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THEME

The purpose of the Symposium was to convene Specialists in Physics of the atmosphere
engaged in the study of ¢nergy transfers in the form of waves in a neutral medium and
Specialists in Electromagnetic Wave Propagation concerned with the corresponding modific-
ations of the electric characteristics of the medium and their ¢ fects on Electromagnetic
Waves.

The contribution of radioelectric techniques to the understanding of waves excitation
and propagation in 2 neutrai medium and inversely, the known or predictable effects of such
waves on the propagation of electromagnetic waves in a disturbed medium were of concern.

Acoustic gravity waves of cvery origin, either natural or artificial, were within the scope
of the symposium. In principle, the spectrum was limited to that of gravity waves, the
periods of which range from a few minutes to a few hours, and of acoustic cr infra-sound
waves with periods below a few minutes., Atmospheric tides and oscillations on a planetary

scale were 1egarded as marginal.
The range of frequencies contemplated for electromagnetic waves could vary from a few
kilohertz to a few gigahertz.

All the radioelectric techniques likely to provide information on the structure and dynamics
of acoustics gravity waves fitted the scope of the symposium. The present status of experi-
mental and theoretical knowledge gained owing to these technijues was reviewed.

As regards propagation, such effects as amplitude or phase variations, fluctuations in the
directions of arrival, the generation of abnormal modes and focusing, were considered, and

their impact on telecommunications examined.

The program has been divided in five sessions.

Acoustic gravity waves in the neutral terrestrial atmosphere.

SESSION |
SUBSESSION I A Natural sources and propagation.
SUBSESSION 1 B Artificial sources and propagation.

SFSSION 11 Coupling between the ionised atnuospiieie and the neutral atmespnere das*ocu

by acoustic gravity waves,

SESSION IIf  Radio electric studies on acoustic gravity waves in the neutral and ionized
atmosphere,

SESSION IV Influence of acoustic gravity waves on the propagation of electromagnetic waves.

SESSION V  Summaries recommendations and future investigations.

I YT’ |
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TECHNICAL EVALUATION REPORT
on
AGARD SPECIALISTS' MEETING
on
EFFECTS OF ACCOQUSTIC GRAVITY WAVES ON ELECTROMAGNETIC WAVE PROPAGATION

by
P. HALLEY

l. Introduction

The meeting, sponsored by the AGARD Llectromagnetic Wave Propagation Panel, was
held at the Roter pavillon, The Kurhaus, wiesbaden, Federal Republic of wWest Germany,

from 17 through 21 April 1972.

The Technical program was discussed and finalized by the Program Committee, which
convened on several occasions prior to, and during the lieeting. Among the decisions
made, it should be pointed out that a classified session (Session IV, classified up to
the Secret level) had been planned to take place in the afternoon of 20 April,
simultaneously with an unclassified Session IV on the same topic "Influence of Acoustic

Gravity waves on Electromagnetic VWave Propagation'.

hfter discussion, the Program Committee decided to cancel the classified session
and to have all the papers presented in an unclassified session, with limited or

shortened oral presentations if necessary.

The purpose of this report is to provide a condensed review of the results of the
meeting, and to stress the points on which light was thrown, as well as those which

remained obscure or uncertain.

entitled "Summaries, Recommendations and Future Investigations“

During Session V,
These comments

general comments were presented cn each of the first four sessions.
were gathered in the report on Session V by:

Prof. H.VOLLAND, for Session IA

Dr. B.L. IMURPHY, for Session IB

Dr. K. DAVIES, for Session II

Prof. I. RANZI and Dr H. RISHRETH, for Session III
Dr. H. RAEMER and Dr. D, NIFL3ON, for Session 1V

Therefore. this report is only a supplement and a conclusion.

2. Specialists' Meeting

The purpose of this Meeting was essentially to gather atmospheric physics
speclalists engaged in the study of energy transfors in wave form tlrough a neutral
mediun, and electromagnetic wave propagation specialists concerned with modifications
in the electric characteristics of the medium. As far as this objective is concerned,
the meeting may be regarded as a success, and each participant of either group was
provided with an npportunity to be informed of the problems with which the other group
13 faced, and of possible solutions. 1In short, the aim in view was to pass on from the
medium of characteristics such as: pressure, teuperature, gas velocity, etec, to such
characteristics as: electron density, ion density, number of shocks per time unit, etc.
Evidently, as there is only one medium, all the characteristics involved in the various
energy transfer equations are to be considered simultaneously to study disturbing

acouestic gravity waves,

Electrom:.gnetic propagation thrcugh the atmosphere involves only the eiectric and
magnetic characteristics of the medium which are present in Maxwell equations and in
associated equations necessary to the solution of a problem. This problem seems to be
more simple than the general problem of atmospheric waves, and is correctly solved, as
demonstrated by thousands ol experimental observations.

For this reason, radioelectric techniqgues constitute a very importiént and practical
means of investigating neutral wave excitation and prupagation conditions. (A considerable
part of our experimental knowledge on neutral waves is derived from observations based on

radioelectric wave propagation).
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3. analysis of the sSubject
In brief, the succession of research ovperations was based on the knowledge of:
a. acnustic and gravity wave sources

b, acoustic and gravity wave propagation, whether the process involved is
linear or non-linear,

. *the effect of acoustic or acoustic grawity waves on the electric character~
1stics of the medium and of the electric model nf disturbed atmosphere which it is
possible to schematize.

d. radioelectric propagation through a disturked medium,

e. techniques for improving radio communication equipment and thelr use,
when the atmosphore is disturbed by A. or A.G. waves. (This final and practical point
being the most Amportant).

3,1 in actual fact, many natural sources of A. and A.G. waves were ldentified, among
which auroral discharges which heat up the atmosphere and move gometimes at supersonic
speeds, carrying along associated waves. {(R.C, CDOK, paper 3:; G.R. WIT.SON, paper 6)

Among the artificial sources, nuclear explosions in the atmosphere are the most
important, For a low altitude explosion, the upward shock wave generates acoustic waves
and, owing to a complex non-linear process, acoustic gravity waves (B.L. MURPHY and
5.L. KAHALAS, paper 10). A noise ring, acting as a secondary source of short period
waves seems to be generatcd at an altitude ranging from 85 to 95 km (J. ROCARD, paper 11).
Lambs atmospheric edge mode excitation seems to make a considerable contribution to the
first or first two cycles of acoustlc gravity waves produced by an explosion at ground
Jevel {(J.w. POSEY and A.D. PIKRCE, paper 12).

Several authors reviewed the results of calculations carried out by J.S. GREENE
and W.A. WHITAKER on the basis of NEWNTON'S equations.

Therefore, the time and space source functions appear to be fairly well understood
in the two particular cases of the auroral curtain and of low altitude energetic
explosions.

3.2 Although it is very complex, the linear theory of A.and A.5. waves is now advanced
enough to be applied to an isothermal or non-isotnermal atmosphere. WHITHAM'S kinematic
theory is a valuable ccmplement to the classical theory, since it permits an easy
calculation of treajectories.

Non-~linear phenomana pose much more serious problems.

3.2 The coupling of neutral and ionized gases 1s expressed by coupled hydrodynamic
and ionic motion equations which mugt be fulfililled simultaneously, without disregarding
non-linear effects (J. KLOSTERI{EYER, paper 14 and N.J.F. CHANG, paper 13). For the

time being, it seems difficult to state which is the prevailing physical process in each
case, and how its written expression can be simplified to develop a theory easier to
handie,

Travelling ionospheric disturbances (TIDS) are observed and analyzed by many auvthors,
among whom, G.B. GOE, paper 16, reports on the efiect, at the F region altitude, of wind
confiqurations associated with the jet-stream. At the altitude of the tropopause, G.A.
1100 and A.D. PIERCE, paper 17, who observe and explain the oucillations of the ionosphere
druring periods of stormy activities. D.P. KANCLLAKOS and R.A. NELSON, paper 19, who
demonstrate experimentally the validity of GREENE'S and WHITAKER'S hydrodynamic
calculations.

However, it must be stated that models of neutral and ionized atmospheres disturbed
by A. and A.G. waves generated by the various identified sources either do not exist yet,
or are far from complete,

3.4 in a disturbed atmosphere, represenved by a simple model, it is poasible to
calculate the propagation of radio waves in the H.F. band either by ray tracing

(P. GEORGE, paper 32) or by an all wave method (. RAENER, paper 31). Further ray tracing
calculations in an 1onosphere disturbed by atmospheric gravity waves provide the tield
amplitude at reception (taking account of periodical tocusing) and the azimuth deviation
{7. ROTTGER, paper 33). 1t is also possible to determine experimentally the detailed
gtructure and the motions of TIDS, by the short duration pulse technique (pulses shorter
than a microsecond) (G.'. LERFALD, R.B. JURGENS, ¢nd J.A, JOSELYN, paper 34). This
practicral technique seems to Le very prorilsing.

I believe this particular area of research could be developed trom both theoretical
and experimental viewpoints,

3.5 rapers providing - fornation on the techniques for improving redio transmissions

when the atmosphere is disturbed by acouctic and acoustic gravity waves were very scarce.
This gap was duly stressed pny the SHAPE Technical Center representatives, However, a tew
data ot a practicdal nature were presented by D. NIEL3O0N, paper 39 and p. HALLEY, paper 36.

-i.() X




These data were linited to the effects of nuclieur sxplostona on H.F. radio

comnunications. They were oL a very geaneral character, and gqualitctive rathaer than

quantitative,

We are still far from having nastered a good knowledge of the elzotromagnatic
energy transfer .unction betweean two cistant points,

4. Conclusions

The wWiegbaden technical meeting has provided new elaments on the understanding of
atmospheric acoustic gravity waves ond theiyr effects. Considerable advances have been
made since the first conerent document which, as far as I Kknow, was published on this
suvject under the titles “Acoustic Gravity waves In The Atmosphere®, Symposium

Proceedings, Boulder, cColorado, July 1968,

It may be concluied that the model representing a gquiet iorosphere through which
winds and tidal waves atre moving should be completed by the addition of natural
atmospheric acoustic gravity waves which, on certain days and &t certain times, modify
the slopes of ilsoelectronic surfaces, disturb manimum electron densities, modulate

abgorotion in lower layers and generate focussing.

All these phenomena are of jinterest to the ussy of radio cammunicstionn (especially
in ths H.F. bandwidth), who is still far from dexiving the maximuwn benefit from natural

propajstion posaiblilities.

Investigations on acoustic ¢ravity waves and thelr conseguences upon radio
communications can lead to detailed short term predictione of ioncspheric propagation

condations in a given geographic area.

P




Repport d'&valuation technique
de
ia réunion de spécislistes de 1'AGARD

wr

"Les effets des omles acoustiques et de gravité atmasphér igues
sur la propagation de 1'onde électromagnétique’”
par
P, HALLEY

1, Iatroduction

2.

La réunion orgmnisée sous 1'égide du groupe de travail "Propasgation de 1l'onde £lectromagnétique
de 1'AGARL" a été tenue au Roter Pavillon du Kurhans de Viesbaden, République Fédérale d'Allemagne,
eptre le 17 et le 21 avril 1972,

Le programme technique a #ié discuté et mis au point per le comité du programme, qui 8'est réuni
& différentes reprises wvant et pendent le symposium, Parmi les décisions prises, il convient de signa-
ler qu'une Session IV classifiée (Jusqu'd Secret) avait &té prévue pour le 20 avril, dans 1'aprés-midi,
en mbne teups quiune Session IV non classifiée, sur le mlme sujet : "Influence des ondes mcoustiques
e, de grevité sur le propagation des ondes électromagnétiques,

Aprés discussion, le crmité du programme a décidé de supprimer la session clussifiée el de pré-
senter, en session non clessifiée toutes les communications orales, si nécessaire limitées ou éccure
tées dans leur présentation,

Le but du présent rapport est de fournir une revue tri3s condensée des résultats obtenus su cours

de la réunion, pour signaler autant les points bien éclairés que les points restés obscurs ou incer-
tains,

La Session V, sous le titre "Sommaires, Recommandations et Recherches futuree", & permis la pré-
sentation dsz commentaires généraux sur chacune des quatre premiéres sessions, Le leccteur trouvera ces
commentaires au papier V, rédigés pour

la Session I A par le Prof, i, VOLLAND |

ls Session U B par le Dr B,L, MURPHY,

la Session II per le Dr K, DAVIES,

la Session III par le Prof, I. RANZI et le Dr, H, RISHBETH
la Sessicn IV par le Dr, RARMIR et le Dr, D, RILLSON,

le présent rapport n'est donc qu'un complément et une conclusion,

La réunion de specialistes,

Le but du symposium &tait, entre autres, de réunir des spécimlistes de la physiaue de 1l'atmosphére
engagés dans 1'étude des transports d'énergie en forme d'onde dans le milieu neutre et des spécislistes
de la propagation de l'onde électromamgnétioue que coniernent les modificetions des caractéristiques é-
lectriques du milieu, Sur ce point, on peut dire que le symposium s &té une réussite et chacun des par-
ticipants, upparterant plus particulidrement & L'un des groupes, & pu prendre contaissance de la forme
des problémes qui se posent & l'autre groupe et des solutions possibles, En bref, il s'sgissait de
pusser en tout point du milieuw des caractéristiques telles que : pression, température, vitesse du gaz,
etc.. aux caractéristiques telles que : densité électronique, densité ionlque, nombre de chocs par uni=
té de temps, etc,, Bien entendu, le milieu Etant unique ce sont, en principe, toutes les carectéristi-
ques qui entrent dans les différentes fquetions de transfert d'inergie sous toutes ses formes, qui sont
4 corsidérer simultanfment pour 1l'étude des onder perturbatrices "scoustigues et de’ gravivé",

La propegation &lectromagnétique Guns 1'atmosphdre n'intéresse que les carsctéristiques électri-
ques et magnétiques du milieu qui entrent dans les équations de Maxwell et dans les équations cowplé-
mentaires qu'il est nécessaire d'écrire pour résoudre un probldme qui sppsrait comme plus simple que
le probléme générul des onaes de 1'atmosphire et qui est bien résolu comme le moatrent. dee milliers
u'observations expérimentales,
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Pour cette reimsoti, les techniques redioflectriques sont un moyen trds igportant et cosmoda de
recherche des conditions d'excitation et de propagation des ondes neutraes, (Ainei, ung grunde part
d¢ noo conoaisssnces expirimentales sur les ondes neutres grovient d'obdervatious utilisant la pro-
pagation des ondes radioflectriques),

3. L'analywe du asujet,
En sceme, la succession des opéretions de recherche s'effectuait sur la conmaissance 1

i) = des sources dep ondes acoustiques et de gravité,
ii) = de la propegation des nndes acoustiques et ds gravité en présence de procesocus liskaires
‘ot non~lipéaires, . ‘ -
iil) = de 1'effst duw ondes A ou A.G, sur les ceractéristiques 6lectriques du milisu et du moddle
€lectiiqus d'atmorphire pdrturbioy qu'il est possible de schimatisor,
itii) = de la propagetion radiobluctrique dans le milieu perturdé,
1iiii) - des techniques destinfas 3 1l'eméliorstion des matériels de radiocommunication et d=2 leur

esploi, en prisence d'une atmoephdre agitée par des ondes A ou AG,,
(Ce derniar point finwl v pratiqie ftant le plus important),

3.1, En fait, da nombreuses gources naturelles d'ondes A et A,G, ont &té idqnt.ifi&n, parni lusduelles
los décharges aurorales qui &chauffent l'staqephire et parfois se déplaceat & vitesse supersonis-
que on entrainwik des ondes &'accompagnement (R.Ky Cook papier 3, G,R, Wilson papier 6),

Parai les sources artificielles 11 fsut citer principalement les explosions nucléaires dans
1'atwosphdre, Pour une explosion d besse altitude, l'onde de choc sicetndante produit des ondes
acoustiques et par un processus non-linfaire complexe des ondes scoustiques et da gravité
(B,L, Murphy et S,L, Kahales,papier 10), Une couronca de bruit vSritable dource secondsire d°on-
des de courte péricde serait créée entre 85 ot 95 km d'altitude (J. Rocard, papier 11}, L'exci-
tation: du mode tranchant de Lamb apportereit une contribution importante an premier ou aux deux .
premiars cycle. des ondes snoustiques ¢t de gravité engendrées par une explofion au nivesu du
sol (J,W, Posey et A.D, Pierce, papier 12), ‘ |

. Plusieurs suteurs scnt revenus sur le résultal des calculs effectués par J.5, Greene et
W.A, Whitaker & pwrtir des &quations de kewton, ' : . : .
' !

11 wpparait donc que les fonctions asource, tempor:lle et spatiele, sont: approximativement
saisies dans les deux cas particuiiers du rideau suroral et de l'explosion énergétique & basse
sltitude, ‘

' ; ) 1
3.2, La théorie linfsire des ondes A et A,G. bien que trds complexs dens sa générelité est maintenant
essez avancée pour $tre exploitable en atmosphdre isotherse et non-isgtherre, La théor.e cinéma~
tique de Whithem vient dompléter ansez heureusement lu théorie classinue, ep permattant un cal.-
cul facile de trajectoire,

Les phénomdnes pon-linkaires posent des problémes beaucoup plus erdus, ‘

Le couplage ertre le gaz neuive et le gaz ionisé se traduit par i'@criture 'd'équations 'couplées
hydrodynamnique et ionique du mouvement, qui doivent 8tre mimultanément satisfaites, sans négli-
ger les effets non linksires (J, Klostermeyer, papier 1k = N,J,F, Chang, pupier 13’. Pour le mo=
ment, il parait difficile de dire quel est, dans chaque ‘cas, le processus physique dom‘nant et
comment ofl peut slléger l'fcriture pour parvenir & une théorie plus maniable, *

3.3

Les perturbations ionosphériques itinérantes (PII) mont constatées et anAlysées par le nombreu.:
suteurs parmi lesquels nous citerons : (B, Gue {pspier 16) qui ronstate l'effet gux sltitudes
de ls région F des configurstionc de vent lifes au courant-jet A 1'altitude de la tropopause,

;
GuA. Moo et A,D, Pierce {papier 1T) qui constatent et expliquent des oscillations de 1‘'ionosphire
pendent les périodes d'activité oragewse, i o

D.P, Kenellukos et R.A, Nelson (papier 19) qui montrent par 1'expérience 16 validité des calculs
hydrodynamiq.es de Greene et Whitaiex, ‘ )

Cependant, il feut bien coastater que lev moddleu d’atmosphdre neutre et ionisée perturbée par
len ondes A, et A,G, des différentes gources identififes sont soit inexistantu soit encorc trds
incomplets,

3.4, Dens 1'atmosphire perturbée, schématisée par un modéle simple, il est possible de calculer la
propagetinu des ondes radio dens lu bande H,F, soit en trajectographie (P, George, papier 32)
soit par une méthode ‘toute orde (H, Rmemer, papier 31), D'eutres calculs de trajectographie dans
une jonosphére perturbfe par les ondes de gravité atmosphériques fournissent 1'amplitude du champ
4 la réception (compte tenu des focalisetions périodiques) et la dévistion en azimut (J, Réttger,
papier 33), Il est également posrible de déterminer expfrimentelement la structure fine =t les
mouvtments des P,I,I, en utilisant la technique des impulsions de courte durbe, inférimure i la
wicroseconde (G,M, Lerfald, R,B, Jurgens, J.A, Josslyn, papier 34), Cette technique pratique
parsit tris prometteuse, : ‘

A won avis, ce domdine particulier de la recherche pourrait Etre développd tant par le calcul

que par 1'uxpérienge, 1
13
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3.5, Les papiers fournisasnt des informations sur les techuniques & employer pour améliorer les radic-
communicetions en présence d'une atmosphldre agithe per les ondes acoustiquec et acoustiquos et
da gravité ont #tf trds peu nombrwux, Cette lacune a &té alment soulignée par les représentants
du Shaps Technicel Centexr, Quelques informations pratiques ont cependant étE& apportées par
D, Nielewn (papier 39) et P, Halley (présentation orale 136),

rediocommunications en N,F,, Elles étaient trds génfreales at plus qualitatives que aquantitatives,

!

5

Ces informations étaienmt uniquiment relatives aux conuséquences des explosions nucléaires sur les
On est encore trds loin d'une bonne connwissance de la fonction de transfert do L'énergie £lec-
tromagnét ique antre deux points distants,

1

b, Conclusions,

La réunion technique de Wiesbaden & apporté de nouvesux €lémenta sur la connaigsance des ondes
wcoustiques et da gravité atmosphériqueset de leurs effets, qui marquent un progrés importent sur le
i premier document cohfrent publié & ma connristance sur le sujet :

"Acoustic-grevity waves in the atmosphere’, symposium proceedings, Boulder Colorado Jjuillet 1968,

Ma conclusion est que e modéle d'icnosphdre calme parcourue par des ventu et des ondes de marée
doit #tre complété par le présence d'ondes accustiques et de gravité naturelles qui, certains Jjours
ou cestiines hewes, modifient les pentes Aes surfaces isoélectroniques, perturbent les dencités élec-
troniques maximsles, moduleni 1'absorption dans les basses couches ¢t provoquent des focalisations,

Tous ces phéncmdpes intéressent i'exploitant des moyens de rediocemmunication (tout particulidre-
meat dans ls bande H,F,) qui wst encore loin de tirer le parti maximum des poszibilitfs naturelles de
propagstion,

L'étude des ondes acoustiques et de gravité et de leurs conséquences sur les rediocommunications
peut condnire d une prévision & court terme dftaillée des conditions de prcpagation ionosphérique
dens une région géographique délimitée pour cette prévision,
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RADIO WAVES AND ACOUSTIC-GRAVITY WAVES

by

Kenneth Davies

Space Environment Laboratory
NOAA Environmerital Research Laboratories
Boulder, Colorado 80302
USA

T TS, Y w



4
g
%
QUELQUES ANALOGIES ENTRE LA PROPAGATION DES ONDES RADIO DANS L'IONOSPHERE N
ET DES ONDES ACOWUSTIQULS ET DE GRAVITE i
B
by
. 9
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“
B
SOMMALRL
la propagation des ondes radio dans l'ionosphdre st semblable & celle des ondes acous~

tiques et de gravité dans 1'stmosphére neutre, les deux milieux sont anisotropes et dispersifs,
En cutre, le profil de température dans 1'atmoephére rappelle dans une certains mesure celui Jde 4
la densité des Electrons dans 1'ionoiphére, La trajectographie pour les ondes acoustiques, révile o
1l'existence de rayons heuts et de rayons bés:de zones de silence, etc, 4
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SOME ANALOGIKS RETWEEN THE PROPAGATION OF TONOSPHERTC
RADI) WAVES AND ACOUSTIC-GRAVITY WAVES

Kenneth Daviers
Space Favironment Laboratory
NOAA Environmental Research Laboratories
Poulder, Colorado 80302

ABSTRACT

The propagation of radio waves In the lonosphere is eimilar to that of acoustic gravity waves in the
neutral atmosphere. Both are anisotropic and dispersive. Furthermore, the temperature structure in the
atmusphere is somewhat similar to the electron density structure in the ionosptiere. Ray tracing of
acoustic waves exhibit high- and low- angle rays, skip zones, etc.

1. INTRODUCTION

Some participants at this meeting will be familiar with ionospheric radio propagation and not with
acoustic-gravity waves whereas there are some who are mor? familisr with the propagation of acoustic-
gravity vaves then with ionospheric radio waves. This talk, is therefore, tutorial in nature and is
designed to show that the two types of waves are similar in several resgpects.

The analogies are emphasized by defining a refractive index for acoustic-gravity waves in terms of
the local speed of sound C and comparing it with the Appleton equation for the refractive index of an
jonized medium (Ratcliffe, J. A., 1959). It will be shown that the acoustic cut-off frequeancy, g, 1is
analogous to the plasma frequency, w,, and that the buoyancy frequency, w,, (also called the Brunt-Viissla
frequency) corresponds to the electron gyrofrequency w, - Acoustic waves are similer to ionospheric radio
waveg on frequencics above the gyrofrequency whereas gravity waves are similar to whistlers (see Halliwell,
R. A., 1965) which propagate on frequencies below the gyrofrequency.

2. CHARACTERISTIC FREQUENCIES AND DIRECTIONS

In a plane stratified and isothermal atmosphere the cheracteristic direction is that of gravity,
whereas in the Jonosphere it is the direction of the geomagnetic field. There are twno characteristic
frequencies for such an atmosphere. The firat of these is the acoustic cut-off frequency wg, which is the
natural frequency of (compressional) ogcillation of the entire atmosphere about its equilibrium state. The
other characteristic frequency (the tuoyancy frequency, wg) is the frequency of oscillation of a parcel of
air about its equilibrium level.

In a uniform neutral plasma containing & uniform external magnetic field, B,, the two corresponding
characteristic frequencies sre the plasna frequency w, and the gyromagnetic frequency 4, . The former is
the frequency of oscillatinn of the electron gas when displaced from its mean position with respect to the
heavy positive ions. The gyrofrequency is the frequency wit' which a single electron gyrates about the
magnetic field.

It 1s clear that w, and w, depend on the bulk properties of the respective medie while Wg and uy,
refer to elements of the media.

As in ionospheric radio work we normalize the cheracteristic frequencies to the wave frequenciles
and use the symbols X and Y recommended by the International ‘Scientific Raedio Union (Ratcliffe, J. A., 1959).
These symbols are defined in Table 1. The atmospheric symbolism is as fnllowe:

c, the speed of sound

gy the gravitatlonal acceleration, assumed Irndependent Of height

H, the scale height

Y, the ratio of specific heats at constant pressure and ¢ nstant veolurme.

One difference between radio waves and acoustic-gravity waves ig that in the former the cheracteristic
frequencies w, and v, are independent, whereas the freguenciles w, and wg are directly related thus:

‘a g ¥ n "
Yo owg ™ “'\(v‘l.)u.»'iL . (1)

Insertion of the dimtomic value v = 1.k yields

92 un (20)
w L FI - ) 2a
14 o
wK e G Wy o ()
Thugs the buoyancy frejuency in an laobthermel gtmogphare 18 necessarily less than the acoustic f{requency.
It 1s of interegt to ncte hers vhel in ap atmosohere with a uniform height gradient of tempereture

the acoustic cut-off uy and Laoysnoy frepwncy sy are glven dy
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W - m‘” (l + 2 H ) (3)
d b ’ .
an w ot e (1 + _§¥T_ H) (4

in whicn H' 18 the gradient of scaie height. Under these conditions wy and uy are equal when H'ed0.18
(see Tolstoy and Lau, i970).

3. REFRACTIVE INDICES

The refractive index u for acoustic-gravity waves of frequency w is defined by

<ia
[ 1
el

wE (5)
where v 18 the phase veloclty and 5 the propagation vector (ses Hines C. C., 1965). The refractive

index formulas are given in Table 1 in terms of the angle Y between the propagation vector k and the
horizontal.

The refractive index foimulas are {dentical for vertical propagation of aconustic-gravity waves and
for transverse propagation of radio waves as are the expressions for group speed.

Refractive index curves are shown in Figure 1(a) and 1(b) for acoustic waves and HF rsdio waves,
regpectively., For X < 1 both families of surfaces are ellipsoids while for X = (0 the surfaces are spheres.
For values of X near unity the u ellipses are highly elongated. In fact, for radio waves they degenerate
to a line in the direction of the geomagnetic field, whereas for scoustic waves they degenerate to a point
at the origin.

On low frequencies (Y >> 1) there are marked similarities between gravity waves and whistlers as
shown in Table 2 and in Figures 2(a) and (b). From these figrres it 1s seen that in both cases the
refractive index is greater than unity, the refractive index surfaces are hyperboloids and that propagation
is limited to certain ranges of angles and frequencies (see Figure 3). The besming properties of gravity
wave; are ghown in Figure 4(a) and are similar to those of whistlers sketched in Figure L(b) (Gallet, R.,
1963).

A peculiar feature of both gravity waves and whistlers is the difference between the directions of
phase propagation and energy pr.pagation (ray direction). Since the ray direction is normal to the
refractive index surface, upward propagation of phase is sssociated with downward propagation of energy
and vice versa. On the other hand, for both HF radio waves and acoustic waves the vertical components of
both phase and energy propagation are in the zame sense. This can be seen from the expressions for Q@ which
are posivive in Table 1 and nega*ive in Table 2.

Another interesting feature is the reversal of senses of rotation of the elements of the uedia.
Acoustic waves procuce clockwise rotation of the air parcels wheress gravity waves produce an anticlockwlse
motion in the plane of propsgation. 1In the radio anslogy, ordinary waves on frequencies anbove the gyro-
frequency cause electrons to rotate in a counterclockwise fashion looking along the geomagnetic field
whereas the sense of rotation is clockwise with whistlers.

' RAY PATHS OF ATMOSPHERIC WAVES
b1 Ray Paths of Acoustic Waves

Ray paths of acoustic waves in the earth's amimosphere 1llustrate some further similarities with high
frequency radio waves. The U. S. 1962 Standard Atmosphere, shown in Figure 5, is temperature stratified
which gives it layered properties somewhat similar to the electron layers of the ionosphere. Acoustic ray
paths in the model atmosphere are shown in Figure 6 which shows that for a given wave frequercy (or veriod)
waves can penetrate the atmosphere through an iris which 1s reminiscent of radio waves. The ray paths of
Figures 6(e) and 6(b) illustrate the dispereion effects as the wave pericd approaches the acoustic cut-off
period. The varisticns of ground vanges with take~off angles with the vertical (¢ = 90-Y¥), see Figure 7,
show the existence of skip zounes - observations of which provided the first evidence of the temperature
structure of the upper atmospnere (see for example Mitra, S. K., 1952, chapter II1I). Figure 7 also indi-
cates the existence of high-angle and lcw-angie rays as in the case of radio waves (see Davies, K., 1969,
section 12.3). ’

s, CONCLUDING REMARKS
Although there are some similarities between the propagation of acoustic-gravity waves and

ionospheric rsdio, there are basic differences which must be borne in mind. Some of these differences
are listed in Table 3.
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TABLE 1

Comparison of diapersion properties of atmospheric waves in arn
isothermal atmosphere and ordinar; radio waves in the ionosphere.

Acous*ic Waves
2
Acoustic cut-off w L ¢
frequency a The
Buoyancy frequvncy wE w & X
3 H v
®
X X = (2.‘.)
w
v y = ¥
w
Frequency w > wy
Direction Y = angle with horizontal
O<Y¥Y<?2m
Refractive index s ., _1-X
with gravity H 1-¥ cos ¥
<l
Vertical ]
propagation we=1l-X
Cut rff w e w
a

Angle o between
wave vector and

ray.

tan o =
1 -X

Group, and phase
velocities

Group velocity
(u) with vertical

w. .3
o o= B[1-(-B) ]
propagation. "

uw? Y siny cos¥

Radin Waves

Plasma frequency

13y rot'requency

Frequency

L ]
L] Ne
T
¢
wy, ;H.BO
2
- (a)
\
v o=
w
w > W,

8 7 angle with magnetic fleld E'o

O<sYsonm

Refractive index with magnetic field
2x(1-x

plw 1

Transverse
propagation

Cut off

Arngle a Ybetween
wave vector and
ray.

Group velocity
(u) with trans-
verse propagation.
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W

R

<1

=1 -X

w o= W,

(147 )¥ sinf cose

2(1-X)-Weirf B+/Y sin® 8+U(1-X" ¥ cos® 6

tan ax P SIn 0 +5(1-XPe

u

o @ 1 ()

os" 0



1-4
TABLE 2
Compsrisun of some formulas for gravity waver and whistlers.
Characteristic Gravity Wave whistler
Frequency w < We @ < w,
-1 -1
Direction |¥|< cos (w/w“) [6]< cos (w/u )
X -1 8 X
Refractive irdex - —— 1+
¥ cod® ¥ -1 b Y1 cos 8 | -1
o> 1 I > 1
Angle @ between wave 1 .
normal end ray for very tan O @ - ——ime ton 0 = o et
srmall freguencies tan ¥ 2 tan 8
Group and phase velocities u> v u>v
Group velocity (u) for £ _.% - e ot e e e
very emall frequencies u=-— =CScos Y u==te X ”G_f" [cos 8 T
a ™y
TABLE 3
Some differences between atmospheric waves and radio waves.
Property AGW Radio
1. Propagation of acoustic Atmosphere essentlal Ionosphere not essential
and HF radio waves
. Motion of medium In plane of propagation Mostly in plane of wave front
3. Attenuatlon Increages with height Peaks around 85 km
4, cCharacteristic directions Stratification dependent Stratification and geomagnetic
on gravity field independent
5. Characteristic frequencles Related Independent
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/// Forbidden Frequency Range

Gravity Waves W Acoustic Waves
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a
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Whistlers Ordinary Radio Waves
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Wy W Frequency

Fig.3 Allowed and forbidden regions of spectra of atmospheric waves and ionosphertic radio waves.
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RAY SURFACES FOR WHISTLERS

Fig.4 Ray surtaces for (a) gravity waves (b) whistlers to illustrate the beaming properties.
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On a mis su poiui un nouvesy Programue de trajectographic basé sur les équations ceno~ K
nlques de Ramilton, pour les ondes acourtiques ot de gravitf, 11 perast de faire varier les pro-
fila de vent et de tenpérature dans 1'atmosphidve suivant las trois dimensions et de teniy compte
de la courbure terrestre, On trouvs d'intéressantes géombtrios de rayon, par exemple lorsque dss 3
Teyons acoustiques pessent dans deg chaxps cycloniques de vent, et pour les ondes de gravité ne i
Propageant dans une atmosphére en présence de vents, Ces exemples ot d'sutres encore sont utilisés .
pour illustrer le mode d'emploi st les posmibilités du progreamme, s
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30 RAY 'RACING FOR ACQUETY CGRAVITY WAVES
oA T. M. Gaorges

oy Wave Propagation Laboratory

A NOAR ¥nvironmentel Resesrch Labovatories
Boulder, Colorado, U.S.A. 80302

ABSTHACT

A nev generel-purpose rey tracing program for aousilc-gravity waves has been Jevel'oped. It allows
atmospheric wvind and temperature to vary in all three rpatisl dimensions and with time and accounte for
eartn curvacure. Ray plote show the charscterisvlc accuwtic ray patternn of s standard atmosphere but
also some interssting and unexpected rey gecketiies in cuces of more cumplex wind fields and Tor internal
" ! grevity waves. :

1. RATIONALE

Ray tracing nas been succsaafully emp.oyed in ualculate the paths of wave-energy flow in inhomoge-
mous anisotropic media, wost notably for redio wavss in the lonospheric plasma, seismic weves in the
! earth, and for accustic vaves in the ocean and atmcaphere. A few attempts have been uade to ertend

acoudtic-ray-trecing cepsbilities tu low-frequency acoustic-gravity waves in the atmosphere {(cf. PIERCE,

. 1966, JONES, 1969; CHANG, 1969; COWLING et al., 1971}, but eacn scheme 8o for developed ewpluya simpli-
o fying sssumptions or idealized models that limit their applicablility to the real atmoaphere. In
3 particuler, the effects of winds are sometimes ignored or ave at moet constrained to be horizontal end to
heve only vertical gradients. Other spproaches ignore either the effects of gravity or compressibility,
and most peglect earth curvature and horizontal temperature gradients. Finally, no acoustic-gravity
rey~-tracing program of which ve are eaware in well documented and availcble in a "user-oriuvated" form, i.e.,
easy to use and readily sdaptable to digital computers in common uvde.

Tne progrem described here is designed to ovarcome these limitations in the following ways:

(a) Ray =qustions are derived from Humilton's equations (rather than variations of Snell's Law)
and allov three-dimensional gradients of atmospheric wind aud temperature fields;

s (b) A Hamiltonian eppropriste to acoustic-gravity vaves in a vindy atmosphere allows & ningle
i program tc apply to the whole wave spectru@ from pure acoustic to internal gravity waves;

! (c¢) Earth curvature is accounted for by wriiing Hamilton's equations in earth-centered apherical
coordinates; and

{4) Programming is modeled after the Jones-ITS iovnospheric redlo rey-tracing progrsm, vhich hase
evolved, over several years of widespread use, into s thoroughly tested snd highly uscr-oriented tool
4 (JORES, 1966),

This paper briefly deseribes the vorkings and capsbilitvies of the program. Further details and
4 instructions for its use appear in & NOAA Technical Report (GEORGES, 1971) that can be supplied upon
3 request.

2. THE RAY-TPACING EQUATIONS

Hemilton's equations, when spplied to wave propagation, can he thought of ws a differential
expression of Fermat’'s Principle of Stationary Time. Their sppliceticas to geometrical optics and to
“ geometrical acoustics are discussed, respectively, in the texts by KLINE and KAY (1965) end LANDA!! and
k LIFSHITZ (2959). In their simplest vector form, they can be written

I

- % : (1a)

and

) (1b)

s
u
t
afas
r1§:=

where s dot indicatea total time differentimtion, K is the wave vector, and r 18 & point on the ray path.
The Hamilton (H) is a quentity whose constancy defines the ray path, givern appropriste initial conditions
snd & model stoosphere. For acoustic- gravity waves, H is given by the vave dispersion relstion, such as !
that developed by HINES (1960), TOLSTOTY (1963), end others for isothermel atmospheres without winds. The 4
generelization to include winds is strwightiorwvard and is discussed by PITTEWAY and HINES (1965). The 4
isctharmal disperalon relation gives the appropriste Hsamiltonian for ray tracing in nonisothermal
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wtinopphores because the geometrical-acoustics approximation is equivalent to assuming that the medium ia
locally homogeneous and is valid only when that assumption ie velid, The Hamiltonlan i then

t
]
E
1
]
3
1
SN .r_a1

He0* - q2c2k? - ﬂ’w.’ + C’k:lm; =0 (2)

vhere {l 18 the intrineic wave frequency with raspect to the air moving at a local wind velocity, y, whose

components are vy, vg and v¢ in spherical coordinates, r, 6, ¢. The wave frequency measured in a rized

frome is w~ 0 + X * Y, where K is the wave vector (k., kg, ky). The horizontal component of X is ky.

The local speed of sound is C, wy 18 the acoustic-cutoff frequency, vg/2., and wé is the square of the

Brunt. frequency, (y-1)g?/c* + g(3C?/3z)/C%. In accordance with the analysis of EINAUD: and HINES (1970),

a modified definition of w, is adopted, which accounts for the effects of vertical sound-speed (tesmpera- !
ture) gradients on atmosvheric stabllity. Substituting (2) iuto (1) and expressing in spherical

coordinates (BRANDSTATTER, 1959), we get the six coupled differential ray-tracing equations:

%% = CzkrﬂF tv, y (3)

%% - %” C’-ke(ﬂ2 - m;) F/{ + ) : . (L)
%3— = ?"s%?‘é’ ic’%(n’ - w?) B/R + v¢£ , (5) |

;‘-%%%(wi-czxz)s' + (kg+k;)§%§§%3— - K -;§—+keg%+x¢ sine-g% , (6)
;}:—9— -1 3%3% (2-C*R2)F + (k3sk?) %%(%ﬁ) -K g—g- kg SF + rk, cos 8 & g , (1)
-;%9- = 5 z%%’% (W2CHF + (k3k3) g%-g; (%::_z) -K- %- k¢sin9% - 1k, cos 8 52 s . (8)

where

F = (2q?- w; - c%k?)t

These equations, though apparently complicated, are readily integrated by standard numerical methods to :
yield r(t) and K(t). The additicn of a seventh equation, :

ov
@ = . — LA AN 2_r2y2
a " K (31:) cat (WaCK)F ' (9)

permits integration of Doppler shift, provided the medium does not vary appreciebly during ray transit.

The program described here uses a standard Adams-Mculton integration scheme with variable step
length and error checking. The user specifies the maximum tolerable fractional integration error per
step and thus has the ontion of trading computer running time for accuracy.

3. USING THE PROGRAM

The program is designed to bhe used, for the most part, like a "black box," that 1s, without much
kuowledge of its inner workinga. Parsmeters that the usex way wish to vary (for example, initial
conditions, vave variables, and model atmosphere parameters) are input via a dete deck with or= such
paramet.er per card. Sequentisl ray calculations, such as stepping ray launch direction, are automaiically
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provided for. In addition to s camprehensive printed sulput, aulomstiz ray plcets may be ottained on com-
puters with cathode-ray-tube/microfilm output cepabilities.

Several simple model atmospheric wind and temperature fields with variable parameters are included
in the program‘s repertoire, and the user may readily substitute his own models. In its present form,
the program accepts only continuous analytic descriptions of wind and temperature fields, but virtually
any desired field may be fitted with analytic functinns.

PO i

L, ILLUSTRATIONS OF APPLICATIUNS - ACOUSTIC WAVES

e miz e

Figure 1 dispiays the kind of ray plot often produced by simpler programs: that of ordinary
acoustic wvaves in a standard-atmosphere temperature profile. Here, however, & wind blows toward the
right and increases logarithmically with height. Note particularly the influence of the wind on where
rays return to the ground. The vave source in this exsmple is near the tropopause, so that pronounced
ray ducting 18 also evident.

Figure 2 shows acoustlc ray paths through an isothermal cylindricel vortex with a solid-rotating
core. The ray geometxy is independent of spatial scale and 30 i8 relevant to swaller vortices, such as
those generated in aircratt wakes, as well as to cyclonic weather features of aynoptic gcale. The only
variable parameter of the problem is the ratic of the maximum wind speed in the vortex to the sound speed
and is indicated on the 4 panels of the figure. This maximum is attained at the dashed circles in the
& figure; inside the clrcle, wind speed varies approximately as the radius, while outside, it falls off
nearly as the inverse radjus. This problem ia further discussed in another paper (GEORGES, 1972).

% Figure 3 shows schematically how anisotropy and nonreciprocity introduced by winds affect ray

propagation in acoustic sounding of the troposphere. In general, refraction alters the location of the
scattering volume, the scattering angle, and the magnitvis of the Doppler shift. GEORGES and CLIFFORD
(1972) further enalyze refractive effects in acoustic sounding.

5. ILLUSTRATIONS OF APPLICATIONS - INTERNAL GRAVITY WAVES

Because ray paths of internal gravity waves are much more difticult to develop intvitive feelinags

3 i for then are acoustic waves, one tends to use a ray-tracing progrem mich like a new experimental tool:

, Internal gravity ray paths, even in simple wind and temperature fields, often exhibit unexpected behavior.

! An example is provided by the simple case of gravity-wave propagation in & region of linear temperature

‘ gradient. Figure L shows two gravity-wave rays launched upward and downward in such & vemperature profile,

' An explanation of the cuspllke reflection behavior cen be found by considering the direction of the
normsls to the constant-w/wp surfaces in the K plane (figure 4 insat), which indicate ray direction.
Waves launched in a horizontally stratified medium must maintein ky constant as they propagate; therefore,
as temperature (and thus wb) changes, one estimates changes in ray directlon by sliding up or down a
vertical line through the diagrem and noting the reauiting cuanges in direction of the surface normals.
For example, & ray whose phase fronts are launched dormward and that propagates upward into increasing
tempersture (increasing w/wb) experiences a graduel ray steepening until k, + O when ray direction
abruptly reverses, executing the cusplike reflection (not a true mathematical cusp) depicted in figure L,
The level of reflection of a gravity wave depends only on the value of k, and can be found by setting
k; = 0 in the dispersion relation, giving the minimum value of wy/w for a given ky

mb’ nxz -1
L . ,
w? n.?-1.225
where
no= Ckx/w . (10)

Figure 5 illustrates how internal gravity waves may be ducted in a temperature minimum. Evidently
the vertical propagation of internal gravity waves tends to be restrained in the presence of temperature
gradients, regardless of whether temperature increases or decreases, ECKART (1960) shows ray paths that
display this behavior.

