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Ray-paths and Attenuation of Infrasonic Waves Generated 

at 100 km Altitude 
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Abstract: Ray paths of sound waves generated at 100 km altitude are calcu­
lated by using model atmosphere given by CIRA 1972 at 70°S latitude. The wave 
position and the time required for the wave to arrive there are calculated at every 

1 km altitude and the results are illustrated by ray curves and by wave positions 

at every 100 seconds on the curves. Further, attenuation of the wave of (1/40) Hz 
frequency is calculated along the ray path; the attenuation is very little when the 
wave propagates under 150 km, it becomes not negligible when the wave goes 
above 200 km. 

1. Introduction 

1 

A natural infrasonic wave which has relations with a magnetic substorm was 
first recognized in the observation at Washington D.C., U.S.A. (CHRZANOWSKY et al., 
1961). The cause of this wave is discussed by several authors (MAEDA and WATANABE, 
1964; PmmNGTON, 1964; KATO et al., 1977). In Alaska, the relations between the gener­
ation of specific infrasonic signals and the supersonic motion of the aurora (WILSON 
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and NICHPARENKo, 1967) were studied and a shock wave model (WILSON, 1967) was 
proposed to explain the amplifying mechanism of the signal in the directions of the 

auroral motion. Further, auroral infrasonic waves were shown to be infrasonic bow 

waves generated by supersonic equatorward drift motions of the electrojet arc. The 
Lorentz-force is the coupling mechanism working between the electrojet current carriers 
and the neutral particles {WILSON, 1972). 

The present author (SuzuKI, 1973) studied the auroral-infrasonic wave data 
observed at Syowa Station, Antarctica, from 1969 to 1972, and concluded that the 
infrasonic wave was generated by supersonic drift motion of a locally existing jet 
current with narrow width (SUZUKI, 1979a). An auroral infrasonic wave is seen 

when the disturbed area travels at a supersonic speed, and at that time syncronized 
with the zenith crossing of the westward current, a rotation of horizontal vectors of 

the geomagnetic field is recognized on the ground (SUZUKI, 1979b ). 

As described above, generation of an auroral infrasonic wave has been discussed 
by many authors, while propagation of this wave has scarcely been discussed. There 

still remain many problems unsolved about the propagation of this wave. For ex­
ample, (1) we can see the wave being delayed several minutes to the equatorward zenith 

crossing of the luminous aurora. By calculating the wave path and the speed, it 
should be determined from this delay time whether it is reasonable to regard this 

luminous aurora as a real wave source. (2) A reflected wave is occasionally seen 
IO or 12 minutes after the direct wave. In spite of such long propagation, the reflected 
wave is attenuated little; its intensity is usually stronger than 70 % of that of the direct. 

(3) However, though the reflected wave is attenuated little by such long propagation, 
no auroral infrasonic waves are observed at lower latitudes. The present paper is 
a preliminary study in order to discuss the propagation of the auroral infrasonic wave 
and to give answers to such problems described above. 

In the present study, the propagation of an infrasonic wave will be studied on 

a wave path and on a wave attenuation. The energy flow by sound wave will be 
illustrated by ray tracings. Though the shock wave model has been proposed (WILSON,. 

1967), the stationary sound source is assumed for simplicity in the present paper. 

On the basis of the present study, a moving source will be treated in the next paper, 
where a ray path and an attenuation of a reflected wave, curves to deduce the altitude 
of a current of the wave source, and impossibility of observing the wave in low latitudes 

will be discussed (SuzuKI, 1980a). 

2. Sound Propagation in the Earth's Atmosphere 

Sound waves are capable to travel up to altitudes of several thousand kilo-
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meters in the earth's atmosphere. Variations of the atmospheric density, of the 
temperature, and of the composition with altitudes restrict the acoustic frequencies 
and intensities. The lowest frequency that can travel at any altitudes is of the 
order of 0.002 Hz (BARRY, 1963); however, the energy of the wave, undergoing dis­
sipation, drops sharply with increasing frequency and altitude. 

