| .PrcnﬁnentbtmmtéinS-in Eaéh.df the Ten Regions
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B PROPAGATI(N OF SOUND m THE ATMJSPHERE '

'Ihe characterlstlcs and state of the at-mosphere have a -

- s]_gnlflcant effect on the lnfrasonlc 51gnal as lt propagates fran source o B
- /6 reoelver._ It may WE11 be that pmpagatlon effects have more lnfluenoe\

~in determmmg the qualltles of a 31gnal at a recelvmg statlon than

l . 'the varlatJ.ons at the sources. Although much 1s not yet understood

oonoemlng propagatlon of lnfrasound scme of the becter—known effects

o 'are descrlbed in t}us chapter. - ) i ;

4,1 Sound Pressure ' -

| As a sound wave passes an observer 1t causes fluctuatlons I

L ‘1n atmosphenc pressure For mfrasound of natural orlgm these

Vv

s fluctuatlons are usually in the range of 0 1 to 100 dyne/cm

- (Oook 1969) Atxrospherlc pressure at Sea. level 1s about 106 dyne/an L

Infrasound 1s detected by a serles of mlcrophones whlch

o \'convert the pressure fluctuatlons to varlatlon of an ele_cac current. :

T »I'I‘he passage of a sound dee a]_so produoes small osc:.llatlons of the

alr partlcles and a subsequent varlatlon in teuperature,‘ Hot~w1re . \ o

fanemometers have been used to neasure 1nfrasound by means Of these

o teﬂperature fluctuatlons. - Smoe mlcrophones must be located out-—of— B LT
*"doors, they also reoord varlatlons not due to mfrasomc anes. Eor

| exanple, turbulent eddles produce temperature and’t pressure varlatlons. o

L




o4

o ‘Nbst mfrasomc mlcrophones are desu;ned to respond to pressure rather- )

tenperature varlatlons, smce thls has been found to be the more

_rellable method

2

ey

4.2 Velocity of Infrasound

| Thespeed ‘of' somd in air is:

L ‘."Ihus, the speed is proportlonal to the square mot of the absolute

itemperature (For a1r at a terperature of 20° c the speed of sound
s about 344 m/sec ) 'Ihls formula is appllcable for all sound
o %vraves frcm me low mfrasomc frequences (f = 0 001 Hz) t:o the hlgh

f'_'-‘ultrasomc frequences (f>20 000 HZ)

'Ihe llterature on: atmospherlc sound usually dlstmgulshes

- f fo“r dlfferent VEIOCLtles and defmes them as-; (l) phase veloclty, S

A "( ) group ve1001ty, (3) 51gnal veloclty, and, (4) horlzontal traoe :

Ty ,',..-'.,.1veloc1ty : 'j i i

'Ihe phase veloc1ty, c, 1s the speed at whlch a surface of s .

_'_,..

constant phase travels chmuqh a medlum, 1e. the atznoSPherlc alr..,, ’Ihls R

- "';-'j,velmlty is a ﬁmctmn of teﬂPel’ature' °r horlzontal propagatlon,

'where the teﬂperature 1s relatwely constant w1th1n a layer, the phase
__f.‘velOCltY lS aiso nea.rly constant. Ebr vert.lcal propagatlon. where o

- the varlatlon of tenperature 1s large the phase veloc1ty is’ a

function Of the tenperamre fleld : i
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'Ihe group veloclty is defmed as ‘
e dw R AT 4;23 |
'_wherew- 21rf is. the angular frequencyandk = 27r/>\15 chewave— '
: number, It 1s the veloc1ty at whlch che sound energy pmpagates through S (,'

v

' fhe signal velocity is defined as:. -

N

. '.p*Csf% po :a;.eh;' };f”' ‘p<4£3) v‘»‘hf.'A.L' ‘; e

o

g-where D 1s the dlstanoe (from source to. reoelver) and t is the tJme
) "_" _:-of trans:Lt. In general, the phase, group and mgnal veloc1t1es are
| _ dlfferent and depend on the strqcture of the atmsphere R

I'J

'Ihe horlzontal traoe velocn:y, ch 2 :Ls the Speed that 1s

5 D;;f'_":actually measured at an observmg statlon, smce : "’ A.frasonlc mlcrophones o

i -"“"are usually 1ocated on the Earth's sdrfaoe and 1n the same horlzontal
plane 'I'rus veloc1ty depends on the angle of mcz,denoe, 3 | of

the sound ray such that ch- C. sm B (Flg. 4 1)

/ / / / / — / / / / / / 7 77 /
. S Flg- 4 1 Ebr a plane mve of S[md c, ﬂ'ﬁ l'xorlental :
o ‘ trace Veloc:Lty is Ch R R




4.3 The Attenuation of Sound in the Aumsglereg o L

'I'nere are four main factors 'in the atmosphere whlch

: boontrlbute to the absorptlon of J.nfrasound wsoo31ty, heat oo |

" ductlon, water vapor, and relaxat.lon of thermal energy "_— ,

' The attenuatmn of mfrasound in the amosphere due to
‘-vf‘.v;Lscomty and heat oonductlon is oorxslderably less tnan for aud:.ble ‘

‘«somds because of the low frequency of oscﬂlatlm. 'Ihe absorptlon

o ooeff1c1ent is about l 6 x 10"4 / rZB db, where B’ is tbe barometrlc )
. R L

‘_pressure 1n dyne/cm2 Eor a plane wave J.n the lower. atmosphere
_ (le. at altltudes below 90 km) at a perlod of T= 10 seoonds the
) " absorptlon 1s less that 2 x 10’9 db (Oook, 1962) Hence, the :

. ',"‘loss due to thls effect 1s ms:.gmflcant, even for propagatlon over\

;‘dJ.stances of thousands of kllareters. S

| altlttxies of 1o km the absorptlon due o water

: - vapo : ted to be srgruflcant., 'Ihe exact varlatlon of

’ ,It 1s estmated to be as large as

‘an at sea level (Cbok, 1962) 'Ihus, for mfrasomc

At very low frequenc1es there 1s an absorptlon due to

. .,'_r"v-' '}v-'.’relaxatlon of the thennal energy stored 1n v1brat10ns of the dlatam.c ‘

w1th atmospherlc pressure 15 not accurately knovm for E S

- 26
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,molecules in -air. ThlS is estunated to be about 10 -6 % for a wave

o of ' .,T 10 seoonds, :Ln the lower amosphere (Oook, 1962) Agaln, '
. 'thJ.s is a relatlvely snall loss and of llttle nnportanoe in :mfrasonlc

transmlssmn, .