Because internal-gravity-wave phase speeds are considerably =lower than those offacoustic waves ,
gruvity waves interact much more strongly with atmospheric wind fiellds than do acoustic/ waves. Gravity-
wave ray paths in e& linear wind profile of gradient 0.l m/s/km serye to illustrate thay nature of the
interaction. Figure 6 shows five gravity-wave rays lsaunched downwlnd. Each wave eventually reaches its
own "critical level," i.e., where the wind speed equals the horiz/ntal trace speed of/the wave. Each
wave approaches an asymptotic condition in which the wave vector /cends toward vertic and phase velocity
toward zero. .

/

Gravity waves iaunched upwind exhibit a quite different /oshavior, as illustyated in figarz 7. The
ray is refracted upwerd and is eventually turned around by thef wind gshear. 1In th example, yhe azimuth/
of 18 at a U5° angle with y, and leteral ray deviation also/occurs, as illustrafed in the flan view 1ﬁ
figure 7. ‘ ’
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6. CONCLUBIONS

These few oxamplea illustrate the capabilities of the 3D ray-tracing progrem in simple model
atmospheres and show some ruy peth propertirs that, as yet, have not apparently been sppreciated.

It is expected that the program's capabiliti¢s will be refined with use and in response to user
needs and suggestions. Such asuggestions are, of course, welcome.
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ACOUSTIC WAVES IN 1962 U.S.STANDARD ATMOSPHERE

f=300 Hz; Logarithmic Wind Profile: u=10m/s at 1 km
Elevation Angle Varies from -20° to 200° in 10° Steps

c

Fig.1 Acoustic waves in 1962 U.S. Standard Atmosphere temperature profile and a wind blowing to the right
and increasing logarithmically with height.

Vmox/C * 1720 Vmax/C* /5

Vmay /C= 1/3

Vimox/C= 1/10

Fig.2 Acoustic ray paths through a model vortex with a viscous core. Tangential velocity maximizes along the
dashed circles and has the speed indicated on each panel. (Spatial scale is arbitrary).
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NONRECIPROCITY
IN ACOQUSTIC ~ ECHO SOUNDING
ISOTHERMAL ATMOS.

g—‘zi- : 30 m/sec/km
t = 3 kH2
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INTERNAL GRAVIT, WAVE IN LINEAR TEWMPERATURE
- ( GRADIENT of +2°K/km, No Wind.

Az i km; T =2530sc, ¢ =1 40°
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Fig.4 [Internal-gravity ray paths in a positive linear temperature gradient, illustrating cusplike reflection of the
upgoing ray and the asymptotic appreach to iterizontal of the downcoming rays.




INTERNAL GRAVITY WAVE DUCTING
A=1lkm, r = 531 sec; ¢=140°

- 2°K/km
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Fig.5 Internal gravity wave ductiny in a picewise linear temperature profile.

INTERNAL GRAVITY WAVES
APPROACHING THE!R RESPECTIVE CRITICAL LAYERS
ispthermal Atmosphere;

Wind Shear of 0.1 m/sec/km;
= 4C km; Varicus Wave Periods

<
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I
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Fig.o Internal gravity waves approaching their respective critical layers in a linearly increasing wind profile,
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INTERNAL GRAVITY WAVE

IN WIND SHEAR gF O.Im/sec/km
an

TEMPERATURE. GRADIENT O.1°K/km
A=10km; T =475 sec; ¢ =~50°
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Fig.7 Three-dimensional ray path of an internal gravity wave propagating upstream in g linear wind profile.
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GENERATION AND PROPAGATION OF SOUND WAVES BZTWEEN
THE IONOSPHERE AND THE LOWER ATMOSPHERE

by
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CREATION ET PROPAGATION D'ONDES SONDRES ENTRE
L'IONOSPHERE ET LA BASSE ATMOSHHERE

SOMMAIRE

Différents processus physiques engendrent dans la bause ntmsphcre des. ondes sonores &
des fréquences infrasoniques (périodes oscillatoires > 1,0 sec,), Parmi les sourcea typiques l= ces
ondes scnores, on peut citer les explosions volcanigues, leJ tremhlements de ten-e, les gros orages,
et les ondes de choc créées par des véhicules se néplugant & des vitesses supersoniques, Dans 1'io-
nosphire, les phénomé@nes créatewrs d'infra-sons comprennent les decharges aurcrales, ainsi que les
ondes de choc provoquées par des satellites ou des mét€orites &voluant & des vitesses supersoniques,
Nous présentons les résultats d'une analyse portant sur la production d'ondes sprores et leur propa-
gation descendante dues aux effets d'échauffement des décharges aurorales, en particulier dans le cas
des ondes se déplaqmt. & des vites- 28 supersoniques parallélement & la surface de la terre, Les on-
des "de choc" de ces décharges se propagent selon une trajectoire descendante & forte pente ; leur
perte d'énergie, due & 1'abscrption par viscosité et i la conduction de la chalour, est trés faible,
On les observe fréguemment dans des stations infrasonijues situfes aux latitudes élevées, Une esti-
mation de 1'Echeuffement auroral est tirée de la puissance des infra-sons observés & 'a surysce de la
terre,
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GENERATION AND PROFAGATION OF SOUND WAVES
BETWKEN THE IONOSPHERE AND THE LOWER ATMOSPHERE

Richard K. Cook
National Bureau Stsndards
Washington, D.C. USA

SUMMARY

Various physical processes gensrats sound wavas at infrasonic frequenciem (oscillation periods >
1.0 sec) in the lower atmoaphere. Some typioal aources are volcanic explosions, earthquakes, severe
storms, and the shock waves from vehicles moving at supersonic apeeda. 1u the ionosphere, sourcea of
infrasound include auroral discharges end shonk waves from sateilites and meteor!tes moving at supersonic
apeads. We present the results of an anslyais for the generation of sound and propagation downwards due
to the heating offects of aurorsl discharges, psrticularly those traveling at gupersonlic apeeds in direc-
tions parallel to the earth's surtace. Thae "shouk™ waves from such discharges are propagated ateeply
downward with very little loss of snergy from absorption by viscosity sand heet conduction, and are
frequently observed at !nfrasonic stations located at high latitudez. An eztimate of auroral heating is

derived from the obamerved atrengtns of infrasound at the eartli's surfaoe.

1. Introduction

The aurora borealis gives rise to two types of infrasonic waves found in the atmosphere of the
northern hemisphere at temperate and high latitudes. The first type i3 found at mid-latitudes during
sufficlently strong magnetic storms even in the absence cof a visitle aurora at the gsographical location
of the Infrasor..c station. The aecond type of infrasonic weve, found near the auroral oval at high
latitudes when vicible sharply defined aurcral formws travel overhead acroms the station location at
supersonic speeds has directions of propagation and horizontal trace velocities very nearly the same as
thoge or the visible auroral forn, We shall develop and examine the consequences of a 'vpothesis that
the second type of infrasound is gencrated by ionospheric heating caused by auroral elecurical discherges.

The latter type of infrasound has been rsgarded as an acoustical how wave in the ionosphere (Chimonas
and Peltier. 1970). The bow wave is presumed (o be generated by the slectrojet line current of the
aurvoral form, in supersonic motiom perpendicular to its own lengih, and moving parallel to the earth's
surface. The question is left cpen by the authors aa to whethdr the Joule heating in the electrojet, or
the Lorentz force on its moving charges, gives rise to the bow wave,

In the analysis given below we start from the rather different asaumption that a thin plane sheet
of the vertically descending lons forming an auroral arc generates a uniform amount of heat per unit srea,
causing a practically instantsnecus rlse in temperature T of the atmozphere, and causing as well the

visible suroral discharges.

1.1 Measurement of auroral infrasound

The elesctroacoustical system used at an infrasonic stavion typically consists of an array of at
least four microphones, sssociatad slectronin filter-smplifiers, and recorders. Tho system ia designed
for use u8 a steered array. Five characteristics of infrasonic waves passing through the station area
are determined: (1) the amplitude and waveform of tho incident sound preasure, (2} the direction of
propagation of the wave, (3) the horizontal trace velocity c¢,, (4) the distribution of sound wave energy
at various frenuenciles of oscillation, and (5) the time of —occurence of the infrasound.

The microphones are located at ground level, approximately in the same plen~, und on the avirage are
about S km apart. Se= Pigure 1 for the atation at Washington D.C. Those locav.ed near the auroral zone
have similar configurations. Fuller details on the measurement of infrasound have been given (Cook ard
Bedard, 1971), and a general summary of the observations mades at several st-tions of sn infrasonic network

bas been published (Ccok, 1969),

1.2 Results of msasurements

An extensive sevies of obmervations has been made (Wilson and his associates, summarized by him,
1471), on the inrfrnsound associated with auroral antivity, His measurement system is 2ssentially the
same as that described above., HMost of the infrasonic events are wave packets whnich rise suddenly out of
the noise and last for only a few cycles. The infrasound is apparently generated by visible sharply-
defined Large-scale auroral arcs traveling cverhead at the infrasonic station at supersonic speads. Many
of the observations were made at the (nfrasonic station at Collegas, Alaska, supplemented Dy data from
temporary staticns at Palmer, Alaska and Inuvik. Northwest Territories. A brief susmary of the basic
conclusions from the dats is: (a) the average horizontal trace veloci:y 1s superscnic, c_ = 51% m/sec;
(b) the tranaient pulses of sound have abcut the same direction of proupagation and valoogty as fast-
moving aurcral arcs overhead at Alaska. measured with an all-sky camera; (g) the dominant pericd of
oscillation s about 20 sec; (d) peak round pressure is typically 3 dyn/cm®; and (e) each pulse 1a

of only a few mirutes duration,

The observations of infrasound at the surface of the earth and of the visible auroral forwm with an
all-sky camera can be explained by means of Wilson's shock wave model, in which the aupersonic motion of
the leading edge of an auroral arc gives rise to zn acountical shock wave (See Pigure 2). The lower edge
of the aurora serves as a line source (perpendicular to the plane of the paper). A particular pulse
arvived at the ground station microphones 420 sr: after an auroral arc passed overhesd. The 420 sec dolay
corresponds to a source altitude of 140 km for an assumed average szound velocity c % 300 w/sec for the
pulse during its passage downward through the atmosphers, and measured ¢, ~ 680 m/ssc. This altitude

is to be compared with the known eights of viasible auroral arcs, whish iff most instances have streamsrs
extending from 110-km to 145-km altitudes.
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2, Analysis for generation of auroral sound

The bLasic sssumption we make here is that a thin plane sheet of the vertically deecendin: fons form-
ing an auroral arc generates s uniform amount of heat psr unit aves, causding a practically {uscantencous
rise in temperature 51 of the atmosphere, and cauoing as well the visible auroral discharges. The ahcet
moves in a divection perpendiculay to its plane at a supersonic speed Mc, where ¢ = local speed of saund
near the shemt and M = Mech number of the moving sheet, anee Figure 3, The sheet ends abruptly where (:
hao {ts lower edge at a height h above the surface of the marth, The density ¢ of the atmosphere remsics
unchanged, and therefore the pressure lumps by an amount 8p = pRAT ae the sheei passes any point in the
atmosphere, In effect the heating serves as s body "force" for the generation of gound,

The temperature and pressure jumps will gradually decay with time except for jumps arising subee-
quently from shocks appesring at the lower edge of the sheet (to be disciesed presently), But the basic
features of the generation of sound can be arrived at by considering the leading plane-sheet ar a hest
source, Its lcwer edge glves rise to twe shock waves, The one propagates down towards the surface of
the earth, znd the other proceeds towardas the upper atmosphere, e:e Figure 3, In order to oee how these
are formed, we use the Fourier integral method to soclve the boundary problem posed by the presence of
the lower edge of the supersonically movin, h:ated plane sheet, where there is a pressure discontinuity.

The first step is to find the dowaward-tveveling and upwavd-traveling plane sinusoidal sound waven
accompanying a plane wave, having a sharp lewsr edge, of sinuscidal verfations in pressure, The latter
travele at the supersonic speed Mc and has & time variation of exp (iwt) in the upper half of the x-g
plane, Figure 3 shows the geometry of the three plane waves, whose surfacea of constant phase are par-
allel to the y-axie (perpendicular to the plane of the paper),

Supersonic pregsure wave:
p= A exp i(Wt - kox), when 2z &0
= 0, when ¢ < 0
Downward traveling sound wave: (1)
pg = B exp i(ot - kox + kzz), z <0
= 0 when zg£ 0
Upward traveling sound wave:
p, ™ C exp i(we - kox - kzz), when z 20
' m 0, when z < 0

The magnitude of the wave nquer vector for both gound waves is k = (ko2 + kzz)% = w/r, Algo ko = W/Mc,
and so kz = (w/s) (1 - 1Mz,

The amplitudes B and ¢ of the two sound waves are found from the following Louncary conditions at
the lower plane boundary z = 0: the sound pressure s continuous across the aurface, and the perpen-
dicular (z) component of particle velocity is continuous. The result is

Bw 4/2, C = ~Af2 (2)

The downwarsi-traveling wave B haus the same phage as the incident supersonic pressure field A and the
upward traveling sound wave ¢ differs {n vhase by W from A and B.

Each sinusoidal pressure component of the incident plane-shret heat source (causing the jump increase
4p in prensure) hae associated with it a sound wave traveling downward with *he same phase and haif the
pressure amplitude, The sinusoidai components taken all together (the spectrua) make up the Fourler trans-
form of the heat source's transient waveform. The spectrum of the sound wave is exactly the same as that
of the heat source, and therefore the temporal waveform of the transient sound wave wiil be exactly the
game as thet of the incident heat scurce, except that its pressure will be one-half as great, Similarly
the upward-traveling wave will have its waveform the same¢ as that of the downward-traveling waveform,
except thet {ts pressure changes will be oprosite in sigr: iee¢ Eq. (2).

3, Pressure and temperature jumps in the fonoaphere

From the observed {nfrasound at ground level we can make an estimate of the .onospheric heating,
based on the foregoing analysis.

We recxll first that the sound pressure in a plane wave traveling thiowgh the astmoaphere varies as
VP (P = locol atmospheric pressure). Suppose the aurcral dischurge sheet has its lower edge at a geo-
metric altitude of 110 km, The pressure there is P = 107 x (pressure at ground level): (U,S. Standurd
Atmosphere, 1962)., The :rund pressure measured at ground level is tuice as great as that in the downward
travelirg wave, due to the almost perfect reflection of infrasouud at rhe enrth's suxrface. This combined
with g, (2?)leads to the net corclusion that the estimated increace in pressur: éy, behind tne super-
sorlcally moving auroral discharge sheet {a &p ~ ax16-%4 © (observed infrasonic pressure),

The pressure increase arives from beating due to the suroral discharg., and so we finally arrive at
rhe following formula for the heating W (in watts/m?) caumed by the supersoni~ally mov.ng discharge sheet,

W= (Cy/R) bpMc =2 bp Mc (&)

.10
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tn which the specific hest at conetant volume /R of the atmosphers, expressed fn unite of the gaw

constant R, s very nearly 5/2,

Pable 1, preseante sowe of the data obtuined at the cOIJch. Aleska infrasonic gptation,
¢y &nd the peak Aound pressure wére measured with the finfrasonic aystem,
an all-eky camere when an auroral avc pasaed overhesd, except for Chose in parentheses.

[

'

The data

13

on

Values of Mc were measuved with

Theae latter

values wore chosen to be the 'sawe an cp, in the absence of Airvect visual observaiions on' the suroral

socurce,

foxm.W, the heating per unit area, was computed from Ky, (1),

1

Table 1,

Elzimntedihélting in suparsonic aurcral arcs causing' infrasound

Ch,
mi¥ec

' 671
678

460

4, Diacussion

peak nguna
preseyre,

N/m
0,56

0,36

Meo

m/sec
67

1500
(460)
(s82)’

1100

1M%b

' Nrm

1,7

W,
watte/m

.29

0,41

2

Al of the tabulated ifc's ur¥ gresater thar the speed of eound (z 350 m/sec) in the atmosphere
at the lower edge of the auroral fornm, assumed to be at ah altitude of 110 km. %2 was computed from
ow

3,0 x 10"% x (peek sound pressure), so as to arrive st the pressure jump at the er edge of the auroral

The visible auroral arcs are generatpd by energetic ions which peneirate the atrosphere down to

altitudes of about 100 km,

directly the observed infrasound,

ions quickly decays,

of the ionized regirn, in a matter of a few seccnds,

source of the iufrasound and the electrujet accompanying the auroral discharge.

The eatimavres of the heat energy ger unit area tabtulated above are'lower than the "true" values
which would be obtained {f full account were taken of the propagation of strong sound waves through a

gas,

of 110 km, Plane sound waves having such relatively atrong pressures:form shock waves with pressure

Jjumps soon aftex generatfon, regardless of the waveform of the heat source)

But' the momentum asmso-iated with the ions is probably too small to produce
The {onization of the atmosphere which is produced by' zhe downcoming
The atmosphere returns to thermodynamic equilibrium, particularly at' the lower edge
The heat energy which is left is very likely the

The pressures 4p in Table 1, are about one-hyndredth of the local ambient pressure at ‘an alcitude

¥lane shocka arxe propagated

80 that there is a balance between absorption at the p.egsure jump and regeneration of the jump by non-
linear actions in the mechanics of gaseous propagation, X

tude of 116 km for frequencies greater than 1,0 Hz that the equilibrium thickness (at balance) of the
sound pregsyre jump is probably several hundred meters, ‘The net result is that a full apnlysis of the
nonlinear and abséxrptive procesnen during propagation of the sound wave downward through the atmosphere
would lead to greater estimated values of 4p than thoee tabulated, and hence to greater values of W.

The absorption of sound is so large at an'alti-

i
The graphically recorded waveforms of the infrasonic pressures at any station .depend on the indicial
adatttance of the entire electroacoustical system, from microphones through to the graphic redorders,

The indicial ddmirtance is the output recorder's response to a step-function sound pressure,

To arrive

et the actual sound pressure, the recorded waveform should be convolved (mathematigally speaking) with

the !ndicial admittance.

convolution process, the values given in Table 1, were obtained from peak values on the recordings

publiaheg by Wilson and his associates,
duced when & known sinusoidal pressure was spplied,to the microphones durirg calibration,

peak sound prepsures
of W. :

In the absence of dats on the actual peak dound préssures obtatned through the

The peak values were combined with the recorded waveforms pro-
The actual

were probably greeter than those tabulated, which would again Jlead to greater values
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UN MODELE D*EXCITATION D'ONDES ACOUSTICUES ET DE GRAVITE
PAR FLOTTABILITE DBS MASSES D'AIN ASCENDANTLS ET OSCILLANTES

par

A, Pierce

SOMMAIRE

Un moddle mathématique assez général est mis au point qui permet d'étudier l'excitation
d'ondes acoustiques et de gravité par des masses d'air ascendantes et oscillantes, Les sources
gont d'abord décrites par des distributions de quantités de la dynamique des fluides sur une sur-
face fermée mobile, L'analyse montre ensuite que, en ce qui concerne la production d'ondes, ces
distributions superficielles sont équivalentes & des sources ponctuelles concentrées,situfes au
centre du volume, Les &quations d'ondes linfarisées et non homogénes, qui en résultent sont obte-
nues par dérivetion et résolues par les fonctions de Green, Le cas d'une atmosphérique isctherme
est étudié en détail,




A MODEL FOR ACQUSTIC-GRAVITY WAVZ
EXCITATION BY BUOYANTLY RISING
AND OSCILLATING AIR MASSES

Allan D. Plerce
Department of Hechanical Ragineering
Mamaachusetts Inscituta of Technolegy
Cambridge, Magsuchusetts 02139
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SUMMARY

A somewhat genersl mathematical model is developed for the study of the excitation of acoustic-gravity
waves by rising and oscillating air masses. Sources ave initially described ty distributions of fluid
dynawic quantities over a moving closed surface. Analysis then indicates that insofar as wave genevation
18 concerned, such surface distributionn are equivalent to concentrated point scurces at che center of
the volume. The resulting linearized inhomogeneous wave equations are derived and solved in terms of
Greaen's functions. The case of an isothermal atmosphere is discussed in some devail.

1. INTRODUCTION

The purpose of this paper ta to presen! a g2neral wathematical framework for examination of the
poasible wechanisms by which huoyantly rising and oscillating air masscs may excite acoustic-gravity
waves. Such rising air masses may occur naturally via cumulus convection (Scorer, R,S., 1957) or as a
byproduct of large man-made explosions {Suttom, 0.G., 1947; Taylor, G.I., 1950). The gpeculation that
buoyant rise may excite dectectable infrasonic waves has been mentioned frequently in the literature
(Pierce, A.D. and Coroniti, t£.C., 1966; Jones, W.L.. 1977; Tolstoy, I. and Lau, J., 1972; Warren, F.W.G.,
1960) and would seem to be the most plausible explanation of the anomalous oacillaiiong at ionosphere
level observed during thunderstorm activity (Ceorges, T., 1968; Davies, K. and Jones, J.E., 1970; Baker,
D.M. and Davies, K., 1969; Detert, D.G., 1969). 1In addition, baeic theoretical considerations (Tolstoy,
I. and Lau, J., 1972) suggest that huoyant rise is the source of the early arriving ultra low frequency
waves detected at ground level (Tolstoy, I. and Herron, T.J., 1970) following the detonation cf low-yield
low-altitude nuclear explosione.

The development of a theory rogarding the means by which buoyant processes may excite waves ia as
yet in its early stages. While a coneiderable literature exists concerning convection and buoyant rise
(see, for example, Rohringer, G., 19A3; Levine, J., 1959; Lilly, D.K., 1962; Stommel, H,, 1947, 1950;
Richards, J.M., 1970; Malkus, J.S., 1952; Davies, R.M. and Taylor, G.I., 1950; Scorer, R.5., 1957; Morton,
B.R., Taylor, G.I., and Turner, J.S., 1956; Turner, J.S., 1960, 1962a, 1962b, 1963, 1964, 1966; Scorer,
R.S. and Ludlam, ¥.H., 1953; Slawson, P.K. and Csanady, G.T.. 1971) the bulk of it does not explicicly
consider the possible generation of waves. Considerable work has bean done, however, on the excitatiomn
of internul waves by a rigid body moving at constant speed through a strarified fluid (Warren, F.W.G.,
1960; Lighthill, M.J., 1967; Mowbray, E.D. and Rarity, B.f.H., 1967; MacKinnon, R.F., Mulley, F., and
Warren, F.W.G., 1969). Some work has also been done nn wave generation by rigid bodies oscillating at
constant frequency (Gortler, H., 1943; Mowbray, D.E. and Rarity, B.S.H., 1967; Hurley, D.G., 1969).

The only detalled thecretical analysis cf which the present author is aware, apart from numerical
simulation experiments (Greere, J.S., .'r. and Whitaker, W.A., 1968), which explicitly conasiders acoustic-
gravity wave generation by bucyant rige (s that contained in the recent paper by Tolstoy and Lau (1972).
In the cited paper, wave excitation by a rising nuclear fireball was modelled by a point vertical force,
the point of application of which was moving vertically at constant speed through & stratified incompres-
sible atmosphere bounded abovi and below by a rigid surface. The magnitude of the force was estimated
from Warren's (1960) prior calculations of the wave resistance force exerted by the fluld on a rigid body
moving at constent speed In an incompressible density stratified flulid.

In the present paper, some initial steps are made toward the development of a scomewhat general
model for study of acoustic-gravity wave excitation. In a wider sense the peper may be regarded aus a
sequel to a previous paper by tne author (Pierce, A.D., 1968) which incorporated the presence of a mource
into a poilnt scurce term. ilere we show how ore might model any, in general moving, scurce by a set of
point source terms whose common location will in general vary with time. Although some discussion of ths
solution of the resulting equations is given, the applicaticn of the general model tu specific problems

is deferred to later publications.
2. FQUATIONS GOVERNING BUOYANT RISE AND WAVE GENERATION

The general model considered here (see Fig. 1) le that of a compressible atmosvhere under the in-
fluence of gravity. The earth ies taken as flat and the coordinate gystem is chosen such that the z axis
extends verticaily upwards from the earth's surface. In the absence of a disturbance the atmosphere is
considered to be stratified wiih no smbient winds. The nature of the distucbance is presumed to be such
that at all times it {s axislly rymmetric about the z axis.

One principal assumption which we make is thut there {8 negligible water vapor in the uatmesphere.
This would seem to be a reasonablie fdealizavion for the case of nuclear explosions, but it 1s likely to
be inapplicable for the case of naturully occuring cumulue convection. In any event, one may hope some
qualitative insight into the natural convection problem wmay be afforded by an analysis based on such an

idealized model.
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2.1, Consarvation Laws.

In order to postpona the task of giving a precime definition to what one means by a rising bubble
or & riaing fireball, we consider €irat a hypothetical closed surface $ which 1g moving in an arbictrary
tashion through the atmosphere; the wmotion is presumed to be such that $ is always a figure of revolution
sbout the z axis. The net mass M, vertical womentum I{, and energy E of the wmass within the volume V en-
closed by S will in generul change with time. One possible contribution, for example, would come from
the transgort of particles across the surface S In terma of the total density p, pressure p, and fluid
valocity v within the volume, the total maes, vertical mowentum, and energy of the volume may be consid-
erad as being defined, respectively, by the equations

M - [ p 4v (1a)
v
M e f ou, 4V (1b)
z-[ -;-pu2+P/(Y-1)] qav (le)

v

Note that p/(v - 1) 1is the intarnal energy per unit volume of an ideal gas of specific heat ratio v (1.4
for air). The so-called gravitational potential energy does not enter in Eq. (lc) since we elect here to
consider gravity as an external force.

Conservation laws of compressible fluld dynamics (see, for example, Landau, L.D. and Lifshite, E.,
1959, pp 12, 186 ) may be used to derive expressions for the time rate of change of each of the above
quantitiee, i.e.,

dM > o+ + .
Tl f p(u - vn) n d§ (2a)
S
dn - -+ -+
o Il Iouz(u - vn) * n dS
- |pn_ d§ {2b)
dE S 2 S N I o g A QPP
TS + g ![2 pu + v 1](u vn) n d$
- -+
- qu * 0 dl (2c)

Here n 1s the unit normal vector pointing out of *he surfuce, while ¢n is the surface velocity.
2.2. Effective Sovrce Terms.

Outgide the volume V, the fluid moticn ie governed by the aero~hydrodynrunic equations, which ex~
prese conservation of mass, momentum, and energy in terms of partial differential equations. The generic
form of each such equaticn 1s

2€ .
wtv-Ta¥ ™

where £ is the depsity of some quantity and i is the corresponding flux, while F iz an external force or
work term caused by thes presence of gravity. Let V' be some volume (not necessarily the same as the V in
Fig. 1) and let n' be the unit vecicr pointing out of that surface S' enclosing V'. For simplicity since
the value of ¥ is immaterial in what foliows, we treat the case F = ), Then one may readily show fron
¥q. (3} thac

73— [zdv' - - f['f - c?n'] . n'ds 4)

where ;n' 18 the vslocity of the surfece S'.

In what follcws, we intend to apply the varicus squations sywbolized by Eq. (3) only to the region
outside the volume V sketched in Fig. 1. However, we wish that Eq. (4) may hold for any volume V' wlich
extenas slightly intr V. Cne way of doing this is to formally consider € and I to be identically O and V
hut with a source distributed on S such that Fq. (4) will always formally reduce to the expresaion cor-
responding to the portion of V' which 18 outside V (see Fig. 2). 7This would be the case if an additional

ternm
'

f (1 -vanj < nds

or, equivalencly, if




4.3
-+ - ' '
f[f Evn] n §(¢ Ca) dv
were added to the right side of Eq. (4) whenever V' extended partially within V. In the first exprensicn,
the prime on tha integral sign means that the surface integral extends only over that portion of £ which f
ia within V'. In the second expremssion, the surface integral is transformed into a volume iutegral by 3
the artifice of a Dirac delta Function 6(C - § ). Here - §_ 1s distance along any linz normal to S, :

such tnat & = [ at S. One mzy note that this latter expression is identically zero whenever V' does not
{atersect S. Tgun, 1f we are to take £ and as formally zero inside V, the governing equation may be

put in a form which compensates for this if we add the latter expressior to the right hand side of Eq.(4).
The resulting equation can equivalently be put into the form

I[ac/ac +9 1) av - f{‘f - V1R e~k AV . (5) fg
X
Since this should hold for arbitrary volumes V', the following partial differential equation may be :
extracted ;
) > - -+ i

eV fed-ev)-nsx-z)+F (6)

(Note that we have here added in the term F,) This differs from Eq. (3) by the presence or a "source
term" on the right hand side. The source is distributed over the surface of the "ercluded" volume V.

The next step 13 0 reduce the above distributed source term to a sum of source terms, aach of
which is localized at r_, the nominal “center" of volume V. To this purpose, we note that two expreassions
containing Dirac lta functions are formally equivalent if integrals over the product of each with any
geod function f(r) give the same value {sece, for exarple, Lighthill, M.J., 1958). Our starting point is
therefore the integral

e b s o om o RO e ek £ e

I f(’f ~EV ) - W 8(r - g) £() 4V (7a)

- [(i - a$“» « h£(r) ds 7b)

where, in the first expression, the volume integral extends over "all space” and, in the second (equiva-
lent) expression, the surfage integrgl ig over the surface 53 surrounding the excluded volume V. In H
Eq. (7b), we next expand £(r) about r = T such that )

-’6"" - = --’»..-)’ . see (8" 1
£{r) f(rc) +{x rc) (Vf)rc + . (8) T

If this is inserted into Eq. (7b), we find

- Ty . S 7Y/ . (9>
J Jo f(rc) 4 < Jli (Df(r)/dx")r + . {9
j=n,v,2 2

where i
g o= ft-edy - %as (10a) 5
o J Vn n a ’
s
I, [(f -EV ) - W (k) -ox,) dS . {1.0b)
One may note a’so that one would xet Eq. (9) if he set é
1
) . -+ S o~ _8_ -+ -+ o+ 1
J J(JO §(r - ) - ]i I 3, S(x -+ r} @) @V . an !

Thus, if we compsre (11) with (7a) and recognize that f(;) is aroitrary, we are at liberty to eguate

v 0 " - 4 - T - ._a_... - - * weos
(T-€V )~ 065~ 8) =T 8k -7) ?’11 B 8(c -7 )+ . (12)

Equation (€) would accordingly beczome

. 3

3E : .
L J T - F) -}r.rn i,

+ - . -
Y §{r - rc) + 2o + F (13)

where J , J are conatanta. With the somewvhat toose application of farilisr terminnlogy, we wmay refer
to the Varidus terms on the rignt hand side of the above eguation as the monopole, dipole, quadrupole,

etc. terus.

Just at what point it is permissible to zruncate the above source tuvm series ls difficule to

.19
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apriori state. The influence of the successive terms would appear to decrcase, however, in magaltude as
R/\ where R is the '"radius" of V and A is a typical wavelength. In the remsindevr of this paper, we aas-
eume that a truncation at the first order (dipole) term 1s permiasible. Thig does nut necessarily ei-
clude the "quadrupole sources” frequantly encountered in aerodynamic sound (see, for example, Lighthill,
M.J., 1952) since a force dipola is formally equivalent to a masa quadrupole in the neglect of gravivy.

On the basie of the preceding analysis, we here write the governing wquatious of -ompressible flow
for motion outside tha volume V. In each case we make appropriate identificaticns of €, I, .J , and I, ,.
The resulting equations are i 11

p nd s
3 +V » (pu) = SM {14a)
A S 2 (puu,) + p + pge. = § (14b)
at 1 3:1 i z "
BN SR il pu? + T . -
5¢ 13 ou 4 e 1] + v ([2 v’ + o 1]u} + gy, SE {14c)
where
> - 2 -~ >
SM a sHo &(r - .c) - . S“1 -a;-; &(r - x‘c) + oo {154)
Sy [“u as (159)
SML = f(wM)(“t - xci) ds (15¢)
with analogous definitions for gn and SF' Here
+ + -
by = plu - v“) s n {16a)
> -+ > > > e
v, o= pufu - vn) «n+pn (15b)
- l 2+.,_P___("' -»).->+ - -+ 16c
WE 5 Pu _—- 1] U= v n+pu +n . (16¢)
On comparison with Eqs. (2) one may note that
SMo = -dM/dt (17a)
-+
g o -dt/az - Mge, (17b)
-+ -+
Spo ™ -dE/dt - gg * e, - (17c)

However , no such analogous simple identification is posaible for the coefficients . ¢ the dipole source
terms.

3. GEFERAL SOLUTICN OF ACOUSTIC-GRAVITY WAVE EQUATIONS
3.1. Lirearized Equations.

In order to derive a general solution of the aeru-hydrodynamic equations (14), it 18 conveniant to
restrict ourselves to low amplitude disturbances. It is hoped that the resulting solution at distances
outside the volume V will not be goo gifferent from what might be found were nonlinear terms included at
the outset. We let p=p +p ,u=u,, p=p +p., and discard all terma of higher order than the
first in the quantities 01> ul; and P In this mafiner, we obtain

3p
L $7« (ou)=Ss (18a)
3t ol o -
aa ot +Vp 4+ gpe =& 8
co ul t pl gplet - (18b)
>
- ¥ - - S J ! A
Bpllat + YV (poul) + (y Dp gy, = (v 1)5E {18c;}
where the zeroth order ejuations require
de/dz - -0, - {19)



4.3

Here p_ and p_ ave independeut of x, y, and of vime t. Note that the three source terms are all formally
treated as be ng of first order.

To simplify the discuseion, we alsfo conaider the atmosphere to be lccally isothermal, 1.s., that
the sound speed c, where

2

c Ypo/oo (20)
i8 a very alowly varying function of height. Thie assumption enables us to determine p ., o,, and , at
intermediate distances from the source (i.e., our moving volume V) ae though c were conitan . Methods of
goometrical acoustice (sea, for example, Jones, W.L., 1969; Georges, T.M., 1971) could then be used to

trace out the wave diesturbance to larger distances.

The isochermal assumption enables us to derive a single partial differential equation for any of

the various acoustical quantities (see, tor example, Eckart, C., 1960). The appropriate equation for
Py is
-
} -
(G ey /o) = 8(r,b) (21)
where (CZb)is the weil known acoustic-gravity wave operator
2 /.2 2 2 .2
{0;6} ad 3_2 _3__?_ + wA2> - (:2 2‘? + NBZ>VH2 - C2 a'—z- -a——z— . (22)
at” \at" at at” az

Here w. and w_ are the so-called acoustic cutoff frequency and Brunt-Vaissala frequency, respectively,
(Lamb.AH., 1??0; Brunt, D., 1927; Vaissala, V., 1925; Hines, C.0., 1960) with

w, v (y/2)gl/c (23a)

wy = (- Y 2g0c (23b)

for thec cuase of an isothermal atmosphere. The aggregate term S(;,t) in Eq. (21) is a somewhat complicated
functional of SM' o and SM’ f.e.,

"2 ‘ (as 25 as
Gk I S I - _E _ nz)_ 2 M
/o, S(r,c) er 8 %2 l(* D at & o ) T

’2 3s
- «;2(-"—2 + maz) v.% - KEE} (24)

3t

Ncte that it is highly singular at T » T and zero elsewhere. A 80, one should note that the evaluation
of the various time derivatives ls complirated by the fact that r_ as well as 3, , S, , etc. [see Eq.

c Mo’ "Mi
(158)] may all vary with tiue.

3.2, Green's Function Solution.

Por gimplicity, we neglect the reflection of waves from the ground and define a free space Green's
furction G(r - LS By to) for Eq. {Z1) which satisfies

(-’ZG} G(r - ?O,c - t,) = b e(r - £) (-t ) (25)

which 18 zero for t < t_{causality), and which represents wvaves propagating away (in the sense of energy
transport) from a pointoimpulsive source. The form of this Green's functiun is given (Dikii, L., 1962;
Pierce, A.D., 1963; Row, R.V., 1967) by

mexp(![(sé")fl - wt]ldw

+ 1
G(r)t) - ’)'i' CUR (26)

&

where
N wAz)l/z (27a)
no= (LuZ - M‘Z)!/Z (27b)
i o= (uz - wvz)l/z (27¢)
2 2,2,.2 + _ , .

whare w.” = w “(z°/R°), and R = |r|. The phases of the above quantities v, u, and { are all O at large

poaitivé w ; their respective branch lines may all be taken as extending vertically downwards from the
apprupr'ate branch points on the real axis. The contour of integration in Eq. (26) proceeds slightly
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asova the real axis (Fig. 3).

In terms of the Green' function, the solution of Fq. (21} is easily written down &8 a form. .
expreasion

P .
_./__1_ - % ”” 6F - T ,t -t ) SE,c) d3?0 e, . (28)
[
3

Here it is assumed the to integration 18 froum -» up to time ths such that we avoid the explicit considera-
tion of any initial values of p1 and its derivatives.

We may note that S(?_t) may be written in the form &S(? - ¥ )} where d is a linear differential
operator whose coefficients are independent of x, y and 2z, “but which may depénd on time. If one inte-
grates each term by parts an appropriate number of times, the intngrand may effectively be wransformed
such that

@ sG -F) (CS'°*c) §G_ - T

where the superscript o implies operation on ¥ and t anddof is the adjoint operator of &°. The
spatial integrations in Eq. (28) may then be pgtformea trivially. One may also achieve some additicnal
simplification since 39G/9x = - 3G/3x, etc. In this manner, one derives from Eqs. (15a), (24) and (28)
the following expression £8r .

P 3¢
1 23 Yy ] Ltd
——n oF = . (1.....)8 __[~___..__._8°
3 2 3 M
By [ z floae
2
23 2
+el—5tw [ 03
(atZ B> H L4
2 2] 3¢
3 ] ] E
—(v—ll———-g—-—-&-s—fl——— (29)
L9t2 3z ?c2 at
where
t
S, (t)
°M‘%TT —1-’2""’ —G@E - F.[t 1,6 -t)dt
P (z [t 1)
-0 e
t
S.,,G
S oF A BN O - S M
4w Z(Bxi 2 2 ‘Siz) 1/2 d':o (30
i c G
-0

with similar axpressions for ¥ and 3., Here 6 {8 the Kronecksr delta. The arguments of the various
quantities in tbe Integral over § , are the ssmé as in the integral over SMo' Also, VH represents the
horizontal component of the gradicit operatc:.

Equations analngous to Eq. (29) for other acousticul quantities are readily obtained by a replace-

ment of p //5; by Vo u, o U, Y0, ol//E; , respectively, accompanied hy a replacement of G in
Eq. (20} "by a nodifled®Green' sV funcliok *

i TR dw (31)

G- ._1_7

m exp(i[:—c R - wt]
2nc”

where the operator‘fj is taken as

P S S S (32a)

w ax o x
L oot o (32b)

w 3y gy
y (I NN € St (231§ B (322)

(A W - )) dz (‘2 0oz
" i 0 Lo : -
i 1 Y - t) -’ . ) Sy K]
e B < gy - (y « Dy "71 for ”}./ P, . c3d)
c (- Wy ) "
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One may note that the equations derived here give one a formal procedure icr calewlaticg The acove-
tic disturbance oncs the various source terms are syecified. While the theory hnlds, atrictly sheaking,
only if the atcosphere is isothermal, the procedure outlined below should give cae a matlind for handling
nonisothermal atmospheres to a good approximation.

Briefly, in the case of the preesure fluctuations, one still ,etains Eqa. (29) and “30%. Howevaer,
the Green's fur.tion 18 not found from Eq. (26). Inmtead Eq. (25) 1s acived for a nonfdocherasl atro-
aphere using the guided wave rapresencaticn (Pierce, A.D. and Poae;. J.W., 1970) nr che geocaetrical
acoustics app.oximatiou (Pierce, A.D., 196b).
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(NDES ACOUSTIQUES EI' DE GRAVITE ET EFFETS DE DIFFUSION
AX LIMITES ATMOSPILERIQUES

par

F, Warren

SOMMAIRE

Ce pspisr discute une hg'mth&se formulée au cours de précédents travaux (Warren et Arora,
1967 ; Warren ot Mackimnon, 1969) relative aux conditions aux limites de la théorie lingaire des

ondes acoustiques er. do gravité dans 1'atmosphere, [1 montre que 1'on peut népliger presque entid-
rement les efiets de diffusion aux limites, 3 condition que le nombre d'ondes vertical re soit pas
trop petit, Les résultats ohtenus pour les ondes acoustiques et de gravit concordent qualitative-
ment avec ceux obtenus par Yanowitch (1967), meis les détails diffirent, On obtient une limite su-
périeure du coefficient de réfiexion pour les petits nombres d'ondes verticeux, L'auteur rappelle

gue ces résultats ne sont valables que si le libre parcours moyen aux altitudes élevées est petit
evani la longueur d'onde horizontale,
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ACQUSTIC GRAVITY WAVES AND DIFFUSION EFFECTS
AT THE ATMOSPHERIC BOUNDARIES

F.W.G. Warren
IMPERIAL COCLLEGE
London
England.,

ABSTRACT

This paper discusses an assumption made in some previous work (WARREN & ARORA, )967; WARREN &
MACKINNOM, 1969) concerning the bownmdary conditicns in the linear thsory nf acoustic gravity waves in
the atmosphere, It is shown that diffusion effects at the bcundaries may for the most part be ignored
provided the vertical wavenumber is not tco small. The results for gravity waves aqgree qualitatively
with those obtained by Yanowitch (1967) bhut the details differ. An upper bound for the reflexion
coefficient for small vertical wavenursbers is obtained. It is recalled that the results hold only if
the mean free path at high altitudes is small conpared with the horizontal wavelength.

1. INTRODUCTION

Atmospheric disturbances often excite gravity or acoustic waves «hich radiate energy from the
source. Part of t¢his is carried to very high altitudes while soms is propagated virtually hocizontally
round the globe. Generally, given a local transient excitation the basic problem is to estimate the
ultimate resultant mean distribution of energy throughout the depth of the atmosphere and to find the
amount propagatsd to the highest levels. It ie the fate of the latter which is a principal conzern here.
All the ener7jy is finally destroyed by diffusion (perhaps turbulent) proceseses, of course, but at lower
levels this ran be protracted and so is ignored for the most part. Thus the source spectrum is supposed
concentrated in those wavelengths where the diffusion effects in the lower stratosphere and tropoaphere
are relatively feeble and in addition such that the effucts of the carth's rotation (and to some extent
curvature) are small. The important properties of the atmosphere which permit radiation of mechanical
ensrqgy are then its elasticity and density stratification. Wind shear also plays an important réle but
more as a modifier than as a means of energy transfer.