The lower limit is imposed because of the variation of atmospheric density with 
altitude. The atmosphere has the appearance of an exponentially tapered transmission 
line to a vertically travelling sound wave. The acoustic impedance Z is, 

Z=ap, (1) 

where a is the speed of sound and p is the atmospheric density (RAYLEIGH, 1945). 
The density varies rapidly with h, typically, 

p=po exp (-h/H), (2) 

where po is the density at h=O and H is the scale height. The lowest cutoff wave 
length AL for this exponentially tapered transmission line is J..L =4rrH or, 

(3) 

The lowest cutoff frequency IL takes the value 0.0013-0.0039 Hz for h=0--400 km 
(BARRY, 1963). 

The higher acoustic frequency that can travel is limited by the finite collision 
rate. The energy of an acoustic wave is transferred from one molecule to another 

molecule at the time of collision. The upper cutoff frequency fu is expressed as, 

fu ex: J�a, (4) 

where i., is the mean collision frequency. At the altitude of 300 km, the absorption 
rate for the wave of 0.004 Hz is equal to l db/km, and at 200 km the wave of 0.1 Hz 
is absorbed by the rate of 1 db/km (BARRY, 1963). 

The definition of an acoustic wave velocity requires the assumption of linearity. 
The definition is appropriate only when the sound pressure is much less than the ambient 
atmospheric pressure. The power carried by a linear, plane, harmonic wave per unit 
area 1s, 

P=pa3 (Jp/p)2272, (5) 

where p, J p, p and r are the ambient density, peak sound pressure, ambient pressure 
and ratio of specific heats, respectively (BARRY, 1963). According to our observation, 
J p of the auroral infrasonic wave is about 4 µb (SUZUKI, 1979a), the power P carried 
by this wave is P=l.59x 10-.i W/m2

• If the linearity is supposed to be held when a 
peak sound pressure is weaker than 10/� of the ambient pressure, i.e. Jp/p<O.l ,  the 
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acoustic power P satisfies this condition that J p/p is not greater than 0.1 under the 

altitude of about 230 km; according to the above assumption the linearity is not held 
above there. 

3. Ray Calculation 

3. 1. Model atmosphere 

On the basis of the model atmosphere after the CIRA 1972 (COSPAR, 1972) 
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Fig. 1. Temperature and pressure changes 

at 70° south latitude in winter given by 

CIRA 1972 model atmosphere. 800 K, 

1200 Kand 1500 Kare the exospheric 

temperatures. Discontinuities at 110 

km of CIRA model are smoothed (see 

Fig. 2). 

Fig. 2. Temperature and pressure changes 

at 70° south latitude in summer. The 

discontinuity around 110 km height in 

CIRA model (shown by circles) is 

smoothed. 
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Fig. 3. The altitude changes of molecular weight and ratios of specific heats of the model 

atmospheres for various exospheric temperatures at 70° S latitude. 
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given by W-curve. Sound velocity is calculated using models given in Figs. 1 and 3. 
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at 70° south latitude, curves showing temperature and pressure are given in Figs. 1 and 

2, and those showing ratio of specific heat and weight of a molecule are also given in 

Fig. 3. Further, wind speed is given in Figs. 4 and 5, where the equatorward com­

ponent is shown. The atmospheric models derived from these figures are used for 

ray calculation. As the CIRA model has discontinuous changes around 110 km 

altitude as shown in Fig. 2, the smoothed curves are used for the ray calculation. 

For the altitudes 0-25 km, the data obtained by a meteorological sonde at Syowa 

Station (69.00°S, 39.35°£) in Antarctica are used. 