'I‘he absorptlon of mfrasomd in the amosphere due o a11 ST
| _four effects 1s thus small enough so that propagatlon can occur over .

large dlstanoes wuhout any substantlal loss in energy

= 44 : 'I‘enperatune -Effec‘ts“ o

Smoe t.he refractlon of sound waves in the presenoe of

] _ gradlents 1s a well-known phenomenon, only a :" |
: brlef sunmary w111 be glven he:ce (See Fleagle and Busmger, 1963)\

The atmosphere may be Jmagmed to be oonposed of a. 1arge .‘ :

,mmber of quam—hormontal layers, each dlffermg in. temperature frcm

_‘Vad]aoent layers.- Sound waves experlenoe refractlon at the bormdanes f:v - e

between layers (FJ.g. 4 2)




c IR S

Fm. 4 2 lbfractlon of a sound ray due to vertlcal
auIDspherlc tanperamre gradlent. I

St




. s constant along the ray glves

_replaced by dx / dz :

: Shellls_ law applies at each i_nterf,a'oe,' such: that:

sin i sin r;  sin i i -
sinyy sinn Y @
< C2 €2 o |

\ ‘whene cn 1s ‘the phase veloc1ty of somd in layer n. Us:.ng the

expressmn for veloclty of sound (Eqn 4.1) and assunlng that % Pm

; | o PR
Csini j=’ constanit x/T_ | . (@.5)

. Hence,‘ a decrease of tetperature mth helght causes the sound ray to

bend upward. Oonversely, an J.nversmn would cause a dcwmvard bendlng

of theray.

’
TR
- .,,_'«4‘\.-_ -

b

'Ib evaluate the constant, T and i must be known at

L % / scxne pomt along the ray. For a ray which becomes mrlzontal at some

_pomtr,(v i= 90 ) 1t 1s seen that

o = 2 K ortanl— ——— , - (4.6) ]
v'./'r,‘ o T -T :

L b . 11

Bl
.

where T is the tenperature at the pomt where the ray is horlzcntal

If the tetperature is assuned to be a linear functlcn of helght

such that T = T - 'YZ_ p where T represents t.he absolute thpez;ature
T oat any‘ reference height and 'y 1s the lapse rate, then, w1th &n

) T v " . » . "A' ) ‘ _. _‘
’ dx ———. dz ' ) o, )
fmn = Cown

s 'Ihls equatlon may be J.ntegrated numerlcally to calculate the path of-

,‘-. }!'

o tsrperature mverswn

0o

’y-f' It has been used in the orlglnal detection of the stratospherlc

.29




About the tJme of ‘World War I it became a

the sound of gunflre could be heard within a radlus of about 100 km
‘frcm the source and often beyond 200 km, . but not at dlstances
between 100 and 200 km.. As shcmn in Flg. 4; 3, w1th_m the oent;ral

: c1rcle the wave was aud:ble, but at greaterrradn upuard refractlon '
made the wave maudlble. , However, at Stlll greater radn beyond .

- the zone of 511enoe vaves were refracted domward to ground level® by

awannlayerofalr in thehlgh a’anosphere( It is nowreoognlzed that
| the temperature at 50 km above the surface in mld—latltudes may be on

iy oocasmn as hlg'h as 325° K (52° C)

30
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FJ.g. 4 3 (a) Propagatlon of sound from an explosmn "
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‘ From the prev10us dlscussmn 1t is clear that the
mfrasomc su}nals recelved at a station may not have travelled
'm a stralght line fram the source. Indeed whlle one statlon may
_reoeJ.ve sa.gnals from a glven source, another statlon at a somewhat
_ dlfferent locatlon may not receive them ” | | |
I_nfrasohic waves produced by a natural dipole are
'refracted amy from. the earth under condltlons of normal at:rospherlc
- lapse rate. Eor any 1apse rat:e there is a crltlcal ray Whlch strLkes
the earth horlzontally, beyond thls dlstance the only sound reachlng
E the ground is due to scattermg and usually very weak (Flg.- 4 4)
‘Equatlm 4 7 may be used to determme the max:mum range of the crltlcal 4

‘ray m the case of a oonstant 1apse rate and oonscant temperature,

‘w1ththeresult R B _ SRR
*‘-"X-x6=2[—_ : (4.8)':'"
’i-_"»,Fbr a 1apse rate of 6 5° C/km temperature of 273o K and a mountaln o
‘peak sane 5 km above the mean terram, any mfrasomd produced B ‘. |

BEs ’.'bY the Peak should be undetectable at dlstances beyond 30 K. Thls e
B 7'would correspond to the flrSt zone of sﬂence mdlcated 1n F1g 4 2
S 'Ihus 1tmaybeooncluded thateven thoughamountam
'peak 1s producmg mfrasonlc waves, they may be undetectable by a .

e

- nearby reoelvmg stat.lon. o



Mouniam, b Infrasenic'R'dx
Peak / e

_Si'gnal Retépﬁ'on" ’ No Sighal' :

l

|

|

i

1 < ’
; -x' T
Flg._ 4 4 Path of mfrasonlc ray produoed by a
natural dlpole at helght z. f

4.5 Wind Effects

Wlnd effect.s‘p‘lay an urportant role midetermmmg

A

- the path of sound waves.: Nea.r the surface of the earth where the
| & .'wmd speed 1s usually only a very small fractlon of the smed of

tsound, such effects are rarely substantlal.v Hcmever, at the

,‘-'vj.‘tropopause, in the v1c1n1ty of the Jet stream at a.bout 12 km, o el

"33

‘the w1nd speed can be as nuch as 25% of the somd speed ThlS RO

S .:_ ‘causes dramatlc changes in- the oourse of a sound ray. 2 ’