One important aspect of this problem which will be concidered in more detail here is the affect of
friction and heat conduction at the very highest and lowest levels. It may be suspected that the conse-
quences of the low level bowdarxy layer are not very important, but this is certainly not the case for
di ffusion effects at great heights, say above about 200 km. Lindzen (1970) and Yanowitch (1967) and
others have also considered this problem, and the present object is to make some supplementary commwents
upon it., For example Yanowitch ignores the effects of compressibility and thermal diffusion. On the
other hand Lindzen's computations include these effects but ignore those of vertical accelerations and
also of horizontal divergence at high altitudes. In particular this leaves the conclusions concerning
the far field bohaviour »f the perturbations in some doubt. For this and other reasons it seems better to
avoid these simplifications even though there is little hope of obtaining evplicit closed solutions to the
resulting analytical problem. For the present purpose it is sufficient to consider a two-dimensional iso-
thermal atmosphere model and the basic equations for this are presented in the next section.

2. THE GOVERNING EQUATIONS FOR A STATIC ISOTHERMAL MODEL

At the outset a iinearisation of the Navier-Stokes equations js made. BAlthough this is a dubious
process for certain types of disturbances, observations of relatively shallow waves at high altitudes is
sufficlent justification for this step. Influences upon the motion due to ion drag and coocling effects
are ignored, hecause the former is relatively weak while the latter may be allowed for at a later stage by
a simple modification of the wave number associated with the thermal diffusion coefficient.

The resulting momentum equations then read

b Iu/dt = =3p/dx + A3/dx(du/dx + w/dz) + w(Rwaxd + 22wz

and 2,2 . 2,2
ooaw/at = =3p/3z + A3/3z(3u/3ax + w/3z) + u(3°w/3x“ + 3°w/3z%) - gp.

u and w are the velocity perturbations and p is the density perturbation from the mean Poe this latter
dacaying expenentiaily upwards in the z-direction. This decay is defined by £ (& constant) through the

relation
(8, (2)/dz) /o (2) = -B = ~yg/a® = -g/c?.

a and ¢ ars the adiabatic and igsothermal (Newtonian) sound speeds respectively, and A and u are the
viscosity coefficients which are assumsd to be constant throughout the atmosphere. It is simpler to
retain A here, rather than make the customary substitution A = p/3. The equation of continuity is

an/aL + vapo,/az + p_{3u/dx + dw/3z) = O, and that of compressibility, including diffusion effects arising
from a temperature variation T ls

2 2 2 2, ,-.2
Ip/at + vaolaz ua, (3p /3t + wapo/az) + K(3"T/3x" + 3°T/3z").
p. is the mean pressure and K the coefficient appertaining to thermal conduction. This set of equations,

mo:qmnmd by the equation of stato, form a determinate system if appropriate boundary conditions are
available. As usual a wave-like solution in the horizontal x-direction is imposed for the perturbations:
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lpiqiuep, T} = (pyte), qp(z), ule), 0y (r), 1) (2} )e“,“""”

whare the horizontal wave number k and the frequancy w are real. ¢ is the vertical displacemsnt of an air
particle so that ww= 3q/3t. Dropping the sutfix i this leads to a set of equations for u, u', 4, q', T
and T' (the prime denoting difforentistion upwards) namely

ﬁ_u)']'du'/dz - (1 (X o+ i)w'-lkz - kzw—zcrz)u + (km-‘lc

1

-2 1

- W - ket -pke ey,

- — - )
1Ko Yactzaz = QU+ 1K XA T - (v - Dotk tu ¢ (v - DT,

(g - (X + Mwdq'/de = (ko™ = iTdu' + 1 - BT + 9q' - (¥ + inukdq.

This aystem is complsted by the supplementary set dT/dz = T', &g/dz = q' and du/dz = u'. vy is the ratic
of spocific heats for air and

® Tow o= (xa, we @),

vhere po(O) ir the density of air at some standard level (say sea leval). it should be recalled that the
di fferential operator d/dz (which will also be represented by D) i~ auguented when passing through these
modified forms of the diffusion coefflcients e.gq.

D(KT) = d/dz(KT) = K(8 + d/dz)T = K(D + 8)T.

So the governing system is of order six (as might be ~xp.cted) which possesses six linearly independent
solutions, say

{uil ui'l qir qi': Ti' Ti'}' i=l,2,...-€'.
The nature of these may be found in several ways but hers it is convenient to proceed by a methodical
elimination of all the unknowns save the temperature perturbation T. This leads to the temperature
equationd T = O, wit.hI = 11 - 2I.!, where

2.72) (b(D - 8) - K2 + wicd)

2

L, = (w-mm®-28 -k +0

(D=8 + (v - e - 1 Hoa - €02 - ¥Hn,

I,? - Yuj4(‘{ - 1)-19_151-2(((1) - B)(D - 2B) - K2 wzc-z)
(L= g™ 2) = (P + B) (D + 28) - k2 + o in? - k4,
and 2 =2 .2 = 2 .2 2,2 -2 -1, 2 .2
1,3 a (1 4+ iAk© = ip(D¢ - k“)) (1 - 1K(D - k*)) - a’k“w (1 - iy "K(D® -~ k9))

v iy - DA - Wi T - SR - KA.

Once T is found, the other phyrical variables are given through the relations

via 2@+ 152 - iT? - kDA - F? - k) - kel - il R - ke

2 - k% 1q,

= v - Digk’ 2 - (1 - 15D

giving q, and the pressure is given by

p = oglga+ (y - n ey - a®w? - k),
while the horizontal velocity perturbation . is given by

wklog + vty - D TRaEA - iRe? - K.
Finally density changes are given by

o = o lvga ’q + yly - Da 2@ - ik - k*))m.
These equations provide the analytical basis for the discussion. The next section considers the form of

the solution at high altitudes.

3. Some properties of the solutions at large heights

An exawination of the opetator.t. in the temperature equation L7 » 0 shows that it may be written in
the following form:

Bz, 3 3 Bz 2 8 Bz 6 4
L = (-tce”™™ A I (D - ai) + (~iee”"")"B 1 (D - bi) + (-ice T)C N (D - ci) + T (D~ dl)'
imel im] iwl iml
The first product occuring here (associated with c3) equals

2 2

(D + 38) (D + 28) - k2 + i (b + "2 - kB (b + 812 - k¥ (0% - kD,

w0
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whil: the last product (freo frxom ¢) equala

(D - E)(D = 28) - k* + w2 %MD - B) - 2% + Wi v {y - Lok

2w-2n“2) .

§ la a weasure (not dimansjonless) of the combined effecia of the various di¥fusion procasses which occur
during the shesr and expansion associatad wikh the atmospharic fiow:

3 i

e W u(h o+ uika mhl'/(pr(ﬂ))a-

At sed lavel this is an eatremsly mnail uantity (unloss of course ths length acsale is minuta, which is

not the case). The conatants A, B and ¢ 29 given by A = 1,
B w (yKu)lls(l + u)-2/3(‘/w‘)4/3'
ard ¢ ow (K/Yu)1/3(x/(x + \1))1/3(a/yw)2/3.

ave known ae xuots of polynomials whose coefficients arw Jdetermined from the

while the a, b,, c, ané 4
\-}\oy are functions of the frequency, wave numbey wnd Prandtl number.

J[i, (L =1,72, 3. Thus
The transformation
y = (165-4(_“)-3‘!»3322 1/6

is now made which throws the T-equation into the foym LT » O, where
6

8 8 . )
Lomoa mge+2a87h + B@20MY Y 10 s+ ca N 10+ 2087
i=1 6 1 i=1 1=l '
+y I (84 2d18 1,

1=l
vhere f denotes yd/dy. In chis form «f the ojuation, high altitudes correspond to »mall values of |y| ’
and emphasis is given to the fas: that here the interaction of the diffusion processes, measursd by the

Jquantity

T+ W A+ et

is more important chan their individual effects which may be measured by
O RTIER BRI R u)eﬁz.

This being the case, solutions at z = .* may now be found from an examination of the behaviour near y = O.
Since the oparator L is cf the elghth order, there are sight solutions to be founi, and six of these have
their physical oxigin in the effects of interaction between the various diffusion processes. All the
solutions have a regqular singularity at the y-origin and in fact there are eignt linearly independent
Frobenious-tyne solutions. These are valid at heights corresponding to |y| < 1, that is at heights

greater than Zyr where
e®% = 16uie_(0)) Y8 KO + wual.

This is typically about 150 km. Above this level the rarefied atmosphere becomes increasingly viscous.
Now the occurxence of eight solutions here shows that two spuricus ones have been annexed during the pro-
cess of forming the temperatuce equation. (This is unavoidable because of the previously mentioned 'shift-
rule' property of D which comes inte play during the eliminatinn of u and g from the original sixth crder
set.) However thay are readily uxposad by a simple test. Thus the relevant indicial equation has eight

roots given by

o, = -2ai/6, i=1,2, ....8

and two nf these may be rejected. These correspond to the factor
P o
D* + 88w = k? + w2c? + 682,

Physically they represent isothermal sound waves (multiplied by an exponential function of the altitude)
which couwld be present cnly in the absence of viscosity.

0f the remaining six solutivns, three more may be rejected by congideration of the expressions for
the viscous stresses and heat rlux at large heights. 1These contain terms like )3dw/9z and K3T/dz, and so
if the stresses are to be bounded at high altitudes, as the physical conditions require, then the only

adini szable solutions are of the foxm 'l‘j(z) , 3 =1, 2, 3, where

“(k+28)2 7 ~Bnz
Tiz) = e LTy, .
neo
s e L kviiz F -Bnz -
Tz(zl Z Tzh\a + Toz.z.'Il(z.)
. D=
-k ~8nz 2
and T3(z) [ .“En Tme + To3.z'T1(2)'

The T are coefficients which in principle may be determined recurrently. Corresponding soluticnu for g

are o%jthe form:

SR s
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-Kn = -Bne
ql(l) ~ @ “‘1;0 UYn® .

-kx -Bng
q.(8) = 2o Z q, @ + .q, {2},
2 n 2n clo2 1

lz’ (k+8} = z qy fnz qo.!‘ql(”'
nwo

So thae solutions for the vertical displocement g are charactarised by the leading terma e—kz, a:zew (k+B) 2
a4 26~ %XZ, This last term is the dominant onu, and coincides with one of Yanowiich's results, although
his treatmant omits the affect of compresaibility and heat conduction., The thyee rajected golutions are
similar to thers except that -k is replaced by k, and tha requirersnt that )dw/3z and K37/3z he bounded
precludaes these., An avamination of the behaviour of the corresponding préssure perturbation and other
variables follows from expressions given in section 2. These too decay at sufficiently large heights.

and q3(s) -

S0 provided the wawe amplitude at the incipiant viscous lewel is not 80 large that linearization is
invalid it msy be concluded that the motion is nregligible when ze “ is sufficiently small. This altitude
incraoses with wavelength and for very long gravity wawes (“1000 km) this would be at heights o about
00 km. It L% notad that the inclusion of a cocling effect does not suwstantlially alter this result,
Agreemant wlth (indzen (1970) also follows if k is set egual to zero; this is to be expacted since for
wry long waves the horizontal divergence it negiigibla.

The noxt taek i to consider the lower boundary where z-values are small and Iyl is large.

4. Solutions at the lwwest levels

Near the earth's surface a boundary layer is to be expacted. ILocal nrographic and other features
have inportant consequences but this is ancther prablem and it i8 only necessary to consider tha case of
a simple plane horirzantal boundary. Corresponding to large values of |y! , the solution3 to LT » O are of
two basic forms., ¥First, there arc four solutcions of the Frobenious type in descending powers of y.
Included among these are two whose first terms represent inviscid acoustic-yravity wawve solutions - one
with an upward propagation oi energy, the other showing a flux downwards. The remaiving Frobenious
soluticns have leading terms representing quasi~iscthermal sound waves. Thege do not satisfy the original
set of 2quations and so correspond to the two solutions introduced during the derivation of the temperature
equation.

The second class of solutions axe of the normal type of the form
a
Sq © -8
O L Ty
8=o
Genarally the series cbtained here are asymptotic., There are fow of these normal solutions and in terms
of z the leading terms contain the dominant fac 'rs

-Gz/z)

T{y) = Y

exp(uie i=13,2, 3 4

- 21,/42Y 1/ le/zu -1,/2B -la'i

where the ay . &-i taking any of the four values which may be assigned to

REVAC RN Vi

If here 8 is allowed formally to tend to zero (which is tantamount to neglecting gravity) these dominating
factors are propcrtional to
- 11 1
expl ay . 272, y3 42y 'T(zo - 2)}

where z_ is the datum (sea) level. The four normal type solutiouns therefore show two gsolutions with
extremeiy rapid growth upwards and iwo with a fast decay. Comparison with the case in which gravity is
absent (8 -+ O) shows that the decaying solutions are of the boundary layesr type in which the thernmal and
viscous layers are mixed. Now from the previnus section there are three solutions available which satisfy
the upper boundary condition of finite stresa, and 80 in general there is one linear combination of these
having an asymptotic expansion in whith the two large growth normal solutions are absent. Moreover from
the y-equation it is seen that this conbination does not contain ¢ explicitly. In princiole, then, the
solution is determined uniquely-apart from any arbitrary multiplyinrg constant vhich may be found by compari-
son with the absolute magnitudes invilved.

At low levels, the two Frobemious solutione ave of the form
w
- (+,~ -n
A ST B S Yy,
nso

where the indices are given by

o, . = 12202+ 0% - P gy - D2 ™2a"H %™ 0 27 kW) say,
. , 1/2 -1/2 .
where m is the vertical wave number. The boundary layer, of thickness 8§ = O(u W ),’\VLrtually has no
effect vpon the lower boundary condition attached to the vertical displacament q, (qz_o -~ qz”s) and so may

be ignored. ‘e solution near sea levol is then of the form

Ay A

where the J* _ are unknown functions c¢f all the paramsters (Prandti number, frewuency,. wavelength) save c.
In this respéct the .AJf _ are O(1). And vhen m the vertical wavenumbeyr {8 imaginary and equal to iM say

S



JES—

5-5

(8o that the amplitude behaviour in the vertical direction is exponential} this appruximate soluvion is

found tc be
‘AHI/Z—M/SG(B/Z»M)z +.Amel/2*"/“a‘a/z””"

C1/2-!'4/[3.efi/'a’z("ie*-Mr. *.A-Cz../ts M2y LM )

.~y
in terms of the height 2. Here, since tt"M’B 15 small, the term showing t“e smallar qrowth upwaxds is
dominant. This confirmd the customaxy salection made in inviscid theory in the casm of imraginary
vertical wavenumberxas.

When this wavenumber i8 real the choice iF more difficult to substantiate. This is because of the
possibillity of refiexion mechanisms in the upper stratosphers and higher, arising from the ever increacing
effects o diffusion. Hers the tenuous gluey region above about 200 km. can act like a floating cushicn
which respondn only ¢o the more pondercus waves, the shorter ones heing absorbed by it. In view of the
aitatytical dilficulties attached to the temperature equaticn, this suggests two apptoximationg which can
be nrde. Firstly the absorption effects mav bs underestim}tggzby the omission of the € and € terms. The
remaining fast growing interaction term, proportional to e’e can then be expactad to aver-emphauise
verlexion. On the other hand the teyms of smaliest influence below the incipient viscous level may be
dropped, and the consequent recult will under-estimate reverberation because the e-term retained is of
srallest upward growth. Apsxt from . ome difficulties arising from the presence of the spurious isothermal
wave operatcy, analytical solutions to the resulting approximete problems are readily obtained in terms
of Meljer's G-function (Meijer, 1946). Asvmptotic forwms of G are given by Meijer. Thus crude but useful
asproximations nay be obtained from

a 4 .
[ic3e382F\H (D - ai) + il (D =~ di”T w0,
i=] i=1 i -
‘2 6 4
and [-ice"*CHN (D~ ¢c,) + N (D~ &,)iT = 0.
. 1 . b S
i=l i=1

Solutiorns to the firat of these equations in Meijer's functions are

~a,/36

™m
~d, /38 Ii'

a8

3 -4

™R3, TR

where m and n are integers, ® S m 5 8 and 0 S n $ 4.

If here the independent variable z is replaced by y = e Jﬂz,_ the present peaning of m and n refers to the

expansion of G about y = O and Y = @ regpectively. At the y-origin (z = ») ihe expansion of G contains
a linear combination of m independent Frobenious soluticns of the differential equation, while at infinity
(7» = 0) the asymptotic expansion of G contains n linear polyncmial solutions which are dominant provided
m+ n > 6., fThe possible occurrence of isothermal wave zoiutions which were rejected from the oxiginal
temperzture equation now are to be admitted in the approximate solution, provided that no upward propaga-
ting type is present at low leyels. Thie is because the &ame boundary conditions apply to both the
original and approximate equations at these levels and in the approximate soclution this allows only
in~oming isothermal waves. Furthey, the amplitude of thess waves aye to be small compared with the
inviscid waves 2t low levels. 1In the acovatic spectrum it then tollows that the appropriate solution is
given by m= 5 and n = 3, This yields a low~level arymptotic
. ia .
61/2 (eﬂm/bfse)mz +a ae-ﬂm/Gtie—.\mz)

. . . . . . . , 1{kx-wt)
where the complex phase shift A_ is known and hav pesitive imagirary part. Multiplication by e
now shows that the reflexion ccefficient for an upward travelling acoustic wave is less than
exp(~mm/?8)., For gravity waves a simllar argument holds, esxcept that at high altitudes ona spuriouc type
solution showing ar exponertial growth upwards must be aveided. The appropriate solution is then of the

form Gﬁg, shich at low levels behaves like
N ih -

N - Y

c1/2 (e wn\/ﬁﬁeLmz e ganm, )Ba 1mz)

vhere here A has zerc imaginaxy part. So the reflexion cvefficient for gravity waves is also leass than
e-"0/3  (1¢%5 recclled that the vertical phase propagation fovr qravity waves is downwards.)

An exactly similar procedure may be foliowed through for the seconé type approximation, and again
the spuricus isothermal wave operator has to be reconsidered. If the absorxrption at the intermediate ievels
{120 km. ~ 180 km.) is xelatively high, this approximatior. can be expected to yieid satisfactory results.
Here the reflexion coeftlicicnt is found frem solutions of the form

'Ci/B )

sn [ menel <1 -2 ~fz
-1) 17187 % -a/8

46 \

where the choice of m and n depends upon the number of coefficients ¢y which l.ave positive real part i.e.
depending on the dacay or growth behaviour of the approximate solution at large heights. Detailed rusults
of this nsecond approximation await computation. RBut the first gives a bound for the reflexioa coefiicient

which is sufficient for the present purpose.
5. Conclusicns

The sbowve results confirm that mflexion_ray be ignored except for waves whose vertical waselength
is very large compared with the scale height 8 This implics that an inviscid wodel which has an iso-
thermal uppcr layer can accuratel, simcelate an atmosphere with a high altitude viscous region. For in
both models all waven with a vertical exponantial behaviowr decay upwards withoat reflexion while thoce
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whosa verticil wavelsngth is not too large may be regarded as lost to the upper stratosphere if chey can
penatrate tha lower temperature stratification barriers. Among other thingy this juscifies some of the
cliaims nade in earlier papers (Warren & Acora, 1267, Warren & MacKinnon, 1969) thet an inviscid
temparatue-gtratified model can give a reasonable imitation of the effects of high level diffusion at
lower levels by capping the model with an ‘isosphere® i.,e. by an infinite isothermal layer. Here the
untrapped waves radiate freely to lnfinitely large heights and the resulting energy sink ig not too
disgimilar from diffusive dissipetion.

The viscoud igsothermal model used here suffers from the defect in that the basic temperature
qradient wpwards doer not vanish in reality. However the effact wr this is ot jimwor*ant for the acoustic
gravity waves wder discusaion here because the actual temperatur: graa.on*t is relatively small: most of
the enargyy will be absorbed before the stratification reflexion mechonism can operate ~ rnxcept perhaps for
wawas with very small vertical wave numbers, m<<f. On the other hand at extremely high altitudes (say
about 250 km) the continuum hypothesis begins to break down. If this is so i.e. if th: mean free path is
no longer wvery small compaved with the horizontal wavelength, the motion becomes of an increasingly random
nature. Viscous raflexion then can no longer be expected for organised flow no longer exists, and the
astimated upper bound for the reflexion coefficient kecomes misleading. This of course would enhance
furthev the argument for the use of a mdel with an 'isosphere' for lower level acoustic gravity wave
problems. Its position and temperature would depend upon the spectrum of the excitation. Some effects of
a change of this position have been investigated numerically by MacKinnon (1970).
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MECANISME UE PROIXICTION DYONDES AURORALES INFRASONIQUES
par

Charles R, Wilson

Sommaire

La morphclogie des sous.orages ¢.'ondes inirasoniques auroreles (OIA), telle guon a pu
la déterminer i partir d'obsecvations in‘rasoniques effectuies & Iuuvik (68,4°N), College (64,9°N)
et Pulmer (60,8°N), le long d'ur méridier magnetique passant & travers 1'Alaska, révéle qu'on ne
voit jamsia les OIA se propager on direction du pSle, en dépit du fait que les activités awrcrales
chaervées apparaissent rréquemment au sud des stxzticns, On a pu montrer que les OI4 sont des ondes
infrasoniques d'accompegnement engeundréss par der mouvements supersoniques d'arcs d'électrojet sue
rorel dirigés vers 1l'cuest, 1'équateur ou l'est,

Des exemples particuliers d'expansions nur.rales en direction du pdle, passart au zénith
d'Inuvik, ont €té &tudiés, On & découvert que des mouvemenis d'arcs, avee feris électrojets, s'ef-
fectuant en direction du pdle, méme & des vitess:s supersoniques &levites, ne proiuisent pas 4'ondes
d'accompagnement infrasoniques, lorsgue s'effectue un reaversement de la direction de l'expansion
very le pdle, et que les sres, par suite, se déplacent en direction de l'équateur, on observe de
fortes QYA & partir des arcs, Cette asymétrie dans 1'apperiticn des 0IA per rapport & la direction
du mouvement d'un sre est interprétée comme une asymétrie intrinséque du mécanisme de producticr &
»'intérieur des arcs auroraux, et non comme un effet de propagation, On pose en postulai que 1'im.
pulsion acoustique de base 4 L'intériecur des arcs 1'électrojet est créée par des collisions avec ie
ger neutre des ions positifs entrainés par la dérive électrodynamique qui se produit dans la région E
de l'arc aurcral, Ainsi, la force de lorentz est ie pécanisme de couplage entre les perteurs du cou-
rant d*électrojet et le gaz neutre, Un processus d‘ichisation-collision a lieun & l'intérisur des arcs
aurorsux, pour les srcs qui se déplacent & des viierses supersoniques dans une direction poralldle
d celle de le dérive d’ionisation par les neutrés, L'sugmentstion de densité ionique Qui en résulte
pour ces arcs vréduit la constante de temps pour la dérive des ions, de sorte que le couplage pir la
force de lLorentz a pour effet de produirée une onde de choc infrasonique,

51 la translation supersonique de ls nappe primsire aurcrale d'6é'ectrons présente une com=
posente de mouvement paralléle au courant élecirodynamirmz des icns positifs . une onde de choc aue-
rorale infrasonique se produit dans la région £ de 1'’ \osphére et te propage vers le sol sous for-
me d'une onde de choc modifiée ou onde d'accompagreme , Si, par contre, le mouvement des arcs au-
roreux est antiparalléle & la dérive des ions positifs, i} ne se produit pas d'0OIA,
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AURCRAL INFRASONLIC WAVE GLMERACION MECHANISM

Charles R, Wiluoa
Geophysical Insiitute
University of Alasks

follege, Alesxa

The morpaology ot auroral infrasonic wave (AIW) subatorwu, as determineu from irfrasonic observa-
ticns ot Inuvik (68.4°N), Colluge (64,9°N) and Yaluer (€0.3°N) along a magnetic wevidisn through Alaska,
shews that AIW aze never ouwsarved propageting in a puleward divection even though auroral activity tre-
quentiy oucurred soutn of the wtations. AlW have been shaown to be infrasonic bow waves generatel by super-
sonic westward, couatoiward vr eastward motions of auroral electrojet arvcs,

Specific exmiplen of auror.l poleward expansions which crcss the Inuvik zenith rave been studied.
It was found that ewvun highly supersonic poleward motions of arcs with strong «l.cirnjets do not produce
infraaonic bov waves. Wher s reversal in direction of the poleward expansion occurs and the arcs subse~
quantly move equetovward, strong AIW are obgerved from the arcs, This asvumetry in the occurrence ot
AIW vich reupect to directlon of motion of an arc !s interpreted as aa intrinsic asvmwetry in the genera-
tion wechaniam within the auroral a-cs and not as a propagation effect. It is postulated that the basic
acousiic pulre vithin the clectrojet arcs *s caused by collisions with the neutral gas of positive icas
that avz driven by electrodynamic drifC “n the E region of the auroral arc. Thus, Lorentz force {s the
coupling wechauism between the electrojet current carriers and the neutral gas. An fonizdtica-cellision
process cccurs within the auroral aice for those arcs that are woving sumersun’cally in & dircction
parallel to the directisn ¢f the neutrnl fonization Jdrift. The reslting increase L{n fon density for
such arcg peduces the time constant lor lon-drag so that the Lorentz force coupling is effective in pro-
ducirg an infrasenic shock wave.

1f the supersonlc translation of the primavy auroral electron sheet has a component of motion parol-
lel to the elactrodynamic drift of the positive ions, theu an auroral infrosonic shock wrave will be pio-
duce s 10 the E regloun ionosphere and oropagate tn the greound as a modified shock or bow wave. If, on the
other hand, the auroral src motion is auti-parallel to the drift o° the vogitive 1ons, then uo AIW will

be produced.

1. INTRODUCTION

Ground observations of atwrspheric pressure fluctuationg in the aurocal zone st College, Alaska have
been used to show that irfrasonic saves are produced by superzonic motions of aurccal ercs (Wilson and
Nichpsvenko, 1967; wWilcon 196%a). The prensure disturbance propagatus vo the gvound as a bow or modified
chock waw.. Constructive interference of the acoustic pulses generatel in the E reglon of auroral arcs
cause the formation of the bow wave as the veil of precipitating suroral erectrons sweepe ucross the sky
at supersonic speed (Wilson, 1967; Chimonas and Peltier, 1970). For the direct wave in the '"front-shock™
region (see Wilsow, 1969c¢) the delay time betveen zunith passage of the aurural arc and reception uf the
auroral infrascnic wave (aiW) at the ground 18 six to eight minutes. For an isothermal atcosphere with
no winds the horizontal trace velocity %, of the ATW 1s equzl in speed anld direct’on to that of the
auraral arc (V= ¢ seca where c is the Eoccl speed of sound and a is the anpgle betwean the wave normal
ard the horizontal).

A good exauple of an AIW due to the zenith passage of a supersonic auroral arc at College is glven
in Figure 1 below the all sky camera (ASC) picturcs of the aurora. The pressure versus time traces from
the four infrasonlc microphones heve been superimpesed and time shifted tu show the coherent wave form
of the AIW, The AIW arvive. from ant azimuth of 48° with V_ = 460 m/sec at 0720 U.T. just six minutes
after the aurora arrivel at the zenith, All times ir the paper are in universal time. Because of the
complex structure of the auroral forms and the impossibi.ity of identifying a particular "point" on the
moving aurorsu, ec best, only an estimiate cun be given for the auroral speed and d.irection of motion. The
auroral velocity normal to the a'c -rom 07il to 0715 was 980 m/sec with ¢ = 50°. Zenith crossing time of
the yupersonic arc is also ehewm in Figure X by the sudden increase 1o cosric noise absorpticn on the
College riometer at = 07.% and by the reverial from minus to plus oi 7, the vertical component of the sur-
fare magneti. perturbarior due to the electrojec withia the arc, The actual values for H and 7 in Figure
1 at 0700 were - 240y ana -90y respectively due to the presence of the westward flowing curoral electrojet
nrth of Coliege at that time. H and Z wer2 set equal to zero at 0700 in Figure 1, however, to show only
themaynetic effect of the supessonic auroral elestrojec arc shown in the all-sky photogrephs.

Morphologlcal stidies ¢ AIW of the type shown in Figure 1 have demonstrated the clear association
between supersonic motlous that develop during the expansive phase of aurcral substorms and the generation
of AIW (VWilson, 1969:). Further proof of the gencration of AIW by auroral electrojet arcs that are moving
with sujersonic speed in a directior transverse to their long axes have been obiained from a study of the
rate vt change of the i1atfc of the vertical te the horizontal component(g’(ﬁzfﬂh)) ot the gsurface magnetic
dt

perrurbacion due to the electvojer Hall current along the arc (Wilson, 1969b). The variation in the
direction of arrival of ALW witn local time has been related to the motlon of type "F" (7::thasarathy and
Berkey, 1965) aurora) swlden cosmic noise absorption events as additional evidence runnecting supersonic
wuroral motions taking place within the aurcrel ovel and the generation of AIW (Wilson, 1970).

Statistical results from 139 ¥z auroral-radar backscatter measuremente made at Homer, Alaska by
Stanfore Research Institute showed that reglons contatning radar-aurora that were {n supersonic motion
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were vealated in time and general location to socurce reglong of AIW's (Fremoww, 1970),

The one anomuly that arowe in the study of the apparent cause-effect relation between supersonic
auroral motione and the consequent generation of AIW was that poleward motlons of the aurora did not seem,

from the cbservations at College at 64.%9°N (corrected geomegnetic latitude) to produce infrasonic
how waves, It was decided to establish a ﬁiﬁﬂer latitude infrasonic station at Inuvik N.W.T. in Canada,
spproaimately on the magnetic reridian through College, at 71.1°N to search for AIW from polward

expansions of the auroras that cross the Iunuvik zenith from south“t8 north et supersonic specds during
most aubstorms.,

The lmportance of these poleward expansinn — AIW obaservations lies in the fgct that one o1 discrimi-
nate between the three basir mechanisms that have been proposed for producing an acoustlc pulie w!thin
the moving electrojet by comparismn of AIW signal characteristics angd the direction of motion of the
aurora relative to the direction of the westward electrojet curvent J.

It is shown that the basic acoustic pulse within the electrcjet arcs {8 caused by collisions with
then neutral gas of pusitive lona that are driven by electrodynamic drift in the E region of the wroral
arc. If the supersonic translation of the primary auroral electron sheet has a component of motion
parallel to the electrodynamic drift, then an auroral infrasonic shock wave will be produced in the E
region ionosphere and propagate to the ground as a modified shock or bow wave,

Statistical AIW Results

The morphology of euroral infragsonic substorms can be visualized pwst easily with respect to the
auroral oval and not the aurnsral zone. Auroral arcs tend to appear most frequently along the auroral
oval in a pattern that is fixed relative to the sun-earth line and eccentric with respect to the dipole
pole. The auroral oval coincides with the auroral zone only in the midnight secvor (Feldstein and Star-
kov, 1967). Although the auroral oval expands and contracts with changing geomagnetic conditions, it
can be used to valate the AIW to supersonic auroral motions which take place within the auroral oval
during a typical substorm (Wilson, 1969a; 19€69c).

In Figure 2 the auroral oval 1is plotted in corrected geomagnetic latitude (¢ ) ani corrected geo-
magnetic local time (Whalen, 1970) for the disturbed conditions with the Feldaﬁeincﬁgiamxter Qv 5
(Feidstein and Starkouv, 1967). The geomagnetic pole (B0°N, 81°W geographic) 1s shown at the center a1id
the direction toward the sun is indicated by the arrow. Three circles of dots represent the locurroas
of Palmer (¢ = 60.8°), College (¢ = 64.9°) and Inuvik (¢ = 71,1°) at each hour cof unl/eraal
time., In this®diagram the locations 6tBthe three stations are ££x8a with respect to ‘:ach other {(as
shown by the dashed lines at 2 U.T. and 12 U.T.) by a polar azimuthal equidistant projectiocu map, The
map and hence the three station locations rotate with changing time ahout the dipole pole beneath the
fixed auroral oval. Midnight occurs along the magnetic meridian through tCollege and Palmer at 1000 U.T.
In this diagram the north geograpaic pole rotates about the center in a clrele 107 in dliameter. Tn a
projection of this type one can study the variations with local tire and geowmagnetic latitude of the fre-
quency of occurrence of AIW a8 a function of azimuth of arrival with respect to the aurcral oval.

In Figure 2 the total number of AIW for the data period are plotted for 20° incrementc of azimuth
of arrival ¢ for each hour ianterval of universal time at the station location for the U.T. hour at the
beginning of that time interval., The number of AIW are represented by vectors pointing towa..l the ata-
tion in the direction from which the AIW have come, The length of the vectors are proportional to the
total number of AIW received at the station over the entire data period within a particuler 2J° interval
of ¢. The number of AIW scales are given for the vectors in the center of the oval, “he wzcale for
College is four times that for Palmer and Inuvik. 7The data periods end total numhber of AIW irom all
directions at all times for each station used in the construction of Figure 2 are as follows: Inuvik
16 Nov, 1969 to 31 Dec. 1970, No. AIW = 236; College 24 Dec. 1965 to 31 Dec. 1970, No, AIW ~ 1806; Pal~-
mer 31 Oct. 1967 to 22 Dct, 1968, No. AIW = 101,

In relating the directions of arrival and number of AIW to the locaticn of a station wirh respect to
the auroral oval it should be remembered that the oval chown in Figure 2 13 for ) ~ 5 or aturbed cor-~
ditions. When Q@ = 0 in calm conditions the oval contrects so tnat its equatorward houndasy ie¢ everywhers
poleward of 70°N and during very disturbed counditions, Q = 8, the oval expands to a 10Y width in che
midnight sector FeBi 65° to 75°. ‘ihe oval for G = 5 was chosen for Figure 2 becaus¢ 1t represents the
oval for the degree of geomagnetic disturbance during which most auroral infrasonic substorms occuv.

The general morphology of the aurcral infrasonic substorme .f{ch referdnce to diagrams of the i/pe
chown in Figure 2 ahas been discussed in detail in eariler papers (Wilson, 196%a; 1969-; 1970). It was
concluded that the AIW at College and Palmer in the eveining sector 0300-0600 U.T. are fue to bow waves
in :he "slde-shock" reglon of westward traveling surges thal are rovipg parzllel to the oval elouy its
northern boundarxy. In the midnight sector, 0900-1200 U.T., the AIY at College resiult from bow waves
generated by equatorward motions of auroral arcs when College was la tha “side-shori” ceglon for bow
waves gznerated by eastward traveling surges (omega bands), The time aectoys fram (600 to 0906 U.T. and
frem 1200 to 1500 U.T. are transitional with some AIW generated by auroral wot.ons that are parallel to
the auroral oval and some by motiong tsansverse (equatorward) to the oval. No AIV are cobaerved in the
mid-day sector from 2200 to Q200 U.T. at any cf the three infrasonic stations.

At lnuvik the AIW morphology in the ew:nlny and morning sectors 18 gimilar to that st College. In
the mominrg sector from 1600 to 2000 U.T. there are no AIW frew eastward traveling surped ar inuvik when
this station 1s poleward of the path of these suvges. The bulge ir the oval from 140U to I8C0 L.T. arises
from the ract that the eastward traveling surgrs move at lower latitudes than do the westward surges 1in
the evening sector. From the lack of AIW at Tnuvik from the eastward surges, I conciude t'at 'sf{de~shocks”
or bow veves are not radlated in the poleward directiun by aurora: surges, I bov waves were radisaed in
the poleward direction by "side-snocks' by .he eastward surges, then {n Figure 2 cne would see AIW arriv-
ing at Inuvik from, say, 1700 to 2000 U.i. from dirsutions parillel to or elightly to the south of the
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oval cantar lime., 7This ia tha flrsc nnymmatry thay cne finda {n Figure 2 in the rndlacion of AIH by

supezyonic aurdrmpl mationn, .
The greatvst suymmetry in the ganevatioa of ATW by auxdral motions can be seen in Flgure 2 at Tauvik

and College in the tiw wactor from 0B00 to 2300 U.,T. During the wmidaighc sector auroral substorme dewvelop

within the oval with a vvightening of the squatovwaid arca and a very vapid motion of these arce ir the

polaward divection with avarape spavds of 600 m/mec (Akasofu, et al,, 19661). This expansion »f the

auroral distucbance als, takes yluce in the equdtorxrward direction (Akasofu, et al., !936t) but not neavly

as drvamatically av towerd the pola.’ In flgure 2 one can sec that,the AlW in the nldnfght eector at

College and Inuvik ace woving from novth to south or equatorward transverse to the oval. No AI4 are ever

observed travaling polbvnrd in the divection of the po;*uard moving supersonic arcs that fort. the auroral

bulge, which 1s tha most ‘conapilcucus faarurn of tho expansive phase of the auroral wubstorm. ‘ )
‘During the times whan the savaral thousand AIW ulottad ir Figure 2 were obseypved 1t College ard

Inuvik there were many himdrads of supersonic noleward expansions of the auroras whtch wuuld have oro-

duced cbserveble AIW 1f bow wavas wora gonerated by poleward Jotiona in the same manner that they are

scncrutad by eduatorward auroral acriona. '

A thisd saymmeotyy can be nocticed in Figure 2, Duving the rdd-dey sector nc AW sre received from
acruss the polar cap from substorma tha*t &ve wccurring in the miduight sector of the oval. During some
substorms the sucoral bualge extands up to B80° goomagnetic latitude, '1f AIw were radiated poleward by
the polaward expansions, ‘then the infrasomic vaves, would cross the polac rap end travel the 3000 km to
che Alaskas Stations. Bscause ¢f their high trace velocity, about 500 - 700 w/sec, AiW after reflectlen
from the ground rxise to grent heigbte In the thermesphere where much of their unerpy 1s cbsorbed betfore
belng miracied back %o the surface. Howgver, obs2rvations of AIN at Waghingten, L.C. from the auroral
subscornyr nlong the gu-cral oval indicate that AIW do trayel at laast 1000 km {Chrzanoyski, et al,, 1961,
Thus ote would expuct Chat 1f AIW ere radiated poleward by auroral substorms that over an observation
veriod of five years at College, somw auroral infrasonic waves would have Leen detected in the mid-day
secvor from cver the polar cap traveling north to south at College. Thie has not bgen the case.

+ i N

" Thua the strtistical evidence, from geveral thousand AW observed at Palmer, College and Inuvik over
many years  nc¢l,ac4s that aupersonic motion of an aurorai electrojet anc is not, in 1Laaif aufficient to
generate AlW. In gowe wanner the dltect!on of motion of the avg, either pole&ard or oquatorward is aluo
important in detevminlog whether or not'AlW are generated by supersonic suroral motions,

Poleward Hxparsions and REvergglg

Exumples are given of poleward exvansions of auroral substorms in which bright auroral arce wive with
superscnic speed scrose the Inuvik izenith from south to north. The poleward expanglons cccurred duriag
times of aufficiently low ambien: noilse level so that AIW could have been dotected if they were generated
&ad propageted te the growd from the moving arcs, . ,

All siy camera photographs frow a mevidian chalty of stations are shown In Figure 3 to {llustrate a ;
2o0lewsrd expaislon on 8 January 1970. ”hc dipcle latitudes of the stations are: Coliege 64.6°, Ft. !
Yukon 5€.6°, lnuvik 70.27, Sacks Harbor'75.G°. At 1015 the aurora was south of Inuvik and north of Ft,
Yukon. A polevard expanwion began with a brightuning of the arcs at 1020 foliowed by rapid poleward
umotion vrossing the Inuvik zenith at 1024 and the Sacks Harbor zenith afr 1042, The speed of the poleward
wotion was 1030 m/oer ay it crossed the Inuvik zenith. A negarive bay in H of -150y and a plusd to minus
change in § were recorded on the Inuvik megneétometer indicating that & westward electrojet was, flowing in,
the poleward expanding arcs. The iafrasonic records for Inuvik for 8 January 1970 are shown inr Figure 4
Zor the period frow 1011 t: 1047, The noise level of + lubar duripg this time was guite low and yet no
2IV! wos ‘deterted in assoclation with the suncrsonic motion of this poleward expansion. Tf a bow wave
had Leen radinted b; the poleward moving arz, it would have avrived at Inuvik sround 1030, from a direction
wf 2007 parallel ro the motion of the aurcora and to the plane of AH. the tctal horizontal disturbance
vector cdue to the electrojet in the arc.

In Figure 5 anotheyr example is given with the ASC chiain of a poleward expanzion that crosses the

Iruvik zenlth from ¢ = Z10° st o speed of 52C wm/sec. The'poleharq expansion begins at 0446, crusses the
Inuvik zenith at 0500, and comes well into the field of view of the Sucks Harbor ASC at 0507.

. In the lower left hapd purt of Figure 6 thLe po&iticna of thae poleward moving arc are shown relative
to Inuvik at alnute intervals ~“rom (457 to 0501, The magva'i; perturbatiun OH (total hprizontal diatur—
bance vectsr) at C439, when the arc is in the Iruvik zeni. h, and tuie auroral veloecity vector are both
shown ‘n Figere 6, In Figure 4 one can gee from the lnfrasonic records that nwo AIW were received at
Tauvik within twenty minutez of the zeaith crossing of the supersonic poleward expansion, There 1s, how-
ever, a /exy large AIW at 0519 coming from a dfrection ¢ = 51° that s opposite to theidirection of travel
of the peleward expsasion at 0560, The sigosl at C512 was generated by the equatorward moving arc shown
in Figere § by the ASC pictures and by the map in the lover purt of the figure. This arc is woving at’
109¢ m/sec from ¢ 45° {n a direccion parallel tc AH ,and: to she auroral velocity, The delay time of.
about sevea ndnutew and the parallelism of the AW, I8 and the auroral velocity cleurly identify the
squatorwar? moving arc as the source of the 0519 Afw. | .

There was a negative bay ir K asgocigted with the N to 5 moving arc and a minus to plus change ir the
Z component at 0512 as the arc rrosaed the zenith. Thus the electrojet of this arc which produced the
6519 AIW was, divected westward. The second Alw shown in Figure 4 at 0532 on 6 December 1969 of inverted
phape ie probably the teflected wave asgoclated with the ditect AIW at 0519 (see Wilson, 1969c).

These exanp'es clearly nsh-w that ALW Lhat occur after poleward expansions are not poleward moving
Low waves frow the poleward espansions hut that they are equatorward moving AIW due to arcs that have
vevessed directlion and are woving equatorward with supersonic speed after the poleward expansicn has
paaned Sy,




T e

6-4

The SRI suroral-radar studiee at Homer, Alaska of radar-aurora motions north of Coliege hsve when
that the welocitiws of poleward axpansfons durirg the explosive or break-up phase of aurorsl eubatorw.
can be meawurad using the Range - Time - Intensity racords, Framow and Chang (1971) nave found .awt
aven for poleward expansions with wpeeds au great as 2000 m/sec no AIW are radiated in the polewird
direction. ifowever, n few of the events studied with the 139 Miz radar duggested thut the radsy asy have
detected auroral-backscattering plasma moving supersonically with the source of AIW In an eauatorvsrd
direction.