The ratio of specific heats is calculated by assuming that the model gas is composed 

of monoatomic and diatomic gases (SuzuKr, 1980b ). A monoatomic gas has three 

degrees of freedom, and a diatomic gas has five degrees of freedom. When the 

number density of monoatomic gas is q, the ratio of specific heats r is given by, 

r= 1 +[0.4/(1-0.4q)]. (6) 

3. 2. Ray calculation 

Ray paths for the acoustic waves through the horizontally stratified atmosphere 

are calculated. The ray equation is known as the Snell's law of sound, 

(a/sin i)+ W=const., (7) 

where a, i and Ware speed of sound, an angle between the wave normal and the vertical, 

and speed of horizontal wind, respectively. The velocity of sound in an ideal gas 

is written as, 
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a=v'rRT/M, (8) 

where R, T and M are the universal gas constant, i.e. ,  R=8.3 I  7 x 107 erg/deg, the tem­
perature and the molecular weight, respectively. 

In eqs. (7) and (8), all but the universal gas constant are functions of an altitude. 

On the basis of the model atmosphere described in the previous section, the curves 
showing the velocities of sound and wind are given in Figs. 4 and 5. As no wind 
speed is given for the altitudes above 1 40 km in CIRA 1 972, the wind speed is  supposed 
to be zero above this height. 
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Fig. 6. Ray paths calculated every 10° of incident angles for the model atmosphere of 
800 K exospheric temperature Tex in winter. Nodes on the ray show the wave position 
at every JOO s. 
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Fig. 7. Ray paths in the exospheric temperature of 1200 K in winter. 
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Fig. 9. Ray paths in the exospheric temperature of 1200 K in summer. 

The eq. (7) shows that sin i increases with increase in the sound speed and/or in 

the wind speed, and finally the sound ray going upwards is refracted horizontally or is 

reflected downwards. In summer, for example, sound speed shows minimum at 

89 km altitude (Fig. 5), and thus the upward and the downward sound starting at this 
altitude may be reflected; in this way the well-known sound ducts are formed. 

Ray paths emitted from the source at the altitude of 100 km are calculated at every 
I km altitude using eq. (7) for six model atmospheres with the exospheric temperatures 
of 800 K, 1200 K and 1500 K both in winter and summer. The curves in Figs. 6, 7, 8 
and 9 show the results, where the wave is supposed to propagate in a geomagnetic 
meridian. The nodes of the ray curves show the locations of wave front every I 00 
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seconds. 
As it is supposed from the curves of sound speed and wind speed (Figs. 4 and 5), 

the wave ducts are formed at about 60-106 km in winter and 70-107 km in summer. 
Since the minimum value of the sound speed at the mesopause is small in summer, 
the wave duct in summer is narrower than that in winter. 

Differences of exospheric temperature mainly affect the ray paths reflected be­
tween 1 50-250 km altitudes. Such differences are seen between waves emitted up­
wards at the angle of 20° with the exospheric temperatures of 1200 K (Fig. 7) and 
1 500 K (Fig. 8), respectively. Ray paths of waves emitted upwards with angles of 
20° and 30° in Tex

= 800 K are also quite different from those in Tex
= 1200 K. Seasonal 

differences are not clear for the upward waves. In winter the wave emitted downwards 
with the angle of 60° is able to reach the ground, but in summer it propagates only 
within the duct at the mesopause. 
3. 3. Wave attenuation 

The attenuation of acoustic wave intensity is given by an 'attenuation coefficient' 
a per unit of distance traveled. A sound wave of intensity /0 at the origin attenuates 
to intensity /(R)=/0exp [- �: a(r)dr ] at the point apart R from the origin, /(R)//0

= 

exp c-[ a(r)dr]  is called 'attenuation factor' . According to MAEDA and WATANABE 

( 1964) and the earlier paper by RAYLEIGH (1945), the acoustic wave in the atmosphere 
attenuates due to viscosity and thermal conductivity, and the attenuation coefficient 
a(f) in (cm- 1) for the wave of frequency f is given approximately by, 

where the coefficient of kinematic viscosity b is given approximately by, 
b 

1 .7 X lQ- 4 • 2 _ 2  

=-- p(fif __ _ _ 
m cm s , 

and the coefficient of thermal conductivity c is given by 
2. 1 X 10- 5 

C- p(h) 
in cm2 s- 2 

• 

(9) 

Several different expressions of a were given by other authors, and these will be dis­
cussed later. 