'I‘able 4 l glves a brlef surmary of the mnds for the o
| area over theoontmental Unlted States. oy L i

. e
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. “TABLE 4.1
‘Bast-West zonal Winds at Several Geametric Altitudes -

e Altitude o - . Mean Wlueé:ofwirad speéd m/sec _

km ) - eastwa.rd, (_-A)“-»- westward .‘

S _1'6"Oc_t_;,>1;o___.. ""‘l April to 1 \June to 16 Aug. to

Cos0 w2 w2 220 0

P




" "experlencmg a 50 m/sec wmd would have a lO degree az:.mutha.l

The mean north-south (rrerldlonal) wmd speeds are less
than 10 m/sec at any- tJme of the year, and have an average value of

6 m,/sec mrtlmard

| § Frtm 'I‘able 4. l, it is ev1dent that at 50 km, in the
'wn_nter months, the ground speed of an’ eastward propagatmg SOund
:‘wave will: be enhanced by 52 m,/sec, while' a westward pmpagatmg
wave w111 be retarded by 52 m/sec (relatlve to the gmund) me

'%o km t:hlck at:nospherlc layer between the stratopause and the surface -

o of the earth serves as a wavegulde for easmard propagatlon of. sound

.'waves durmg the wmter months, but not for westward propagatlon. o

In suxmer the sn.tuat.lon 1s reversed, the uavegulde 1s effectlve

,only for westward propagatlon.

'Iheomponentofthemndperpendlculartoasourd

wave w111 cause the wave to be deflected ’Ihls Shlft or az1mut.hal

Ey '.f-_?’dev1atlon 1s dependent on three factors (Rockvay, 1972)* the. ' o
. '».'.length of the propagatlon path, the magmtude of the wmd, ,and the
e latlt:ude of the fmal p051t10n of the ray Rockway found that a |

L wave travellmg frcm 45° N latlbude to 55° N latJ.tude, and O AR

,’f'dev1at10n frcm a no~w1.r1d case Obvmusly thls oould be Jmporb‘:\nt

trymg t:o deternu.ne the orlgm of a sound wave. 'A

35
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| Wmd shear also has a s:Lgru.flcant effect upon the |
pmpagatlon dlrectlon of a sound wave. 'Ihe normal 51tuat10n in the
» at:nosphere is one of mcreasmg wmd speed w1th he1ght Waves
| 'movmg agamst the wmd w111 be refracted upward whlle waves

| movmg in the dlrectlon of the w1nd Wlll be refracted dov\mrard

(Flg 4. 5)

L

8 Wmd Spsed» " ‘ ,V So’qu?:bf Iﬁfrcscun.d": _.-j‘ "

“ Height

P

SR , ‘Honzontal DMance N R
Flg. 4 5 Effect of vertlcal w1nd shear upon upwlnd :

s e s and dmwnﬁ propagatlon of sound waves.. .

T 'Ihe usual effect of wmd shear lS thac the dlstanoe

from the souroe 1n whlch mfrasound can be detected 1s decreased

.::m the dlrectlon of the wmdi A vertlcal w1nd shear of 5 m/seC/km f} s

‘:flS equlvalent J.n refractlve power to vertlcal temperature gradlentf’:}f"f'."

S of 1o° C/km

!
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4.6 Smmary of Propagation_Effects R I \

- 'Iheprecedlngsectlons srmthat?somdwaveunder—
; goes numerous- changes enroute frtm source to recelver Wlnd and
‘:tenperature place the maln role in determmmg the characterlstlcs
k -}"cf the transmtted sound rays I ymle the attenuatlcn of the :Lnfrasomc A
wave 1s negllglble. Allowmg fcr the effects of wmd and tenperature j |
g T,"' | one mlght e.xpect to*predlct the azmuth and elevatlon angle at S
_ “Wthh a sound wave would be recelved from a. glven source. However,
a falrly detalled }mowledge of t'he wmd and temperature at each
pomt along the way is reqmred Even 1f these data were avallable
| . the prec15e ccmputatlons of ray geanet.ry would be dlfflClllt Buts '
. asa general rule—of—thumb ray azimiths should be shifted sllghtly PR
| "totheeastmtlxewmterbecauseoftlweffectoftlmeprevallmg "
; “ ,.'J_'vwesterly wmds in mld—latltudes. Smoe the magnltude of thls Shlft_“';» ‘.
on a glven day is not known no correctlons have been made in: thlS :

e study for azmuthal varlatlons due m wmd or tarperature effeCtS | ’

As a flnal thought, 1t should be noted that the aznnuths

S fmn Wthh the greatest percentage of sound waves are recelved

l’may be strongly affected by the propertles of the amospherlc 0 T S
G wavegulde Whlch allows only certam preferred duectlons of propaga

_ Therefore a preferred azm\uth range does not necessarlly ‘ ‘
L mply that the greatest nmber of sources are actually located w:Lthln

: this range

R

o W
. ia.
. o




. CHAPTER V'

J

RECEPTION, AND DIRECTION, FINDING

5.1 e it et
'Ihe systenrused w denecc J.nfrasomc 51gnals at each '

o of the scat.lons is dlscussed by Oook (1969) A brlef sunmary w111 ,
be pnesented in thls sectlon |

o '\ s An array of at’ 1east four mlcrophones ac each recelvmg

: '_ scatlon detenm.nes four characterlstlcs of mfrasomc waves passmg
| thmugh ‘the area: _,_1) the. anplltude and waveform of the incident .
o :_-l'_sound pnessure, 2) the hor:.zontal phase veloclty. 3) the dlstrl-
. butlon of sound wave energy at varlous frequenc1es, and, 4) li

'.z_.:-'-dJ.rectlon of pr0pagatlon of the wave

The mlcro;ﬂmes are located at gmund level, approxm\ately-_.