AIW Ceneration Mechanism

Betfore presenting a proposad generation mechaniem for AIW, a summary of AIW churvacteristlon will
firat be given. These following characteristics refer to an infrasonic slgnal frum an auroval arc that
has passed over the observing station, ‘The AIW to be deascribed 1s thus a dirvect wave (Wilson, 1%69a) in
thie "front shock" vegion (Wilson, 1969c). The AIW has not been modified by prupagaticn uffecta ir the
sound channels or by the finite collision rate of the thermosphere, cr has not aufferwd phasc Ltnwevs.ou
by reflection at the earth's surface, nor has it been aplit into multiple signals by multi-pach propaga-
tion effacts.

1) A pingle infrasonic wave packet (with a pressure ve. time profile characteristic of a ahack pulsn)
arrives at the surface traveling in a direction parallel to the motlon of the orerhead supersonic aucer -l
sourca with a delay time of six to eight minutes after zenith pLssage of the arc.

2) The avarage trace velocity of AIW is 51C m/sec giving an angle o hetween the wave normal ad tha
horizontal of sbout 50°

3) The average period (duration of the first pulse) of AIW is about 20 s2c, glving a scale elze, L =
TVA, of about 1.2 km for the source if the auroral veloclty VA 18 mach two.

4) The phase of the pressure pulse can be aither positive or negative for AIW that are due co southwerd
moving supersonic auroral arcs that contain a westward electrojet.

5) Supersonic auroral arcs that 2ause AIW have only westward electrojets which are line currenty riosing
along the aurcral arcs.

6) ATW ara2 only produced by supersonic westward and esstward propapating suvges or by equatcrward moving
supersonic westward electyojet arce, The souvce motions are thus westward in tho eveniny, southward arcund
midnight or eastward in the morning.

7 No Al have ever been observed at Palmer, College or Inuvik from poleward moving supersonic westvard
electrojet auroral avce. No AIW at these stations nave #ver been observed propagating south-io~-north
from any kind of auroral scurce.

A great deal of observational evidence has shown thatr, within the 0.5 dynt:/cm2 limdt of datactabllfity
above the wind noilse level, no AIW of the type described above are ever observed La association witn any
suroral phenomencn (when the source 1s within the fleld of view of the 211 eky camzra) other than ouger—
sonic motion of large scale auroral forms. Thus pulsations in auvorsl lurdvoeity, "flaming aucoya",
rapid motion of rays along an arc, or the sudden appearance of an aurora! form do not produce deteccsble
infrasound. They may however add to the general backgrouand infrasonic noilse level observed during an
AIW substerm. Nor do the magnetic fluctuations associated with auro:al substorms, such s8 Pc~l mi:ro-
pulsations, sudden impulsmes, sudden commencements or glant pulsatfons, prcduce detectoble {ntrascund.

The electrojet magnetic perturbation associated with arcs cen be relatzd to alW only hecause of the Jateral
gupersonic motion of the elecirojets. Thus there 18 no detectable irnfrasow.d radiated by the "turning

on and off" of a stationary electrojet arc. However, traveling ionespheric disturbances sre ctought to

he generated by such a mechanism (Blumen and Hendl, 1969; Chimonse and Hines, 1970).

The mechanism that has the required intrinsic asymmetry with respect to direction of woti-n is a
combination of Lorentz Force coupling (as proposed by Chimonus and Peltier (197¢) and called =lectro-
dynamic drift by Martyn (1953)), and an fonization~collection process suggestad by Pilddington {1943, 1964)
to explain the gource of sporadic E fonization and fonospheric winds and waves . This genaration we.ncnlsm,
as explained below, 1is consistent with the observed AIW morphology.

In the polar ionusphere the neutral auroral lonization drifts under the fnflucuce of horizoatal
electric fields and the vertical geomagnetic field. In Flgure 7 the electron velocity V_, the ion
locity V, and the neutral ifonjzagion velocity V_ are shown relative to the horizoutal €cectric fleld
. and the Vertical magnetic field B directed into"the diagram. The three velocitiee ave piven below
(Kato, 1965; Martyn, 1953).
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The angles in Figure l& are given by
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1o equutton (1) the Fedarsen mobrilty l’e ¢ and the Hsll mobilicy H" g due given by:
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pesliive Loas havy the same componeut of velocirty V_ in a directton perpenaicular
and, by collislons, they exart a body force, the 'oYentz Force, on the nguiral
gt (Mavtyn, 19353), Toe componrant of thiwx neutral fornization that drifts in the airection of ExB is
cernled che Hall detfr, while the vomponeut in +he dire-tion of E is called the Padersen drife. Pldding-
ton (19€3) has suggeated that the southwacd Pedersen doift will erert a frictieoral force un the neutral
2tz oe that "a wall of nevtval gas at levels v 100 ki upward will be bullt up and pushed south with
speeds as high ar a few hundred metery per second," It is shown be/on that vhen the E region nevtra) gas
wlocity (driven by colligiras with che positive {ovd executing eleccrcdynamic drifr) becomes as large

a3 the supersonic welocity of translation of an auroral elecrrojer and 1s fn the same direction, then a
ghock wave is formed which propagates to the ground as ar AIW bow wave.

fhe elaccrone na%
Lo the current wector

The preblem can be Lreated from the point of vied of fon drift or ion current with the same resulc.
Physicaily rha tons ead electrons sre muving under the influence of crussed eleccric and magnetic flelds.
ions are mwassive enough (o transfer signlficunt momentum to the neutral atoms, Wwhether
one deyuribes the {fon wotions ae an elnctrodynam’ec drift or aa a Pedersen or Hall cuvrent resulting in a
Loventz Yorce, we &2 stlll deeliug with the same physical process, namely «ollisions between moving

positive lounu and neuvigl ators.

However, only the

The description of the genstration mechanism in tewmy of electrodynuric dri€t rather than fu terms
oi tha rwuiting Loreuntz Vorce ls useful in Lhat 1t celates the process to tle a.ectric fields in the
aurovai arce which have oean mpeasured (Xallay, et al,, 1971; Wescott, et al., 1969)., The current in
the Lorants Force description of vhe coupling has not been measured directly; but has only beeu calculated
from an assumed electyrojet configuration, Thus knowing the relationship between the AIW and electric
ftelds tn the arce one cev more veadily compars the AIW worphuicgy ar observed to that predicted frem the
widel wnd the known sorphodogy uf che fonospheric electric fields at time of substorms.

In the shocl wave model for the formstion of an AIW, Wilson (1967) suggested that is a pressure
pulse that was of congtant pbase ln the {rawe of reference of the muving auroral arc were generated by an
wioect fled mechaaism, then br superprsiticn of wave fronts a bow wave would be brdlit up and would move
with e aurora at the wach engle. In the fivst three sectfons of this pdaper we huve seen that the basic
proceoss whicio generates the presauve pulse in the woving aurora is asymmetric with respect to north-south

motion,

Lf electrodynamic drift of the neutral fonlzstion is teken as the basic process in the aurora that
transfers wwentum to the neutzal ges by culllsinas, then the north-south asymmetry can be explained by
referring to Figuve 8, Cmra-sezoticns are glven in Figure 8 of the E reglon ionosphere transglation in an
equatorward direction (Case [) and in a poleward direction (Casg i1). The precipitaticn region of the
primary auroral particles ie soving with & horizontal velocivy VA that is greater than the local speed of
sount,

The vertical slabs of AY, and 4X, of ngutral E reglon jonization are at rest at © = 0, It 1y assumed
that vhe weutral lonization drift velu8ley, V o the Pedersen current and the Hall current are all zero at
t = 0. A wouthward horizonta)l electric field 't exiote iu the vegion of the avc as shown in Figure 8

diracted toward the sefr,

As the high condectivity reglon of the surcral arc (that s created by the primary auroral particles)
sweeps through the E reglon ioraaphere, the currents in the glabs of AXl, AX2 of initially statlionary
sonosphere fncxoase with time as:

Fu (ouk + o a1 - 7YY (8)

are the "direct” and "transverse" conductivities respectfvely and 1 1f the collision in~

vhare g, and 9y
The current is givea by:

verval berweea current carriers and neutrals (Ferraco and Plumpton, 196R).
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go the neutral {wolzatlon velccity Vn aleo increase: with time as (l-e
It 1s further assumed that the welocity reached by the neutral lonizatlon 6 at a time 7 = L/VA,

{wieve L ls the widgh of che auvoral sri), at the trailing edge of the arc, i.e.,aat X = L, 18 greater

Thus ¥ _ > V. st X = L ovr Twe L/V,. This is uhoﬁn in the graph of V. vs, § at tae

drift velocity V. increases from ze%o to,V .. as

For ¢t » T V "feturns

It 1is on?y

than the arc speed V . 1
Lotiom €% Flgurn §, ease I. Tguu thé neutral {onization
cje vre aweepe througi any sjaticuary slay LX, of the E region ionosphere.
The wgant ghape of the curve V (t) in Figure 8”ie not important for the model.
lucreara wonctonicolly from & = 0 to T and then return to zero.

the ole.
Lo rern,
neceasasy that Vn

5
In Figure 8 sor Case I where GA is pactallel to 6“ the velocity of the neutral ionization an has
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reachad rhe wlocity U . ir elab AX, has resched the velocity V. =V after the arc has gone a distance
X, past the nlab, At Pﬁlq time (t XL/V ) the neutral tonizat?on 1n"slab ax begine to travel with the

slrorgl arc at che rpeed V, of the arc, ﬁow at X, the neutral ifonication velscity in slab AX, 18 greastev
than smd thus greater than 7,. Therefore the neutral fonization in slab AX, at X, tend t8 over-take

the 108{nation in 8X, at X . Thﬁu all the neutral lonization for L > X > X mo%es ta&ard the slab 4X

to furn a wall of neltral iuror.l ionization that moves with the auroral apfed V, in a mgnner firat p%a—

dictad by Piddington (1963), This buildup of a wall of auroral ionizatimn only occurs when V, ia moying

in a direction that hes a pusitive couwponent which 13 parallel to the electrodynamic drift vefocity ¥n'

Referring again ro Figure 8, consider Case II when V, 1s antiparallel to 7 . This corresponds to a
polewar: expansion of - westward electrojet arc where E is directed southward, e neutral fonigation
drift wleclty Vul in siab 64X at a distance X, from the leading edge of the arc hag a veliclty V , = - A
and thus tends to leave the r&igion of the supe%sonic arc_with a gelative speed of 2V,. Now the neitral
tonizatica st X, in alab AX, hag a drift velocity V 2’ V,=~V,. Thus the neu&raf auroral icnization
in u;aQ‘AX te: s to wove adpy from that in slab A with“é relatfve speed V., -V 1 Thus in Case II
vhere V ig antiparallel to V, the neutral auroral }onization tends to be de?geaaea in density within the
are insgead of forming a wall of increasing ionization density that travels with the arc as in Case I where
VA ard Vu are narallel,

In Case II all the {fonizarion within the arc of thickness L 1s collected at the rear (i = L) of the
arc whereas in Case I all the ilonization within the path of the arc that may be 100L is swept up.

Berifum release measurements in the ioncsphere (Weacott, et_al., 1970) show rhat V i3 not always
del mmined Ly the direction of the local electric field through ExB drifte. Magnetospheric convection is
closely iglated to the aurgral gugstorm convection in the L-W and W-E divections (Wescott et al., 1970),
and thus V, is coupled to E by ExB or Hall drifts, However, the electric field measurements by Ba cloud
drifts show that ... "the poieward motion of an auroral arc does not imply any direct connection wlith the
electric field or outward plasma drift in the magnetospphere.' (Wescott et al., 1970). The Ba release
measurements show that the E field direction is southward for westward electrojets and northward for
egastwvard electrojets. The electrojets are thus ifall currents. The total horizontal msgnetic perturbation
A4 due to the Hall current electrojets will thus be in the direction of E, the local electric field in the
lower ionosphere.

Thus one can infer the direction of E from the diraction of Aﬁ for an aurcral electrojet arc because

Ba release measurements have shown that the electrnjets are Hall cugrents in a direction » The ex~

ples given of poleward expansions show that the suroral activity V, is decoupled from the electric field

for northward moving supersonic arcs; while the AIW example given én Figure 1 shows that V, and R are
decoupled for this equatorward moving supersonic arc., Kelley et al, (1971) using balloon-measured elec-
tric ileld data and all-sky auroral pictures have shows that, "the poleward surge characteristic of the
auroral explosive p%:%e is not asscciated with a large eastward electrir field and therefore is not
associated with an /B” drift of the auroral primaries." Therefore Cases I and 1I illustrated in Fig-
ure 8 do actually occur, i.e., V, can be parallel or antiparallel to E because the primary auroral elec-
tron stresm of precipitating paréicles is decoupled from Exg in the lower ionosphere.

When V 1is parallel to V  a wall of neutral auroral fonization is built up that sweeps along with
the supersonic arc. The positive ifons in this wall of neutral ionization transfer momentum to the neu-
tral gas by collisions, The frictional force between the positive ions and the neutral gas depends on the
difference in the two wlocities in such a way that neutral gas velocity U changes with time as (Dougherty,
1961; Rees, 1971):
EE ) nom (V

3t n m
nn

- (20)

Thus the neutral gas velocity would tend to V, with a difference decreasing with time as exp(-t/t ), where
T 1is a time scale for neutrals to reach an equilibrium velocity under the influence of ion-drag, and
ggven by

nm n

n_u n
T - e ———— N ———
n

n 1™V 171

(Dougherty, 1961). Thus ss the wall of neutral auroral ionization sweeps along the arc at a speed v ,
collisions with the neutral gas pro<iceas a pressure pulse that, neglectirg viscous terms, travels wiéh
the arc to produce the shiock wave ar described by ilson (1967).

The effectiveness of the mechanism described above is illustrated in Figure 8 liec in the fact that
there is a great iucrease in the number density n, of posii've icns within the wall of auroral ionization
traveling with the auroral arc. In addition to tée increase in ilonization density due to the traveling
2rc sweeping-up the auroral ionizatlion as described in Figure 8, Piddinston (1953)and Martyn (1953) have
shown that ion drifts from higher to lower latitudes have a vertically cownward drift which further 1.y
creases the density of the wall of tonization built up in a supersonic auroral arc moving parallel to Vn.
An fon drift from lower to higher latitudes has a vertically upward drift which tends to decrease the E
region auroral ionization,

If the aurov-al velocity [ less thag the gpeed of sound, then the bulld-up of a wall of neutral
fonization will still tuke place as long as V T VA. however the arc moving at subscnic gpeed will not
produce an infrasonic shock wave. n

It is possible to mike an estimete of the ion number density in the "wall" of necutral ionization in
a supersonic auroral arc that produces an AIW. This is done by: first, calculating the neutral gas velo-
city perturbation u In a slab of gas dx at height z in the electrojet arc that will result in a pressure
pu.se p(z) which when traveling wich the arc at the auroral speed VA will produce the AIW observed at

"2
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the ground ss a perturbation p(o). Naext the magnitude of the ior-drag time conatant t_ that 1s nucessary
in order to produce the neutral gas velocity perturbation u in the agiab dx 1s calculatdd for an inter-
action«time T = L/V_ durirg which the alab of neutral gas in dx is accelerated by lon-drag. This calcu-
lation of T ia dcng by use of the sclution for eqs. (10) namely

V1 - U e—T/Tn Qan

Vi

when b is known the number density of ions n, can be found from A nn/nivi'

Neglecting the enhancement of the AIW presgure pulse that results from superposition sssoclated with
the supersonic motion of the mource and its assoctated bow-wave effect, the pressure perturbation p(z) at
3 height = can be approximated by assuming a plane wave. In thég/'ﬂae there 18 an exponential decrease
in the pressure perturbation with height given by p(z) = p(o) e where H is the acale height of the
atmosphere and p(o) is the observed surface perturbation, For plane waves the relation between pressure
perturbation and particle velocity is glven by u = p/p,c vhere p, and ¢ are the umbient gas density and
speed of sound respectively, For an AIW of 5 dynes/cm” amplitude at the ground, values of p, erd ¢ as
shown in Teble 1, and for a scale height H of 8 km the values of u for three different heights of the
sources are as follows: z = 100 km u = 675 cm/sec; z = 120 km u = 2380 cm/sec; z = 140 km u = 4380
cm/gec,

From the model of the ionization-collection process degscribed in Figure 8 we see that the ion velocity
in the wall of neutral ionization is equal to V.. Setting V. in equatior (11) equal to Lhe auroral speed
V, and using the above values of u for U the ion-dreg time cOnatant ¢ and ior densiry n, can now be cal-
cﬁlated for various widths L of the auroral arc, a 1

The expression for the ion density can be written as:

n V Sz
R A md1 - plo) e 2H (12)
i vi L Po C VA
In Table I the values of t_ and n, are given for the case in which V, = ¢ as the lower limlt of
auroral speed that will result in AIW p¥oduction. The width of the arc L oaries from 0.5 to 10 km in
Table I. The values of n_, v,, c and p, used in the evaluation of ny from equation (12) are also shown
in Table I as a function Of Z.

From Table I it can be seen that the more narrow the arc width L the shorter t_.may be in order to
accelerate the neutral gas to the velocity required to produce the c¢bserved 5 dyne/cm” pressure wave at
the ground. To decrease the iun~-drag time constant the ion density must increase in the arc.

e values of n, in Table I range from 1.4 x 10b 1ons/cm3 for L = 10 km and Z = 100 km to 1.8 x 108
ions/cm™ for L = 0.5 ém and Z = 140 km., The rapid decrease in collision frequency v, with increasing
height results in the increase in the required n, with increasing height of the source for the same AIW
strength signal to be observed at the ground.

The average characteristics of AIW can be used to identify the height region and average width L of
the arc that are most reasonable in order to choose the most probable range of n, from Table I. For the
simple shock wave model the auroral AIW source speed 18 equal to the trace velocity of the AIW observed
at the ground. The average AIW trace velocity is about 510 m/sec, If the rise-time of the AIW pressure
pulse observed at the ground is approximately the same as the rise-~time at the source of the neutral gas
velocity increase from ¢ to u, then the interaction time T = L/V, can be set equal to the AIW rise-time.
An average value of the AIW rise-time observed at College would ee from 5 to 30 seconds. Thus L would
vary from 2.5 to 15 km for V, = 510 m/gec. The average delay time for AIW following zenith passage of a
supersonic auroral arc indicates that the height of the source is between 100-120 km.

Thus a reasconable range in the n, from Table I would be from 106 to 2 x 107 ions/cm3 for supersonic
auroral arc sources of AIW. These above values of fon demsity refer to the density in the wall of ioni-
zation moving with the arc due to the ionization-collection process and not to the hasic auroral foniza-
tion due to ionization frcm the primary auroral particles. Recombination processes will of course limit
the ion density that cen be reached in the ilonization-collection process.

If the auroral ionization at the 120 km level has an ambient level of v 2 x 105 1ona/cm3 (Francis
and Karplus, 1960) and the ionization-collection process is taken to be say 50X efficient, then for a
westward electrojet arc 1 km in width moving 9outhward for gay 200 km the increase in the neutral joni-
zation density will be hundred fold to 2 x 10" particles/cm™. Unless there is an increase in the ion
density within moving auroral arcs to the values indicated in Table I for Z = 100 to 120 km then the time
scale T for transferring momentum to the neutral gas by ion-drag will be too long to produce the observed
infrasonic bow waves in the 10 to 100 sec period pass band.

Multiple frequency observations at 49,7, 143.5 and 226 MHz of auroral backscatter (Flood, 1965) indi-
cate the electron densities as high as 2 x 10 electrons pey cubic cm are present in the auroral E region
at least part of the time and densities in excnss of 2 x 10 are falrly common,.

Recent observations at Chatanika, Alaska (near Falrbanks) by the Stanford Regearch Institute Thomson
acatter radar have provided direct measurements of e&ectron density in auroral electrojet arcs, On 9
September 1971 at 0912 U.T. electron densitias of 10 eleccrons/cm” were measured in an auroral arc in the
E region by the Thomson scatteyr vadar facility (SRI, private communication).

The north-south asymmetry in the producticn of AIW by sypersonic auroral forms is intrinsic in the
electrodynamig drift-shock wave model deascribed above. Taus V, must have a positive compopent in_ the
direction of Vn. The mechanism will be moast effective when V, and Vn are pzrallel. When VA and Vn are
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antiparallel, no wall of fonizdtion will be built up within the moving aurora usnd thua no large pressure
pulas will travel along with the arc so bow waves can not be produced.

The magnituda and direction of ﬁ“ from eqs. (2) and (5) depend on the alectron and ion gyromagnetic
and collision frequencies w and v { which uandergo variations with height. The strength and direction
of the current flow in the SIécttojue: for a given southward electric fleld, varies with the Padersen
conductivity o,, the Hall conductivity o, and the parallel conductivity o . Thege conductivities also

.. 2 o
vary with heig&t in the ionoaphere.

For a given model of the ionosphere parameters, n_, w i and v (Franc%s and Karplus, 1960), the
variation with height of the directions and magnitudes 8¢ cfa curren%‘éensity J and the neutral fonization
electrodynamic drift velocity V are given in Figyre 9 looking down on the jonosphere. The electrodynamic
drift V  consiots of Pedersen dPMft (parallel to )+a ound 110 km, changing in direction with increasing
height Bo the full Hall drift around 180 km ir the Exi di rection as shown in Figure 9, The Pederson drift
attains a maximum value of V. = 0,5 E/B at 130 km while the Hall drift above 180 km has a constant value
of Vn » E/B (Piddington, 1969). In a study of ionospheric winds due to ifon-drag in the auroral zone using
rocket-borne chemical releagses, Rees (1971) has found that during times of southward directed electrlc
fields when AH is negative (see Rees, 1971, Figure 1) that the neutral wind is toward the southeast around
100 km (corresponding to Pedersen drag) and toward the eaet above 120 km (corresponding to Hall drag).
This rotation in the direction of the neutral wind from south to east with an igcrease in height is a
direct effect of the rotation of the direction of the neutral fonization drift Vn wich height as shown in

Figure 9.

Above 90 km a, = 90° so Vn in Figuxre 9 gives the direction ¢ » 1/2 -~ n_ + a, (see Figure 7) of the
positive lon drift,” 1Ir ogder for the electrodynamic drift-shock wave model fo be effective, V, should be
more or less parallel to V_, In addition to this the ion density as indicated by the calculated values
in Table I must be obtalnable by the fonization-cullection process as limited by recombination effects.
Thus at heights above 140 km the ion density as calculated for AIW production by equation (12) in Table
I are too large tgy be obtained because of the reccmbination limitation. Thus in Figure 9 even though
the magnitude of V 1a largest at 200 km thc necessary ion density n, for lon~drag to be effective at
these heights in the interaction-time that is available {s much too 1arge to be tenabhle, Thus the electro-
dynamic drift will not produce a pressure pulse wighin a superaonic arc at the greater heights. The opti-
mum level is probably around 100-130 km fur large V_ and for the mnit effective coupling of the neutral
ionization drift with the neutral gas to produce Al in a supersonic auroral arc.

An assumption ia the model was that V > G . In units of E/B the maximum value of the Pedersen
drift 48 0.5 E/B (Martyn, 1953; Piddington.nI963)é For an aurorai speed of V, = 600 m/seg and*for B e
0.543 gauss at 100 km above College, the electrir fleld would have to be 65 mv/m to mak. V = V ., Barium
vapor measurements of electrlic fields in the vicinity cf auroral forms by Wescott et al., ?1969 have
shown that electric fieldg from 10 to 130 mv/m directed southward often occur. Thus it is quite reason-
gble to assume that V > V_ 1in aome suroral arcs translating at mach 2, From the barium release measure-
ments by Wescott et ai., (i970), the velocity of the auroral zone ionnsphere has often been found to be
supersonic with respect to the neutral lonosphere.

It is necessary at this point to relate the known morphology of AIW to the electrodynamic drift-shock
wave model by discussing the orientation of V_ as shown in Figure 9 as a function of local time along the
auroral oval, Because of the increase with height of T , the time scale for effective ion-drag, the maxi-
mum electrodynamicz drift coupling will occur when the alrora {8 moving from a dlrection about 30° - 40°
east of the electric field corresponding to the direction of V. for 120 to 130 km height. Extensive
measurements of electric fields by barlum vajor releases (Wescgtt et al., 1969; ¥Foppl et al.,, 1968; Rees,
1971y show that the electrojets are Hall currents and that the electric fields are perpendicular to the
electrojet Hall currents, poleward for evening conditions (AH positive) for the eastward electrojet and
equatorward for morning conditions (AH negative) of a westward electrcjet,

Mozer and Manka (1971) have shown using balloon-borne electric field measurements from L = 4 to 23
that an equatorward component of electric fileld that develops at the onset of a negative bay drives Hall
currents that are responsible for the surface magnetic perturbation ascribed to the auroral electrojet.

For westward electrojet conditions where E 1s scuthward, auroral wotions that are toward the south-

east will produce the largest AIW. The elecgrodynamic drift coupling with supersonic mction will vary

8 cos® where 8 is the angle between V_ and V,. Berause V_ 1in Figure 9 makes an anple of about 30° with
E, which i3 southward, themost effz2ctive directions for AIW to be radiated by translating westward elec-
trojets will be from ¢ = 270° to ¢ = 3C° inclusive for 6 < 60”. By referring to Flgure 2 or to the AIW
morphology described by Wilson (1969a) for College, on can see that there are many AIW in the midnight

and morning sectors from ¢ = 270° to ¢ = 30°., The maximum frequency of occurrent of AIW after local mid-
night agrees with the fact that southward and eastward mutions of the westward electrojet that preyail at
this time are close to parallel to V_ as ghown in Figure 9., Thus the maximum coupling of V with V, in

the morning sectcr produces the 1arg3 number of AIW seen in Figure 2 from directions that are predominantly

west of north.

For eastward electrojets the v diagram in Figure 9 must be rotated 180° until E pcints up or north-
ward. The Hail current will be eastWard and the Pedersen drift polewvard. If there were supersonic pole-
ward motions of eastward electrojet arcs, then AIW would be ewpected frcm these arcs. However, no poleward
AIW are observed in the evening sector or at any other time. Wedtward propagaging surges are known to be
strong sources of AIW (Wilson, 1969c). For the model to be effective, V, and V must have an angle between
them less than, say 60°, Westward propagating surges carry the region o negat?ve bay westward with them.
They represent the westward end of the westwaird electrojet region. 1In the transition reglon between east-
ward electrojets with poleward electric fields and westward electrojets with equatorward electric fields,
the electric myst rotate from north to south. The strong AIW produced by westward propagating surges
suggests that E rotates counterclockwise (looking down on the lonospherz) so that E is directed to the
west at the head of the surge, Thus if E is westward ther Vn max, will be directed from ¢ = 40° so that

e
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for V, moving westward and parallel to the auroral oval efficient coupling betwaen V. and V_ will take
place and pruduce large AIW, There is a very learge maximum in che number of AIW frotm ¢ = 48" due to wegt-
ward propagating eurges at Zollege shown {u Figuras 3 of Wilascn (1969¢) corresponding to the casa vhere &
is probably westward.

A large hody of evidence from balloon-borne electric fleld messurements (Moser and Manka, 1971;
Kelley et al., 1971; Moser, 1971) snows that the morpholeogy of the lonospheric electyic fleld during sub-
storms can be describaed as follewa: 1) the east-west component of the fonospheric electric field becomes
large and weetward about an hour before the explnsive phase of the substorm and remains westward through-
out the substorm; 2) the north -south component of the lonospheric electric fieid becemes large and south-
ward at the onaet of the explosive phase of the substorm and remaina so througnout the substorm. Moser
(1971) has etated that in a total of 19 ballcon messurements made during substorms the east-west component
of eclectric fleld was westward at break-up ia every case. Thus the AIW generated by westward propagating
surges at breuk-up during the explcsive surge of substorms are conslstent with the needs of the mocel and
the measvred electric fields.

The lack of AIW from the south corresponds to the fact that when v has a northward component duriug
times of eastward electrojets there are uo supersonic polegard motions of these arcs, and when there are
poleward motions of westward electrojets the direction of V 1s to the southeast. Supersonic auroral arc
motions are assoclated basically with westward electrojets,gthus one would expect, given the above model,
that most AIW would be observed in the morning sector when VA ias parallel to V“ for a southward electric
field, as 1s the case.

In sumary, it 4s an observed fact that an infrasonic bow wave is produced if the priwary auroral
particle stream sweeps laterally through the neutral gas at asupersonic speed in an equatorward direction,
The period of the AIW is observed to be related to the width L and spesed V, of the arc by T = L/V,. Be-
cause of the asymmetry in the generation of AIW by equatorward or poleward moving arcs, we know tﬁat the
basic source of the traveling pressure puise is not a mass or heat source. The source is thus a nomentum
source that is electromagnetic in origin and therefore 1t can only be collisions of positive iona with
the neutral gas or ion-drag that transfers momentum to the neutral gas to produce an infrascnic wave.
Thus: (1) Loreutz force coupling transfers momentum from the electrojet positive ions to the neutral gas.
{2) An ionization—collectiog process. increases the ion density in arcs rhat are tvranslating parallel to
V_ tc a level around 5 x 10 ions/cm” where Lorentz frrce coupling can become effective, (3) The super-
sonic motion of the source region determines the bow wave geometry of the auroral infrascnic waves them-
selvus,

Table I

Ion density and ion-drag time constant for various
values of height Z and auroral arc width L

Z=100 Z=120 Z=140

n. #/t:m3 1.1x101§ 6.2x101; 1.&5;«1011
vy 1/sec 5.37x1 3.12119 7.44x104
¢ em/seq 2.9x10 -10 3.7x10 11 5.37x10_l2
pogm/cm” 4,97x10 2.44x10 3.39x10

. 3 . 3 ~ 3
L (km) ‘a (sec) ni!/cm Th (sec) ny #/ci “h (sec) n, #/cu
0.5 74 2.8x10; 20 9.7x10; 11 1.8:(}08
1 148 l.lmlO6 41 lo.9x107 22 9x10 7
2 29¢ 6.9x106 82 2.4)(106 44 A.SXéO
10 L1482 1.4x10 409 4,8x10 217 9x10
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time traces time shift=d to she,w coherent wave. The plus to minus change in the Z component
is shown in the H-Z plane diagram ot the magnetic perturbation due to the arc. The sudden
increase in cosmic noise ahsorption at 0715 is shown on the College riometer
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Fig.1 ASC photographs of supersonic auroral arc that produced Al% shown at 0720 as superposed pressure vs.
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Fig.6 Inuvik ASC pioures of supersonic are traveling frem o = 457 at 9512 Maps of aurora' arcs projected on
earth’s surisce for minute intervals showing poleward expansion at 0560 and equatorwi rd raeving arc
at %512 AT (total horizental pei urbation vector) and the directions of AIW at 0519 4re shown.
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Fig.7 Plane view of the horizontal motions of the electrons V and the ions V' and the “neutral” |onlullon V
in crossed electric and magnetic fieids in the £ rchon iunosphere. The current density Jis shown
perpendicular to V Bis into the paper.
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DETECTION D'INFRA-SONS DE 2 HZ PRODUITS PAR LES DEPLACEMENTS DES ELECTROJETS AURORAUX

par

L. Liska et Haus Westin

Sommalre

Au cours d'observations effectuées a Kiruna, en Suede (67,8 N, 20.0 E), a 1'aide de réseaux
de microphones, on a détecté des Infrasons de 2 HZ prodults pendant un certain nombre d'orages magné-
tiques majeurs. On a pu enregistrer la direction d'arrivée et la vitasse de phase horizontale, des
infrasons, au moment ou ils franchissalent les réseaux de microphones. Les quantités ains! obtenues
ont été compardes aux mouvements de l'électrojet auroral, déterminés A partir d'observations géoma-
gnétiques effectuées dans cing statio-ns scandinaves. Cette comparalson, effeniuée A 1l'aide d'une
techniqus de trajectographie, a révélé qu'une partie seulement des infrasons obgervés peut &tre
produlte par les mouvements supersoniquas des électrojets auroraux.
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DETECTION OF 2 HZ INFRASOUND PRODUCED BY MOVING AURORAL LLICTROJETS

Ludwik liszka
arxd
Hans Westin
Kiruna Geophysical Observatory
5-981 01 Kiruna 1, Sweden

ABSTRACT

2 Hz infrasound was Jetected during a number of major geomagnetic storms using miceophone arrays at
Kiruna (67.8 N, 20.0 E), Sweden. The direction of arrival and the horizontal phase velocity of the

infrasound at the microphone arrays were obtained. These quantities were compared with motions of vhe
aurcral elactrnjet as determined from geomagnetic observations at five Scandinavian stations. The comparison,
using a ray tracing technique, has shown that cnly a part of the observed infrasound may be produced by
supersonic motions of awroral electrojets.

1. INTRODUCTION

The existence of auroral infrascnic waves with periods in the minute range is at present well
established trough observations of Wilson (cf. e.g. (1)). It has been proposed (2), (3) that the waves are
produced by aurcral arcs and surges moving with supersonic spreds. A quantitative analysis of the production
mechanisms has been given by Chimonas (4) and Chimonas and Peltier (5). First in 1370 it has been proved by
Procunier (8) that the infrasound in the near infrasonic range (1-16 Hz) is associated with auroral events.
He has also pointed out that this frequency range is especially suitable for detection of weak signals fram
a high altitude source. On average, due to the acoustic absorption the highest freguency whiclh may be
received from a source at 80 km level is 16 He and 1 Hz for a 110 km source. From the other side the power
spectrum of atmuspher ‘e ~urbulence, being the effective noise, decreases with increasing frequency. A
favourabim signal to noise ratio may be obtained at frequencies above 1 Hz.

In the present research it has been assumed that the auroral infrasound is produced between 100 and
110 km and the frequency of detection should be located between 1 and 2 Hz. The recording equipment at
Kiruna (67.8 N, 20.0 E), Sweden (for description see Liszka et al, (7)) is operated at 1.9 Hz with a
bandwidtb of 0.2 Hz. Horizontal phase velocities and angle of arrivals of infrascund during 4 nights in
August - September 1971 has been compared with simultaneous magnetic activity. The period has been choser
with regard to favourable wind corditions in the upper atmosphere. As rocket measurements of wind and
temp-rature were not available at that time a model atmosphere has been used between 35 and 120 km. The
lowest part of the model has been adapted to simultanecus results of the geographically closest balloon
soundings, i.e. from Sodankyld (67.3 N, 26.6 E), Finland. As the optical aurcora can not be seen from
Kiruna at this time of the year (all-sky camera recording start after September 15) the infrasound
recordings have been compared with motions of auroral electrojets as deduced from magnetic observations.

2. DETERMINATION OF MOTIONS OF AURORAI, ELECTROJETS

The method used here is the latitude profile method discussed by Bonnevier et al. (8). The cwrrent is
assumed *o be infinitely extended in the direction of the constant corrected geomagnetic latitude (9).
When an auroral electrojet iz located above a magnetic station the vertical Z-component is equal zero and
the horizontal H-component reaches its extremum value. Having a chain of mapgnetic stations along the same
geomagnetic meridian it is possible for a given instant to construct the latitude profile of geomagnetic
field variations and thus determine the location of the electrojet.

In the present study magnetograms fram five Scandinavian stations: Troms$, Abisko, Kiruna, Sodankyld
and Lycksele are used. Geographical and geomagnetic cocrdinates of the stations are given in Table I. The
Z-component on the magnetograms has been digitized at 1 minute intervals and corrected for the th variation,

The latirude profiles were flotted for every minute and the position of the auroral electrojet determined to
be at latitude for whicn Zcor'mctrj = 0. The velocity of the electrojet is then calculated from its positions

at two consecutive minutes. The maximum error in the calculated velocity is estimated to be 50 m/sec., Only
velocities larger than 375 m/sec are used in the comparison with recorded infrasound assuming the maximun
influence of the measuring error and the sound velocity at the aurcral height of 325 m/sec.

An example of determination of the electrojet position and its velocity is shown in Fig. 1 for a
8 minute period durirng the night August 22 - 23, 1971.

3. INFRASOUND OBSERVATIONS

During periods when supersonic motions of electrojets were obtained and coherent infrasound was recorded
above the microphone array, E-W and N-S phase differences and the amplitude were scaled once every minute.
Phase differences were then converted into the horizontal phase v2locity and the direction of arrival. These
two parameters, together with the amplitude are chown in three lowest diageams of Figs. 2-b% where recults
from all four analyzed nights are presented. Three of the nights were characteriscl by negligible ground
winds, while during one of them on August ?25-26, 1971 the ground level wind of about 3 m/wec made
impossible reliable amplituds measurements.

T e eU S



The upper two diagrams of Figs. 2-5 show the electrojet velocity end its position (plotted only at
occasions of superscnic movements). Posations of the electrojet when it moves towards Kiruna have been
plotted with thicker lines. It is during these motions that the recording station will be reached by the
shock frant. When the electrojet moves towards the South the infrasound should reach the station fram the
northern part of the sky and from the southern part of sky for a northward motion. The larger the
translational velocity of the electrojet, the large. will Le the horizontal phase velocity of the
infrasourd recorded on the ground and the shorter the travel between the source and the ground. The
relation between the Mach number of the electrojet motion and the initial horizontal phase velccity is
shown in Fig. 6 for ambient scund velocities of 300 and 337 m/sec. During the night August 22-23, 1971
a mderate jet stream (50 m/sec) was observed At 10 km height. The jet stream increases the cut-cff phase
velocity for infrasound arriving fran the North. This may be seen by comparing Figs. 7 and 8 with results
of ray tracing for a night without a jet stream (Fig. 9).

It must be also remembered that also the travel time of the infrasound between the source and the
ground is a function of the direction of propagation, the horizontal phase velocity and the atmospheric
conditions.

All these propagation parameters are also depandent on the direction of propagation due to influence
of the atmospheric wind system. This is illustrated in Figs. 7-8 showing results of ray tracing for sia
different directions of motion of the electrojet and different initial horizontal phase velocities. The
caleulations are made using a method similar to that of Cowling et al. (10), (11) and for the wind and
temperature conditicns at midnight August 22-23, 1971.

Thus, a detailed camparison between the positian of the aurcral electrojet and the infrasound observed

on the ground is only possible by applying the ray tracing technique to each one-m’rute scaling of the
infrasound. In such a way the position of a possible source at 110 km height may be obtained. As only the
meridional position of the electrojet is known, only the latitude of the estimated source position may be

compared with the latitude of the electrojet. Such a detailed camparison, as extremely time-consunaning, has

been made only for a limited number of periods during the investigated storms. The following periods were
analysed:

17 Aug. ~71 2240 ~ 2340 UT
18 Aug. -71 0030 - 0120 UT
18 Aug. =71 0140 - 0250 UT
22 Aug. ~71 1930 - 2010 UT
4 Sep. =71 2000 = 2140 UT

Results of the comparison are shown in Figs. 10-14. The geomagnetic latitude of each zerc crossing of the
vertical comporient of the geomagnetic field, interpreted as individual electrojets, is plotted once a
minute as a function of time. The geomagnetic latitude ¢! the estimated infrasound source position is
indicated by empty circles. In cases when the intensity of the 1.9 Hz infrasound exceeded 6 db above the
background level the position of the source has been marked by solid circies. It may be seen that the
largest por'tmn of the infrasound observed during analysed periods seems to be steadily originatad
between 64.5° and 65,57 geomagnetic latitude. Only during periocds shown in Figs. 12 and 13 the infrasound
source terds to follow the motion of the electrojet, but is not necessarily assoclated with Uupersomc

i

motions of the electrojet. In Fig. 13, at 1945 UT on August 22, 1971, strong bursts of infrasound emission
may be seen which agrees well with superscnic motions of the electrojet, On August 17, 1871 at 2250 UT and

2300 UT and on September 4, 1971 at 2005 UT and 2110 UT there are hursts of infrasound which are observed
fram the northern part of the sky, while the supersonic motions of the electrojet took place in the

southern part of the sky. Interesting cases may be seen on August 22 after 1935 UT and on September 4 after
2059 UT where strong bursts of infrasound are apparently associated with a disappearence of two, oppositely
directed, weak electrojets. There are also few cases when the irfrasourd was originated to the South of the

station, far from any electrojet. Unfortunately, no intformacion about the motion of auroral surges is

available from the magnetic measurements. This type of motions may also produce infrasound (3) which will be

easiest observed in the direction of electrojet. 'I}us could possibiy be case on September 4, when the
infrasound was observed from azimuthes arcund 60°.

CONCLUSIONS

A weak, ccherent infrasound has been observed at 1.9 Hz during a number of magnetic storms.
emission is rather per51stent during long periods of time and is not always associated with transle.
s'uper‘som.c motions of the auroral electrojet. In same cases when the enhanced infrasound emission ¢

ir time with supersonic motions of the electrojet there is a dlscz\epanc,y between the direction of ar’ /a.l of
the infrasound and the position of the electrojet. The infrasound emission is often observed also wnen the

electrojet as whole does not move at all. It is therefore possible that if the infrasound ie produced by
dynamic processes in the aurora, it may be due to motions of individual current filaments in
Such motions may be difficult to discover on geomagnetic recordings.
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Table [

Coordinates of magnetic stations

Geogravhic Geomagnetic
Latitude Longitude latitude  Longitude
Tronsd 69.67 18.95 66.3 - 1.1
Abisko 68.36 18,82 65.0 - 1.9
Kiruna 67.83 20.42 Bh.4 - 0.8
Sodankyld »7.37 26,65 63.4 4.2
Lycksele 64.60 18.80 61.3 ~ 3.7
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SUR LES OMDES PROIUITES PAR DES SOURCES STATIONNAIRES ET ITINERANTES
DANS UNE ATMCAPHERE ISOTHERME SOUMISE A GRAVIGE

T

CH, Liu er K,C, Yeh

SOMMAIRE

Au cours de ces dernidres années, on & accumulé les mises en &vidence expérimentales qui
ont montr$é que les oudes acoustiques et de gravité de 1'utmosphére neutre peuvent 8ire produites
PAr diverses sources naturelles et artificielles telles que des tremblsments de terre, des fronts
de perturbations -6téorolo¢1quu des explosions nucléaires dans 1'stmosphire, des couunt.s-Jeu,
des dépluca:cnt.l supersoniques d'arce auroraux, des sous-orages auroraux, des écl;pua de nolu.,
des avious d réection, des lancers de fusées, etc,, On peut cousidérer ces divers mécanismes
d'excitation comme npptrtenuzt 4 1'un des trois types de scurces suivants, ou comme représentant
uhs combinsison de ceux-ci : production de masse¢, production de quantit$ de mouvment' et produc~
tion d'énergie ; que l'cn peut étudier d'une fagon trés générale, On considdre tout d'abord le
cas de sources stationneires, La réponse transitoire et la forme générale de 1'onde en un point
d'observation donné dépendent d'un certain nombre de paremdtres tels que l'altitude et la distance
de ce point, 1l'instant d'obccrv.non. ls dépendance spatiale et temporelle de la source, ls natire
de¢ la source, etc, On fouruira une &tude systématique de la réponse transitoire en fonction de
cartains de ces pareadtres, dans )'espoir que cette approche puisse se révéler de quelque utilité
aux sxpfrisentateure pour 1l'identificstion de diverses sources,

Enluita, 1'exsmen est &tendu aux sources itinérentes pour les deux cas subsoniques et
supersoniques, Las applicetions possibles de ces résultats aux problémes d'excitetion, dens les-
quals interviennent des sources nmén.ntu. englobent : les lancers de fusées, el éclipses
de soleil, les fromts de perturbations météorologiques, etc,,

L'affet de sol prend de 1'igportance lorsque led sources sont situéez au voisinags du sol,
On étudic en particulier la réponse transitoire de l'atmosphére i un mouvement du 8ol au cours d'un
séisme, On discutera le couplage entre ondes sismiques et atmosphériques,



T S T T B A et A

ON WAVES GENERATED BEY STATIONARY AND TRAVELING
SOURCES YN RN TSOTHERMAL ATMOSPHERE UNDER GRAVITY

C. H. Liu and K. C. Yeh
lonoaphere Radic Laboratory, Department of Electrical Engineering
University of Xllinois at Urbana-Champaign 61801
U.S.A.