The coefficient a of the wave of ( 1/40) Hz frequency in T
ex

= 1200 K model at­
mosphere is calculated by using eq. (9) and the results are shown in Fig. 1 0 ;  the fre­
quency of (1/40) Hz lies almost at the center of the frequency range of the auroral 
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wave. In the calculation, vertical propagation of an wave at every altitude is 
assumed. 

L. 
0 

v 
tU 

WINTER 

1500 K \ 
\ \ 
\ \ 
\ \ 
\ \ 
\ 

500 

\ \ 

\ 
\\ \ 
,, \ 

,, ' 800 K � "  
�� .... 

00 ....
.... .. K -....,. ....... _ ......... ._ _  200 K -... ,�--=-.:: 

O-+----.----.-----r---""T----+-1 00 

1 0· 20· 30• 40" 

Wave Direct ion 
so· 60° 

Fig. 11.  Solid lines show attenuation of the wave propagating from the source to the 
ground as the function of an incident angle at the source. The attenuation factors for 
all waves emitted downwards are greater than 0.999. The altitudes where the waves 
emitted upwards are reflected are also shown by dotted lines. 

infrasonic wave. Further, an attenuation factor of vertically travelling wave from the 
ground is also calculated by assuming that the wave travels vertically at every 

altitude. A change in  the curvature of the a-curve at about 120 km is related to 

the change of p at this altitude (see pressure curve in Fig. 1 ). As the coefficient a is 
smaller than 10-s  km- 1 under 1 40 km altitude, . attenuation of the wave which travels 
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under this altitude is very little ; the attenuation does not exceed IO % even when 
the wave travels horizontally as long as 100 km through 140 km altitude. 

Attenuation factors of the wave travelling from the source to the ground were 
calculated for various paths given in Figs. 6, 7, 8 and 9. The results of the calculation 
for winter are shown in Fig. 11, in which the altitudes where the rays are reflected are 
also shown. The attenuation in summer is not much different from that in winter. 
Energy dissipation due to ray divergence is not considered in the results, as the rays 
do not diverge when the sound source moves with the supersonic speed (SUZUKI, 1980a). 
The waves emitted downwards are attenuated l ittle ; the attenuation factors of these 
waves are larger than 0.999. According to eq . (9), the attenuation of the wave strongly 
depends on the density of the atmosphere in which the wave travels. As the atmospheric 
density decreases sharply with altitude, the attenuation of waves emitted upwards 
depends on the altitude where the wave is reflected. The attenuation of the wave is 
almost negligible unless the wave travels below 150 km, while the attenuation of 
the wave which travels above 200 km is rapidly increased. The wave emitted with 
an acute angle arrives at upper altitude. The angles about 30° and 20° are the critical 
angles whether the waves go above 150 km and 200 km, respectively, hence the waves 
emitted with former angle (30°) are considerably and those with latter angle (20°) 
are very strongly attenuated. 

4. Discussion 

The acoustic wave behavior is analogous to the behavior of radio waves in the 
ionosphere. In both cases wave propagat ion is studied in a stratified medium through 
which the phase velocity increases, though not monotonically, with height. The 
resultant refraction of a sound wave shows focusing, skip and critical-angle effects as 
commonly seen in the ionospheric radio-wave transmission. The use of ray optics 
as an aid in visualizing energy transmission is, of course, properly restricted to cases 
where the wave length is insignificantly small compared with dimensions of the system 
and the phase velocity is not a function of frequency. At the frequencies near the lower 
cutoff, /L, neither of these restrictions is satisfied. Nevertheless, the only reason 
why we used it is that there is no other simple method that can give the qualitative 
behavior of acoustic energy flow. 