m the sarre plane and about 7 km apart

» ER R Effects of pressure fluctuatlons due | to local turbulenc ‘"
: eddles are mlru.mlzed by a n01se reducmg system descrlbed by Dam.els |
| (1959) r wluch consmts of 1mes of plpe, haVlnq caplllary mlets,
: and attached to the nucrophme. v;_ P i
R e memcelVEdSWMlsareusuallyrecordedmpaper |
charts, me at each of the four mlcmphone 51tes. 'B'e c}';aracterlst)_cs‘w-.u‘:ﬁ"
'.:‘Z_,.‘."?’:V‘Of the sound wave are then obtamed b_y overlaylng palrs of reGOrdlngs
fm the four Charts ms mﬂnd mqulres an mate tmmg trace :




for each reoord and also assunes that the sound waves have approx:L—

N mately plane wavefronts

5.2 Direction Finding

By overlaymg the charts and V1sually correlatlng

'"the waveforns frcm palrs of mlcrophones the az1muth of the approach -

g ‘of t.he wave and the horlzontal traoe veloclty can be obtamed from |

a oonparlson of the tlme of arrlval of the waveform at each mlcro—

v‘phone Detectlon of 51gnals 1s often dlfflcult smoe local n01se _'

' 'may obscure the desned 31gnal, and superpOSJ.tlon of 51gnals arrlvmg

e "from two or more dlrectlons may cause the waveform to vary at each

nu.crophone

-_-‘-*,wave characterlSthS frcm outSJ_de mfluences, an "event" is assumed

‘ to occur when a narrow range of azlmuths 1s observed for an ex—i

o fj“._itended perlod of t1me (usually greater than 2 hours) A varlat.lon

m az:unuth may be due to several factors. As mentloned vanatlon

;J.n wavefoms at each mcropmne can cause poor oorrelatlons Cnarts
can be overlayed w1th an aocuracy of t 0 5 seconds for exoellent

B Iv::s:.gnals. 5 -'Ihe quallty of a s:.gnal 1s determmed by the azmruth

scatter obtamed by overlaymg pa.trs of charts Excellent s:.gnals

“'}ﬂshow a !5 to l degree scgter, whlle poor srgnals show a 6 to 10

degree scatter.‘ ,SJ.gnals of greater scatter are 1gmred (Larson, 1971)

As noted 1n the prevmus chapter the path of a sound

.‘/‘
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S;Lnoe 1t 1s often dlfflcult to sepa.rate mountam—assoclated

S ray may be altered mmerous tmes enroute fran souroe to reoelver.,,,_ L



'Ihe az:muth angle, »1.n partlcular, varies aooordlng to the strength :

the'possmle dlrectlcn-fmdmg errors J.nto ‘
acwmt;, 971) states " az:muth angles for good 51gnals " |

. do not have :4 greater than 10 degrees.

©5.2.1 Single

' 'Ihe nost dlrect path of a sound ray 1s along the great:-_"-
clrcleroute be . souroe and a reoelver. : If no dlstortlons :
e present, there would be a smgle az:muth

L .r;'-"angle of arrlval at-a statmn. Ihls 1s not the oase, however

Inseead a range of aznnuths should be expected : If only one souroe jA S

'.-‘.__ji{ls predlcted by the dlpole model, then there would be a 1o degree

. _, .e“}error in calculatmg the azmuth In other words, a. range of
o oy

' f__-?:-_» -":azmuths of + 5 degrees around the true headmg 1s the best that can

| be expect:ed m most cases (Flg. 5 1)



- ‘Resolvable Aiimufh Range =10 Degrees’

. Receiver

A

. . %

. Fig. 5.1 Fesolvable azimith range around the

"nusmeans thattheazmuthsofthetrueheadmgsoftwosources

must be at least 10 degrees apart Lfor resolutlon between the two :ij

n~.0".'
l R

v toypossmle (Flg. 5 2)
SR o , 0 . r;&; ﬁ‘

In practlce, hmeever, dlrectlon fmdmg nust at tm}fes
le, conSJ.der the srcuatlon m FJ.g. i

‘]
V
l

be samhat subjectlve. For




e i -

a2< 109 resolutlon between sources b and c |

Ce— Trua Headmg

statlon frtm three sources a, b, and Co

i

- resolutlon betweeq, sources a and b
(or c)-is. possuble e g

1s not poss:.ble

CE Pred:cred Az:mulh Range o :

Flg52 Predlcted azmuth ranges at a recelvmg R




.....

.....

A o — Headlng Predlcfed by Dipole Model |

- Azimuth Range

..............

Flg. 5. 3 Azimath range for a receiver at Edson (ML)
for sources at mountain locatlons 1,7 and 8

- B o

‘In thlS case the dlpole model has predlcted that a recelver at
,Fmon, A]berta (ML) stnuld reoelve three dlstmct 31gnals,

- 'signal from muntam looatlcn mmber 1, a seoond SJ,gnal “frun 1ocat10n

 7, atﬂoathlrdmgnalfranlwaum 8. 'metmebearmgs from
"soumes land7°d1fferbymlysdegm thus it should not
bepossmlebonesolw signalsproducedbythesemsm:roes. Cf\
;v"theouerharﬁ smcescurceBhasabearquJ.ffermgbrsareM

o degrees fmn that of soume 7, cnecould assume thatq:hesq two.

soumes may be easily dlst.mgulshed However, since the

43
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between the three sources 1s very muﬁtamous, and all three 1ocatlons

'-ane producmg 51gnals, one may suspect that 31gnals may also be
lemltted bymotmtams m the reglon between sources 7 and 8. Thus,
,nesolutlon between any of these three mountam 1ocat10ns appears

) tojbé very dlfflculp. . Bn azmuth range as shown in Flg 5.3 is

- ass L3N

44




. CHAPTER VI
 COMPARTSQN BETWEEN PREDICTED AND
' OBSERVED MOUNTAIN-ASSOCIATED WAVE CHARACTERISTICS

: ot

6.1 'mfrasmi‘cv“rriangulatim ’Eventsr ‘

The fJ_rst step 1n thlS ana1y513 of mfrasomc 31gnals
from unknown SOuroes is the determmatlon of probable trlangulatlon
events. A trlangulatlcn event is def;med as an mterval of tme N
_A durlng whlch mfrasomc 51gnals are reoelved at the trlangulatlng
statlons.' A na’mral requlrement is that the statlons recelve sxgnals.‘
‘at the appmprlate relatlve tmes. Events are selected for study an
the ba515 of the follomng crlterla PR

}l’) The evmts covera relatlvely 1ong mterval of tJme, .