ABSTRACT

Experimental evidences have been accumulated in the last several years to indicate
that acoustic-gravity waves in the neutral atmosphere can be generated by various
natural and artificial sources smuch as earthquakes, severe weather fron's, nuclear de-:
tonations in the atmusphere, jet streame, supersonic displacements of aurcral arcs,
auroral substorma, sclar eclipse, jet aircrafts, rocket launchings, etc. These various
excitation mechanisme can be considered as one or a combination of the three types of
sources: mass production, momentum production and energy production which can be gtud-
ied in a very general fashion. We consider first the case of stationary sources. It
is shown that the transient response and the overall wave form at a given observation
point depend on a number of paramet:rs such as the height and the range of the observa-
tion point, the time of observation, the spatial and temporal dependence of the svurce,
the nature of the source, etc. A asystematic study of some of these parametric depen-
dences of the trangient response will ke given. It is hoped that the approach may be
of some nse to the axperimentalists for the identification of various scurces.

The investigation is next extended to traveling tc~urces for both supersonic and
subsonic cases. Poassible appliications of the results to excitation problems involving
moving sources include rocket launching, solar eclipse, weather fronts, etc.

The rround effect becomes important when the sources are near the grcund. In par-
ticu ar, we study the transient responsa of the atmosphere due to ground movement during
an earthquake. Coupling between the seismic and the atmospheric waves will be discussed.

1. INTRODUCTION

One of the most important problems in the study of acoustic-gravity waves in the
thermosphere is the source problem. Whether one is interested in the dynamics of the
ionosphere or «oncerned with the effects of traveling disturbances on communication, it
is essential that one knows where, when and how those waves are excited. Experimental
and theoretical studies have suggested many possible generating mechamisms, such as
nuclear detonation in the atmosphere (Dieminger, W. and Hohl, H,, 1962; Obayashi, T.,
1662; Wickersham, A. F., 1966), earthquakes (Davies, K., and Baker, . M., 1965; Yuen,

P, C., et. al., 1969), supersonic displacement of auroral arcs (Wilson, C. R.. 196%),
polar substorms (Davies, M. J., and da Rosa, A, V., 1969), tropospheric storms (Georges,
T. M., 1968; Baker, D. M. and Davies, K., 1969%), solar eclipse (Chinwnas, G. and Hines,
C. 0., 1970) and many more. These various excitaticn mechanisms can be considered as

cne or a combination of the thrse types of sources: mass production, momentum production
and enerqgy production plus the effects of the boundary surface. In this paper, the tran-
sient excitation of acoustic-gravity waves in an isothermal atmosphere due to these three
types of sources and the boundary effect will be studied in a very general fashion,
Specific examples will be given with the emphasis on the dependence of the transient
response on the various observable parameters.

In section 2 the problem is formulated in a general manner. Asymptotic technigues
useful in obtaining far field expressions are reviewed briefly. The case of stationary
source is treated in section 3 and some results are discussed. In section 4, the moving
source problem is investigated. The ground effect and the coupling between ground movae-
ment ard atmospheric waves are studied in section 5. Some conclusions are discussec in
sectiocn 6.

2. GENERAL FORMULATION

Let us consider a stationary, non-rotating atmosphere made of inviscid ideal gas,
The equations that govern the dynamics of this atmosphere are derived from the congerva-
tion laws and are given by
. ->
3p/at + Ve (pv) = q,
id
5 (1)

p(a/3t + ;'V); + Vp - pg = G
pYi3/at + v-U) (pp" ") = (v - Liq,

where p, p and v are the denaity, pressure and veliocity of the fluid particles respec-
tively, Yy is the ratio of specific heats and g is thke gravitational accoelevation. 9,
dz and q, are respec<ively the 1ate «f mass production per unit volume, the rate of momen-
tur production per urit volume and the rate of heat production per unit volume. These

scurce terms are yenerally functions oi time and space and are ascrumed o be localized.
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The equilibrium atmoaphere is sssumed to be isothermal with an exponential variation in
denslty and pressure charactarized by the scalv height

H = T/mg « c?/yg {2)

whare T is the temperature in enargy units, ¢ is the speed of sourd of ciais isothermal
atmosphere.

To study small amplitude acoustic-gravity waves in the atmosphere, we apply the
usnhal linearization procedure tc (1) by wxiting

pwp, o, p =R, R, V=0T (3)
where the saecond termg on the right hand side are the perturbed quantities. Substituk-

ing (3) into (1) and lineacizing the .esulting eguations, a set of differential equa-
tions for the perturbad quantities are obtained. It can be exvressed in matrix form

AF =P (4)

where the matrix operator is given by

( a/at V] d/9Ix /3y 4/9z - 1/2H
0 3/ax /ot 0 0
A o« o a/dy 0 2/t 0 (5)
g 3/39z - 1/2H 0 0 3/3¢
[c'a/at 3/at 0 0 (y-l)g
and the field vector F and the source vector 6 are given by
(P'/o‘,)/" ’ql./pal/z )
p'/ool/z q;x/"ol/2
F = Vg ool/“ g - qzy/p,'/’ (6)
vy 001/1 qzz/pol/'
(Ve pol/a L(Y~1)q,/o°l/;
Eq. 4) can be recast into the form
D(v,3/3t;F = 3 (7
where D(V,3/3t) is a scalar operator
D(%,3/0t) = det K
= 3'/itt - P (%/3tT) (VP - 1/4H%) - ofc?V} (8)
and V; = 3%/3%x? + 3?/3y? iz the horizontal Laplacian,
wy = (v - 11 2gc (9)

is the Brunt-Vaisala frequency.

8 in (7) i®s the equivalent source function given by

$.£848 (10)

where.ﬁ is the adjoint operator of Q

The operator 0D{(V,3/39t) in (B) is called the acoustic-gravity wave operator. We see
that rcgardless of the type of source, the transient response of the isothermal atmos-
phere is governed by an ejuation of the type (7) and the boundary and radiation condi-
tions. The traznsient response, therefore, depends on our ability to sclve (7). Egq. (7)
can be solved by the transform technique and the solution may be written formally as

F(f,6) = 3= jf(?,w)exp(—imt)dw (11)
r
where
FE,w) = 2 f S1Ke0) oy iR+ 7)ok (12)
(2m)* J pik,w)
and
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D{K,w) = w!(u? - uz;) - wlelil - wl’)/uf)(k; + k;) + k;) (13)

§(ﬁ,w) is the Fourier transform of the gquivalent source function, and W = c/2H is the
acoustic cutoff frequency.

To satisfy the causality principle, the inteygration path I in (11) is taken parallel
to the real w-axis and above all singularities of the integrand.

Eg. (11) is the general solution for the excitation of acoustic-gravity wavec in an
isothermal atmosphere by arbitrary sources. The inverse transform in (11) and (12) in
general are difficult and for most sources no closed form solutions are possible, In
this paper, however, our main interest is the radiation field far away from the localized
sources. For this case, asymptotic techniques are available to yield physically meaning-
ful, simple and analytic expressgions. In the following, several cases will be discussed.

3. STATIOMARY SOURCES

We first consider the case where the sources are stationary. For this case, we can
integrate (12) using the asymptotic method developed by Lighthill (1360). The technique
makes use of the dispersion surface D(k,w) = 0 in k-space. The normal to the dispersion
surface indicates the direction of the group velocity (Lighthill, M. J., 1960). The
asymptotic method is based on the idea that at any observation point far away from the
source, the contribution to the radiation fie]ds come only from those rays whose group
velocity vector lie in th¥ game direction as r. Using this technique, a rather simple
far-field expression for f{r,w) in (12) can be obtained (Liu, C. H. and Yeh, K. C.,
1871). Substituting this expression into (l11), we are left with the w-integration.
Again, for far field, this integral can be evaluated using the saddle point technique
(Felsen, L. B., 1969). The general results indicate that a high frequency spherical
acoustic mode arrives at an observation point first. Some time later a cylindrical
caustic at a lower frequency, say, w, less than wy arrives and then splits into "wo
frequencies, the one with w>w, is called the buoyancy mode and the one with w<w, the
internal gravity mcde. From &his instant on, the total response consists of ali these
three modes. As time increases, the frequencies of the three modes approach w,, wy, and
we = wpz/r respectively. Note that z/r = cos6 where 6 is the polar angle of the observa-
tion point in a coordinate system with the origin inside the source region. If the
source is harmonic in time with frequency wg, then some time after the arrival of the
acoustic pracussor at the observation point, the main signal with frequency wg will arrive
with the group velocity corresponding to wg. General expressions for the transient re-
sponse at different time intervals were given by Liu and Yeh (13871)- 1In particular,
explicit expressions for the transient response due to impulsive point source were de-
rived there (also sece Cole, J. D. and Greifinger, C., 1969) and numerical computations
were made fcr various cases. Fig. 1 shows a sample of the results. It can be seen from
the figure that at any observation point, for large observation time, 1the total signal
includes a dominant gravity mode with a smaller acoustic mode superimposed on it. Figs.
2 and 3 indicate that this is true in general. Fig. 2 show: the constant Rgp curves in
r - ct plane for z = 300 km, where R, is the amplitude ratio between the gravity mode
and the acoustic mode. We see that for a given observaiion point (fixed r), the ratio
RGga increases as time increases. At a given time, the contribution from the acoustic
mode is more important for a more distant observation point (larger r). Fig. 3 shows
the same plot for Rgp, the amplitude ratio between gravity and buoyancy modes. The
general behavior is about the same as for R;p. However, we note that at a given obser-
vation point, at a given time, the amplitude of the buoyancy mode ig the smallest of th=2
three.

Therefore, at a given cbservation point, as time increases (for standard F-region
paraneters, the time corresponds to ct greater than 2r ~ 2.5r), the gravity mode domi-
nates the response. The frequency for this mode approcaches w. = wyz/r as t increases.
Row (1967) has used this idea to interpret successfulliy the idnospheric traveling dis-
“urbance cauied by nuclear detonation. Additionally, because of the range dependence
0of w, it se.:ms that certain information about the locaticn of the source may be obtained
by meéasur.ng the wave frequency at different observation points. However, great care
should he exercised when one attempts to do such experiments. Since, depending on the
range r and time t, the signal is at the different stages of the transient response, i.e.,
the frequency of the response may not coincide exactly with w.. Fig. 4 shows the varia-
tion of the wave frequency for gravity mode vs. the range r for z = 300 km and ct = 5000
km. The dotted curve is for w = we = wbz/r. It is seen that for large r, the actual
frequency may differ from w. by as much as 208%.

4. MOVING SOURCES

For sgources that travel with constant speeds such that g = §(; - Gt,t), the general
formula (11) can still be used. Asymptotic techniques are also available to obtain the
far field response {Lighthill, M. J., 1967). In this section, however, instead of study-
ing the general case, we shall concentrate on a traveling impulsive point source. In
this case, a more direct approach is possible. This again may be thought of as the
Green's function or propagator for the general case.

Consider an impulgsive po at source moving in the horizontal direction with a con-
stant speed u, If the coordinate system is chousen such that the x-axis is along the
trajectory of the mource, then the eguation fcr the Green's function after Fourier trans-
form in time can be written as
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1 .
- G = ——S4{y)s(z}exp (iwx/n) (1L4)
ax? ay? w'-wé az? c‘(m’—mg)l uc

The solution for (14) satisfying the radiation condition is given by

G(x,8,Ww) = —————— H“)(L(w)aleXP(xwx/u) (15)

1
where H(')(x) is the Hankel function of first kind of zero.h order, s = (y? + 21?) /2 yg
the raalal distance from the trajectory of the source point and

(wi=u?) (u?-wl)

(w? - mg)

/BI-1

Clw) = ——p= (16)

In (16), 8 = u/c is the Mach numberof the moving source and w, is a characteristic cut-
off frequency defined by

g2 wy = wé '/
w, ,(.___.__) (17)
B2-1
Inverse transforming (15) in w, we obtain
/2
1 i [ feTmw) (1) .
G(x,s8,t) = T ;?: f —— H, [E(w)s)exp[~iw(t-x/u) Jdw (18)
T

This is the formal solution of the traneient response due to a traveling impulsive
point source. For far field such that S is large, asymptntic expression for the Hankel
function can be used and the resulting integral can be eveluated by the saddle point
method (Felson, L. B,, 1969).

For sources traveling with supersonic speed such that 8>1, it is easy to show that
the response is confined within a conical region trailing behind the source with the apex
angle 8, given by

8, = sin” (1/8)  19)

This corresponds to cthe well known Cerenkov cone.

For this case, the cutoff frequency w, is greate: than w,. The transient behavior
at an cbservation point within the cone is similar to +‘hat of the stationary case, with
w, playing the role of acoustic cutoff frequency. In general, three modes contribute to
the signal. Trey are the same acoustic, buoyancy and gravity modes. As time increases,
the frequencies of the modes approach w,, w, and w, respectively. The asymptotic expres-
sions for the different modes at various time intervals are rather complicated and will
not be given hext. Instead, we compare the amplitudes of the three modes at large times.
The amplitude ratio between the gravity and the acoustic modes Rgp is given by

Rea = Y(B%wi/wl - 1)/ (wi/wl - 1) (tand/B)  (20)

-1
and is independent of time, where ¢ = cos (z/s).

Therefore, at a given observation height, the farther the observaticn point is away
from the source, the smaller is the acoustic mode contribution to the total response.
(We note that cases corresponding to ¢ = 0 and 7/2 are degenerate cases and should be
treated separately from the beginning). For a given observation point, the ratio Rg
depends on the Mach number B. Fig. 5 shows the variation of R;p/tane as a function of
B. The ratio increases as B increases and approaches a ronstant value 1/V1 - wgp/w
for a large Mach number.

The variation of , the amplitude ratio between the gravity and buoyancy modes,
is depicted in Fig. 6. ere, constant p curves are plotted in the ct,-s phane, where
t, = t - x/u. At a given observation point, the larger t is, the greater is the ratio

In general, buoyancy mcde is very small as compared with the gravity mode. 17The
IAEiO Rgp doem not depend on the Mach number 8.

Next, we consider the case where the source moves with a subsonic speed. For this
cage, B<l and w,<uw,. There is no Cerenkov cone. For 8 close to 1, only two modes
(gravity and “uoyancy) are present in the response. The acoustic mode is not excited.
For even smaller P, there are three modes with asymptotic frequencies approaching w,, wy
w, respectively. The analysis is the same as for the c.se 8>l. Fig. 7 shows R, as a
function ¢f B8, where R;, is the amplitude ratio between the gravity mode and the mode
at w,, 'Ye note that whken the source moves very slowly, the gravity mode is by tar the
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most dominant component of the response.
5. THE QROVUND EFFECTS

The above discussion can be aextended to include the effects of the ground. The
major modification will be the additional contribution from a reflected wave and a
surface wave. Thelir transient behavior may be evaluated in the same manner as indicated
above. A more interesting problem is the exciltation of acoustic~gravity waves by ground
movements. In the followiny, a simple model) will be used to investigate this problem.

We start by considering (7) for the compenent F,, which is related to the vertical
romporient of the velocity. Assume that there is no source so that 5, = 0. The movement
of the ground is taken into account as the boundary condition.

Assume that the ground moves according to the equation
z = z,cos k,(x ~ ut)H[k (ut-x)] (21)

where H(x) is the unit step function, k, and u are the wave number and the phase velocity
of the surface wave on the ground respectively. This movement of the ground forces the
atmosphere into motion and since z, is small in comparison with the wavelength of the

acoustic-gravity wave, we can write approximately at z = 0.

dz
Yoo ® JE (22)

z =0

where z is given by (21).

This is the required boundary condition for eq. (7) for the vertical component of
the velocity. The solution may be obtained by the transform technique and we have,
formally,

- zo
vz(r,t) = 37 exp(z/2H) 1 (23)

Here I is an integral defined by

2
I= j ———— expl-ilwt, ~ £(w)zlldw  (24)

. wz-kfu2
where
E(w) = V(8%-1) (wi-w?)/8c  (25)
and w, is given by (17), and t, = t - x/u.

The integral (24) can be evaluated by the saddle point nethod. For 8>1, it can
be shown by closing the contour of integration in the upper half w-plane that signal
can only be found within a certain region above the ground. For a given t, the boundary
of that region in the x-z plane is defined by the straight line

x +v8L - 1 z = ut  (26)

which is above the ygrcund and trailing behind the front of the surface wave on the ground.
The apex angle of this boundary is given by sin~'(1/8).

At any observation point, a high frequency precussor arrives first. Then at the
time

t, o= Ix + 2¢8%-1/V1-wi/kIu’l/u  (27)

the main signal with frequency w = k, u arrives. The asymptotic expressions at each
time interval can be derived from (24) bu{ will not be given here. For t>t,, the main
signal dominates and is given by

vz(;,t)wklzouexp(z/2H)sin[/Bzvl /kfuz-mf z/u + k, (x-ut}] (28)

We note that for the wave to propagate upward, klu must be greater than w,. For
8>1, we have seen that w,>w_. This means that the excited wave is in the acoustic branch.
Experimental evidence has sfown that traveling ionospheric disturbances can be related to
the traveling seismic waves on tne surface c¢f the earth (Yuen, P. C. et. al., 1969).
As a numerical example, we consider the wave excited by a Rayleigh wave of period 25
seconds and speed 3.9 km/sec. The ground moves 5mm (z, = 5mm). For these parameters,

the corresponding v, at a height of 150 km is approximately 30m/sec.

6. CONCLUSION

We have seen in this paper that the excitation of acoustic-gravity waves in an iso-
thermal atmoasphere by various sources can be treated in a unified fashion. 1In our
approach the atmospheric response to any source is described by the differential equation
(7) with a gravity wave operator given by (8). Since the gravity wave operator is a

1<3
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differential operator with constant coefficients, the problem can be formally solved by

the transform techrnique. As is usually the case in the transform technique the inver-

sion can be difficult and for our problem it is not possible tc do it in general. However,
asymptotic methods can be used if radiation fields are interested. Three examples are
considered to illustrate the technique. They are: (i) localized stationary source, (ii)
moving point source, and (iii) coupling with traveling seismic waves.

When the source is localized, impulsive ard stationary the large-time radiation
field is composed of three components: acoustic mode, buoyancy mode and gravity mode.
Relative magnitudes of these three components are examined. It is shown that the
largest component in the radiation zone is given by the gravity mode. As time increases
the total response can be described as essentially given by the low frequency gravity
com cnent modulated by the high frequency acoustic component. The buoyancy mode is
least important.

Acoustic~gravity waves can be gencrated when the source is in steady motion. When
the source travels with a supersonic speed, the radiation is confined within a characteris-
tic Cerenkov cone trailing behind the source. For an impulsive point source, three modes
are excited, with gravity mode having the largest amplitude. Due to motion the acoustic
mode has a characteristic frequency modified by the Mach number. The radiation is still
possible if the source is subsonic. In this case the Cerenkov cone is absent and the
acoustic mode is not excited.

The presence of solid ground introduces additional complications in the radiation
problem. The ground may reflect the wave and it may also guide the wave. When the
ground is forced into motion it may also excite atmospheric waves. Following an earth-
quake the traveling seismic waves may couple energy into the atmosphere and this energy
can be carriea away to Lhe thermosphere in the form of waves. Since Rayleigh waves have
periods of the order of 25 seconds, the excited waves are all in the acoustic branch.
Because of the exponential growth factor with height, a small ground movement may give
rise to detectable perturbations in the jonosphere. As an example, it is shown that a
Smm movement on the ground can excite a wave which has an associated air parcel velocity
30 m/sec at a height of 150 km.

It is interesting to point out that these different excitation mechamisms can excite
waves with different characteristic frequencies. Therefore, experimental determination
of these characteristic frecuencies can yield information not only about the nature of
excitation but also about certain physical parameters of interest such as distance to
the source, velocity of sound, etr.
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Fig.! The response of the atmosphere due to stationery impulsive point source at large time. The total response is -
essentially the gravity modes modulated by the acoustic mode.
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DlSClSSI(ﬁS ON THE PAPERS PRESENTED IN SESSION 1 A |
(Acoustic gravity waves in the nsutral termtrlu atmosphere, Natural sources and pmpagn! ion) ,

¢ '

Discussion on er 1 : "Samv anglogies between the propagstion of ionospheric radic wuves and scoustice
gravity n.wn“, & X, DAVIES,

Dr. R.K, COOK : The author dedcribes acoustical waves which occur at frequencies higher than the atmo-
spheric resonsut frequency, end acoustic-gravity waves which occur at frequencies lower than the VKisKl&-
Brunt frequency in an iscthermal atmosphere, There is s third mode for mound pramnuon, the [amb wave,
which ofturs et all fregueucies ' inecluding those betwesn the resonant snd VEiskl&-Brunt (Yrequencies, The
Lamd wave propagetion is in a direction parallel to the worth's wurface, later papers in this meeting
discien its significance for tba propagation of acund over global dutnnc-n in the utmosphers, at infra-

eonic mc\mmin.
Dr, K. DAVINS : I was refering to iut.crm.lly propageting wvaves onl.y ‘ i ]

Disqussion on paper 2 1 ") D Rey tracing for ecoustic-gravity veves", by T.M. GEORGES,

t
e, R.K. COUK : Raywtrecing techniques show clearly the nop-reciprocel character' of sound propagetion in
& vindy atmosphere, Thié is true also for electromagnetic wave propagation in & moving materiel mediom
the reciprocal theores 4ces 3ot hold, In 19th century lungunge, the "ather" is partially Aragged along by
the moving wedium, the¢ relative velocity being dependent on. the indox of refraction of the materisl medium,
In the windy stacophers, the duparture from reciprocity is rclut.:.nly much less for electromagnatic waves
than foi sound vaves,

Rven with no wind, but vith a steady magnetic field preuut in & material medium, the propagation '
of slectromsgnetic vaves is non~reciprocal. This occurs becanse the component of the magnetic field whikh
is parallal to the direction of propagstion causes s rotation of the plane of polarisation (tho Paredsy
rocation) directly proportional to the utnmh of the n‘mnc fmld. . .

Prof, A.D, PIKRCE : Possible instances of cnses vhen ray trmxu techuiques to jredict wave asplitudes
becoms inspplicable is at points or loci of pointe (ceustics) vhere adjscent reys intsrsect,

Dr, T.K. GEORGES : Although pure muctncd scoustics fails &t caustics, ceveral apparently, succespful '
tschniques have been ceveloped to “patch-up” ray-tracing Programs vith fullewave and / or phuo-—mtqp-al

calculetions of field nnmh at pleces wvbere fluzetube arguments Lraak Govn, These techiiques have po-

tential for greatly enhancing the utility of ray twchniguee, ) , ,

Discussion on paper 1 by K, PAVIES and paper 2 by T,M, GEORGES,

C.¥, P, HALLEY : Cosmenteaires 1, Daha les whéories magnftoionigue d°une part et u:ount.;lq\u et e gravité

d'autre part, on obtient pour 1'onde plune une &quation de dispersion et une &guation qui fourni' le di.

raction du rayon, lorsque le¢ silieux de propagation sout su repos, il art facile de voir, sur lev équa- 1
tions, qué les chamins somt réciproqices, Le nomwrfciprocité des chemins loraque le miliou i>nisé ¢a neutre :
et animé 4'un mouvenant de trauslation, uniforme déans chaque stratification, est asser fictive ot revient

8 un simple chengement ds repdres, Cet offet de nop-réciprocité sst pretiquement toujours négligeab.e pour

les ondes lectromagrétiques se propagesct dans 1'atmosphére ionisbe,

2, Le différencs importante par les camplications qu'elle crée est, pemble-t-il, ls suivaate,
Pour les ondes acoustiques ou acoustiques et de gravité, 'on peut considérer un modéle simple sphérigue '
puisque le champ de gravité est hamocentrique, I1 en résulte des tr u,jact.oxre- planes et des symétries, Par
contre, pour lea ondes électromagnétiques, le chemp magnétique terrswire qui n'est pas hmccntnqun cva=
prique le moddle, Les trajectoires aont gawches et dissymétriques en généreal, Ennn, de l'effet Faraday
réuulte la non-réciprocits de polarisstion, .

Dr, K. DAVIES : In the case of acoustic gravity waves propagesing in'a m-:ving dispersive atmosphere some ) )
pon-reciprocal effects may arise, Going downwind the intrinsic frequency is w « k U whers w is the wave
frequency, k the propagation nusber and U the wind, Upwind the intcrinsic frequeacy is w + k U, Hence there

my vell be nonereciprocal propmgstion,

Dr, T.M, GEORGES : Rey-path reciprocity requires that a zedium's refractive index mrywhen resin inve~
riant with respect to a 180° reversal of wavevector direction, Such is not the case for ecoustic (snd con- ,
sequently scoustic-gravity) veves in « moving fluid, Therefore tha scoustic ray p.th from pomt. a8 to point .
b in & moving fluid differs fram the path fram b to &, For electromagnatic waves in a stationary magneto~

plnnn, refractive index does not change upon vuevoctor reversal ; therefore, electromagnetic rey paths

in such a medium ave mxproccr.-()blervod mplitude non-reciprocities in VLF vuve‘uxds are apparsntly due '
to anisotropy of the loas (sbsorption) on reflection from the upper vaveguide boundary (the D region).
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Discuenion on 1 "Generution asd propegetion of sound weves Letwean the jonosphere and the fower
stmoaphere”, by R. X, CONX,

br. Ch.R. WIL3OW 1 Observations of auroral infresonic waves show thet the generation mechaniem is wsymsme.
tric with respect to the direction of motion of the supersonic aurora relative to thu direction of the

E rvegion aleciric field, Therefors Lorants force and not heat is probably the source of the pressurs
Jump wvithin the aurura, as described in paper 6,

Your suggestion that the upwerd propagating shock weve has & pegstive pnase may axplain the fre-
quent observetion of negative AIW in thut the upward propegeting shock would be refracted hack to the
ground by the thermcsphere,

Prof, R,K, COOK : The analysis of tuis paper establishas a reletionship botveen the strength of & hsat
source (an euroral discharge) woving at suparsonic speed through the icnosphere, and the strengih (prea-
sure jump observed st ground lewel) of tha weak shock produced by the scurce, There are certainly othnr
wechesisrs (ia eddition to heating) which might produce weak prsssure shocks having & suparsonic horisou-
tel trace valceity as obsarved at grownd level, Definitive date or the heating rats during ez aurorsl dis-
charge vould, vhen availaeble, leai to & good estimste for the preesure jump,

The question of the ssymmetry of appearance of pressure juxps, visa-i-vie the direction of motion
of supercouic euroral forwe, swems to b still open in view of the observations reported by Lisska later
on during this meeting.

Dr. Ch,R, WILSBON : Dr. Lisxk« has stated that he has not observed the transient aurcrel bow wave type si-
gnale vhich are the ones that ghow the asymmetry described,

Dr. A,D, PIERCE : The infereace in this paper is ovidenily that the infrasonic cscillations as obmerved
at College, Alaska, iuring aurorel activity may wituwlly be smell-amplitude shocks, Would such shocks be
sudible tn someone on the ground ?

Dr. R.K. COOK : The obseryad valuss of the prasaure jumps caused by auroral supersonic motions are appro-
zimately 1,0 ¥/x2, Such Jumps arz probably toc weak to be audihle to & cususl observer, unattentive and
in tha presence cf embient noise, Since the jwsp (n 10> atmosphere, s smalli-wmplitude shock) in well=
aged after propagation over distances of the order of tens of kilgmeters, its rise time is of tha order
of one sacond. Tharefore it would be inaudible, The situstion is quite different with respect to & sonic
hocw ganersted By the supersonic flight of sireraft, The pressurs jusmp is typically 100 N/m¢ (2 smelle
arplitude adock nonetheiess), with & rice time of the crder of only a few milliscconds, The boom is quite
audible sven to an unattentive chaerver, and usually starties and anncys him,

Discuseion on r b : “A model for acoustic gravity wave sxcitation by tmoyantly rising end cscillating
air masaes” by A,D, PIERCE,

Dr, B.L. MURPHY : (1) For a supersonic fireball the fireball dimensions may be expected to be comparable
vith 2 scele height, Thus, rather than radisl oscillations due to the greater than amhbient pressure, ven-
ting et the top would seem mcre likely,

(2) L E is not the availsble energy tor wave generation : % M2 would be a better esti-
mate whero M is the firebell mess plus Derwin 's virtua) mass and V is the ifiitial rise velocity, This is
the order of & fev times 103 E for megaton yields,

Prof, H, VOLLAYD : What is the physica) meaning of the drag force ?

Dr, A.D. PIERCE : The drag force has Deen inferred from axperimental cbservations of Scover amd of Turner,
80 its uvnderlying physical mechaniem is not well understood, My present guess igs that the spparent drag
arises because the flov sround the bubble or fireball is not laminar. The wake and backside of a mushroo-
ming cloud is turbulent, Perhaps the energy lost due to drag ectuslly reappears es the kinetic energy of
the turbulent waka,

Discussion on paper 2 : (Validity of WKB approx, and Ray tracing).

Prof. H. VYOLLAND : Dr. Georges, can you comment on the range of validity of ray~approximation for acoustic-
gravity vaves ?

D», T.M, GEORGES : The question of the "range of validity" of ray theory vis-a-vis the WKB criterion must
be ansvered in two parts : one has to 4o with the accurecy of the ray-psth celculation itself, and the
ansver is that cne cen always compute the ray path (i,e,, the path satisfying Fermat's Principle fur some
initial conditions) to any desired accuracy for any wave in eny medium, even if the WKB criterior is gross-
ly violated, This fact is apparently not videly apprecisted, The second anaver has to do with how one in-
terprets rey paths ; i,e, the adequacy of the ray picture for descriling real vave phenomena, This answer
must be & lot more fuzzy because "adequacy” cbviously depends a great deal onh vhat wave phenomena one is
interested in, Ray theory obviously fails to predict wave amplitude vhen significant partial reflections
occur, in the vicinity of censtice or turring points, or when waves travel multiple paths (as in wave
guides), even wanen WKB is satisfied, On the other hand, WIB seems tc be much too stringent a critarien

if one is interested in where wave energy goes in a gross sense, or in reflection heightn of VLF redio
waves or internal gravity waves in the atmosphere, for ezsmple, Simultaneous ray and full-wave calcula~
tions give very similar results in many cases in which the WK© criterion would predict a breskiown of ray
theory., Clearly, then, & lot more work remains in Jetermining when one needs to "doctor" ray~path calcu-
lations to account for purely wvave-like effects, At present it seems sufe to say that no one reslly knows
exactly how to assess ray theory except by direct comparison with full-vave results, Like any other tool,
it goes wvithout saying, one has to know vhen to use it vhen not to,
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Divausveion M&ﬁﬂ-«l 1 “Acourtic gravity suves and JiCPusion eTfects at the slmospheric doundaries™, by
Prot, F. WARRKK,

Dr. C.H, LXU 1 Xn the dimouseion of critical leyar, 1 might v ove point, Thut is, whon the wave approa~ L
ches the critizal lsyer, .he phase spasd apprv.aches fero in tie moving system, Hare, the nop liuear effoits '
ip the asnoe of "long vaves” may baccme iwpor.snt, There is a recent paper by Mwmdxw; in J, Flud Mech, !
shoving some munsrical computvd results. Por some casws, non-lineer affects isiced are apprecisble, 3

Bof, ¥, WAFRRE : The nca-liuesr terms are undoubtedly impurtest iz some ceses, but here the time acals wu- ;
visaged ie such thet these terws are not likely to bs laportamt, Theoratical results to dete give an indi-

cution of Lhe tiansiant develogpment Of a broad banded excitation in a non iinear dispersive nysten. Some

authors suggest the sxisterce of a re”b eye pattern is csrtain cases, vhile Breading's resulta would be in-

valid if turbulencs developed, This latter vave-breakxing wechanimm as in Thorpe's amperimente iz probabdly

the relevant ona for tae real atmospher®. Thuo if wob linsar terme are ilsportant, then the firat require-

wane im & stability theorem o,g., & non linear Housrd's Theoreus,

Discussion on paper -  "Auroral infrasonic wuve generation mechanimm”, by Dr, C,K, WILSON,

Dr. 0. HOLT : I would liks to suggest the E x B plasma instability as a possible sltermative uechanism for
the gensration of AIVW from moving aurorel Torms. The instability requires a strong gredient in the plasma
dendity, of directica oppovite to the electric field, During eteble conditioam, ditfuuion will sct to
meooth out the gradient, but for an suroral foim in supersonic motion, this is not possible, Tha spectrum
of plasms waves caused by the instability will travel along the fyont of the arc, and their energy wight
be trenaferred to the neutral gae, Qualitativaly, this is in agreezent with the ssymmetry of northward and
sotthward mstion observed by Wilcon, Quantitatively, I do not know,

Dr, Ch. WILHOA : I aw not familiar vith the £ x 3 plamsa instability but cean only say that aiy mechanism
must produce a fressure pulse that is of constant phase in ihe moving frems of reference of the awrors,

At thiw time I cen not see how wevos travaling along the arc itself could be the source of a hovwave that is
traveling transverse to the arc, One should certaialy explore all possible mechanisus however,

Pof, H, VOLLAMD : Obviously, your excitation mechanism due to momcutum coupling will work only within a
mall frequency range, Can you specify this spectral ranges 1t

Dr. Ch, WILSON : The period of the bow vave is approximatcly eyual to L/V, vhere [, is the viith of the mic
and vV, is its supersonic velocity cf translation perpendicular to its long sxis, If the ionization collec-
tion process is tuking place, then L will be less then the width of the arc depunding on the Mach mumber
of the src¢. These considerations restrict the period range for the mechanism 'ram stout 1 sec to 100 sec,

Bref, Y, VOLLAKD : The wearidional electric field component should beccme zero swround local midaight within
the auroral oval, Can you relete your cbacrved reduced activity of acoustic wave energy during midnight
vith such behaviour ?

Dr, Ch, WILSON : Yes, there is & decroase in the suroral infrusonic wyve activity around loce) magnetic
midnight that is probably releted to the decreaae in the strength in E arcund that time,

Discussion on papers 6 azd ]

Pro¢, H, VOLLAMD : There appears to exist a diwcrepancy between the results of Vilson and Liska, In
Wilson's results, acoustic veve propsgetion from the south is excluded, which Wilson explains by the exci-
tation mechanism within the auroral electrojet, This anisotropy ie not seen in Liszka's results, What is
the reason for this discrepancy ?

Dr. Che WILSON : I% is not correct to say that e discrepancy in our observations exists when cne does not
knov for certain that Liszka's obeservations at 2 Hz nod mine in the pasabend from O.1; to 0,01 Hr are both
due to the sume mechanisw, My results coucerning AIW refer only to bow weves due to supersohic motions of
large scale electrojet muroras, There probably sre other mechanisma whick produce infrasonic vaves in tle
aurora in a different frequency region such as direct heating from aurorel perticles during pulsating av=
rora or tvo-stream plasma instability to produce ionescoustic waves in suroral arcs in the high frequaacy
region with | > 0,1 Hr and in the long pericd region with T > Brumi period, Jouvle heat loss in the slec-
trojet prodbably produces interpal grevity woves with a time scale the order of the substorm rise-times of
say S5 to 10 minutes,

It vould be incorrect to assume that the process that I propose is the only one operating throue-
ghout the entirc sccustic-gravity wave spectrum, It is just as incorrect to nssume that ail infrescnic ra-
distion from the surors is due to the same excitation mechanism es it would be to say that all the electro-
megnetic radiation from the aurore ia fram the same process,

Prof, R.K, COOK : It is quite possible that Wilson (in Alaska) and Liszka (iu Kiruna) are meaouring the
same acoustical vaveform, buth yenerated by suroral motions at supersonic speeds, But the substancial dif-
ferences in their graphic recordings come sbout from the quite different impedance fametions (differert rile
tering) of their respeccive electroscoustical apparatuses. The apparatus will give the corract time (to
within & few seconds for Wilson's apparatus a® vhicn a transieat sound pressurs starts, but the aubsequent
recorded waveform depends strongly on the indicial edmittance {associsted with the impedance function) ef
the spparatus, The "trus" waveform of the sound presaure is in principle obtainsble by convnlving (mathe~
matically) the recorded waveform with the indicial sdmittence, WLen this is attempied, though, the presence
of noise makes It very difficult to arrive at the true waveform of the incident sound pressure of the au-
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ral {ufrasound,

Dr. LISZKA : Thaere are at lesst tvo further reasons which may explsin apparent differences between re-
sults of Dr, WILSCN end wine :

1o It way bo ssen, when meking ray-~trecing for specific wind snd temperature profiles, that the propage-
tion of vavas In the minute runge (as those obaerved by Dr, WILSON) is quite different from that ob-
teined for infrasound in the Hs-region, The closer the vuve frequency to the acousticecut off, w_ ,
the larger vill be differences in propagation paths with respect to the infrascund in the Hi-renle,

Zs As we in Kirupu are using the phase dete tion technique, the sensitivity of our equipment is much
larger ther that of Dr. WILSOM, S0 we are looking on signale which are st least one order of magnituds
smaller thsn thosue nbserved by Dr, WILSON, It is therofore not surprising that there are somo diffa-
rcnnn{mmuon infrasound obmarved in two different freguancy ranges and with different thresholds of
detection,

Discussion on 8 : "On waves generated by stationary and travelling sources in en isocthermal atmwo-~
sphere under grav ;', by C,H., LIU and K.C. YEM,

Dro, A. PIERCE : Have you consideved the possidble estension of this thegry to include the case wheun one is
receiving vavas et & time vhen one just starte to receive the gravity wave pulse ? As you know, there is
e naximum group velocity for gravity veves batween w_&nd w , The stationary phase approximation breeks
down vhen one is receiving that frequency for which he grofp velocity is a maximum,

Dre CoHs LIV : Yes, thia is the point : tne horizontal line v = ck/r approches the f'ccurve at w = w_,

At this poiat, the ordinary method of saddle point breaks down, A modified method cau be used, It is
described for example in a peper by Feleon (IEEE Trera, G-AP,1969), The solution is in terms of Airy funo-
tione instesd of the usua) sine, cosine functions, i

Dr. J, KIOGTERMEYER : Where ghall mass production in the continuity sguation come from ?
Dr. C, LIU : Qur analysis sasumes the tource terms sre known. The source model is not discussed here,

Prof. H. VOLLAND : Is 1t posaible to discriminate between the various types of the excitation sources
{nass, momentum or onergy coupling) from & comparison between your theory and observations ?

Dr. Co He LIU: We are beginning to look into this problem, This depends heavily on the form of the equi~
velent source term 3, its spatial and temporal dependence,

Dr, H, RISHBETH : You assume tiist the group velocity of a wave cbserved at a point must be perallel to
the straight line from the source to that point, This assumption must restrict your analysis to ranges
much lese than an ewrth rsdius, and will also fail at runges for which vaves reflected from the upper
atmosphiere can contribute to the (bserved aignal,

Dr C,H. LIU : The model we used is a flat esrth one, We can extend the discussion to include the curva-
ture of the earth, the reflection, etc,, But the dispersion surface vill be different, If the solution
can be written formally as an inverse transform, then the asymptotic technique we discussed will still

apply.

Discussion on papers b and 8 :

Dr. J, LOMAX : Dr, Pierce's paper shovs s number of oscillations of the cloud about its stabilization
altitude, Dr Liu's paper shows a transient response vith sinusoidal oscillations for hundreds of minutes,
As an experimentalist, I have not observed these undamped vibrations, My question is, heve the authors

ignored losses or damping for mathematical simplicity ?

Dr. C.H. LiU : The loes mechanisms certeinly are very important, In the analysis, these loss effects may
be takon into account, Also, even for the losalese case, the emplitude of the response decresses as the
distance of the observetion point and the obaservation time increase,

Dr. A. PIERCE : Loes mechanisms on acoustic-gravity wave propagation per sé are generally negligible at
lov altitudes ; they decome increasingly more important wvhen a wave propsgates at higher altitudes, The
complexity they intrcduce imto the enalysis is so great that wave theorists tend to neglect thom unless
they believe these loss mechanisms would substantially alter their predictions, In many ceses the quality
of applicable data and the recessity of meking many assumptions about the largely unknown ambient state
of the atmosphere suggests that only a rough agreement of theory with experiment cen be achieved, ever
vere loss mechanisms incorporated into the theory, In such cases, the incorporation of 1lnss mecheniams
vould seem an unnecessary refinement unless they are of major significance in imterpreting the general
qualitative characteristics of the date, Concerning the damping of the cloud oscillations, I balieve any
successful theory should incorporste wave dumping, The theory presented here is still in & rudimentary
state, It should be qualitatively correct if the cloud oscillates for several cycles before becoming suf~
ficiently dsmped., Data concerning this seems to be largely unavailable, al: :ough laburatory scale expe-
riments of Mc Laven and Murphy {(to be published) st Mt, Auburn Research Associates suggest 2 or 3 com-
plete cycles may be observed,
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Dr, B, MURPHY : In the experiments mentioned by Dr, Pierce tvo main types of damping ere present ; that
due L0 leteral sproading of the cloud and that due to wvave mmiesion, The first Lype is trested theoreti.
cally in our paper, the second is not. Do muclear clouds oscillate in & wanner similar te the buoysot
element in our laboratory ? That is a question that can only be answered by exswiuing the wiclear test
data and, unfortunately, I am unsvare of any unclsssified troeatment of this problem,

Prof. F. WARREN : There are threa further relevaat cosments vhirh could be made,
i) A uniformly stratified atmusphere might not be the appropriate model to usa because of sarked
temparatures changes with height. A model vith an inversion would be more uasful in sume cases,

ii) In this latter case, theorstical attempts to solve a problem of damping Yy gravity vaves
{Stretenskii, Ursell, Warren and others) indicate that the ultimate decey of vertical motion of

a solid buoyant object abcut tho hydrostatis equilibrium level is monoctonic e.g, like (time)~ 3/2
although oscillations do occur at earlier tiwes,

iii) Formulas for viscous or turbulent drag aret probably unrseiisble for buoyent air masses becsuse in
this case no boundary layers axist,

Prof, F, WARHEN : Certains ccaments might be msde concerning certain results for lower atmospheric pheno-
mena :

i)

ii)

Mountein lee waves cen be importent sources of zravity vavea in the upper atmosphere,

Results concerning the effect of the Coriclis term (in the neutral atmosphere) have baen conside=
red by W, Jones and others,

iii) Rosults of certain models of the fire ball proublsm indicete s monotoaic decay,
Pr. B,L. MURPHY : (Comment iii)
I muat call attention again to the question of vhat fireballs really dc es opposed to wvhat models do.