The auroral infrasonic wave is emitted by moving sources. Therefore, the ray 
path obtained in the present study does not show the real propagation of the actual 
auroral infrasonic wave. Propagation of the actual auroral infrasonic wave will be 
discussed and be described in another paper by using the present results (SUZUKI, 

1980a). However, the present study is very useful to know the energy flow of the waves 
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emitted from the source at 100 km altitude. 
In Figs. 7, 8 and 9, the waves emitted upwards at an initial angle of 20° travel 

a long horizontal distance at about the altitude of 250 km, 2 15  km and 238 km, 
respectively. However, such long-distance propagations are seen only on calculation, 
as such ray paths are calculated by using ideal model atmosphere which has no fluctu­
ations. Nevertheless, there are no atmosphere without fluctuations. In the thermo­
sphere, the rapid increase of temperature with respect to altitude always forces the wave 
to be refracted downwards. If, by a fluctuation, the wave is given a downward direc­
tion, it will be further refracted downwards due to the temperature gradient described 
above. Therefore, the wave does not travel for a long horizontal length usually. 

Though the waves emitted upwards with the initial angle of 20° reach the ground 
in the ray curves, these are, being strongly dissipated owing to the attenuation in the 
thermosphere, scarcely recognized as auroral infrasonic waves. In winter, the wave 
emitted upwards by an initial angle of 30° "'60° is seen on the ground after being 
reflected at the thermosphere, while in summer only the wave of 30° "' 50° is seen 
because the wave of 60° will be trapped in a wave duct at the mesosphere. Such a 
wave that arrived on the ground after being reflected at the thermosphere was found at 
Syowa Station in Antarctica (SuzuKI, 1980a). 

The other expressions from eq. (9) of attenuation coefficient are discussed in 
the paper by REED ( 1972) where the coefficient a is given as, 

a=K (/2/p), (10) 

where p is the ambient pressure and K is almost constant under the thermosphere 
bottom. The value of K is calculated by eq. (9) as, 

K-41r
2__!_(±b' + r- l c')_!_ 
r 3 r a ' 

where b'=pb and c'=pc. The K is given under the thermosphere bottom as, 

K · . 2.2 x 10-1 ±20 % (g cm- 2). 

The 20 % deviation is caused by a change of the sound speed (see Figs. 4 and 5). Ac­
cording to Cox (1958), and attributed to ScHRODINGER ( 1917), the value K is given 
approximately as, 

K · . 1 .362 x 10- 1 (g cm- 2), 

under the thermosphere bottom. GoLITSYN (1961)  gives the value of K by observation 
as, 

K 1 .869 x 10- 1 (g cm- 2). 

There are some differences between these values of K. The attenuation factor 
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calculated according to GoLITSYN agrees well with the observation of an intensity 

difference between a direct and a reflected auroral infrasonic waves (SuzuKI, 1 980a). 

However, according to the above paper, the differences of K-value are not particularly 

important in atmospheric propagation. 

5. Conclusion 

Propagation of the actual auroral infrasonic wave is seen by applying the results 

of ray tracings in the present study to the moving source (SUZUKI, 1 980a). However, 

the sound propagation from the source at 100 km altitude can be seen by this study. 

The waves emitted downwards reach the ground with little attenuation unless 

they are trapped in the duct at mesosphere. The waves emitted with angles 60° "' 90° 

in summer and 70° ,..., 90° in winter are trapped in the duct at the mesosphere. 

The upwards-emitted waves with angles 40° "' 90° are reflected under 1 30 km and 

some (40° "" 50° rays in summer and 40° ,..., 60° in winter) arrive at the ground with 

little attenuation and the other are trapped in the duct at the mesosphere. The dis­

sipation of the wave energy depends strongly on the altitude where the wave is reflected . 

lf the wave travels above 1 50 km, the dissipation is  no more negligible, and if it travels 

above 200 km, the wave is strongly attenuated ; such altitudes of reflection are seen when 

the waves are emitted with initial angles of 30° and 20° respectively. 