- 'preferably greater than 2 hours. | Thls nrproves the

chances that a smgle dommant source ‘is bemg observed

| ‘ 2) 'Ihe tnangulatlon area is stable, ie. the aznnuth
. angles are falrly steady thr.oughout the observatlon 7
mterval thls agam increases the chances thac a smgle

. event or. stable conflguratlon of events is bemg detected

.'.":‘,_3) mteomloglcal data must be avallable for the t:une

',Adurmgwlucht:heevmtwasrecorded

}4““ . . . . . ) . .



- . Four stations were mvolved in the deteCthn of mfrasonlc

51g'nals and the subsequent determmatlon of trlangulatlon pomts

1. Fairbanks (or College), Alaska: 64.51°N, 147.43%
2. Pullman-Washington, Washington: 46.449N, 117.10%
3. Boulder, Colorado  :-40.00%N, 105.17%

4. Bdson, Alberta ©: 53.35%N, 116.26%

.(Edson was a te:rporary statlon taken out of serv:Loe ‘

in 1973.).

S Fbllowmg the format adopted %y ocher authors, the follovmlg : ‘
" abbrew.atlons mll be etrployed for convenience: .
Falrbanks CD ‘. » Boulder ~ Bp;‘-

k (See F1g 6 l)

L vIn order to locate a trlangulatlon anea, a: s:Lgnal must be recelved by

at least UMO of these statlons at the proper relatlve tzmes. '

b\:»\‘-,
>

'Ihe locatlon and tJmes of the trlangulatlon areas Whlch

’were chosen for study are gJ.ven 1n Table 6. l (also F:Lg. 6. l)

i



TABLE 6.1
 Infrasonic Triangulation Events for Aug. 1971 to Feb. 1972

EVENT . DATE. TDVE LATITUIE © LONGITULE,
, . (Degrees Vest)

(GreenWich‘Meén) (Degrees North)

T 1

~4a)

" b)

. o

10

R T

G
14
15

16 -

30/09/71

05/10/71

08/10/71

1 08/10/71
~09/10/71

L 29/12/71
/07

- 25/01/72
26/01/72

03/02/72
- 09/02/72

0030-0800

- 07/10/71 .

18/11/71

18/01/72

.},??/01/52_5
oo
02/02/72

- 0000-0100 -
\2130e2300
1 0000-1130
_5300ﬁ2466 f‘
10000-0130 B
0800-1600
ColA2/71 04000600
L 0030-0200 :
 0béoeo23q;c{ f'
073051336
00000500 o
0030-0530°
0010-0430
“5073O?¥200 f.  ‘@ o

s
53
4
e
60
57
60
st
o
s

126
125"
122
125
130
 '129
n iza{',~'
155
1300
114
_.'1i0‘ “
.1 € 125_v}»’.,..”
| fﬂ;iizzlf"

Cc13

s
120
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130¢ _120° 110* 1000

_150° 140

fo

70°

R

Flg 6.1 Infrason:LLc tnangulatlon events for
Aug l97ltoEeb 1972, RS
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6.2 Meteorological Data

'I'ne dlpole model requlres, as mput, the wmd speed and
dlrECt.lOIl at each mountam 1ocat3.of1 It is also desuable that these -

databeobservednearthepeakofthemountam

N - ,‘ o0 The data are obtamed fran upper level charts whlch

contam such mfoxmatlon as: wmd speed w1nd dlrectlon, con'oour

he1ght, temperature, etc. at dlfferent levels in the atmosphere. E B

\ Smde ﬁ\easurements are rarely taken dlrectly at a mountam '
locatlon, the w:Lnd velv 1ty\t the ‘ten source Sltes must be estlmated o
usmg nelghborlng data ' Juarlef explanatlon of the method used to .

obtam the wmd veloclty at each locatlon follows

6.2.1 Wind Velocity ¥ - }

'I'ne measurement of wmd veloc1ty is’ needed near the‘
peak of the mountam 'Ihe avallable upper-alr maps vere. the 700—-mb
charts whlch correspond to a helght of about 3000 m above sea level. g
In order to estlmate the wmd speed the geosaophlc wmd equatlon L

\

Yg , f H S e ( ) S y

where f 2.ﬂ.sm¢ lstherrlol:Ls parameter “' RO

' and V = geostrophlc wmd _
, g grav;.tatmnal%ocelemta.m (9 81 m/secz). v



. fmm Wthh Vg nerely beocmes a functlon 0 _

.50

| e 9
0 = Earth's angular velocity 0.729 10‘4/sec)

/ ¢ = latitude at which the geostrophlc wmd is
~ ‘to be calculated o

‘ 6Z7 standaxd ‘contour mterval (609pm or approxh

60 m)

] H ={ : hor‘i‘zonta'l\ spaclng of 'oc;ntour ‘lines.

'Usmg a lat.xtude of ¢ = 50° N glves a value for the 3

Vg 523x105/ 6H B (7)1

_spacing of the coritour

'Ihe prm\ary assmrptlons underlymg Equatlon 6 1 are that

B ..the frlctlonal foroe and the acoeleratlon are snall m oomparlson to

: _/the pressure and Oorlolls forces. | A strlct balanoe between pressure 5 o

.-‘and Oorlolls foroes 1s thus Jmplled whlch 1s true only 1f the contour A

’, most cases, provuie anoverest.una’oe of the actual w:md speed «v" o

error of up to 10% may be mtroduced Also, the Oorlolls parameter
5 »‘:,varles w:.th lat.l.tude. However, the error produoed bY assmu_ng no -

: varlatlon 1s negllglble m mld-lautuae 'rhe geo%m phJ.c uon O

. 'are small At 1ow altltudes thlS would be a serlous ‘source of error, -
, | hwever, at 700—nb the fnct.xmal forces are very small and can N
“_,usually be 1gnored 'me geostropluc w:.nd Equatlcn (6 1) w:.ll, in