Dr. X, DAVIES : I agree vith Dr, Warren thst this has been done for the neutral atmosphere but should be
verified for the combined neutral and ion gases,
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LES ONDES ACOUSTIUES ET DE GRAVITE DANS L'ATMOSPHERE NEULRL ET LY IONOSPHLRL

par

N,K, Balachandran

Soman ire

tn détecte les ondes acoustiques et de gravité produites par des explon.ons nucléaires &
de grendes distances de leur point d'émission griace & l'emplui de microbarographes sensibles, au
sol, & 1l'emploi de la technique Doppler 3 hautes fréquences, aux a’titudes ionosphériques, et &
1'amploi des pismographes & longues périodes, On explique la dispersion des ondes acoustigues et
de gravité au niveau du sol en faisant eppel & la méthode du mode normal pour une atmosphére Btra-~
tifiée, Dans le can des ondos aconstiques et de gravité détectées au niveau du sol, les modes a-
coustiques & ccucte période (période inférieure & ar-iron 2 minutes) présentent des amplitudes plus
élavfes que les modes de gravité & période longue (période supérieure & environ 2 minutes), lorsque
les vents stretosphériques se déplarent dans la direction de propagation des ondes, Les modes de
gravité ont des amplitudes plus élevées par vent de travers ou par vent vers le haut, Des enregis-
trements de perturbations ionosphériques eryfectués evec une sonde Doppler indiquent une prédominance
des modes acoustiques de courte période sur les modes de gravité, Selon la théorie du mode normal,
ot la théorie des ondes de Lamb, ls densité d'&nergiv, pour les ondes de période longue, décrolt
exponentiellement au fur et & mesure qu'on s’Eléve, et 1'Energie est insuffisente pour provoquer des
perturbgtions ionosphériques, Les ondes acoustiques & période courte sont dues & des modes partielle-
ment canalisés dans la besse atmosphére, avec déperdition d'@nergie vers 1'ionosphire,
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ACOUSTIC-GRAVITY WAVES [N THE ‘\
NEUTRAL "ATMOSPHERF "AND "TIE (ONCSPHEREY
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3 SUMMARY
Acoustic-gravity waves from nuclear explosins are detected at large distances
from the source by sensitive microctarcpraph cn the ground, by high frequency Dorpler
technique at lonospheric levels and by long-perlod selsmographs. The dispersion of
acoustic pravity waves at the ground level is explained by using normal mode approach
for a stratified atmosphere. For acoustic-pgravity waves detected at the ground level,
the short-period acoustic modes (perlod less than about 2 min.) have hipher amplitudes
than the long-period gravity modes (period more than about 2 min.) when stratospheric
winds are in the direction of propagation of the waves. The gravity modes have higher
amplitudes lor cross-wind and up-wind propagation. Dopplersonde records of ionospheric
disturbances show more predominance of shorter-period acoustic modes than the gravity
modes. According to cthe ncrmal mode theory and the Lamb wave thenry, the energy
density for long-period waves decreases exponentially with height "rom the pround,
thus providing insufficlent energy for lonospheric disturbances. The short-period
;' azoustic waves are due Lo partially ducted modes Iin the lower atmosphere providing
leakage of erergy into the lonosphere.

1. INTRCDUCTION

Acoustic gravity waves have been detected at 1onospheric levels and at the pground
level in the atmosphere. Dlonn and Ewing (1962a, 19€2b) and Donn and 3haw (1967) have
provided the records of pressure fluctuatlon at ground level due to acoustic gravity
waves from nuclear explosions in the atmosphere. Baker (1968) and Baker and Davies
(1958) have published records and studies of ionospheric disturbances produced by
" nuclear explosions in the atmosphere. The observations were made at Eoulder, Colorado,
n using high frequency Doppler technlque.

B Acoustic gravity waves can also get coupled to the yround. Pecently Savino and
: Rynn (1972) have reported detection of acocustic pravity waves from the Chinese nuclear
test of Oct. 14, 1970, on a worldwide network of long period seismographs.

. g Acoustic gravity waves in the atmosphere get coupled to the ground through the

* mechanism of static loading. Since the amplitude of the coupled seismic wave s
dependent on the wavelength of the atmospheric wave, slower roving disturbances in
the atmosphere due to wind and density discontinulties have negligible ampllitudes in
comparlison to faster moving acoustic-gravity waves. The seilsmic detectlion of acoustic
gravity waves may be an effective way of fllterling other atmospheric disturbances
which may contaminate the microbarograph record. In this paper we will not go further
E into the mechanism of selismic ccupling. Interested readers may refer to the recent

i paper by Savino et al (1972).

_} 2. ACOUSTIC GRAVITY WAVES IN THE NEUTRAL ATMOSPHERE
3 In this paper we will be concerned with acoustic pravity waves whose energy lis
mainly channelled in the lower atmosphere (below an altitude of about 100 Km) with

small amounts of energy leakinpg into the icnospheric helphts to produce disturbances
there, The stratification of atmospheric parameters causes dJdispersicn of accustice
gravity waves and if the above argument about chamrnelling 1s correct, a similar
dispersion pattern should be observed both in the ground level pressure disturbance
and the ionosphere disturbance produced by these waves.

Dispersion curves for observed ground level pressure disturbance due to acoustic
gravity waves have been glven by Donn & Ewing (1962a, b) and Donn and Shaw (1967).
Extensive theoretical work has been done to explain the observed dispersion patterns.
Most of the work has involved multl-layer atmospheric models and numerical solution
of the perturbation equations. Thecoretical baroprams have been computed which agree
with the observations.

The dispersion curves for observed pressure fluctuations due to acoustic gravity

waves sometimes show, in addition te the most common nerral dicpersion when group
velocity increases with increasing period, iInverse dispersion when the proup velocity

®Lamont-Doherty Geological Observatory of Columbia Universitv Contributicn No. 1790
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decreases as the period of the waves increases. FExamples of such dispersion curves
are given in Fig. 1. It is5 not posslble to explaln this ftype of inverse dispersion
i we use reasonable models of atmospheric temperature structure. But with the use
of strong upper winds ln the COSPAR atmoapheric model 1t has been possible to explain
the inverse dispersion. Winds of the order of 100 meters/sec 1in the Airection of
propagation of the waves, around an altitude of about 100 Km weve employed. The
theorsetical dispersion curves along with the observed dispersion pattern for the
Russian nuclear test of 5 Aug. 1962 1s given in Fig. 2. As may be seen from Fig. 2,
there 1s good agreement between the theory and observation.

A typical pressure record of acoustlc gravity waves (Fip. 3) show two distinct
groups of waves. The long-periocd group of waves (period more thar about 2 min) may
be classifled as gravity modes and the short period group of waves (period less than
about 2 min) may be classifled as acoustic modes. We have found, after examining the
pressure records from various nuclear tests, that the relative amplitudes of the
gravity and acoustic modes show considerable variation. Pilerce et al. (1971) have
shown that the amplitude of the long-perlod waves depends only on the yield of the
exploslion and the distance of the recording station from the test site. The amplitude
is independent of the varlatlion of the atmospheric parameters along the path. The
acoustic modes on the other hand are very sensitive to the atmospheric parameters,
especlally in the lower sound channel (below about 50 Km). The synthesized barograms
Zlven by Plerce <t al (1971) is reproduced in Fig. U4 along with appropriate micro-
barocgraph records. According to thils figure the amplitudes of the acoustic modes
are much higher in the downwind direction in comparison with the amplitudes of the
acoustic modes in the upwind direction. The amplitudes of the acoustic modes for
cross-wind direction have intermediate values. The amplitudes of the gravity modes
do not change with the change in the direction of propagation, 1t 1s concluded that
wheri the direction of wave propagation is in the directlon of the stratospheric winds,
the lower sound channel is intensified thereby trapping more energy than in the case
of upwind and cross-wind directlons of propagation. During winter months, when strong
stratospheric winds blow from the west in the middle latitudes, the acoustic modes 1in
the pressure waves produced by nuclear tests in the Paclfic and recorded at eastern
United States have very high amplitudes, higher than the amplltudes of gravity modes.
During summer when stratospheric winds are easterly, the acoustic modes have smaller
amplitudes than the amplitudes of gravity modes. The cases {or Russlan nuclear tests
in Novaya Zemlya can be interpreted in a similar fashion. A more complete study of
this phenomenon including synthesized far-field 1lnfrasonic pressure fluctuation using
actual temperature and wind data will be presented 1in a later paper (Donn and
Balachandran, 1972). The knowledge about the variation in the amplitudes of the
acoustic modes are important for ionospheric studies, because, as we will show later,
the ionospheric perturbations are caused by these acoustic modes rather than by the
longer period gravity modes.

3. ACOUSTIC GRAVITY WAVES IN THE IOWOSPHERE

The main part of thls paper will be concerned with an interpretation of the
acoustic gravity waves from nuclear explesions observed at ionospheric helghts. Many
authors have reported about these waves, but we will be making speclal reference to
the observations of 1onospheric disturbances by high frequency continuous wave Doppler
technique at Boulder, Colorado (Baker and Davies, 1968; Baker, 1968 and Baker and
Cotten, 1971). Ionospheric disturbances from the Russian nuclear tests in Novaya
Zemlya as well as U. S. tests in the Pacifie, during 1961-62, have been reported. The
arrival time of each ilonospheric disturbance agrees with the approprlate group veloclity
for acoustic gravity waves ducted in the lower atmosphere. The authors of the paper
cited above Interpret the ionospheric disturbances as being caused by the energy of
the acoustic gravity waves ducted in the lower atmosphere leaking into ionospheric
levels. The authors have pointed out the similarities between the ground level pressure
oscillations and the ionospheric disturbance; but some difficulties remaln. The most
prominant wave on the ground-level microbarograph record 1s, in general, a wave of
period of about 5 minutes and the record contains waves of period from about 5 min. to
about 0.5 min. The periods of waves observed in the ilonospheric disturbances are in
the range of about 2 min. to 0.5 min. Although one may expect the ionger period
waves, due to their higher wave length and thus less attenuation at higher elevations,
to be present at ionospheric helghts, these long-period waves are not prominerit on
the Doppler-sonde records. Als30, there is a significant difference in the observable
life~-times of lonnspheric and ground-level disturbances; the ground-level pressure
disturbance lasting for & longer time than the lonospheric disturbance. Finsally,
following large nuclear tests the microbarographs nhave detected the wave wnich travell-
ed directly from the explosion to the detector (the A)l wave), the wave which travelled
to the detector along the longer route, passing through the antipode of the source
{the A2 wave), the second passage of the direct wave after it has circled the globe
(A3 wave), etc. Fut only the direct wave (Al) has been detected on the ilonospheric
records. We will try to answer these probtlems by studying the properties of the
various modes which constitute the acoustic-gravity waves.

P good example of acoustlic gravity waves in the neutral atmosphere and the iono-
sphere produced by nuclear teats 1s given in Fig. 5§ (From Baker, 1968). As pointed
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out by the author, the similarity between the waves in the lonespheric disturbsnce and
the waves on the microbarograph records in their group velocities and frequencles are
remarkable The shorter duration of the waves on the Doppler aonde record may be
noted. Also the present author believes that there are no waves on the Doppler sonde
record which correspond to the first roughly four long-period waves on each of the
microvarograph records. The long period waves seen on the ionospbheric record prilor

to about 2230 UT are, according to the present author, in the background, similar to
the waves seen on the record after about 2310 and that these waves are not connected
with the nuclear test. Flg., 6 shows another case where waves of period about 300 sec
are present on the microbarograph record but are abzent on the Doppler sonde record.
Both records show waves of perlod less than about 100 sec. Thus, although the micro-
rarcgraph recurd contains waves with perlods from about 300 to 30 seconds, the doppler
record shows only waves with perlods less than about 100 sec. According to the
verminology of Ralachandran (1968), the microbarograph records show waves corresponding
to gravity and acoustic meodes for a multilayer atnosphere whereas the record of the
ionospheric disturbance shows waves corresponding to the acoustic modes only. An
explanation as to why gravity modes are not seen on Doppler records will be given
later.

The similarity in the dispersion pattern of the microbarograph and the doppler
records 1s evident fyom Fig, 7. Flg. 7(a) shows the running spectrum analysis of the
short-perliod part of the Poughkeepsie, N. Y. pressure record for the U. 8. Nuclear
test of Oct. 30, 19652. The dlagram shows the varlation of the spectral characteristics
of the sipgnal with time. It may be observed from the figure thet the period of the
waves pradually increases from about 60 sec. teo about 90 sec. with time (this corre-
sponds to inverse dispersion in group velocity) and then decreases from about 90 sec
to about 50 sec (this corresponds to normal dispersion in groun velocity). Filg. 7 (b)
which is a running spectrum analysis for the record of ionnspheric disturbance ot
Boulder for the same test, shows similar dispersion pattern; inverse dispersion from
& period of about 60 sec to about 100 sec and normal dispersion from about 100 sec to
about 60 sec.

So much for the similarities of the waves observed at ioncspheric and ground
levels, The absence of long-period waves on the records of lorospheric disturbance
18 explained below. Pfeffer and Zarichny (1963} and Balachandran (1968) have shown
that the long period waves cbserved at the ground level sare poverned by the quesi-
horizontal parts of the thzoretical dispersion curves for a multilayer atmosphere.
The energy deaslty for waves corresponding to these parts of the curves decreases
monotonlcally with helght from the ground. ‘“ater, Garrett (1969), Bretherton (1969)
and Pierce, rfosey and IL1Iff {1971 have show: that for acoustic gravity waves of
period more than about 2 min. the properties o1 the waves can be ezplained by invoking
a modified form of Lamb's edge wave theory. Tie energy density for these waves
decreases exponentially with height from the fiound and the particle motions are
horizontal. According to Bretherton (1969) tae ener~y for these waves is located
mainly in the lowest 32 Km. of the atmosphere. The  heory is applicable when the
variation of sound speed and wind spced with helpght{ is small in comparison with the
sound scpeed at the ground and the wavelength of the waves 1s sufficlently large. The
theory 1s valid for waves with period greater than atout ¢ min. As the wavelength
becomes smaller, the effect of the varlation of temperature and wind becomes more
slpniflcant and the Lamb-wave theory is not applicable for waves with period less than
abcut 2 min. Energy for these short-period waves 1s concentrated in the atmospneric
sound channels. Thus, according to both the normal mode theory and the lLamt: wave
theory the energy distritution for waves of perlod more than about 2 min is such that
svfficlent energy does not reach ionospheric levels to cause any disturbance there,
which cxplains the absence of these long-p=ricd waves on the Doppler-sonde records.
To 1llustrate the above reascning a plot of the vertical varlation of the amplitudes
ol perturbation pressure, vertical velocity and kinetic enerpy density for acoustic
fravity waves (normal mode theory) of perlod 282 sec. 1s shown 1in Fig. 8. The theory
and computational proced:re used to obtailn these curves are explained by Balachandran
(1968). Appropriate temperature and wind data was used to generate the dispersion
curves and the vertical prnfiles of wave parameters. The data used was apnroprlate
for the waves recelved at Pouphkeepsie, N. Y. from the nuclear test in the Pacific
on October 30, 1962. The exponentlal decrease of kinetic enerpgy denslty and pressure
with heipght 15 evident from the figure. (The plots are in arbitrary units normallzed
with respect to the pressure at the pround). Althourh the amplitude of the vertical
velocity shows an increase above 100 Km. the amount of kinetlc energy avallable is
not sufficient to cause any disturbance at lonospheric helpghts.

In the case of acoustic gravity waves with period less than about 2 min., which
corresponds to the acoustic modes in the normal mode approach, the plcture is quite
different. Fig. 6 also shcows pressure, vertlical veloclity and kinetlc energy density
profiles for waves with period 94 sec and 65 sec respectively. The data used in the
computation was the same as that for the waves with the perlod of 282 sec. It may
be notlced that rather than decreasing exponentlally with helpht, the enerpy 1is chan-
nelled 1n the sound channel below about 100 km in the atmosphere., This 1s clear from
the kinetlic energy denslty profile in the flpure. The ionospheric dlsturbance may be
explained as belng produced by the small amount of energy leaking from the duct. The
profiles in Fig. 8 may not clearly show this picture because these proflles are plotted
for fully ducted modes (by utilizing a seml-infinite layer, at the top of the atmos-
pheric model, in which the energy density decreases exponentially with heipht) of
acoustlc pravity waves. Put the ducting process may he expl@ined by the diapram and
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if we 1imapine that the duct 1s slipghtly imperfect, the plcture of acoustic waves In the
fonosphere becomes clear,

The reason why only the waves which travel along the snortest path on the globe
are detected at ic..ospheric levels may ve explained as follows. The short-perilod
acoustic modes get attenuated when they travel along the lorwger path (A2 wave, A3 wave
etc.) and only the long-perind gravit: modes have sufficient amplitudes to be detected
by the microbarograph at the ground level. Since the gravity modes do not produce
ioncspheric digturbances, as we discussed earlier, 1> signal is detected at ionospheric

levels which correspond to A2 waves, A3 waves etc. which are detected at the ground
level.

To summarize, acoustic gravity waves with per'ods more than about 2 minutes
produced by nuclear exploslons are not detected at ionospheric heights, because thelr
energy is confined to lower lovels of the atmospherc. VWaves with period leoes than
about 2 min. are detected at ionospheric levals. These waves travel as partially

ducted waves in the neutral atmosphere with enerpgy lezking to lonospheric levels to
cause disturbances there.

It may be pointed out that in this paper we are considering only ionospheric and
neutral atmospheric waves whilch travel with a group velocity roughly equal to the
veloclty »f sound near the pround and not the hipher pgroup velocity waves reported by
Tolstoy and Herron (1970).
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Flg. 5. Comparison of microbarograms cbtained at Poughkeepsie, New York {a) and
Berkley, California (b) with lonospheric disturbance above Boulder(c)
following the nuclear explosion of October 30, 1962. (From Baker, 1968)
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Fig. 6. Comparison of the records of ionospheric disturbance atove Boulder (&) with
the microbarogram at Fallsades, New York (b) following the Soviet nuclear
test of Sept. 10, 1961 in Novaya Zemlya. The absence of iong period waves
on the Doppler record may he noticed.

122

DT T TS

S




- POUGHKEEPSIE, N.Y. OCT. 3|, 1962 |
()()8532 T1 ‘AE —

100 ] bé . N A\ 1 r T I i § gy
S T
8 eo( / <\, \\:\. L ) \\ ' \ r ' |
Q A )~ ‘ :
Qqﬂ 60 \ "%<” 2/ /V/\ \( ) ) ' 5 |

T T

!

Fig. 7(a) Microbarogram recorded at Pouphkeepsie, New' York and its running spectrum
analysis for the nuclear explosion of October 30, 1962. !

\ 1 !

TIME , - !

PERICD (sec)

T
oY i)

ra—

150 sec

Fig. 7(v) Becord of lonospheric dlgturbance at Boulder and the running spectrum
analysis for the exnloslon of Qctober 30, 1962, :



b o adiak e e e e e

A M

9.9

RSP -2 it

SRR

A \

g ! é\

P w kE P w K.E. P w k.E.
FOR 282 sec. FOR 9% sec. FOR €5 sec.

ALTITUDE IN KILOMETERS

Fig. 8. Plot of perturbation pressure (p) vertical velocity {(w) and kinetic energy
density (K.E.) for waves with various periods. (The period in seconds 1is
shown near each curve).

o

12




MODELING OF NUCLEAR SOURCES OF ACOUSTIC-GRAVITY WAVES

by

Brian L. Murphy and Sheldon L.Kahalas

Mt. Anbum Research Associates, Inc.
Newton, Massachusetts
USA

PP L

UM i i i

i




10

MISE AU POINT D'UN MODELL: REPPESENTANI DES SOUPCLS NUCLEAIRES
GENERATRICES D'ONDES ACOUSTINUES ET DE GRAVITL

par

B,L, Murphy et S,L, Kahalas

SOMMATRE

Las suteurs ftudient le rapport entre les mouvements hydrodynamiques créés per une ex-
plosion & feible altitude et les perturbations ionosphériques qui en résultent, Ils considérent
1l'onde de choc ascendante et la boule de feu qui e'éléve comme constituant toutes deux des soure
ces hydrodynsmiques, 11s montrent que l'on peut distinguer différentes perties dans le front de
choc suivant ls perturbation icnosphérique qu'elles créent, La partie du front de choc réflézhie
par le nivesu d'altvitude 100 d 120 km produit des périodes de perturbation de l'ordre d'une minute
pour une axplosion d'une mégatonne, La partie de l'onde de choc qui se propage su-dessus de 10C-
120 km est responsable, par un processus non-linésire complexe, de périodes de pertirbation excé-
dant 10 minutes, Les sutewrs monirent que ls boule de feu & une aptitude maximale & engendrer des
ondes acoustiques et de gravité lorsqu'elle atteint son sltitude de stabilisation et tend & un
équilivre hydrodynamique avec l'stmosphére, La théorie et les expériences effectuées en laboratoire
montrent que la boule de feu produit alors un spectre d'ondes avec des sommets carrespondant a des
périodes légérement plus longues que la période ambiante de Brunt-VRiakla (= 5 minutes),
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MODELING OF NUCLEAR_SOURCES
OF ACOUSTIC~GRAVITY WAVES

Brian L. Murphy and Sheldon L. Kahalas
Mt. Auburn Resedrch Associates, Inc.
Newton, Massachusetts., U.S.A.

|

SUMMARY

The relationship between hydrodynzmic motions caused by a low altitude explosion and subsequent
fonospherit disturbances is reviewed. Both the upward going shock and the rising fireball are consider-
ed as hydrodynamic sources. It is shown that different portions of the shock front may be classified in
terms of the ionospheric disturbance they crerate. The portion of the shock front reflected from the 100-
12C km altitude level produces disturbance periods the order of a minute for a megaton detonation. The
portion of the shock front which propagates above the 100-120 km level is responsible, through a com-
plex nonlinear process, for disturbance perinds in excess of 10 minutes. It is shown that the fireball
is most efficient in generating acoustic-gravity waves when it reaches its stabilization altitude and
approaches hydrodynamic equilibrium with the atmosphere. Theory and laboratory experiment indicate that
the fireball then produces a wave spectrum peaked at periods slightly longer than the ambient Brunt-
Vitsala period ( = 5 minutes).

1. INTRODUCTION

It is known that large yield nuclear explosions result in ionospheric disturbances which can be
observed by electromagnetic means at great distances from the explosion site. It is also widely recogniz-
ed that these disturbances are a result of acoustic-gravity waves whose propagation is supported by the
neutral fluid component of the icnosphere. A recent bibliography contains many references to observations
and theory relating to detonation produced disturbances (THOMAS, J. E., et al., 1971).

Much of the previous theoretical development deals with wave propagation rather thar source
modeling. 1t is to the latter topic that this paper is devoted. In the subsequent discussion we outline
how the hydrodynamic motions near a nuclear detonation result in the generation of acoustic-gravity waves
and how the properties of these waves are determined by the explosion parameters. That is, how onset
time, amplitude, and period of the ionospheric disturbance are related to exclosion yield and height of
burst,

Because we concentrate on source modeling, we will not discuss wave propagation except insofar
as it is necessary to do so to relate theoretical predictions to observations. Similarly, we do not
consider how the neutral fluid motions determine ionospheric electron densities and hence the ultimate
electromagnetic effect. This difficult problem has been treated by a number of authors (for example,
HOOKE, W. H., 1968).

Our treatment is limited to Tow altitude detonations where the initial energy deposition may be
assumed to be local and spherically symmetric. For this type of detonation both the shock and the fire-
bail can generate acoustic-gravity waves. The mechanisms which will bhe discussed are as follows:

a. The direct effects c¢f the shock are manifest as ionospheric signals with periods
the order of a minute for a megaton detonation, the period being determined by
the positive phase duration of the shock when it reaches the ionospheric level.
The acoustic signal in this case undergoes multiple reflections between tne
ground and the base of the ionosphere. The ducting is imperfect at the upper
level and energy continuously lteaks into the ionosphere.

b. In addition, the short period (orde+ of a minute) hydrodynamic motions that
characterize the shock as it enters the ionosphere above the burst evolve into
long period (10 minutes and more) disturbances through a highiy nonlinear pro-
cess occurring at the 100-120 km altitude level. This phenomenon, which has
been demonstrated by numerical calculations {GREEMNE, J. S., Jr. and W. A,
WHITAKER, 1968), involves a refraction and folding over of the shock due to the
rapid change in ambient temperature at this level. Long period wave propaga-
tion due to this mechanism commences at 10 minutes or more after the detonation.
This time, which is when the effective excitation apnears to have begun accord-
ing to a distant observer, is the time required for the shock to reach the
ionospheric level and for the long period fluid motions to become established.

c. Tne fireball is most efficient in generating acoustic-gravity waves when it has
reached its terminal or stabilization altitude. It then approaches hydrodynamic
equilibrium with the atmosphere on a time scale comparable with the Brunt-Vaisala
period, the natural oscillation period of the atmosphere. This is also approxi-
mately the time required for the fireball to reach its terminal altitude and wave
gereration to being. For, as will be shown, the fireball is not an efficient
emitter of waves during the early portions of its rise.

Acoustic-gravity wave gereration during fireball terminal phase has been modeled
in the laboratory and these experimental studies will be described.
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As shown below, for megaton range detonations the energy available for wave
generation by the fireball is comparable to the energy available for long
period wave gereration by the shock. However, the dominant frequency of the
waves generated by fireball stabilization is only slightly less than the
Brunt-Vdisala frequency and waves of this frequency propagate at relatively
steep angles to the horizontal. For this reason the fireball mechanism may

9 only be capable of producing ionospheric disturbances in the immediate vicin-
ity of the burst location.

These genceral remarks are discussed in more detail in the succeeding sections. We first dis-
cuss the shock and then the fireball mechanism. We then assess the importance of these mechanisms in
terms of the resulting ionospheric effects.

2. SHUCK WAVE GENERATION OF ACOUSTIC-GRAVITY WAVES

It is useful to first consider the propagation of the shock front as it is refracted by the
atmocphere. Different portions of the shock are refracted differently. This leads to a classification
of different portions of the shock front in terms of the types of ionospheric disturbance that they create.

At some distance from the burst point the shock becomes weak, that is, the relative overpressure
4P/P becomes much less than unity. aP is the overpressure and P is the ambient obressure. For
example, for a megaton detonation aAP/P = .1 at about 9 km \LEKTO, D. L. and R. A. Larson, 1969). When the
shock becomes weak the effects of atmospheric stratification and wiads become fwmportant.

o g

: An example of ray tracing calculations for a realistic (but windless) atmosphere is shown in
Figure 1 (BARRY, G.» 1963) for a source located at the ground. The figure does not include any non-
acoustic propagation effects such as those arising near the source where the shogk is strong. The initial
ray angles in Figure 1 start at zero degrees to the horizontal and increase in 5% increments. The ultimate
behavior of different portions of the shock front is determined by the initial angle of propagation relative
to the horizontal as indicated in Figure 1. As this angle is increased the different types of disturbance

are:

e 3

a. Acoustic disturbances reflected back toward the earth before reaching the
ionosphere. In Figure 1 this corresponds to initial angles of less than
200, This type of signal may undergo repeated reflections between the

ground and some higher level, in Figure 1 the 40 km region of *he strato-
! . sphere, where suitable temperature and wind conditions exist. When this
; ' portion of the shock front becomes weak it may be repeatedly split by

winds resulting in a mutipulse lype ov infrasonic signal (MEECHAM, W. C.,

1968).

The direct shock which reaches the 100-120 km level of the ionosphere
before being reflected at the region of very sharp temperature increase.
This signal, which corresponds to the interval from 200 to perhaps 359

in Figure 1, can be ducted between the base of the ionosphere and the
ground as shown. As discussed below, leakage from the upper portion of
the duct to the ionosphere is probably responsible for acoustic-wave
disturbances observed in the ionosphere (BAKER, D. M., and K. Davies, 1968).

e
o

i

; c. A portion of the shock front which propagates into the thermosphere beyond
the 100-120 km leve!. This corresponds to angles of more than about 350 in

Figure 1. Numerical calculations of the nonlinear hydrodynamics done by

F Greere and Whitaker (1968), which are discussed below, show that this por-
3 tion of the shock loses much of its energy in the creation of a horizontally
f propagating disturbance behind the front.

This disturbance is believed ts he responsible for the very long period
jonospheric perturbations cbserved at great distances following large yield

] explosions.

i Our concern in the following is with the portion of the shock front which reaches the 100-120 km
' altitude level. Throughout, only the primary shock wave is considered and secondary shecks due to reflec-
; tion frem the fireball or the ground are neglected.

We first determine the properties of the upward going shock at the 100-120 km altitude ievel.
We then discuss the relationship of these shock properties to the properties of short period ionospheric
disturbances. Finally we discuss the nonlinear process at the 100-120 km level which results in the gen-
eration of long period ionospheric disturbances.

2. The Upward Going Shock

In this section we will calculate the relative overpressure and the positive phase duration of
the shock at the base of the ionosphere as functions of yield and height of burst. These results are sub-
sequently used to relate icnospheric disturbance properties to explesion parameters. To determine the pro-
perties of the upward going shock a simplified scaling law known as modified Sachs scaling is used (LUTZKY,
M. and D. L. Lehto, 1968) together with weak shock theory (REED, S. G., Jr., 1959).

T TR A T T . W g g

According to modified Sachs scaling the relative overpressure, in an inhomogeneous atmosphere, at
a distance r from an explosion where the ambient pressure is P(r), 1s just the same &s if the explosion had
occurred in a homoyenecus atmosphere with ambient pressure P(r). That is:
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where Y is the explosion yield and f is the functiofi which gives tne relative overpressure in a homogeneous \
atmosphere. An example of the application of modified Sachs scaling is shown in Figure 2 where we compare
the predictions of this scaling with the results of SAP and SHELL calculations for relative overpressure 1

versus distance. SAP is a one dimensional Lagrangian hydrodynamic code and SHELL is a two dimensional
fulerian hydrodynamic code. These calculations are for shock propagation at 450 from the horizontal due to
a 4 MT isothermal sphere at 5 km altitude (GREENE, J. S., Jr., personal communication, 1971). The modified
Sachs scaling curve has been ccnstructed using the 1962 Standard atmosphere for the ambient pressure P{r)
and the homogeneous atmosphere, real air, calculations of Lehto and Larsen (1969) for the function f
occurring in Eq. (7). Notice that the SHELL calculation consistently gives somewhat higher relative over-
pressures below 100 km altitude than does SAP. This is because it includes the effects of fireball rise
which SAP does not. The rising fireball, particularly for large yields, prevents the shock from relieving
5 backwards. At very small angles from the horizontal %he differences between SHELL and SAP are negligibie.
3 Both SHELL and SAP show a drop in relative overpressure commencing at about 100 km altitude. The reason
for this and its relation to acoustic-gravity wave gereration at the ionospheric leve) will be discussed
shertly. First we continue the discussion of modified Sachs scaling and the upward shock propagation.

s It is not entirely clear why nodified Sachs scaling works as well as it does. However, in this
example, as well as in others not shown here, modified Sachs scaling is definitely more accurate than scal-
ing of distance with respect to ambient pressure at the detonation altitude. Because modified Sachs scaling
is expected to become more inaccurate with increasing distance, we use it only to obtain starting values
near the burst point for the zpplication of weak shock theory. In using weak shock theory to obtain scaling
laws for the shock properties on entering the ionospheric level we make two simplifying assumptions: First,
: that the atmosphere can be approximated as exponential. Second, that in spite of refractive effects, each

) portion of the shock frunt propagates independently with its own effective radius of curvature. These
assumptions are justified by the fact that we treat shock propagation in the atmosphere below 120 km altitude
where the scale height is approximately constant and by the fact that we only consider the portion of the
shock front which is not seriously refracted (i.e. reflected) before reaching the altitude in question.

For reasons which appear below we begin using weak shock theory at a distance ro where 4P/P =
APQ/PO first equals 0.2. Assuming that the atmosphere near the burst may be approximated as exponential
this value of the function f occuvring in Eq. (1) corresponds to (LEHTO, D. L. and R. A. Larson, 196%):
|
‘ -
i r0/3H ) Y 1/3 km, (2)
! 53
| Py

r.e = .
D]

whare Y is the yield in kilotons, and P_ is the ambient pressure at the burst point in atmospheres. H is
the effective scale height in kilometerg for the (upward? direction being considered.

At distances r > ro we use the weak shock equations derived by Reed (1959). These are:

aP ¢t P
AP _ 0 0 '+

, el VA (3)
1 r l.
\ t Py P 'l

+ + ] 0 © 0 dr
4 2olrergd g ()
1 £ [ v Pt 0\/; "]

where t_is the positive phase duration of the shock, y is the ratio of specific heats, and c is the speed
o sound. Nonlinear (weak shock) effects are contained in Ey. (3) within the factor tf/t+. This factor
as given by £q. (4) includes both the effecis of dissipation at the shock front and positive phase length-
ening due to the supersonic front velocity.

The dependence of t, on values of ro may be eliminated by takiny the logarithmic derivatives of
Eqs. (3) and (4) and combining to obtain:
g
i (5)

t =
+ r r o ) AP
t] + 3 57 inpP+tr e n 5—]

For an exponential atmosphere this becomes:

-i}—]—rﬁ
SR el (s
_.?W+ nj
where
_3 AP (7
n:ra—r—ln P
The value ¢~ n is obtained from Eq. (1): 3
p
N 2 AP _r b £l _r
n(r) zr o inp- = [1 3“]( g ) rE ﬁ §H1 Ny (8)
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where f' is the derivative of f with respect to its arqument and np is the value of n for a homoyeneous B
atmosphere (H - =). The quantity n, is plotted vs. relative overpressure in Fig. 3. Note that, consis~ 3
tent with Figure 2, the minimum value of 4P/P corresponding to n = 0 occurs at r = 3H, that is at an %
altitude 3 scale heights above the burst point. 2
Combhining Eqs. (6) -~ (8) we obtain: *
SRl ?
= vC p__ (9)
Yogen) -k
h TN 3
At r = r., aPy/Py = .2, and according to Figure 3, n, = - g». Thus we obtain from Eq. (9):
oyt |
t, o (.1) o (10)
which permits Eqs. (3) and (4) to be written as:
9
-r /2H r 2
= X 0 roi 0
=Bl (v, (1ee [si(?_.ﬂ E, (?ﬁ)] ()
) fo e-(rowr)/ZH
[\ = . Top (]2)
[ T
-r /2H r 2
T+e © £, |L)- E. —9\
i {2H i 2H,
where "o is given by Eq. (2) and where the exponential integral Ei is defined as:
X ot
£, (x) = J[ e gt. (13)
-r /2H
At the base of the ionosphere (considering only Tow altitude detornaticns) the term e
E1 (%ﬁ) dominates in the radicals occurring in Egs. (11) and (12) and furthermore may be approximated as
r -
2H "ol
v e""[—m—y
-ro/3H
Making this approximation and using Eq. (2) to eliminate factors of ro € we obtain from
Eqs. (11) and (12):
1/3 r /12H
t, = 075 XL [L)TT 0T/
¥c Pb r (14)
1/3 r /120 _r/4H
& .075(%—) e © e (15)
r /12H b Vhr
The factor e ° may be neglected since r, cannot be larger than 3H, the reason being that
aP/P = .2 must occur before the minimum at r, = 3H if ig is to occur at all. (According to Eq. (2),
AP/P does not become as small as .2 for sea level yields in excess of 60 MT.) We set r/it = (7-74)/Hy, where
-z,/H
z 1s the shock atvitude, zp 1s the burst altitude (e b™"s . Py}, and H is the scale height in the vertical
direction. Then taking He = 7 km, v = 1.4, and ¢ = .3] km/sec as representative values below 120 km alti-
tude we obtain the final ?orm of our expressions for the shock positive phase duration and relative over-
pressure:
; 2/28 .
t, =1 y/3p 12 e (16) j
z -2z :
-1/12 Yz - 2 5 i
AP 1 b i
- o v13p —t Q228 (17) o
For 4MT at 5 km and for shock prupagation av 45° from the horizontal Eq. (17) predicts aP/P = 1.2
at 100 km altitude. The SAP and SHELL results shown in Figure 1 both give about aP/P = 1.6 at this alti-
tude. That the agreement is only approximate is not surprising in view of the several assumptions made and
in ?articular due to the fact that the weak shock theory employed becomes inaccurate when 8P/P 2 1. For
smaller ytelds or propagation closer te the horizontal the theoretical results should be more accurate.
The properties of the shock when it reaches the ionospheiic level are given by Eqs. (16) and (17). : j

These properties, which will be used in the subsequent discussion, are as follows:
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a. The relative overpressure and positive phase duration are both proportional
to cube root of vield.

b. Both relative overpressure and positive phase auration are insensitive to
height of burst at least for low altitude detonations. Taking z to be 100 km

-z, /H
and recalling that Pb =g b where H is taken to be 7 km we find Lhat the

ﬁgspective hﬁight of burst dependences are: t, [1 + zb/5§]and AP/P ~
L 1+ zb/MSJ , where zy is in kilometers,

c. For a given altitude the positive phase duration is independent of range and
the relative overpressure decreases linearly with rance.

d. A megaton detonation at sea leve! has a positive phase duration of about 39
seconds at 100 km.

2.2 Direct Effects of the Shock

We believe the direct effects of the shock to be the source of the may observations of iono-
spheric disturbances following nuclear tests with periods between 30 seconds and 10 minutes, periods of
about a minute being predominant (BAKER, D. M., 1968). These disturbances were observed by a doppler
technique between altitudes of 150 and 200 km and appeared to propagate at speeds of about 300 meters/sec.
Typically the explosions involved were the order of a megaton.

An example is shown in Figure 4 of the aisturbance observed foilowing the United Statest megaton
range detonation Housatonic on 30 October 1962 (GLASSTONE, S., 1964, pg. 677e). BAKER (1968) points out
that a feature occurs on 4 MHz, which 1s reflected from 180 km, about 17 seconds earlier than a 5 MHz, which
is reflected from 190 km. He finds therefcre that the disturbai ce was propagating upward with a speed
approximately equal to the local sound speed. On this basis ana because of the known acoustic ducting
properties of the atmosphere he hypothesizes that the acoustic signal has the bulk of its energy confined
in a duct below 110-120 km altitude and that it is leakage from this duct that is responsible for the

ionospheric disturbance.

The point we wish to make is that the observed periods of these ionospheric disturbances are
approximately the same as the periods which the shock from a megaton range explosion would contain on reach-
ing the ionospheric level. We say approximately because among other things it is not clear whether the
periods contained in the shock are the order of 2t, or some slightly larger value. In terms of Figure !
this means that the portion of the shock which initially propagates at angles of from about 20° to 35° is
responsible for these short period ionospheric disturbances.

Ionospheric disturbances with periods greater than 10 minutes, which we now discuss, are related
in a complex manner %o the portions of the shack which inivially propagate at steeper angles to the hori-

zontal,
2.2 Long Period Acoustic-Gravity Wave Generation by the Upward Going Shock

As previously noted, Figure 2 shows a dramatic drop in relative overpressure commencing at about
the 100 km altitude Tevel. The reason for this can be seen by examining the SHELL outputs for the detailed
flow, one of which is shown in Figure 5. This Figure is a contour plot of relative pressure as a functicn
of altitude and horizontal distance at a time of 600 seconds. The spherically expanding and upward moving
shock wave is refracted at the 100-120 km altitude level where the ambient temperature begins to increase
radically. O0Of course, the vertically propagating shock front is unrefracted. The rcsult is the genera-
tion of a horizontally propagating disturbance 1n the flow behind the shock front. "This disturbance drains
energy from the shock which continues outward and upward.

The escential feature of the Greene-Whitaker calculation is thet the effective source of the
long period gravity wave disturbance is located at an altitude of 100-120 km above the burst. The effec-
tive source commences 10 minutes or more after a sea level detonation, this being the time required for
the shock wave to reach the ionospheric level and for the rotating flow of Figure 3 to become established.
This deiay time correction to the travel time has been observed following several low altitude expiosions

(HERRON, T. J., 1977).

The velocity vector plots, which are nat shown, indicate that the dominant motion in the dis-
curbarice depicted in Figure 5 is a rotating or vertex flow and on this basis we proceed to estimate the
disturbance kinetic energy. The geometry asstvmed for this vortex flow is indicated in Figure 6.

The kinetic energy of the motion is:

ES = [ Lo \l2 dv, (]8)

where the volume element for the region containing the vortical flow is:

dv = 2 v R (2nr! dr') (19)
For the assumned flow we may define a constant vorticity within the rotating region:

N '
wEL |V x V| = lz’i.—lr'“ (20)
in terms of which kq. (18) becomes- -

Fo= 8 280 R f nl(r') re3 dr’, (21)
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and appreximating p{r') by Ny the ambient density, this results in:

ES a 2 W2 u)z Y‘“ R pa (22)

We estimate R = 150 km and r = 30 km based on Figure 5. This latter value is approximately
the gradient scale of the temperature change responsible for the shock refraction and development of the
vortical motion, 1.e. T/vT = r. We estimate the maximum flow velocity v(r) as being approximately equal
to ths sound speed at 130 ki, that is about .64 km/sec. Then for an ambfent denisty of 7.6 x 10°7 kg/
meterd we obtain E = 5 KT, that is about .1% of the total 4 MT yield.

For smaller yields than our 4 MT example, the yield scaling of kinetic energy is % pVZV. where
p is the density, v the fluid velocity, and V the volume over which the rotational motfon takes place.
For a weak shock we expect only the fluid velocity to be a function of the detonation parameters. Since
this veiocity is proportional to the relative overpressurg 8e find from Eq. (17) that the energy in the
horizontally propagating disturbance is proportional to Y /3. Thus with a proportionality constant deter-
mined by the 4MT exampie we may write:

Eg/y * 2 X 0%y ! {23)
We will compare this estimate with the energy avaiiable in the rising fireball for wave generation, which
is derived below.

3. FIREBALL GENERATION OF ACOUSTIC-GRAVITY WAVES

The fireball is a buoyant rising fluid element and as such deforms into a torus or vortex ring
configuration. The flow is illustrated in Figure 7. During the initial rise period, that is, well before
the stabilization time the flow around this vortex ring can be treated as the flow around an equivalent
solid vbject. Warren (1960} has calculated the wave emission and wave drag on a sphere moving vertically
in a stratified incompressible fluid. His theory predicts that gravity wave emission is negligible when

% > 1 (24)

where @ = v/2a, v is the sphere velocity, and a the sphere radius. The Brunt-Viisala frequency N, is the
high frequency cutoff for gravity wave propagation. The onset of wave emission at a/N = 1 has been exper-
jmentaily verified (MOWSRAY, D. €. and B. S. H. Rarity, 1967).