Acknowledgments 

The author expresses his thanks to all members of IO-1 3th Party of the Japanese 

Antarctic Research Expedition for their kind support during the observations on the 

infrasonic waves at Syowa Station. The author is grateful to Prof. Y. TAKEYA and 

Prof. T. OKUMOTO for their help in developing the microphone systems. Thanks are 

due to Prof. C. R. WILSON and Dr. S. TSUTSUMI for their encouragement. 

References 

BARRY, G. (1963) : Ray tracings of acoustic waves in the upper atmosphere. J. Atoms. Terr. Phys., 

25, 621-629. 

CHRZANOWSKI, P., GREENE, G., LEMMON, K. T. and YOUNG, J. M. (1961) : Traveling pressure waves 

associated with geomagnetic activity. J. Geophys. Res., 66, 3727-3733. 

COSPAR (1972) : COSPAR International Reference Atmosphere 1972. Berlin, Akademie-Verlag, 

450 p.  

Cox, E.  F.  (1958) : Sound Propagation in Air. Berlin, Springer-Verlag, 540 p (Handbuch der 

Physik, 48). 

GoLITSYN, G. S. (1961) :  On absorption of sound in the atmosphere and ionosphere. Bull. Acad. 



1 4  Yutaka SUZUKI 

Sci. USSR, Geophys. Ser. , 6 1 8-62 1 .  

KATO, S . ,  KAWAKAMI, T .  and St. JOHN, D .  ( 1977) : Theory of gravity wave emission from moving 

sources in the upper atmosphere. J. Atmos. Terr. Phys. ,  39, 581-588. 

MAEDA, K. and WA TANABE, T. ( 1964) : Pulsating aurorae and infrasonic waves in the polar atmosphere. 

J. Atmos. Sci. ,  21,  1 5-29. 

PIDDINGTON, J. H. ( 1964) : Geomagnetic storms, auroras and associated effects. Space Sci. Rev., 

3, 724-780. 

RAYLEIGH, Lord ( 1 945) : Theory of Sound. 2nd ed. New York, Dover Publications, 3 1 5  p. 

REED, J.  W. ( 1972) : Attenuation of Blast waves by the atmosphere. J. Geophys. Res., 77, 1 61 6-1 622. 

ScHRODINGER, E. ( 19 1 7) :  Zur Akustic der Atmosphare. Phys. z .. 18, 445--453. 

SUZUKI, Y.  ( 1 973) : Traveling pressure wave observation in Antarctica. Mem. Fae. Eng. Osaka 

City Univ., 14, 65-73. 

SuzuKI, Y. (1 979a) : Auroral infrasonic wave and the auroral electrojet. J. Atmos. Terr. Phys., 41, 

1 1-23. 

SuzuKI, Y. ( 1 979b) : Temporal and spatial changes of polar substorms and infrasonic wave emissions. 

Plant. Space Sci ., 27, 1 1 95-1 208 . 

SUZUKI, Y. ( 1980a) : Propagation of the auroral infrasonic waves studied by ray tracings. To be 

published in Planet. Space Sci. 

SuzuKI, Y. ( 1980b) : Polinomial expression of the CIRA model. To be published in Mem. Fae. 

Eng., Osaka City Univ., 21, 95-106. 

WILSON, C. R. ( 1 967) : Infrasonic pressure waves from the aurora : A shock wave model. Nature, 

216, 1 31- 133 .  

WILSON, C. R .  ( 1 972) : Auroral infrasonic wave-generation mechanism. J. Geophys. Res., 77, 1 820-

1843. 

WILSON, C. R .  and N1cHPARENKO, S. ( 1 967) : Infrasonic waves and auroral activity. Nature, 214, 

1 299-1 302. 

(Received March 8, 1980) 