R jlmes are Stralght and parallel Slnoe most‘ contours are Curved an o

-"‘also 1gnores terraJ.n effects by assunmg that the frlctlmal forces EEE O



: locatlon.‘

. v ’Ihe m_nd speed at t—he various mountain peaks can be
obtamed merely by measurlng the spacmg between the chtour llnes

and applymg Equatlon 6. 2 'Ihe wmd chrectlon is- also ea31ly '

- | obtalnable since the geostrophlc a;ssunptlon J.mplles that it be

paralleltotheoontourlmes.w \ ‘

In practlce 1t may not be necessary to use Equatlon R

62toest1matethewa.ndspeed Bytakmgnoteofthespeedat

nelghborlng stam.ons a good estJ.mate can often be made at the souroe

T

L4

'Ihe lnten31ty of the dlpole radlatlon 1s glven by

Equatlon 3 l.v For the accuracy attalnable m the calculatlon of

the :Lnten51t1es J.t 1s suff1c1ent to assume a oonstant temperature of

G

events were recorded (August to Fd)ruary) 'Ihe alr den51ty and

sound veloclty (WhJ.Ch are functlons of tatperature) w111 have the S

values' | e i

N
o

a
W

'n'nekmematlcnscomtyofalrlslleosmz/secand

t-he average peak d.lameter was est:mamd tQ be 500 m. Insertmg these

values mto Equatlon 3 1 glves

-15°C (258° K) at 700—nb over the perlod 1n whlch the mfrasonlc

B ST



A 'trlangulatlon pomt for the mfrasomc event under study

Usmg a 700—mb upper—alr chart correspondmg to the \@

‘perlod of observatlon of an lnfrasomc event, the follam_ng prooedu_re e

‘ 1s performed for each of the ten souroe locatlons-

' l) Estlmate the’ wmd speed v
‘2)'i _Calculate the a.ngle, 0 ' for each statlon.

3) Obtain the peak helght, y, and dlstance to statlon,
'-"r(TableGZ) , ,

. "4') 'Usetheabovevalues for U, 0 ,y, andrtopredlct |
' . the dlpole mten51ty at each of the four statlons

.

-.'\ -. [

. mce the mten51t1es fran each source at a glven statlon ‘

are calculated they are ranked accordmg to order of magnltude 'IhJ.s'_f: _
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serves 'oo separate the dcm.mant source, or sources, for each stat:Lon .", o

'I‘he dommant source J.s assured to have an mbenSLty of one or more Pl

'Orders Of magnltude greater than the renanung souroes. - _‘ -

} Fran thls mformatlon a range of az:mut?s at each statlonj i
t‘:f..:fls predlcted as outlmed m Chapter V The mtersectlon of the
- az:muths frrm bno or more of the recelvmg statlons defmes a trla.ngu-

gt :vilatlon reglon, 'IhJ.s reg:.on can then be ccmpared to the observed
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N
- TABLE 6.2

" peak ﬁéights and'DistanCes'Fhan}Beéeiyers.to Sources

' tomtain focation  Pesk Feight, y (W

Distance to Receiver;
ot m

‘o

o 1ds4

446

o

R

o
s

o0
i "55501?;Jf51f

262
C; i6$11ij

RN YL

s

2049
1411

oA

1)
287
o544

806

243
569

3681

'7§i"
1378
2082

2018
}2792i,_
276

1125

793

P

2427
- félllf*u

3945

s

L

o190

1783

333

woo
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3 Q o "I'neresultsaremberpretednmnlyonthedegreeof
g proxzmlty between the predlcted reglon and the observed triangu-

’ lat:.on pomt. T thlS way a subjectlve judgement is made as to

o

rhe llkellhood of a d.lpole being the source for ‘the observed M
| Q £ vent. ,

P Smoe Ta U7 in the dJ.pole model, the predlcted
. ?’_zfi’ftrlangulatlon reglon could be exPected to. be in the areas of

’ max:mun wmd speed 1e. the Jet stream 'mls was mdeed t(rue in the

‘ ‘:f-majonty o cases, : A plot of the lat.ttuie of the observed Mm

= _:‘v',j:event versus the 1at1tude of the 500-rtb Jet stxeam 1s shmm J.n

-i‘-'"'-_F:Lg. 6 2 'Ihe correlatlon between the two suggests t.hat the wmd | n

oy

- :_‘;speed may be a maJor factor J.n the productlon of MAW - , :

e T
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it ?'_";:mangulatlm regwns _comclde with

Exammatlon of the results ﬁun the drpole model cou-xta:med0

in Append.lx A mdlcates that when closely spaced conbour gradlents

' " (1e. strong wmds) were present over the mountams, ‘both the pre- ‘

. dlcted trlangulatrcn area and the observed source pomt were usually

' located in the regrcn of maxumm wmd 'Ih]s 13 partrcularly ev1dent

m cases 2, 4, 5, 7 8, 9, 15, and 16. Uhder the mfluence of a -

| : tlght gradlent the predlcted areas tended to follcw a falrly organlzed"
- pattern men the gradlent was slack, tmever, the predlcted reglons o

A 'were J.ll-def:med and showed very llttle correlatlcn to the observed
trlangulatlon pomt 'llus is- ev1dent frcm cases. l, 1l, 12, 13, L
and 14 | R | -

o v,

Cases 3 and 5 s}m a well—developed gradlent across

the nmmtams, but the observed and predlcted reglcns do not. comcrde i

. _"Inpartlcular Case3skmsthepred1ctedregrm1nsouthemAlaska

56

an ¢ sa w1th strong upper w]_nds Hmever, the observed trlangulatlon ’

: fvpomt rs mWas}uhqu m the center of a hlgh pressure area wrth L

"::-only llght winds

: w1nds prevalled over much

-_'_'j-"?of southern Alaska and the Bntlsh _ urbla coast 'me predlcbed

o ,zoneofnaxlmnw:.rds 'Ihe

wm of three separate areas 1s nost llkely a result of sub—

. Itis'thus lihely that the dipole model coild predlct a region. ex-"*
t:endmg alcng the coast frcm sout:hern Bntish Colurbra to the aut.
- "T:'..__;;':-cf Alaska 'nus cOuld mean that, ﬂ\ough the observed pomt falls