A buoyant sphere rises at a velocity (SCORER, R. D., 1950)
v (g8a) (25)

- ]
where g is the acceleration of gravity and g = 9—3—9- is the buoyancy defined as the difference in density
between fireball and its surrcundings divided by the ambient density.

Warren's criterion for significant gravity wave emission therefore gives:

2
T
a>98(-4%y- “ 5.6 8 kn, (26)

for a Brunt-Vaisald period Tpy of 5 minutes. Because of the very high fireball temperatures involved at
early times we may approximage g by unity. Then Eq. (26) states that a fireball radius of 5.6 km is
required for the onset of appreciable gravity wave emission. According to the data in Glasstone (1964,

p 10) this would require a yield in excess of 30 MT. We conclude that for sea level detonations only very
large yields could result in gravity wave emission during the initial period of the rise.

When the firebell reaches its stabilizatinn altitude and proceeds toward hydrodynamic equilib-
rium with its surroundings, conditions more favorable for gravity wave emission do occur. However, before
considering the details of how this wave emission arises we conclude our discussion of the initial rise
period by computing the fraction of the total yield which is contained in the kinetic energy of the ris-
ing fireball for a sea level detonation. We wish to compare this energy with our previous estimate for
the energy available in the shock for long period gravity wave generation. The fireball kinetic energy is:

Ef=lst2=%Mgsa (27)

where we have used Eq. (25) for y. The mass occurring in Eq. {27) is not the mass of the fireball itself
but rather that of the considerably larger mass of ambient air which moves with the fireball, the so called
virtual mass (DARWIN, 1953). This mass is equal to half the mass of ambient air which would cccupy the
fireball volume. Accordingly we write:

- 4

Fe -3 2 098 (28)
According to Giasstone (1964, pp. 74-75) the terminal fireball radius is about 750 feet for a 20 KT detona-

tion. The temperature at the time (1 sec) this radius is achieved is about 10 times ambient, and hence
assugin?/gressure equilibrium 8 = .9. Assuming cube root scaling with yield we may then write. a = 8.45
Y

x 10 cm, where Y is in kilotons. Eq. (28) then gives the fraction of the yiel¢ which is available as
kinetic energy of fireball rise:

E

g =15 x 007 v/ (29)

Comparing this with Eq. (23} we find that for a yield of about 1.6 MT, Ef = Eg. Thus for yields in excess
of this value we expect the energy available in the rising fireball for long period gravity wave genera-

t
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tion to be greater than the similar energy avajlable in the upward going shock.

We now turn to a description of how this fireball rise energy becomes available for the genera-
tion of lony period gravity waves.

30 Oscillating Vortex Model of Fireball Stabilization

In this section, the relation between a fireball in the terminal phase of 1ts motion and the
fluid oscillations that result as it stops rising are considered. An approximate expression for the
frequency of the resulting metion is derived in terms of the fina) motions of the fireball and the atmo-
spheric parameters. Qur analysis of gravity wave generation by a rising firepall differs from the work
of Tolstoy and Lau (1971) in that it is based on the theory of buoyant vortex ring..

.1ﬂ We consider a ring vortex where the core radius R, is much smaller than the major radius R as
shown in Figure 8. The substance, a spheroidal mass of air surrounding the ring, moves with the ring. The
difference between the mass contained in the ring and in the substance, and an equal volume of the atmosphere
is:

:f r zz(r)
3 oM =2 “f f (o' - po) dz rdr, (10)
¥ 0 z](r)

where o'(r,z) is the mass density inside the vortex, no(z) is the ambient density, and zz(r), z](r) define
the boundaries of the substance.

On a contour such as 1, which contains but does not intersect the core, the circulation X is
given by:

k=Rt (31)

-

where the dot indicates a time derivative. The quantity C depends logarithmically on the distribution of
vorticity within the ring. We assume that the motion is similar and that therefore C is a constant.

The circulation along contours such as 1 and 2 changes during the rise according to the
Bjerkness Eq:

. d .
R=-¢ 2, (32)
where p is the pressure, taken to be ambient under the assumption that equilibrium has been obtained.
R On a contour such as 2 which does not contain the core, K = 0 at all times and hence K = 0 at
) i all times. On any contour such as 1, which contains but does not intersect the core, K must ve the same.
: Hence at any time K must be the same for all such contours.

Eq. (32) can be rewritten:

2,(r) 2,(r) -z, (r) N
] § . do _  ;dp 2 2 dn 2 (og =0")
Ke-gom =95 - or oy ® o (33)
0 z,(r) z,(r) e z, (r) o
1 1 1
. dp _ . . . dp . _ . . .
: since j 5 0. Using the hydrostatic equilibrium equation a% = - G, Eq. (33) finally becomes:
] 0 2,(r) .
. A P
K=g — T dz (34)
Z](r)

which is nonzero and independent of r for r £ R - Ro and is zero for r Z R + R_. Since the model is
intended to apply to the later stages of fireball rise when the buoyancy has bBcome small we replace n'
in the donominator of Eq. (34) by 0g- We further assume that the fireball is small enough that the inte-
gration in Eq. (34) takes place over much less than an atmospheric scaie height and that the factor 1/p
may be taken outside the integral. Then using Eq. (34) we may rewrite Eq. (30) as: 0

2 r . sz “
oM = - &L oy f K rdr = - = eK (35)

Conservation of mass gives:
4 )- dv‘_dv_a_\
gl oo F )
where V is the volume over which the integration in Eq. (30) is done and p" s the average density within
this volume. The term dVa/dt represents the volume change due to adiabatic expansion as the vortex moves

(36)

upwards:
dv de
a __ 1,1 o (37)
& a-t Y (‘o JE
Thus Eq. (36) becomes: .
d : BT VT R
a v (0" - 05) = gt v . g (38)
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combining this result with Eq. (35) for &M we obtain

d N
Fap 4 2 gV x -1 1. fo _ : i
K+ K dat n DO R “Ré- - 5 e 0 (39) ‘
making use of the fact that
" do 3
g HEQ' = 5 zand 2 = C % this becomes:

2 2

K+ kG anorf + 2N k=0 (40)
o o S .
where N© = - Ll-;—ll g— _ag is the ambient Brunt-Viisali frequency and o° = &= 1is a constant of order
0 mR
unity as discussed below. Eq. (40) is most conveniently solved in terms of an auxilliary function Q:
K= —3— (41)
1} o. R
where 0
w“ \’p R
Q+ [ - 22— Jq-0 (42)
) Vo R
. d2 0
and where (\[T_ R) represents P (\/E; R).
Assuming that the bracketed term in Eq., (42) is slowly varying we obtain the WKB solution:
- 5
o1 [ 202 (v ¥
p i j a® N - dt
Y o, R
0 . (43)
2.2 VegR 4"
a” NY - e
' o R
Using Eqs. {31) and (41) this gives the solution for z:
. L
n vﬁ R :
- exp 1 [ OLNZ-(— 0)]dt
J Vo, R
. ] G
Z 5 i (44)
p, R” h ‘
0 p_ R
[LXZNZ - L—‘O‘— }
V %o R

Before discussing the physical significance of this equation it is useful to consider the

quantity o = Y in more detail. The volume V is approximately equal wRaz. Az 1s the vertical distance over

TYR3

which the z integratien in Eq. (30) is done.

Alternatively Az may be interpreted as the effective distance

beneath ‘he ring from which fluid is drawn up to the ring

Observations of laboratory releases of buoyant

about .13 for a spherical vortex (LAMB, 1932).

fluid with a spheroidal substance suggest the value 4z = 3R {TURWNER, J. S., 1960).

This gives « = .62.

The quantity C is
In general we expect o to be constant

so long as C is, and to have a value somewhat less than unity.

Equation (44) applies from the time the fireball has formed a vortex ring and has entrained
sufficient air that the interior density ' is approximately equal to the ambient value ng. Thus we are
not able to describe the early stages of the rise. However, the more time consuming Tater stages of the
rise will occur on a time scale the order of n/aN, that {s on tho order of the Brunt-Vaisala period. For
nuclear clouds which du not spread rapidly when approaching their stabilization altituce, vertical oscilla-
tions will occur at a frequency . According to Eq. (44), clouds which spread rapidly will ugdergo nscil- 1
Jations at a Yower frequency than uM and the ampVitude of the oscillations will subside as 1/R¢ as the
cloud spreads. If the cloud radius spreads sufficiently rapidly (such as exponentially on a time scale
shorter than ‘gy ) there will be no oscillatory motion and the approach to equilibrum will be overdamped.

In any case, for megaton range detonations where the nuclear cloud penetrates into the very
stable strato.phere, a rapid yrowth in cloud radfus ensves (GLASSTONE 1964, pp. 35-37). This would tend to
reduce the amplitude of gravity waves due to vertical oscillations of the cloud. In general, for given
atmospheric conditions there ma' be an optimum yield-height of burst combination for gravity wave genera-
tion by the stabilized fireball but it is currently unknown.
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To gain further insight into the wave pattern generated by this tvpe of buoyant oscillation,
laboratory experiments have been performed at Mt. Auburn, as described below.

3.2 Laboratory Observations of Gravity Wave Generation by Buoyantly Rising Masses.

A photograph of the experimental apparatus 15 shown in Figure 9. The experiments were perform-
ed in a plexiglas tank 5' x 3' x 3%' deep. A linearly stratified density fluid (sult and water) was
estsblished in the tank by carefully introducing flufd layers nf successively decreasing density. This
stratification very closely approximates an sxponential medium over the dimensions of the experimental
region. The density gradient was checked by carefully weighing a 300 cc teflon rod suspended at varying
depths in the fluid. and after some days it was found that the initial density discontinuities had smooth-
ed out to fcrm a Tinear density gradient. Using ethyl alcohol as the buoyant, miscible fluid, a number
of buoyant reifeases were made from a release mechani{sm on the base surface of the tank. Visuaiization of
the wave motions in the fluid was achieved using small neutrally buoyant polystyrene beads which acted as
excellent scattering centers for a well collimated light beani. Thus a cross-section through the fluid
motions was observed.

A 16 wm cine camera was used to record the internal wave motions and schematic drawing based on ;
& sample frame is shown in Figure 10. For this release the buoyant fluid was dyed to be readily observable. \;
The formation of a vortex ring structure and vertical oscillations and rapid spreading of the initially )
buoyant fluid as 1t reached its equilibrium level were clearly observed.

Tynically the time required for the top of the released fluid to reach its maximum altitude was J
atnut 8 seconds, somewhat shorter than the Brunt-Yaisala period in the tank (9.8 seconds). ¢

The wave pattern, which was more complex than anticipated, in conveniently divided into the four !
regions shown in Figure 10: (1) Directly zbove and below the source region small amplitude oscillations : p
of the beads were observed. The period of these oscillations as nearly as could be determined was equal i
to the Brunt-Vaisala period. (2) The amplitude and the period of the oscillations increased with increas- s
ing angle from the vertical. The amplitude reached a maximum at an angle nf about 60° where the period was d
about 12 seconds. (3) The amplitude then decreased slightly with increasing angle. This region existed
over a relatively small angle and it was difficult to observe changes in the period within this region. .
(4) Finally, at very small angles to the horizontal planes of stratification, motion of the beads was
observed which was not periodic, rather the beads were displaced away from the source region and did not 3 3
return. This motion is clearly related to the horizontal spreading of the initially buoyant finid as it ; i
equilibrates. .

The propagation theory for acoustic-gravity waves predicts that waves of period t whose vertical
wavelength iz Tess than a scale height should propagate at an angle 6 from the vertical (HINES, C.0., 1960),
wiere

== = |ces 9| (45)

This propagation law does appear to be obeyed in the experiment since ¥ = Ypy at ¢ = 0, n and 1 =

3
T, 8t & = n/3, 2v/3. In theory there should be no propagating solution exactly at 0 = 0, v where T = Tgy.

How2ver, because of the 1imited spatial extent of the experimental region we are unable to cleariy dis-
tinguish vropagating from nonpropagating disturbances.

Perhaps the most interesting aspect of the laboratory observations is the confirmation of the
theoretical prediction that much of the buoyant rise energy is utilized to generate waves in the period
range 1 - 2 “gy. Our expectation is that an analogous process of wave generation would occur for a
stabilizing nuclear cloud. However, while we are able tn estimate the period of the largest amplitude
portion of the disturbance we have nnt estimated what fraction of the available energy goes into very long
periods, that is periods many times the Brunt-Vaisala period. These long period waves would propagate at
shallow angles tc the horizontal and it may be that atmospheric refraction would prevent their reaching
fonaspheric levels. [n this connection it is interesting to note that ionospheric disturbances of about 3
minutes pericd, which are associated with severe weather, are not normally observed rore than 250 km hori-
zontally from the apparent source location (GEORGES, T. M., 1968). Whether the absence of longer periods
at greater horizontal distances is a result of properties of the source or of atmospheric filtering and
vefraction is not known.

4. CONCLUSTON

In the preceding sections we have attempted to relate the different kinds of disturbance seen in
the ionosphere to the hydrodynamic motions accompanying a Tow altitude nuclear explosion. The short period
ionospheric disturbances seem to be caused by the portion of the shock front which is reflected from the
100-120 km altitude level. This identification is made because the periods contained within the shock when
it reaches this altitude level are the order of the observed fonospheric periods, that is, about a minute.
We expect the ionospheric periods to scale with explosion parameters in the same way as does the shock
positive phase duration at the 100-120 km altitude level. The ionospheric pericds should therefure be
proportional to the cube root of yield and essentially independent of neight of burst.

The origin of jonozpheric disturbances wiih periods exceeding 10 minutes is a more complex
problem since both the upward going shack and the rising fireball are possible hydrodynamic sources. For
yieids in excess of about a magaton the energy available in firebal’ iise for the production of lorng period
disturbances exceeds that available in the upward going shock.

The mechanism described by Greene and Whitaker {1968) for the generation of long period jonospheric
waves tuvoives a refraciion of the upward going shock at the 100-120 km altitude level. Thiz results in a
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transfer of enerqy from the shock to a horizontally propagating disturbance which 1% Jeft behind. The
Groene-wWhitaker mechanism 1s generally operative since conditions for this shock refraction are a permanent
feature of the atmosphere.

The fireball 1s most efficient in the generation of long period acoustiv-gravity waves when it
has reached its terminal altitude and is approaching hydrodynamic equilibrium with the atmosphere. It
may then undergo vertical osciilations with a period somewhat larger than the Brunt-Vaisala period. The
efficiency of wave grneration by this mechanism is very sensttive te ambient conditions at the tropopause
as well as to burst parameters. In particular nucleur clouds which underyo rapid spreading upon stabiliza-
tion appear to be inefficient wave generators. In theory, and this is supported by laboratory expsriments,
the terminal phases of fireball rise, when the mechanism is efficient, produce a wave spectrum with
amplitudes peaked at one to two t1mes the Brunt-Vaisala period, Th95u periods propagate at relavively
steep angles to the horizontal and would primarily affect the fonosphere near the burst. Whether significant
wave amplitudes could be produced at much lTonger periods is presently unknown as is the question of whether
these long periods, which propagate at shallow angles to the forizontal, would be prevented by atmospheric
refraction from reaching fonospheric levels.
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Fig.7 Cutaway of nuclear cloud showing internal {low. From GLASSTONE (1964, p. 31).
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Fig.8 Assumed vortex ring configuration with -ontours used to calculate vorticity.
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Fig.9 Experimental tacility for simulation of wave generation due to buoyant rise.
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o bt o M Al st - nd e e

T T T ilaag bt Lyt b S A



Trer—y ey vy " TTRPTRTRR T T TR T T g P .m""r
o .

par

Ch. Berthet et Y.Rocard

e e '

Laboratoire de Physique, Ecole Norinale Supérieure
Paris, France

142

THEORIE DE LA PROPAGATION ACCUSTIQUE ATMOSPHERIQUE

1

e i -



- - y LT T T o T S T T T T R R P L P e

THE THEORY OF ATMOSPHERIC ACOUSTIC FROPAGATION

by

Ch. Berthet and Y.Rocard

Abstract

Infrasonic waves genersted by large explosions on the ground can be observed to propsgate
up to rengee of thousards of kilemeters,

If an explosion is strong enough to generate gravity wvaves, that is exceeds & threshold of
about one megaton, waves with periods rear one minute travel around the earth according to s well
known mechanism,

Waves of shorter period, in the rarge 5 to U5 seconds, are observed te propagate more effi-
ciently than might be expected according to elementary theories of acoustic rays bending by tempe-
rature gradients and winds, However, we demonstrated a few years sgo that the introduction of non
linearity in the propegation of such waves resulted in the bending of acoustic reys back tc the
ground and that it explained most of the experimental facts,

But we «lso obeerved exceptionsl cmses of propagation to ranges of 7 000 = 8 000 kilometers
and even up to 1lh 000 kilometers, in fairly ukrrow azimuthsl sectors, generally in a bemring 90
East of the explosion, The periods are in the range 30 to 60 sasconds and the waves do not exhibit
the cheracteristics diepersion of gravity waves,

In order explain such oblervntiom. we propose the following mechanism, Waves propagating
upwards avay from the explosion in directions a few degrees off the vertical are bent back towards
the ground at sltitudes of 85 to 95 kilometers, according to the yisld of the expiosion, In th2
course of the process the various ray paths intersect along o ring centered on the vertical of the
explosion and located at these altitudes, which we shall call the "Noise Ring" (Couronne de Bruit)-
In his Ph,D, Thesis (Paris 1969), Ch, BERTHET showed thet these ray puths, besides intersecting to
produce & phenomenon of geometric focusing, correspond to waves arriving roughly in phase at the
noise ring which is then equivalent to a c;xculu- focus line,

The concentrating of energy at the ring prodvces very pronounced non linear effects and it
can be shown that the ring behaves as & secondary acoustic source radiating ocut sonic waves in di-
ractions different from these of the rays which produced it,

B8ince in the range of altitudes 85 to 95 kilometers a horizontal propagaticn channel exists
produced by the increase in temperature at highker altitudes (above 110 kilometers) and at lower al-
titudes (near 50 kilameters) plus an importent countribution of the distribution of tidal winds, the
weves radiated by the noise ring in that duct can propagate to consideratble ranges,

Such an explanation is in conformity with experimentsl observartions namely that the speed of
sound waves along such paths is silightly lees than the speed of sound at lcw altitudes, We find that
it is roughly equal to the speed of sound at 80°C plus 20-25 m/s essily accounted for by non linea~
rity in the propagstion,

The purpose of the paper is to provide a comprehensive viev of the phenomenon, supported by

s calcualtion which, alihough elementary, demonstrates the radiating properties of the noise ring
in directions others that those of the reays which formed it,
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THEORIE DE LA PROPAGATION ACOUSTIQUE ATMOSFHERIQUE

Dr Ch. BERTHET: Prof, Y. ROCARD*

t. Equations de départ

On considdre que l'atmosphére est un milieu stratifié hori.

zontalement et on néglige la courbure terrestre, Les proprié-

tés de cette atmosphére sont donc indépendantes de x, abscisse,
et ne dépendent que de 1l'altitude z.

On considére en outre que 1l'air est un gaz parfait,

Scit une perturbation d!'amplitude infiniment petite se propa-

geant dans ce milieu avec une certaine vitesse U(z), variable
uniquement avec l'altitude z. Si on appelle a 1l'angle d'un
rayon avec l'horizontale, enr l'absence de vent,

la propagation
suivra la loi de Descartes,

soit

U(z)

cos a

= constante

1'angle a étant également fonction de z, et les rayons auront

une courbure donnée par la formule classique

cos a AU

u(z) 2z

1
R

# Directeur du Laboratoire de Physique
de 1'Ecole Normale Supérieure
24, rue Lhomond, Paris, 5

» M8me adresse,
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Intervention du vent -« Formules deo propagation normale

On considdre encore que le vert eat & stratification uniquement
horizontale, Le miliwvu n'étant pius isotrope, les rayons ne
sont pas normaux aux surfacea d'onde. L'angle de ces dernid-
r¢s avec l'horizontale est /2 -~ a. Soit @ 1l'angle des

rayons avec l'horizontale.

Nous appellerons & la longueur de rayon, t le temps de pro-
pagation d'un front d'onde le long d'un rayon et P la pente
du rayon par rapport a l'horizontale. En particulier, et dans

le cas d'une atmoephdre avec vent,

dz
P = = t
tg & = £ tga

La vitess¢ de propagation de la perturbation résultera donc
de la composition vectorielle des vitesses U(z), déja définie,
ot v(z), vitesse du vent., Cette dernidre vitesse est supposde

toujours horizontale.

La loi de Descartee devient, exprimant gue les deux rayons se
réfractent en 0y et 0,
u(z)

v(z) + = Ko (1)
cos a

K est une constante,

o]

D'autre part la vitesse du pcint M sur le ravon est donnée
par les deux formules suivantes, exprimant ses composantes

horizontale et verticale,

o

1

o
o

P




Figure classique de la réfractior avec vent.

Composition vectorielle des vitesses.
de véfracte suivant Oo4M.

Le rayon M'0y
et Vo les

c; et Ca sont les vitesses du son, vy

vitesses de vent,
Les rayons ne sont pas normaux aux surfaces d'onde.
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i = - v(z) + U(z). cos a (2}
|
|
|
dg
= U{z). sin a (3)
dg

Eliminant a entre ces irois équations, il vient :

ax u(z) . v (Ko v) .
@ e 20 V2w [l v202] Ve )

On suppose qu'd l'intérieur d'une tranche d'atmosphére d?!épais-
seur Az 1le vent est constant (v(z) = constante = vy) et la

vitesse U(z) wvarie suivant la loi

U3(z) = Q (z - z5) + U3(z,) (5)

Q étant une constante, variable de tranche en tranche,

On tire alors de 1l'équation (4) trois équations différentiel-
las simples donnant la distance x, la longueur s et le temps
t en fonction de la variable =z, La constante z, est 1l'alti-
tude inférieure de la tranche dans laquelle on effectue les

calculs, On pose enfin, pour alléger les calculs,
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On a donc

e

volg + U2

u fe2 - u2 ]*

dz (6)

2 2 ¥
U Gg + 2U2Govy + Guvg

dz (7)
12 2 2
v* (62 - uF)

dt =

- dz (8)
U [(;2. 2%

La pente du rayon est évidemment donnée par (6), d'autre part
G0 est une constante de la tranche, variable de tranche en

tranche comme 1l1a vitesse Voo

On trouve ainsi, avec vo, so et t0 comme constantes d'inté.

gration, les déquations suivantes pour la distance horizontale,
la longueur de i1avon et le temps de propagatinn, compids a

partir du bas de la tranche dans laquelle on fait 1'intégra-
tion,




: . Go(Go+ 2v 62 - 2u?
X v Ny = o e EJA(Gz - U2ﬂ LA _:3i_2____32_Arc sin__0° —1(9)
Q 2 G2
[o]
G, 62 - av?
t -ty = - Arc sin ..° (10)
2
G
o]
2¢
o]
8 ~ 8, =~ - (6% - Uz)*
Q [¢]

avec $dvidemment Q = (U2 - Uﬁ) /[&z.

3. Calcul de la vitesse U

On seit que toute nnde qui monte tend vers une onde do choc.
D'autre part, on a pu constater des arrivées de signaux en

forme typiquu d'ondes de choc,

Les formules normajes de la propagation des ondes de choc per-

mettent de déterminer la valeur de U :

¥+ ’ 1
U = —u +  c® (_l_:_n u)2

- L

s

ou u ast la vitesse de la tranche d'air,

D'autre part, on sait également que la vitesse u est donnds

par

v(z) = v(o) exp (2/2H)

ol 2 emt 1'altitude et H 1la hauteur réduite (H = c2/¥g).
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1y
*.4
i' - 4, Déterminntion définitive de lu vitesse U

j?‘ ) H, BETHE, dds 1943, & proposé pour 1'évaluation de la vitesse
i; . de l'air pu sol, dans une atmosphdre homogéne & la prassion

E '\ atmosphérique,

0.02 /3

u (km/a) [ * S

i ot s est la distance (en kilomdtres) parcourue par l'onde
.. o et W la puilssance da l'exploaion qui donne naissance 4 cette

onde, exn kilotonnes équivalontes de trinitrotoluene (T.N.T.).

(1 kilotonne = 1072 calories)

-

Il en résulte, en tenant compte de l'effet d'amplification en
fonction de l‘'altitude, qu'd une altitude z on a

u(ian/s) = —=22_ '/
a

exp( +z/2H)
Cette derniére formule, combinée & la formule donnant la va-
leur de U 9an for.ction de u et de ¢, conduit & l'expras-—

N sion compldte de la vit~ese de propagation,

n.012 3/ 0,0122 2
U (km/s} = —— W /Jexp(+z/2ﬂ) + [e? e W /}exp(+z/H)
a?

cette dernidre formtle se simpliliant et conduisant & la formile

suivante, en premiére approximation

B U(~) (xm/s) = c(z) + O.:lf— w1/5 exp{+z/2H)
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o AT .
. 5. Propagation trés lointaineg par guidage en altitude,

Le mode général de propagation oxposd précédemment peut btre
{f . considéré comme relativerent stable et bien détermind. Les din- '
tances maximales atteintes par les ondes acoustiques pour des
'puissnnces de tir inférieurss A cellos qui engendrent des ondes

de gravité sont de l'ordre de 1500 & 2500 km environ suivant
" ] v

les cas, aprds un certain nombre de réflexions successives sur
R le 80l ou sur la surface des océanﬂ.’ﬁn efth. le cuofficient
de réflexion‘(rapport de 1'amplitude réfldéchie & 1'amplitude
1ncidentey est plus élevé en moyenne dans Leldeuxiémﬂ cas que
dans le promter; On peut c¢oncevoir qp'une chalne mopntagneuse
4 perturbe considérablemgnt une réflexion au sol pour des ondes
' dont les périodes seraient comprises entre 20 et 30 secohdesl

et les longueurs d'onde entre 6 et 9 kilomeétrea,
|

' Les temps de propagation pour ces distances correaﬁondunt a !
T

des vitesses apparéntes {=n moyenng 210 m/s) trdés inférieures
aux valeurs habituelles de la vitesse du scn au sol, Ceci est

. dvident, d'ailleurs, sii on scnge au tra jet considérablemeni al- '

longe par les arches successives que doivent pavcourir les on-

des, infrasonores. i '

l
Cr,.en une certaine occasion, nous avonsg pu constator que des

ondes infrasonorss de 204 30 secdondes de période pouveoient se
propager & des distances bien plus grandes, telles qgue 7000 a

80C0 km. Eu égard a leur pértéde, bes ondes n'auraient su 8tre !
des ondes de gravité, Flles présentaient, sans le moindre dou-

te, les caractéristiquea‘des ondes acoustiques étudides dans

ce travail.

L'examen des temps de propagation de ces signaux, de l'ordre
de 7 heures, fait apparaltre une vitesse moyenne apparente de i

) ) \
propagation d'environ 290 m/s, donc proche de la vitesse du son
. 1 !

v
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dans une atmosphdre normale A la tempdrature de 210 degrés

Felvin environ, soit encore - 63 degrds Celoius,

Cotte vitesse moyemne, ot pour une propagation couvrant 7400 km,

est nettoment supdrirure & celle quo l'on pourralt prévoir en

O Mo e Bt e s B

oxtrapelant nos diagrammes de propagation. En effet, on trou-

verait des temps de propagation d'environ 12 A 14 heures pour

cotte distance et partant, des vitesses apparentes moyennes

de 140 A 170 m/s.

! I1 est donc clair que le mécanisme exposé précédemment ne con-

vient pas, directement, pour oxpligquer ce type de propagation.
q

Le mécanisme éventuel d'une telle propagation - & trés longue
distance - par le moyen des cndes de gravitd ne convient pas

al non plus powr deux saisons: d'une part, nous l'avons déja in-
diqué, les périodes des ondes considérées ici sont de l'ordre

de 30 s et moins, alors que celles des ondes de gravité attei-
gnent plutBt 1 minute et m8me 2 ou 3 mn, D'autre p2rt, les vites-
ses de propagation les plus faibles des ondes de gravité dépas-

sent nettement 300 m/s pour atteindre 315 m/s pour des périodes

de 3 minutes. Nous allons wvoir que ces caractéristiques, et

surtout celle, pour la vitesse, d'&tire plutdt de 290 m/s, con-

et

firment l'hypothése que nous esllona avancer quant au mécanis-~

me physique de ce type particulier de propagation.

Retovr sur la propagation mormale proche

L'étude approfondie des propagations non-linéaires normales

exposées plus haut conduit & une constatation intdéressante,

|

avec une puissance W

ke R N S gl N L i aa e h

~ pour une propagstion lindaire, donc

nulle, beaucoup de rayons atteignent l'altitude de 200 km et

o

ne reviennent pas, les autres ne reviernent au sol qu'aprés

s'8tre réfrléchis assez haut. i
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- pour une propagation non-lindaire normale, par exemple avoec

W = 100 kilotonnens, on constate qu'un faisaceau assor large de
rayons, d'angles de site compris emntre 7% dogrés et 35 degris
environ, se refocalise aux alentours de 90 kilomdtres d'mlti-
tudn,

Cetie focalisation pourrait n'dtre qu'apparente ot gdométri.-
wue, et rémulter de la simple supwrposition des différents
rayons, O, la calcul dec tempsn d'arrvivée du front dtoende
point de vonvergence de cos rayons monira gqu'il n'en est rien,
Lex ondes arrivent en mbme temps & cot endroit. On a donc bilen

14 un authentique phénoméne de focalisation on altitude. Par

Aallleurs, les surfaces d'eande convergent vors le point de foca-
lisation pour s'y contondre ¢lles-mBmes wn un foyer, ceci dtant
bien entondu une vue 2 deux dimensicns du phédnomdne, dans un

plan vertical.

En 1'cbsence de vaent, il eriste une symétrie de révolution
autour de l'axe vertical ot en réalitéd ncs trajectoires se

recoupent sur une focmle en anneau vers 35 -~ 40 km de distan-

ce horizontale, rayon cde la focele, ot & 80 - 100 km d'alti~
tude,

Comme nous somnesg encove dans la zone de propagation proche,
Je vent, a moins d'dtre particuliérement violent, ne déforme
que peu les trajectoires el un peut consltdérer que la fucale

oan anneau, plas ou moine bien circulaire, existe toujours,

Il faut remarquer que asenle la propagation non-lindaire donne

lieu & c» _phénoméne de refocalization en altitude.

It
»
I

.
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Fn effet, dana le cas d'une propagatlion lindaire en atmosphdre

k

calme, quelquas raycns se recoupent biea en sltitude vers 125 km
d'altitude at & plus de 150 km de distence, mais on n'obse: ve
pas A cet endroit de véritable phénomdne de focalisation. lLes

temps d'arrivde au point d'intersection géométrique des rayons

P A

sont différents. ‘

La seconde remarque importante est que les altitudes do ces N

différentes couronnes focales les situent & 1'intdrieur du
guide d'onde acoustique des Y0 kilomatras. En effet, la tem- 1
pérature de l'air est minimale A cette altitude (elle esti de '
180 degrés Kelvin unviron). Si on admet que cetts couronne fo-

cale se comporte comme une couronne de bruit servaut de source :
seconduirs et peut ainsi engendrer des trajectoires sonores,
colles~ci pourront donc exploiter ce canal deé propagation et

so propager fort loin grfice au guide d'onde acoustigue,

»

Nous voyons donc 14 un moyen dl'expliquer le cas, cité plus
haut, de propagation & trés longue portde., Par ailleurs, com=-

me nous allons le constater, les vitesses de propagation con-

cordent,

Mais comment la focale, ou la couronne de bruit, peut-elle

rayonner & l'extérieur de l'angle des rayons extrémes du pin-

ceau de rayons qui la forment ?

s
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6. Analyse thdéorique du rayonnement par la couronne

Pour démuntrer que la couronne de bruit rayonne effectivement
on dehors du diddre formé par les rayons oxtrdmes, jl1 est
nécessaire de faire appel, encore une fois, & des tormes de

non-lindarité. Nous allons montrex coeci dans un _cas particulier

simple, qui serait facile & généraliser,

L'dquation adlabatique
pv¥ - constante (1)

s'derit aussi

- = (2)

si on admet par exemple une intersectiocon des

rayons sonores sulvant Oy et 0,.

Dans un domaine ol les ondes peuvent 8tre considérées comme

sinusoldales, on eura

= A sinw, (t - ..Z-‘_)

(3)

et B sin wa(t - =)
c

Reportant ces expressions dans la formule (2), il vient évi-

demment

Py A x B I~
1 +w 2 cos uﬁ(t - —E_) + Wy 2 cos Wy (- _E_)
C c c



Gomcia At S <t S S

Lors du dévaloppement dt dénominateur, on trouvern des tormes

comnne

AB LU,X W, n
W Wy —:5— cos (CLH +LU2)C B + otc...

pour lesquels on volt la possibilitd d'une miso en pnase dans

des directions détermindes par

h\x + uéz = constante,

Ces directions sont précisément distinctes des axes Ox et Oy
de propagations incidentes et sont celles d'un rayonnement ex-

térieur, ou tout aun moina d'une excitation infrasonique

!
X
o Rayonnement
& extérieur
&7 -
o Y
&b "
Pl
o
é§ é&
& S
zév(f
'Dﬁo"‘o N
Q.

Rayonnement d§
extérieur ®
exterieur 3

Lol

au voisinage de la couronne de bruit, dens des directions ex-

térieures au diédre de rayonnemeni normal,

Cette excitation en pression avec mise en phase dans les direc-
tions indiquées est le moyen pour la "couronne de bruit" de ra-
yonner de nouvelles ondues qui se propagent comme l'indique la

figure : c'est cette possibilité qu'il s'agissait d'établir.
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7. Calcul de la propagation guidde

Les calculs sont conduits suivant le mo'n lindaira (puissance
W nulle).

On peut bien entendu calculor les temps de propagation das
infrasons A 1'intérisur du guide et iLem vitesses apparentes

correspondantes. Elles sont ici toutes A peu pros identiques,

- e i Lo e~ A i S

la propagation détant lindaire,. On trouve qu'd 1'intérieur

mdme du guide d'onde, ces viteases sont de l'ordre de 270 m/s
4 310 m/s. Coci correspond bien, du reste, aux valeurs de 1la

vitesse normale du son a4 ces altitudes,

A el s P

Globalement, bien entendu, les vitesse:t apparentes sont dif-

férentes, puisqu'il faut tenir compte du temps mis par les

infruosons pour aller de la source au sol a la conuronne focale:
ce temps dépend évidemment de la puissance de l'explosion.

En fait, sur de trés grandes distances, cette différence cdans |
le temps de propagation devient négligeable devant le temps

total de propegation, En particulier, pour une distance de

7400 km, on retrouve bien un temps de propagation de 7 a 8

heures environ, en accord avec certaines constatations expé-

rimentales.

Comment, cependant, les rayons arrivent-ils a sortir du guide

et a4 retourner au sol ?

Il nous feut ici bien nous souvenir que les raycns filiformes
que nous avons tracés n'ont pas de rdéalité physique. Seules 1
les surfaces d'onde existent., Les rayons sont bien entendu un

moyen commode de figurer le phénoméne physique de la propaga-

tion & condition de bien vouloir considérer qu'ils s'élargis-

sent, par le principe d'Huygens, au fur et a mesure qu'ils se

-1:" 107
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propagent. A une distance D de la aource sonore et pour une
longueur d'onde A, la demi largeur du rayon, deveru un faisceau,
eat r, donné par We?d s AD/Z. Or, pour une longueur d'onde de

6 & 8 km, on voit que cette demi largeur atteint de 10 & 11 km

a 100 km da diatance.

L'épaisseur maximum du guide des 9C km étant de 25 km environ,
il est clair que le guidage sera loin d'8ire parfait., Il en ré-
sulte que de 1'dnergie infrasonore va fuir vers le bas, et vers
le bas seulemert, le gradient positif trés élevé de températu-
re yui limite supérieurement le guide empBchant les rayons de
s'dchappsr vers le haut. Cette fuite va se produire & peu prés
tout au long du percours, & partir de distances de l'ordre de,
disons, 200 & 1000 kilométres,.

FEn effet, tout rayon fr8lant l'altitude des 50 kin a des chances
di8tre ddtourné, et cacl sans espoir de retour, par le gradient
inverse de tempdérature exlsiant cntre 20 et 50 km.

Un pidgeage dl A la seule courbure terrestre est impessible.
Les rayons suivront le guide, un peu A la maniére de la lumi&-
re dens les fontaines lumineuses, les ordres de grandeur du
rayon de courbure terrestre (6400 km) d'une part ains® que du
gulide 2t des longueurs d'onde d'autre part n'ayant aucun rap-

port,

Un facteur est déterminant, par contre, dans une propagation
de ce type: le vent & l'intérieur du guide. Supposons en effet

gu'il existe un vent a l1l'intdrieur du guide, dont le profil
présente un minimum ou un maximum, X1 esi évident que dans le
premier cas ce profil de vent va contribuer & accentuer le
guidage, tout en ralentissan? un peu la vitesse générale de
propagation, Dans le deuxiéme cas, 1l'inverse va se produire,
et le vent diminuera l'etficacité du guide.
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In effet, en projection horizontale, la vitesse du vent s'ajoute
slgdbriquement & la vitesss de propagation acous*ique en atmos—
phdre celme, et un gradiant positif de vitesse de vent est dqui-
valent & un gradient positif de tampérature. Lea gradients de
vitesse de vent se composent donc avec les gradients de tempé..

rature pour intervenir sur la propagation.

Ainsi on aura in guide "polarisé”, bon conducteur du son dans

un sens, mauvais conducteur dans i'autre sens.

~

Notons qu'il n'est pas impossible, a priori, de trouver un pro-
fil favorable (donc & minimum), mais accdélérant la propagation

générale, Il suffit que ce minimum soit relatif.

5i on se reporte aux calculs de propagation, on voil bien que
pour un méme profil de vent, A un instant donné, la propagation
dans un sens "voit" des vitesses de vent d'un certain signe
alors que la propagation en sens inverse les "voit" avec un
signe opposé. Dans les deux cas, par contre, les gradients de

température sont 'es m8mes,

51 on admet que le profil de vent 8'inverse périodiquement en
raison de la marée atmosphérique, on constate que le guide sera
ouvert A la propagation des infrasons alternativement dans un

sens (par exemple est-ouest) et dans l'autre sens (cuest~est),

Ainsl peut-on expliquer une propagation trés lointaine du son,
effectivement observde A& trés grande distance dans des direc-
tions 4troites en azimut, et a des heures favorables : d'une
part le guide nécessaire se forme, dfautre part la "couronne

de bruit" fournit la source & haute altitude capable d'y rayon-
ner, Le résultat d'ensemble est une propagation a une vitesse

finalement trés voisine de la vitesse du son,
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EXCITATION PAR UNE EXPLOSION DU MODE TRANCHANT ATMOSPHERIQUE DE LAMB

par

J.W, Posey et A,D, Pierce

e meow

SOMMAIRE

Des observations antérieures ont montré& que les relevés de pression effectués & grande
distance ot au niveau du sol, sur des ondes acoustiques el de gravitf engendrées par une explo~
sion, sont souvent dominés par le mode tranchant atmosphérique de Lamb pour le presuier cycle ou
les deux premiers cycles, Au cow's du présent expos€, les auteurs examirent particulilremen®
1'excitetion de ce mode par une onde de souffle provoquée par une explosion importants dans 1'at-
mosphdre. (n & pu observer que la force de l'excitation dépend dans une large mesure de la queue
d¢ i'onde de souffle, Toutefois, on ne posséde pas d'informations sur la fcrme exacte de cette
queue d'onde de souffle ; par conséquent, toute représentation analytique est obligatoirement
assez arbitraire,

Un développement théorique monire que, pour le mode de Lamb pur, il existe une relation
analytique simple entre 1'énorgie de le source, d'une part, et, d'autre part, l'emplitude et la
période initiales du type d'onde de pression cnregistrée dans le champ €loigné, Cette relation est
comparée avec certaines donnfes empiriques, et semble bier concorder avec les estimations d'éner-
gie basées sur des observations sismiques,
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EXPLOSIVE EXCITATION OF LAMB'S ATMOSPHERIC EDGE MODE

Joe W. Posey* and Allan D. Pierce
Massachusetts Institute of Technology
Cambridge, Massachusetts
U.S.A.
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ABSTRACT

~

R e S

It has been previously demnnstrated that far-field ground-level pressure ohservations \
of explosively generated acoustic-gravity wavee are often dominated by the pamb'atmospherlc
edge mode for the first cycle or two. I this paper, particular attention is given ;o R
the excitation of this mode by a blast wave from a large atmospheric explosic:. It is B
found that the strength of the excitation is strongly dependent upon the tall_of the '
blast wave. However, information on the precisze form of the biast wave tail is unavail-
able, so that any analytical representation must be somewhat arbitrary. ) A

A theoretical developuent shows that for the pure Lamb mode, a simple analytlca} . i
relation exists between the energy of the source and the initial amplitude and peried of h
the far-field pressure waveform. This relation is compared with some empirlca% data and v
appears to be in fair agreement with yield estimates based on seismic observations. :

1. INTRODUCTION ;

Lamb [1910)} found an acoustic wave propagation wmode through an isothermal atmos-
phere above a flat, rigid grcund and in the presence of gravity which ¢ontains no
vertical particle motion. This mode propagates nondispersively at the speed of sound c, ‘
and has a pressure profile which decays exponentially with altitude z.

- 2 :
p(¥,z,t) = f(ct -~ % + &) e gz/c (1.1)

Here, ¥ is the horizontal position vector, t is time, g is the acceleration of gravity,
and & is the unit vector in the direction of propagaticn. Bretherton [1969] found the
long &ave speed, ¢y, for the counterpart of Lamb's mode in a temperature-stratified
atmosphere, and Garrett {1969a,b] determined the dispersion relation for this mode,
which he called the Lamb atmospheric edge mode, in a temperature-and-wind~stratified
atmosphere. Garrett's dispersion relation may be simply expressed as

w = cpk - Dk’ (1.2)

where w is frogquency, cp is the equivalent lony wave speed in the direction of propagation,
D is the dispersion coe?ficient and k is the wave number. For realistic temperature and
wind velocity profiles, cp is approximately ¢y, plus an average wind speed in the direction
of propagation. Since the edge mode is nondiSpersive in an isothermal atmosphere with
constant wind, it is no surprise that D increases with tha rms deviations of the profiles
of sound speed and wind speed. Since the Lamb mode eunergy decays exponentially with
altitude, the appropriate weighting function for calculating prcfile averages decays
similarly.

Pierce and Posey [1972] investigated the Lamb mode further, comparing its
di~persion curve and waveform synthesis for a particular case with the corresponding
curves and synthesis resulting tfromn the multi-mode theory as detailed earlier by the
same authors [Pierce and Posey,1970]. It was demonstrated that the earliest cycle or
two of observed acoustic-gravity waveforms thousands of kilometers from explosive sourc 3
are sometimes dominated by “he Lamb edge mode.

In this paper, the problem of mathematically modeling @ nuclewcc~explosion blast
wave i5 examined, and some theoretical edge mode waveform characteristi's are noted and

compared with observations.