-'.mthin the bomdary of th:s predrcted regicn, there 1s such great

L Te -

"; fdw:.dmg the mmtamms regmns mt:o three dlstmct source locatlons
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L
[o}

uncer tainty m the premse Iocatmn of the predicted area that it
would be difficult to deduce any useful oorrelatlcms. o

"Case 6 also- shows the‘actual tri ation point tovbe“

well—renoved from the aXlS of max_umm wmd dipole model does | '

predlct a source at the.observed pomt, however, the major source

is located ln the tlght gradlent area well to the south

-

Case 4 is particularly interesting in that it involves e

three distihct triangulation points located in a' tight contour -
gradlent area ’Ihe predicted regmn is also w1th1n thls tight :;radlent |

'andacmanyawmpassestmofmeumeepomts, the thlrdbelng
only slightly outside this area.’ ’ -

Addltlonal testmg of the model was done by consmerlng :

cumulative statlstlcs for-the 16 cases. The predicted arrival v

’azmuths fmm which su;nals are reoelved for each statlon are shom |

‘in Flg. 6 3 thmugh% 6. 'Ihe predanmant 51gnal emtters for the

arecelver at Edson are cbserved at an azmuth of 260 degrees. 'mere

 are three lesser azimuths of 308, 252 and 208 degrees (Fig. 6.3).

‘Ihis nay be cmpared t\o Flg 1.1 which shows the majonty of s:n.gnals

‘ arrivmg from abmt -3Q0 degrees. ‘The Qollege data predlct the.major

- }-az&inuth at 138 degrees (Fig. 6.4). The puman-mscow observatory o

"has ﬁqmcast azmuths of 273 degrees ; and 324 degree (Fig. 6.5). .. .

L»Boulderslmap:eferredazmthatzzzdegmesandamﬂ\erlemer B
'head.ingfmn325degzws (Fig. 66) ' '

i

N



Lj .

&

K Smoe observed arnval azmluth statlstlcs are avallable o

Y

B only fortheEdsmrecener,nocarparlsmvasmadebetmenpredlcbed

_ 7
and observed results for the other three reoelvers
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Fig. " 6 3 Percentage of signals reoelved alang

\ : predlcted arrlval azmuths at. Edson ‘Alberta
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Flg. 6.4 cent:age of slgnals reoelved along

pzedicted arnval azimuths at Oollege, Alaska .
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Flg. 6 6 Percentage of slgnals recelved along prechcted
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It is custcmary to measure the power of a signal rather

e

that the J.nten51ty A::cordmg to Larsen (1971) the observed

Vary fram 0.5 ub to about 7. Spb

S ‘ x “!.td typlcal atnbspmrlc pressures of 1000 mb)

.'However, no catparlsons have been made between observed and" theoretlcal -

“",

sound pressures in the present study, since the smple model does

not take into acoount the effects of attenuatlon and ancmalous

- propagatlcn. :

6l



 CHAPTER VII

SUMMBRY ANDOONcwsIom | R
| 'Iheoretlcal and experlmental fmdmgs have shown
that the flow of air around a statlonary cylmder w1ll résult in -
the oonversmn of kinetic to aooustlcal energy for sufflmently |
large Reynolds nurbers. 'Ihe sound pmduced in. this manner is terned
: aerodynamlc sound in that 1t 1s not a Iesult of v:Lbratlons of the
'cylmder 1tself but. rather aooonpames the sheddlng of vortices -
'm the wake of the cyllnder. ,'Ihe assocxated sound fleld possesses
, ‘a dlpole pattern w1th the mam ans perpendlcular to the flow
‘ Byenlargmgtheoonoeptofaflowofalrpasta
cylmder to an: analogous flow of a1r past a pnarunent muntaln peak s
oa model for ﬂ1e generatlon of mmtam-Assoclated-Infrasonlc-Waves £
-has been developed 'Ihe observatmn of Kaman vortex streets 1n o
+:the lee of mountam peaks added fm’thersxpportfor the theory of
a natural dlpole generabor. o e AR

e
- ’<)

N In Chapter v the pmpagatlm of mfrasound through the S

3 f,at:msphere was exalm.ned It 1s ev:.dent that the pat:h of a sound |

| hwavemayvarygreatlydue tochanqesmthe stateof theatxroSphere. |
| "Smoe ray-tracmg theory reqmres a detalled knowledge of wmds and o
| ‘bsrperature, 1twasoons:.deredbeymdthe scq:e of thlS studyto -
b _' correct pmpagatlon paths by allowing for the effects of varying '
w1ndarxitetperaturecoa'ﬂ1t1ms ‘Ihemamconclusmnreachedls

z,v

62 . |
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: that the largest pel‘?centage of sources may not actually lie vt(thm
,‘ a preferred range of azimiths, smce propagatlon effects may determme ‘

: the dlrectlcn frcm thch 51gnals can be detected

Moneover, sensmg and recordmc}of mfrasomc s:Lgnals
mcludes errors whlch make dlrectlon fmdmg dlfflcult, hence, a L_‘,‘. .
range of azﬁnuﬂls should be expected rather than a smgle headlng 4
In most cases the mtersectlcn of az:muthal ranges fran uvo or

" more of the‘ receiving stations defined a triangulation region. . .
erﬂdatamrmspaﬁnlgwﬂetumsofobservedmw s

f eventswere used in themcdel topredlct 51gnal source reglons

. -'Ihe results were Judged accord.mg to the pmxmuty of the observed

~and. predlcted areas. o

In 9 out of 16 cases exaxm.ned (case nunbers 2, 4, 5, RN
/' '

: :_6, 7‘ 84 9, 15, 16) it amears that a dlpole osc111ator cou]d be
: :?}hrespcns:Lble for the productlon of the observed MAW eventcs. | Ibs;ever; ” " i
one cannot assune that lt is the only mecham.sm generatmg the ob- e
| o .served sxgnal When a well—developed contour gradlent ex:LStS across
o ‘the mmtams, the dlpole nodel predlcts reglons th.ch are in falrly k

"‘_"close proximltyto theobservedpomts, butwhenthe flcw:.sweak
'_-.the predlctwe sklll of themodel 1s lcw. N o

R
1.

B
"\_

Itlsmportanttokeepmmmdthatthemputforthe

0y

I model ccmes frcm data collected at one Spélelc tme of the day, .

mereasameventnayoccurcverapermdbf several hours.

G L e

S i e Bl
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B B

Changmg wmd condltlons during the day may cause a correspondlng

change J.n forecast trlangulatlon areas. It may be that the upper—

air data, reported at 0000 2 and 1200 Z, do not adequately represent |

the wmd pattem prevallmg durmg the tm‘e of the reoorded MAW

event..

‘lhe 700-ﬂb upper—-alr chart was: used to obtam wmd data :

'IhlS c;hart corresponds to an altltude of appro;mnately 3000 M above - .

 sea level The hlghest peaks such as Mt mbson, Mt. Falrweather

. 4

' the neoelver 'Ihus, even if the dlrectlon of them.nd

reoelved at Edson, Alberta arrlve from about 300 degrees (Flg. 1 l)

and Mt. Dogan, range frcm about 4000 to over 6000 m above sea level )

: well above the 700—nb level _ The wmd oondlt:l.ons w111 normally be

dlfferent at the level of these peaks because, m most mstanoes, the

wmd speed mcreases Wlth helght. 2 If calculatlons for the hlgher peaks

arebasedonlyon?OO—nbwmds thenthesomdmtens:.tywouldbe

expected to be too low. Smce T a U7 the mten51ty should mcrease o

" mth helght 'lhe thher peaks may thus be st.lll dcmmant dlpole sources_“'a"'
e and the resultant trlangulatron reglon need not be affected to any .
great extent. 'me dlrectlon of the w1nd has only a sllght effect on the

mten51ty of mfrasound produoed by the dlpole mdel unless the w:md

vectorlsverynearlyparalleltotheradlusvectorfmnthesmrceto

helght, thls effect w:l.ll mst llkely be overshadased by a change m the “ v

.

speedofthewmd

Cb&rvatmn shows that the majonty of the 81gnals

'lhe predlcted azmuths of arrJ.va.l for Edson (Flg.6 3) do show ﬂxat



' funct.wn, f(R) used J.n calculating mmnsu:les is dlfferent, at 5

N ;Z peroentag; of 51gnals oould be expected to care fromthls

| g, however, the majorz.ty ccme from about 260 degrees

source producmg these 51gnals 1s most llkely Mt. Robson whlch 1s :
~only same 180 km from the Edson reoelvmg array. As outlined in B
‘-Chapter IV on pIOpagatlQn, a reoe:Lver smtuated 100 to 200 km from

a souroe may be unable bodet'ect 51gnals. If ttuswere the case

”wlthEdsonand'Mt Robson, thenanurrber of 519r1alscmungfranthe'4~

.. dlrectlon of 260 degrees may be lmdetectable, meanmg the largest
peroentage of s1gnals would arrlve frcm about 310 degrees.‘ |

EN
r

: Erom a sample of only 16 cases 1t is dlfflcult to ‘
]""draw any defmlte oonclusmns oonoemmg the degree to Wthh the
. dlpole model accounts for the observed MAW events. B Results frcm the

model show good agreement w1th observatlox)rln a nunber of cases, L

tmg that dlpole osc:.llators may generate Mmtam—Assomated-

-,_Waves under lugh w:md oondltwns Other mechanlsxrs for the productlon"; .
v‘_“'of mfraSOmd are llkely oontrlbutmg as well 2‘"Natural" quadr\poles, S

R 'V"alr-turbuleme, may also be mportant souroes of mfrasomc 51gnals.

St 'Ibdate, llttleexperm\ental work hasbeencarrledout
‘at very hlgh Reynolds nmbers ( > 108) oorrespondmg to atn’o5pherlc

SE - ‘flow around obstacles the s:Lze of mmtams. It may be that the

‘f“','such hlgh lbynolds nutbers, from expermental results obtamed ln -

65

' forn'ed J.n the turbulent flow over the momtams as well as m clear- =



, Smce tvbtmtam—Assomated—Waves are a falrly recent

dlscovery, more data are needed befone any defmlte conclusmns can S

be drawn as to the:Lr orlgm and productlm mecha:usm.

66
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| smce it is reasgnably stralght fonard Table Al ocntalns the

| Edson (ML) recelver shows two dcmmant so&ces m nountam I B

&mmant source m lomtlon 7 only. B smg
. lme is dram ‘
, v‘ :if-'_"‘Usmg dlrectlm‘fumng metmds an azlmuﬂl range 1s assuned 'I’ne
same 18 done er Soume 7 to Edson In thls way a canplete az1muth
i range J.s cmsfruched for .mfrasauc SLgnals arrJ.vmg at the recelver '. -
| at—Edsm 'me sampmcedum is follomed at each orf t_he e ' e
f_three statlms Finally a tilamulatim reglon is defmed by the e .

. 70.,

* APPENDIX A
 PREDICTED TRIANGULATION REGIONS

' ‘I‘hlS apperdlx contams the results obtamed fran
the dlpole model *me shaded areas mdlcate the predlcted |
- tnangulat:.on reglon for the productJ.on of M:nmbam—Assocmted— |

: Waves{." 'Ihe observed trlangulatlon pomts are mdlcated by stars.

Ixmedlately followmg is an example of the method

»
o

: - used to predlct the tnangulatlcn reglon. Case 2 “ls s{;lected e
| mtensxtles expected at the recezvers fran each of the mountam
| 1ocat10ns as. obtamed fran the model, by use of Eqn 6 3 'me e

f-:.,_vlocatlms 1 and 7 (1e. Mt. lbbson and Mt. Waddmgton respectlvely) : A:'_jf,:“-';‘ &
'I'ne Oollege (00) necelver has danmant sources in mountan\ 1ocatlons c
. ::_‘vely), Pullman (PW)

‘;:,
. 0

Soume 1 to the recelver at Edson (FJ.g. Al)

inhersectlcn of azmmth ranges frun each recexver (sl'mn as the ‘_
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Predicted Intensities at receiving stations

' (in units of nt 'L sec™l x 1072
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