2. BLAST WAVES FROM NUCLEAR EXPLOSIONS

The basic nonlinear hydrodynamic model of a nuclear explosion [Taylor,1950;
Brodu,1955,1968] consists of an initially isothermal sphere of very small radius in
an unbounded isothermal atmosphere with neqgligible gravity. The initial sphera has
ambient density and fluid vele:ity, put is assumed to have very high temperature and
pressure. Tne total initial potential energy (the specific heat of air is assumed
independent of temperature) inside the sphire is assumed 2 fixed ‘raction of the total
eneray Y released by the explosion. 1t would appear frum comments in sections 1.22,
2.119 and 7.25 of Effects of Nuclear Weapons (ENW) [Glasstone,1962) that Y/2 is a qgood
approximation of this initial energy for burats below 100,000 ft (- 30 km) and a fair
approximation at altitudes up to 350,000 (- 100 km), although no quantitative description
of this fraction is given. 1In any event, the results of this paper will not be invali=-
dated by such a variation, provided energy yield is always interpreted as twice the
hydrodynamic energy of the explosion.

* Present address: Generai Motors Research Laboratories, General Motors
Technical Center, Warren, Michigan 48090
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The pressure waveform in this idealized basic nonlinear mndel corresponds to
hyurodvynamic scaling; i.e., at distance R,

P =P, F(R/c’l‘y,t/’l‘y) (2.1)

whege F is a universal function of two dinensionless quantities and where Ty is a charac-
tcristic time, which may be defined as any constant times (Y/p )!/'/c For convenience
Ty is defined such that, wher p_ and ¢ courrespond to the stand®rd reference pressure
(Pres = 1 atn) and sound speed = (Cpa¢ = 331 m/sec) and when Y is 1 KT (4.2 - 10'? ergs),
then Ty is equal to the time duration t,of of the blast wave at a distance Rraf (taken

here as 1 mile) from «+ 1 KT explcsion. As explained later in this section, tref i3
chosen to be 0.33 se:. Thus,

= 1/ . 1/ .
Ty (pref/po) (Cref/L)YKT tref (=.2)

where

Yym = Y/(4.2 x 10'? ergs) (2.3}

Since, in the homogeneous atmospher~ currently being considered, the amplitude of
F may be expected to fall off nearly inversely with R (spherical spreading in linear
acoustics), Eq. (2.1) may be rewritten in the form

Po :TY Rref F [ t - R/c R (2.4
! .
Cmeftref R 1 TY CTY

P = (Ap)rof Pref
o Yre

where at large distances R, F, shcuald be a relatively slowly varying function of its
second argument. Here (Ap),.f is the shock overpressuras at the reference distance R,.¢
from a 1 KT air burst in the standerd atmosphere.

Brode's [1955]) results indicate that Ap falls off roughly as R ! at distances
greater than 3) where )\ = (Y/zpo)"’. For the reference burst described above,
Ao ref = 276 m, Ryref = 5:84 Ag refs traf = 0.33 sec, and (Apjpaf = 34 mbar. The solid
line in Fig. 1 is the approximate form of 7)[(t - tg)/tref,Ap] inferred from Brode's
paper. Here Ap is [Rret/(Creftref)] The negative phasze duration 1s constant at about
1.22 2y/co (1.01 sec for the reference case). Since (8p)pef is only about 3% of po, the
thoory of weak shocks {Whitham,1956) shculd apply at Rpef, which implies that the duration
of the rpositive phase T+ will increase with distance in the followino manner.

172
o o=t (1 s Xt 1 Rref(Ap)ref 1n _R
¥ ref { 2y PrefCreftresf Rref
= 0.33 (1 + 0.047 1n(R/Rref)]“‘2 (2.9)

Thus, the shock will propagate an additional 140 Jm before T, is increased by as little
ag 10%. (T4 = 2 tyof at a range of exp(63.9) Ryoe.) Brode gives little information on
the character of the pressure history after the negative phase.

In ENW, the following analytical approximation (shown in Fig. 1 by the dashed
line) is given for the form of the pressure history in the blast wave.

/T

Po/0p = (1 - t/T,)e +u(e/r,) (2.6)

Here t is measured from the onset of the shock. This agrees reasonably well in the
positive phase with Brode's result, bu’ there are major discrepancies in the negative
phase. The ENW curve, often referred to as the Glasstone pulse, reaches a minimem of
only p/Ap = -0.13 and has a negative phase of infinite duration. On the other hand,
Brode's pulse has a minimur of ~0.44 and goes to zero at t/T, = 3.95. These differences
are of little consequenrce when estimating damaqge due to the biast wave, which was the
originel intent of the Glasstone pulse approximation, but they might be of considerable
importance in determining the excitatiorn of low freguency acoustic-gravity waves. Never-
theless, the Glasstone pulse has been used [Harkrider,1964; Pierce, Posey and Iliff,
19711 in the determination of the excitation of infrasonic modes by nuclear explosions.
The Glasstone pulse may be modified to give a pressure history which more closely
resembles Brode's curve. -

t/T

g = - ! \ - - - y P

PG./Ap (1 t/T+)[d(t/T“ 1 (3 /T IUL/T, 1)}e + (2.7)
This 12 shown by the dash-dot curve in Fig. 1. Notice that this approximation has a
minimum value of p/Ap = ~0.29, crqmses the axis at t/T, = 4, reaches a maximum of 0.0}
at 5.3 and then approaches zero asymptotically. [For both Eg. (2.6) and Eqg. (2.7}, the
tntal pressure impulse, zp dt, 18 zero.]

Th~ relativ® excitation of low freaquencies by the expressgions Eg. (2.6) and

Egq. (2.7) mijht be cetermined by comparing the low frequency limits of their Fourier
transforms (over time). If the transform f{w) of a function f(t) is definea by

1¢3
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Flw)y = (a2m™? I f(t)etwt de
taen

BG/Ap - ~iu/[2n (e - 1/T,)?) (2.8a)
and

iwT, -1
B /bp = - S R L (2.8b)
G infiv - 1/T,) T, (iw - 1/T,)
For w << 1,
ﬁG. = pgll - 2]
= 0.26 pg (2.9)

Thus, the approximation Eq. (2.7), which shows better agreement with the calculated blast
wave, appears to excite the frequencies of interest at only 1/4 the level of the Glasstone
pulse given by Eq. (2.6). However, since the low frequency content of the pulse is
governed by its tail, and since it is not known vhether either of the analytic approxi-
mations is representative of the true pulse zfter the negative phase, the Glasstone pulse
is used in the remainder cf this paper to rapresent the blast wave because of its simpli-
city. An ancillary reason for this choice is that, as noted earlier in thias section, the
Glasstone pulse has been used previously in the synthes.s of acoustic-gravity waveforms.
Thus, the blast wave pressure is taken to be given by Eq. (2.4) with Fl(t/tref,Ao)
approximated by [pG(t/T+)/Ap] as given in Eq. (2.6). That is,
Fo(E,h) = (1 - E)e™® (2.10)

3. FAR-FIELD PRESSURE WAVEFORMS

The theory of excitation of the Lamb mode by an explosively generated blast wave
has been detailed by the present authors [Pierce and Posey,1972). For the purposes of
the present paper, the far-field pressure waveform may be expressed by

p(E,t) = G(E . t,cp(x,¥),F (x,y))¥(%,5,0) 3.1

Here ¥ denctes the observation point and ¥_ the source location. The function G is an

ampl itude factor which contains effects of the horizontal refraction of rays, of differanuces

in ambient conditions and ground levels at the source and receiver, and of source
strength (through the factor Y'7?). The refraction of rays orccurs whenever the gradient
of cpi{x,y) necrmal to the ray path is not identically zero. The general form of G is not
repeated here for the sake of brevity. The Lamb mode long wave speed cp is determined by
the temperature and wind velocity profiles, which vary with the horizontal coordinates
x.Y. The function ¥ depends upon the scurce strength and the average cp and dispersion
coefficient D along the ray path from source to receiver as well as upon time t, approxi-
mate distance along the ray s and ray parameter 6. Specifically,

T - T, - t T.
pees,m = = [ A |2 v w X wnau (2.2)
VT Jo D D
D
where s
T o= 1 /e
Ta I (L/LE) ds (3.3a)
o
s /
= Dy e 173
t = 13 f (D/c,")ds) (3.3b)
o
and Ai is the Airy function, defined by
o 1 « 3 - \
Al(x) = — cos{r?/3 + xv)dv (3.4}
v 1)
The universal source function M{u) is given by
1/ 2

M) = '+ (1-2m)e”V J ¥ ay) v (3.5)

o
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and may be jinterpreted as the characteristic time dependance for the Lamb mode pfessure

in the intermediate field {(before disperacion has had an appreciable accumulative effect),

A plot of M(u) ir given in Fig. 2, Here, U(x) 1s the Heavisidd step function,

since M does not vary from case to case, the shape and ampiitude of y are deter-
minad solmly by the ratio Ty/1p, with a change in T, resulting only in a tine shift. The
variation of ¢ with Ty/t1p ls inusfrated in Fig. 3. One'of the present authors [Posey,
19711 has synthesized Lamb mode daveforms for a nuwmber of realistic atmospheres, source
strengths, and ranges. It has been noted that Ty/7p has normally been in the range 0.1
to 0.3. The langest value of this ratio calculsted to date is 0.4, corresponding to an
observation 1666 km f"om a 60 MT exvlosicn. The ratio mav be shown tp be roughly
proportional to (Y/R)!'/? ‘
]

4. DETERMINATION OF EXPLOSION ENERGY FROM PRESSURB‘WRVEFORMS :

Since the waveform dependcncc on Y has been clearly defined, and since only a
limited range of Ty/rp appeaxs to be of practical interest, the 1nver§e problem of deter-
wining Y from the shape and maqnirude of ohserved wavaforms would seem to he tenable.

A numerical study'of y shows that ai/(Ty/TD)3/2 is H.9%, 0.90, 0.85 and 0.77 for
(T&,TD, equal to 0.1, 0.2, 0.3 and 0.4, respectively. Here a; is the absolute variation
variation of ¢ from its first peak to its first trouqh The folliowing approximation is
adopted . : k

. Y3/ 5
al/(TY/tD) ‘ »0.9 \ (4.1)
The ratios of the periods (and other calculations not shown here) to 15 in the’
in the first few ¢ycles would appear from Fig. 3 to be relatively insensitive to the
value of Ty/tp. One finds g ‘ j

T E 4.0 1 (4.2a)

T, . = 2.6 1 ' (4.2b) '

where the period T; ; is first peak to second peak and the period T2,3 is second peak.to
third peak. Eqgs. {4.2a,b) imply that T, 2/T2 3 is approximately constant at 1.5 for the
Lamb mode, but observatiions of explo 1vely generated acoustic-gravity waves exhibit
significant variations in this ratio, due perhaps to interference of other modes with
the Lamb mode. As noted in sec. 1. it is the earliest portion of the cbserved waveforms
which is apt to be dominated by the' Lamb mode. Thus, ip is approximated here by T1'2/4,
which assumes that the edge mode is dominant at least until the second peak.

The dependence 2f G on atmospherlc parameters along the ray path can be eliminated
by ignoring horizontal refraction, and 'its dependence on conditions at the receiver can:
be eliminated by taklng the cbhserver to be at sea level and by-assuming that the ratio
ey {Xg,Yo) /oy, {x,y) is approximately 1.0 and that |¥1]| at each of these two locations is a
emall fraction of cj. Here, (24,vg) are the horizontal coordinates of the source and
(x,y) of the receiver. The vector VL ig the weighted averaqe of the wind velocity pro-~
file. Hence, C is approximated hy

G = ¥/Ir,* *B, sin”z(R/r TRERAL RN R (4.3)

where B] is a dlmen510ned constant equal to 1.440 atm 1Y)/ V™ 3/ 2 par 1KT, R is the
great circle distance from source to observer, Yy is' the radius of the earth, py is the
ambient pressure, y is the ratio of specific heats (=1. 4), and ¢ is the local speed of
sound . | :
Egs. (3.1), (4.1), (4.2a) and (4.3) may be combined to cbtain the approximate
relation i
Y =8B

sin'/ 2 (rR/r )p V(R ) 142 )T (4.4)

3/ 2
2 1,27 "Prpr
The numerical value of the constant By is about 0.199 atm 17V Vg™ 3/2ubar 'XT with rg
taken as 6374 km. The dependenoe on amhient pressure at the scurce is fairly weak
within the tropcsphere 51nce at 10 km (the approximate altitude of the tropopause) in a
typical atmosphere,'p i /Y = 0.7 atml-1/Y, The s?eed of sound at the source can also
vary, but generally utays within 15% of 310 m sec up,to an altitude of at least 60 km.
Taking pg(fo) to be 1 atm. and replacing c(¥y) by 310 m sec !, one finds that
Eq. (4.4) is further approximated by

. 1/ 2 /2
Y = B3sin ;(R/re)Tl'2 PFPT (4.9%)
The constant By has a value of wubout 0.034 ubar 'sec”3/?KT. The relation (4.5) is
considered appiicable for heighte of burst at least up to the tropopause. Because of the
nature of the assumptions outlined above, this prediction may be too large for blasts
where Po‘zo) < 1 atn or for records at long ranges from =mmall yield explosions [i.e.,
Ty/Tp) < 2] and too small for records at short ranges from large yield sources [i.e.

Ty/TD) > 0.-2] .
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The waveform parameters T ,2 and pppp read from an obsarved microbasogram should
properly be used in Fgq. (4.5) on}y when the record prior to the second peak repyoesonts
almost solely the Lamb mode pressure perturbation. In principle, this can only bLe the
cage when there iy negligible background noise, when there is not yet appreciabln contri-
hution to the record from cether mechanical modes, and when there ig negligible phase
shift due to instrument response.

In order to check the agreement between the approximate Lamb mode relation and
the empirical waveforms, the quantities pppp and T 5 are measured on the records
presented by Harkrider [1964] and by Donn and Shaw lf967]. The records used here include
all of those in these two c¢nllections for which B&th [1962] gives a source yield estimate,
for which the pressure scale could be determined and for which the first cycle of the
3iynal 18 recognizable above the background noise. Pressure amplitudes fox Harkrider's
records were computed using his microbarograph rasponse data. Pressure ampliitudes for
the Donn and Shaw records were determined according to the promises [W. Donn, private
comnunication] that (a) all recoirds recorded by Lamont type R microbarographs are to the
same scale and (b) the clip to =zlip amplitude of off scale oscillations was 350 ubars.
The data read from these waveforms is given in Table 1. 1In Fig. 4, the data is compared
with the approximate theoretical Lamb mode relation of Ea. (4.5). The yield Y is taken
to be given in each case by Bith's estimate based on seismic data as shown in Table 1.
{The validity of these yield estimates has not been established, but they are the only
quantitative estimates which have been published.) Note tnat the plot is full logarith-
mic. (This comparison was originally published in a letter to Nature (Posey and Pizrce,
1571].)

The scatter about the theoretical curve couid be due to various causes other than
interference with the Lamb mode by other modes and by noise. One possibility which seems
especially likely is the variation in amplitude due to the horizontal refraction and
subsequent focusing and defocusing caused by departures of the atmosphere fron perfect
stratification as discussed in some detail by Posey [(1971]. Also, some cf the scatter
would not bhe present if data corresponding to explosions of greater than 11 MT were
omitted. Above all, it should be remembered that the first part of this paper was
devoted to demonstrating that the source function utilized here was chosen primarily for
its mathematical simplicity. A more realistic source function might result in a very
different proportionality factor in Eq. (4.5), but the form of this relation would be the
same. Thus, while the ampilitude agreement seen in Fig. 4 is primarily due to chance, it
is heartening to see that the theoretical curve appears to have the correct slove.

5. CONCLUDING REMARKS

Two points have been made in this paper. First, the degree of excitation of
acoustic-gravity waves by a blast wave is heavily dependent upon the tail of the exciting
pulse, abcut which little has been published. Second, a simplified analysis of acoustic-
gravity wave propagation in which a single ducting mechanism (Lamb mode ducting) is
considered results in a simple analytical relation between source strength and initial
waveform amplitude and period. It is suggested here that similar analyses for other
mechanisms of ducting (socund channel ducting in particular) might be useful in deriving
other relations between waveform parameters and parameters of the source and/or medium.

REFERENCES

Bretherton, F. P,, 1969, Lamb Waves in a Nearly Isothermal Atmosphere, Quart. J. Roy.

Brode, H. L., 1955, Numerical Solutions of Spherical Blast Waves, J. Appl. Phys., 26,
766--775.

Brode, H. L., 1958, Review of Nuclear Effects, Annual Review of Nuclear Science (E. Segre,
ed.), Annual Reviews, Inc., Palo Alto, 153-202.

Donn, W. L., and D. M. Shaw, 1967, Exploring the Atmousphere with Nuclear Explosions,
Rev. of Geophys., 5, 53-82.

Garrett, C. J. R., 196%9a, The Fundamental Mode of Accustic-Gravity Wave Propagation in
the Atmosphere, iluid Mech. Trans. Warsaw, 4, 707-719.

Garrett, C. J. R., 1969%9p, Atmospheric Edge Waves, Quart. J. Roy. Met. Soc., 95, 731-753.

Glasstone, 5., 1962, The Effects of Nuciear Weapons (revised edition), United States
Atomic Energy Cummission, Wash., D.C.

Harkrider, D. G., 1964, Theoretical and Observed Acoustic-Gravity Waves from Explosive
Sources in the Atmosphere, J. Geophys. Res., 69, 5295-5321.

Lamb, H., 1910, On Atmcspheric Oscillations, Proc. Roy. Soc. London, A84, 551-572.

pierce, A. D. and J. W. Posey, 1970, Theoretical Prediction of Accustic~Gravity Pressure
Wavefcrms Generated by Large Fxplosions in the Atmosphere, Air Force Cambridge Research

i

el

Laboratories Report AFCRL-70-124.

Pierce, A. D. and J. W. Posey, 1972, Theory of the Excitation and Propagation of Lamb's
Atrospheric Edge Mode from Nuclear Explcsionsg, Geophys. J. Roy. Astio. Soc., 26€.

i-; nn | ie6

s



TN v oeneyn o MR A

126

Pierce, A. D.,, J. W. Posay and ¥.. P, YT1iff,. 1971, variation of Nuclaar Ixplosion
Genurated Acoustic-Gravity waveforms with Burst Height and with Energy Yield,

J. Geophys. Res., 76, 5025-5042.

Posey, J. W., 1971, Application of Lambh Edqgqe Mode Theory in the Analysis of Explosively
Gancrated Infrasound, Ph.D. Theais, Maasachusetts Institute of Technology, Depyrtment
of Mechanical Engineering.

Posey, J. W. and A. D Plerce, 1971, Estimation of Nuclear Explosion Energies from

taylor, G. I., 1950, The Formulation of a Blast Wave by a Very Intense kxplosion, Proc.
Roy. Soc. Londen, A201, 1549-186,

Whitham, G. B., 1956, On the Propagation of Weak Shock Waves, J. Fluid Mech., 1, 290-318.

The research reported in this paper was supported by the AilL Force Cambridge
Research Laboratories, Alr Force Systems Commard, USAF, under Contract ¥19628«70-C-0008.

TABLE 1.
Observed amplitudes and periods. This data corresponds Yo empirical microbarographs published by
Donn and Shaw (1967) and by Harkrider (1964), referred to as DS and H, respectively.
(a-1, U.8.8.R. explosions; j-n, U.S. explosions).
. ;
Event Date EZEZm:t:l?;g) R (k) Tl'z(sec) ?FPT(“bar) Migggigiogfam

a 9-10-61 10 3676 193 100 DS
6644 280 70 DS

b 9-21-61 9 8000 229 125 H
c 9-14-61 7 6569 258 61 DS
ad 10- 2-61 3] 8000 220 80 H
e 10- 6-61 11 6674 300 59 DS
8000 390 45 H

10-20-61 5 8000 310 21 H

g 10-23-61 25 6677 376 280 DS
h 10-30-51 58 6688 400 500 Ds
5631 540 133 Ds

8000 690 140 H

i 10-31-61 8 5717 386 25 DS
j S~ 4-62 3 5375 200 36 DS
k 6~10-62 9 2177 187 125 DS
1 6-12-62 6 2172 200 55 DS
m H-27-62 24 2192 187 264 DS
5393 433 83 ns

9307 500 90 DS

9350 467 90 DS

n 7~11-62 12 2185 200 180 bs
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Fig.1 Blast waves from nuclear explosions. The solid line is deduced from Brode's (1955) calculations. The functions

pg and pG' are as given by Eqs. (2.6) and (2.7), respectively.
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Fig.2 Universal source function, M(u). This function, given by Eq. (3.22), describes the time variation of the
effective source for edge mode excitation by nuclear explosions. Here p = t/TY. witere Ty

is a characteristic time for the ¢xplosion.
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Fig.3 Variation of the waveform factor y(t) with the parameter TY-/"'D' Here  is normalized with respect to Ty/TD
and the time is plotted relative to 7, in units of 1.
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Fig.4 Comparison of Data with theoretical yield-period-amplitude relation. The data points are lettered a through
n corresponding to particular events defined in Table 1. The theoretical line is that given by Eq. (4.5).
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DISCUSSIONS ON THE PAPIRS PREGENTED IN SESSION I B
(Acoustic gravity waves in the neutral terrestriul atmosphere -~ frtificial sources and propagation)

Discuseion onmﬂz + "Acousvic gravity vaves in the neutral atmosphere and the ionosphere”,
by N.X. BALACH .

Prof. H, VOLUAND : Did you teke intc account heat conduction and viscosity at thermospheric heights in
your calculations ? Due to viscosity, acoustic wave enargy is strongly dissipated within a frequency
range increasi.g with altitude, Above 200 km sltitude only infrasonic waves with periods beiween about
.ae minute and the scoustic cut-of” period are expected to exist with detectable smplitudes,

Dr, N.X, BALACHAMDRAN : No, in my comyucations viscous effects and heat conduction were ignored, For de-
tmiled analysis of waves detected at high eleva‘ions these factors are important, For weves recorded at
the ground level, the observations can be explained reasonably even it we ignore viscosity and heat cone
duction in the theoritical cawmputations,

Discussion on paper 10 : "Modeling of nuclear sources of accustic-gravity waves", by B,L. MURPHY,

C,Fs P, HALLEY : Dans vos conclusions il apparait que deux périodes sont privilégi€es v et 2 t_ ,
8'agit=il bicn de la période de Brunt-Vaisald & 1'altitude de 1'explosion ? Dans nos ofservatilfus nous
trouvcns plutdt . et 2 T & 1'altitude Jfobservation,

Dr. BJL. MURPHY : In our model the source (fireball) oscillates st s period between 7 and 2 1_ , vhere
T_ is the Brunt-VEisili period at the stabilization altitude (at or uzar the tropopauffe), It if tempting
me to ascribe the oscillatiors you obser.= to buoyancy oscillations of the fireball but I have no

explanation a8 to why the period should be related tn 18 at the observstion point,

Dr, K. DAVIRS : Hculder H,F, Dorpler records shov tbat 1 .in, waves propagatc nearly vertically, so that
thay aypesr to leak from duct over Bouller which is many thousands of kilomcters from nuclear burst, Can
shock wave propagate over these large distances 17

Dr, B.L,, MURPHY : One can show from equation (3) of our psper thut after m skips between the base of the
ionosphere and the ground the positive phase duration of a weesk shock is increased by a factor of appro=-

ximately (1 + i L m)l/z over the positive phase cCuration vhen the shock first reaches the ionosphere,
Thus l‘ublequen? lengthening of the positive phase of a weak shock after the first skip would not be large
tnough to affect our main argument, nemely that the positive phase duraticn of the shock at the icnosphere
and the observed jonospheri> periods are of the same order of magnitude, How long in fact th¢ wesk shock
steys a shock (i,e, a disturbauce whose front satisfies the Ra.sine-Hugoniot relations) I do not know,

One can imagine a variety of atmospheric phenomena which would tend to destroy a shock structure :
ecaterring of the high frequencies at the shock fromt by turbulence oy small scale wind gradients, spetial
separation of high frequencies vy frequency dependent dispersion or refraction, and alteration of pulse
structure by pasange through a caustic, It may be that acoustic, as opposed to weak shock, equations ere
appliceble after conly a rew skips between ground and icnosphere,

Dr, N, CHARG : In regards to the yt/3 scaling for shor! periods oscillations in the ionoaphere, I believe
that most of the Doppler observations showed periods in the range L0-90 seconds, This seems to be & con-
tradiction of the sbove scaling.

Dr, BeL. MURPHY : According to Baker {1969) the periods ranged from 30 seconds to 10 minutes, periods of
about a aminute being predominate, Typically the yields involved were about a megaton, I do not know i%a
sufficient spread of yields were involved that one might check the period-yield sceling, The {yield)

lav is e rough estimate of what might be expected, For large yields, deviations from this law can be anti-
cipated due to : (a) The interaction of the rising fireball with the shock, As noted by Greene and
Whitaker (1968) this affect tends t5 compress the going shock and hence the yield expoment would tend to
be less than 1/3 , (b) Other inaccuracies associated with modified Sachs sceling for large yields,

Discussion on ar 11 : "Un nouvesu mécanisme pour la propagation lointaine du son dans 1'stmoephére®
by Y, ROCARD and G, HET,

Dr, A, PIERCE : This paper evidently gives s method of incorporating nonlinesr effects intv the theory of
geometrical acoustics vhich is considerebly different than that used in the analogous field of sonic booms,
the theory of which vas developed by Duirsud, Hayes, and Wnitham. In sonic boom theories, nonlinear effects
are neglected in the determination of ray paths, and one dimensional weak shock theory is applied to ile-
termine shock waveforms of shocks propagnting along a ray tube, An important factor there is the variation
of ray tube ares with focuaing on defocusing rays, This factor has evidently been neglected in the pre~
sent paper,

0
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Prof. C, BERTHMET ; L'affet de fucalisation et de défocalisation des rayons rests tréds secondaire devant
la cause fondementale de non~lindarité de la propagetion dans l'atmosphére, lie i la diminution exponen~
tielle de la densité avec l'altitude et sur laquelle a §té banée nntrc spproche, Naturellement, on pour-
rait tenir compte de la focalisation nu woment ol les rayons se rapprochent en une ligne focale dans la
"souronne de bruit” : on trouverait alors que les effets non-linbaires sont queique peu augment$s,

fote des prof, Y, ROCARD et C, BERTHET :

"Le traitement de Greene et Whituker est besucoup plus générel que les conclusions qu'en ont tir§ les au-
teurs, Le calcul, basé sur les §quations hydrodynamiques génfrales, n'est pes restreint au seul cas des
ondes de gravité et les configurations donnéss par exemple figures 5 e% 6, qui montrant des roeuds de
pression & haute altitude, ne sont autres que celles que nous avons aprelées "couronne de bruit", Quand
Greene et Whitaker disent que tout se passe comme si les ondes de gravité se réfléchissajent sur le fort
gradient thermique de la haute atmosphére, ils pourraient étendre cette conclusion sux cndes acoustiques

t’ quelconques,

PJ\ Notre approche par une accustique de rayons amsez simple a permis de mettre commodément en &via-

3 dence la "couronne de bruit" et de démontrer que cette couroune était une nouvelle source rayonnant dans
! des directions nouvelles, La confirmetion apportée par Greene et Whitaker au moyen de calculs sur ordi-
p nateurs puissants ec la deascription plus précise qui en est résulté ont justifié notre méthode,”

General discussion

J. TESTUD : En 1970, nous avione Tait un calcul théorique montrant que l'&lectrojet auroral, qui se dive-
loppe peadant un sous-orage magnétique, était capable d'engendrer des ondes atmosph&riques compatibles
avec les observations A moyenne latitude de perturbations ionosphériguea itinérantes de grande &chelle :
_ périodes de 1'orire de deux heures, vecteur d'onde de l'ordre de 10=2 m~l, Cependant, ce moddle théorique
g repoaait sur des hypothéses pimplificatrices qui en limitaient la validité : la hauteur d'échelle H de
1l'atmosphdre &tait supposfe constente, et les effets d'amortissement étaient totalement négligés,

On e récemment repris ce calcul, en essayaut de lever cette limitation :

- on & utilis€ un modéle réaliste iour l'échelle de hauteur H,

- on a tenu compte de l'amortissement d8 & la conduction thermique (Cet effet est la principaie
cause d'amortissement dans la région F de 1'ionosphére,)

- on a considéré que l'approximation de l'optique gécmétrigue &tmit applicable aux ondes &mises
par la source,

Le résultat de ce calcul est le suivant : <>

A 2 500 km de la source et vers 300 km d'altitude (ce qui est typique d'une observaticn & moyenne
latitude en région F) la perturbation de vitesse neutre horizontale consiste simplement en un pic de gran-
de emplitude de largeur typique 1 heure, Ce résultat est singuliérement en contraste avec celui du précé~
dent, calcul avec lequel on obtenait des oscillations pendant environ 6 heures,

Ce résultat eet important pour l'interprétation des perturbations itinirantes liées aux orages ma-
gnétiques, X1 montre que la période des "ondes" observées n'est en tait que la période de répétition des
sous-orages dans la zone aurorale, période de répétition dont la valeur la plus probable eet d'ailleurs
deux heures comme 1'a montré AKASOFU,
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JUSTIFICATION FOR THE USE OF HINES' “ASYMPTOTIC RELATIONS”

FOR TRAVELING IONOSPHERIC DISTURBANCES
by
Norman J.F.Chang
Stanford Research Institute

Menlo Park, California
USA
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JUSTTFICATION DE L*EMPLOI DES 'RELATIONS ASYMPTOTIQUES'' DE HINES
POUR LES PERTURBATIONS IONOSPHERIQULS ITINERANTES

SOMMAIRE

I1 est démontré que les ondes de gravit€ internes se propsgeant 4 des altitudes iono-
sphériques doivent présenter des angl®s de propagation proches du maximum permis, Ainsi, dans le
cag des perturbations ionosphériques itinérantes (PII) 1l'emploi des "relations asymptotiques” de
Hines est justifié par la trajectographie, On vérifie ces relations en comparant résultats théo=-
riques et expérimentaux pour quinze PIIs, Les effets du profil de température sur les propriétés
mesurables des PIIs (inclinaisons des fronts d'ondes et périodes) sont &tudiés, Il est démontré
que, pour les PIIs qui prennent naissance en-dessous de la mésopause, 1'atmosphére se comporte
comme un filtre passe-bande avec une fréquence centrale favorisant les périodes proches de 20 mi~
mtes,
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JUSTIFICATION FOR THE USE OF HIN:S' "ASYMPTOTIC RELATIONS”
FOR_TRAVELING XONOSPHE!IIC DISTUHBANCES

Normain J. F, Chang
Stanford Regearch Institute
Menlo Park, California
U.S,A,

SUMMARY

It is shown that internal gravity waves propagating at ilonsopheric heighis must have propagation
angles near the maximum permitted. Thus, for traveling ilonospheric disturbances (TIDs) the use of Hines'
"asymptotic relations” is justified by ray tracing. Verification ¢f these reiations is made by comparisun
of theoretical with experimental results for fifteen TIDa, The effects of the iemperature profile on the
measurable properties of TIDs (wavefront tilts, and periods) ars discussed. It ils shown that for TIDs
that originste below the mesopsuse, the atmosphere hehaves like a bandpass filter with center frequency
favoring waves with periods near 20 minutea,

1. INTRODUCTION

Following Hines' (1960) work, traveling lonoapheric disturuances (TIDs) are generally interpreted aa
a consequence of atmospheric internal gravity waves (IGWs), Although TIDs have beeu observed with a
variety of techniques and in widely separated locations, they appear related in terms of periods and
horizontal trace speeds., For example, TIDs with periods near 20 minutes ana speeds around 150 m/s seem
to be most prevalent,

Observers have found that at heights of 80 to 100 km the wavelike motions of the neutral atmosphere
revealed by meteor trails have horizontal scale sizns greatly in excess of the vertical scale sizes, 1In
addition, the dominant motion observed is nearly horizontal and the periods of the dominant observed modes
are much larger then the Brunt~VHisdl¥ pertiod cf the utmosphere. The fact tha* such observations are in
agreement with certain limiting forms of the IGW dilspersion equation prompted Hines (1960) to state that
"certain 'asymptotic' relations apply to the parameters that describe these waves.” These limiting forms
have been useful not only bucause they simplify the dispersion relation for internal gravity waves, but
more importantly because they reduce by one the number of parameters (period, and vertical and horizontal
trace velocities) necessary to describe the assumed plane wave.

This paper shows that in a temperature-stratified atmosphere, internal gravity waves at F-region
heights launched from an assumed source in the lower atmosphere must have propagation angles near the
maximum permitted; under these conditions the esymptotic relations are always valid. In addition, it is
shown that for TIDs that originate below the mesopause the atmosphere acts llke a bandpass filter favoriung
waves with periods of about 16 to 20 minutes. In the present discussion, validity of ray theory is assumed
and the atmosphere 13 considered to be stationary, A comparison of the avallabie experimental results
supports the above conclusions,

2. THEORY

The propagation of plane internal gravity waves in a two-dimensional, statioaary, isothermal, non-
digsipative atmosphere ¢f uniform composition throughout is governed by the following dispersion relation
(Hines, 1960):

(w2 - wz) mA/C2 - wz (k2 + kz) + wz k2 =0 (1)
a x z g x
where u = yg/2C and y n.J;—T.T1g/C are the acoustic rut-off and Brunt-VAisila frequencies, resgpectively.
The angular frenuency gf the internal gravity wave is denoted by u (<iy ), while C represents the sound
speed, g the acceleration of gravity, y the specific heat ratio and k snnd k the wive numbers in the
horizontal and vertical directicns, respectively. The geometry is chosen such that there is no varistion
in the y-direction,

The above equation, which 18 normaeily referred vo as the 1sothermal dispersion relation, can ba put

in a convenient form with the transformations kx = k sin ¢ and k = k cos ¢. The result is
2 2 2
2 Ck C X - .
T 2 = —5 - e (2)
w Vp Y sin ¢ 1

2
where X = (w /w) and Y =@ A, [Fos the significance of these delinlticns see Davies, Baker, and Cheng
(1969)]. Thg remaining pnr‘mmtwrs are the refractive indux, 1, and the phase velocily, v ,and {ts angle
with the vertical, 9, P
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With the dispersion relation in the form of Eq. (2), it is apparent that the refractive index has a
singularity at ¢ = ain-l(l/Y). This angle will be called the critical angle, For ¢ S /2, propagation is
possible only when ¢ > ¢ . When the sources of the traveling disturbances lie in the lower atmosphere,
phase propagation must be downward for an upward flow of energy. Thus,
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/2 <S¢ ¢c = 1 - sin  (1/Y) (3)
where @c is now given by the right-hand side of Eq., (3). ¢

Figure 1 shows how the refractive index varies with Y and ¢; its value is equal to the magnitude of
the radius vector drawn from the origin to the sppropriate curve. This figure shows the projectioan of the
n surfaces on the upper-right quadrant of the .y - pz plane. The curves are symmetric in both axes, Note
that for Y = 2, @c = 30°, Thus, the curve for Y = 2, 1s asymptotic to ¢ = 30", as shown, b

The path of internal gravity waves propagating in a temperature-varying atmosphere can be found by
approximating the atmouphere by a series of constant-temperature layers. In each of these layers a given
plane wave must satisfy both the isothermal dispersion relation [Eq. (2)], and Snell's law which can be
written:

v ¢

W w :

_~_=__=__L= . 4 .
k sing k sin @ constant (4)

Subject to these restrictions, 9§ versus height has been calculated for families of IGWs propagating
from a source at 10 km in the 1962 U, S, Standard Atmosphere, The results for wave perliods of 10, 20, 30,
and 60 minutes are presented in Figure 2. In these graphs waves with propagating angle, @, between 90 and
180° propagate energy upward. This is the only type of wave that will be considered., For propagating
waves, ¢ cannot exceed g, = n - sin"1(1/v).

The feature of interest in Figure 2 is the behavior of ¢ in the thermosphere (above 100 km), Above
120 km all internal gravity waves have propagation angles within a few degrees of their critical angle,
which 1s shown by tha dashed line, For 20-minute waves launched at 10 km only those with initial
propagation angles between 150 and 155 degrees will reach F-region heights., These waves will have wave-
front tilts between 44 and 54 degrees from the horizontal in the height range 200 to 300 km, Waves with
30-minute periods must have initial propagation angles between 160 and 170 degrees., Their corresponding
tilts are beiween 28 and 33 degrees over the 200«to"300-kq helght range., Other quantities heing equal,
this means that waves with 20-minute periods (since they have a larger range of allowable angles) sheuld
be detected more frequently than 30-minute waves., For waves with periods larger than 30 minutes the range
of allowable ¢'s becomes even smaller than 100, while those with periods less than about 20 minutes are
limited by the Brunt-Vaisild period of the atmosphere,

The Influence of wave periods, source heights, and different atmospheres on the range of allowable
¢ is shown in Figure 3, The criticel angle is <alculated at the source height shown, while ¢ (900 £ ¢ < mc)
is the largest angle at z, that is reflected at the mesopause., Only internal gravity waves with angles
: greater than this value but less than the critical angle will propagate to F-region heights. These curves
show that in addition to a difference in the magnitude of ¢ - @¢, the winter curve pecaks at a higher
neriod (about 2 minutes) than does the summer curve, This suggests that, on the average, waves propagating
into the thermosphere during the winter should have slightly longer periods than those observed during
the summer,

# While the above statement should be true for waves observed at 100 to 120 km altitude, the effects of
the Brunt-Viisiald period (sce Figure 3) must be inciuded foir waves that propagate above 120 km and that
have periods less than about 20 minutes, Since ihe Brunt-Vaisdla period is the lower limit for propagating
waves, Llts effect is like a lowpass filter whose cut-oft period increases with fncreasing ncights. Thus,

h Figure 3 shows that at 200 km only waves with periods greater than 13.5 minutes are permitted, while at

B 300 km the waves must have periods greater than 16 minutes. Since the wave is reflected as T - Tgy ray
theory probably fails in this region and it is expectcd that the actual lower limit is a few minutes

‘ higher than the above numbers, Hence the combined etfect of tine Brunt-Viisala period and the refractive
properties of the mesopause act to make the aimosphere like a bandpass filter favoring waves with periods
of about 16 to 20 minutes.

3 3. COMPARISON WITH OBSERVATIONS, ANC DISCUSSION

The most statistically meaningful observations of TIDs asvatlable ure those of Munro and Heisler
(Munro, 1950, 1958; Muuro and Heisler, 1956)., These studies in Australia revealed that the speeds of
TIDs mest frequently observed lie between 83 und 167 m/y, During the winter, TIDs gencrally travel noerth-
ward with an average gpeed of 133 m/s and with a meap wavefront tilt of 65 degreoes, During the summer they
travel soathward with an avorage speed of 117 m/s and with & mean tilt of 51 degrees. Thelr perlods range

s g T, T "

from 10 to 60 minutes wlin shorter-period eveats being most common,

Observations heve also becn made in the northern hemisphere by Thomas (18%9) and by Chan and Villard

(1962), 1Tho former study produced results consistent with those for the southern hemiaphere, Chan and

Yiliard, however reporied spoceds of 400 ro 765 m/s with pertods from 45 to 72 minutes. Other observations
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of TIDs have appeared in the literature, but the ones glven above are representutive, For a summary
see Friedman (1966},

One problem quite evident in the literature is that, even though TIDs avre generally atftributable to
plane internal gravity waves, the wave parameters available from measurements are insufficient to determine
the wave, In spite of this it can be seen that the observations agree in principle with the conclusions
of Section 2,

The Australian TID3s have periods of about 20 minutes, speeds of about 125 m/s, and tilts of about
55 degrees. The high speeds reported by Chan and Villard tend to have longer periods and thus nearly
herizontal wavefronts, with a correspondingly higher horizontal trace velocity.

That TIDs do satisfy the asymptotic relaijons can be demonstrated more convincingly by comparison of
TIDs that have the parameters necessary to describe them completely. Such events found in the literature
are listed in Table 1.

The disturbances occurring during 1967 and 1968 were obtained using a CW Doppler technique as
described by Davies, Watts and Zacharisen (1962)  The experiment consisted of a 5-MHz transmitter
located at each apex of an approximately equilateral triangle with sides about 80 km (see Davies and
Jones, 1i970). The signals were all received at a site in Boulder, Colorado about 25 km east of the
extreme western transmitter. A measure of the vertical trace velocity was possible with two additional
transmitters of 3.3 and 4.0 MHz at one of the transmitter sites, The dauta obtained from this network
enabled the velocity vector of a plane-wave disturbance to be found by means of the sequential time delays
between observations at each pair of stations. DNavies and Jones used a cross-correlation technique to find
the time delays for their five events listed in Table 1. Time delays for the remaining four 1967 events
in Table 1 were deduced simply by tracing the distiurbance observed at one site on translucent paper and
superimposing the results on the records of another site. 7The shift in time required to match features

was the desired delay.

The TIDs obtained from the works of Georges, Xlostermeyer, and Munro were all cbserved on sweep-
frequency soundings. Velocities for tliese events were also determined from time delays between similar
features, Further details of the measuring techniques and the methods of data reduction can be found in
the respective references,

In Table 1 the parameters necessary to specify the wave are tabulated in the three columns immediately
following the date of each event, The vertical and horizontal trace velocities, vy and Vg respectively,
are related to vp and ¢ by

vp = vTZ cos P = vTx sin ¢ . (3)

Hence, if v_ and ¢ along with the wave period, T, are known, the wave is also determined, Also listed are
the speed of sound and the critical propagation angle of each event at the indicated height, This height
is the median of the observed maximum and minimum vertical extent of the disturbauce. In Davies' and
Jones' observations the height represents the observed maxilmum,

Comparison of ¢ and ®. shows that with the possible exception of the events of 12/13 February 1961,
15 July 1967, and 26 November 1967, which are marked with daggers, each of the other observations has a
propagation angle within a few degreces of its critical value. For the former eveni the propagation angle
is yuestionable becausce some of the angles averaged were less than 90 degrees, and also because of high
scatter of the published values,

The periods given in Table 1 should be treated with caution. For some of the TIDs this neriod repre-
senis the time interval for a single cycle of a quasi-periodic event. Even when several cycles are present,
the ”period" assoclated with a disturbance may depend on which features are chosen for the measurement
[c.g., Figure 3 (a) of Klostermeycr, 19€9], Thus, in addition to the problems inherent in treating a
possible transient disturbance as a periodic phenomenon, some svents bave nonconstant periods and there-

fore cannot be represented by a single value,

In view of the above, a better way of deciding whether the propagation angle is near its critical
value is to determine the maguitude of the relractive index ;1. Figure ! shows that whenever ;oo 4,
@ 9. regardless of the vave perviod,  Table 1 shows that tnis condition is satistied except for & single

event,

Additional support for the validity of the asymptotic approxiwation may be foune in Hines' (1967)
interpretation of Tlds lounched by a nucelear detonation,  In that paper Hines showed thet the nature of
t,Fy, verturbations observed by a number ol ditrerent stations can be oexplained on the bosis of cnergy flow
along frequency-dependent limiting sugles.  This behavior is furthermore predicted from the theor