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Abstract. 

Nonlinear acoustic phenomena in the atmosphere are studied both theoretically and experimentally. The fact that the "acoustic pulse" I - the product of the wave profile area S, in the coordinates p (pressure) and t (time), by the distance to the source r - is conserved during long-range infrasound propagation in the atmosphere is experimentally supported. Results of  experiments on recording infrasonic waves at long (up to 300 km) distances from different (underground, ground, and air) explosions equivalent to 100 kg  - 2000 t of TNT and realized in different geographical regions in different seasons are analyzed. 

An empirical ratio  I0  0.616I0.988 is obtained which allows one to estimate the initial value of the "acoustic pulse" I0 in the vicinity of its source from data on infrasound arrivals recorded within the audibility zone at long distances from the explosion. Within the audibility zone, this expression can be used for the stratospheric, mesospheric, and thermospheric infrasound arrivals at any distance from an explosion. The empirical ratio E0 [kt] =1.38 10 -10 (I [kg /s]) 1.482  is proposed to determine the energy E (in kt of TNT) of an equivalent explosion from the records of acoustic signals at long distances from the source without regard to the type of ray trajectory. 

On the basis of acoustic pulse conservation during long-range infrasound propagation in the atmosphere, the ratio  f/ f ~ p/p  is proposed. This ratio allows one, for a given distance r, to estimate the error  f  in determining the frequency of the spectral maxima of the signal f, from an estimate of the error  p in determining the acoustic pressure in the infrasonic arrivals from an explosion. 

It was found that nonlinear effects will dominate over dissipative effects when the initial Mach number  M is greater than a critical Mach number Mcr =  (l0 /H)1/2 (zn zd )1/2 / 2( z0  ( zn is the height when the N - wave is formed;  zd is the height when the acoustic Reynolds number Re  is equal to 1, Re (zd) = l. Finally, the maximum heights acoustic pulses from explosive sources with different yields can propagate into the upper atmosphere are estimated. 

1. Introduction.

It is common knowledge that the acoustic arrivals corresponding to infrasound propagation along different ray trajectories, whose type is determined from the height of ray turning in the atmospheric surface layer ("Lamb" waves), troposphere, stratosphere, mesosphere, or thermosphere, can be recorded at long distances from pulsed sound sources (explosions, volcanic eruptions, acoustic shocks, etc.) [1]. Typical reflection heights and travel velocities ( c = r /T; r is the distance between source and receiver, T  is the travel time) are presented in the Table.

Table

	    Reflection heights
	         Arrival types
	         Travel velocities

	              0  1 km
	        "Lamb" waves
	       c  = r / T > 330 m/s

	              1 20 km
	         Tropospheric
	       310 330 m/s

	              20  50 km
	         Stratospheric
	       280  320 m/s

	              50  85 km
	         Mesospheric
	       260  285 m/s

	              z  > 85 km
	         Thermospheric
	       180  300 m/s


Parameters of  the infrasonic arrivals presented in the Table are conditional because of they may vary for different seasons and spatial orientations of the acoustic paths [ 1-3].

It is also known that the amplitudes and frequencies of the spectral maxima of different acoustic arrivals from one and the same explosion, recorded sequentially at one point at different time intervals have absolutely different values. Here, the influence of nonlinear effects on the transformation of the initial acoustic pulse during  its  propagation into the upper atmosphere is critical. In fact, due to a decrease of air density with height, as sound propagates along an ascending trajectory in the atmosphere, the amplitude of the oscillating velocity increases. This results in nonlinear distortions of  the initially bipolar pulse which resulted from the explosion. Figure 1 shows an example of the profile of an infrasonic signal recorded in the geometric shadow zone at a distance of 300 km from an explosion equivalent to 20-70 t of TNT (below, the shadow zones are taken to mean only the regions on the ground surface which are in the shadow for both stratospheric and mesospheric ray trajectories). The corresponding full infrasonic arrivals observed at three microphones are presented in Fig.2.

The characteristic property of the signal in Fig. 1-2. is that this signal may serve as an illustrative example of almost all the known types of infrasonic arrivals recorded at long distances from ground explosions. Among these arrivals are the so-called Lamb waves L propagating in the acoustic waveguide formed by the wind inversion in the lower troposphere as well as the oscillating, strato-mesospheric arrivals Psm (corresponding to the partial acoustic pulse reflection from both stratospheric and mesospheric thin-layered inhomogeneities), localized mesospheric arrivals Im, and thermospheric arrivals I. The spectra of the signals in Fig.1 (labeled as they appear in the full time series in Fig. 2), the spectrogram for the signal in Fig. 2 and the coherence function between two microphone are presented in Fig.3,4 and 5 respectively.  One can see the nonlinear decreasing of the central frequency of the arrivals corresponding to increasing heights of reflection (and thus decreasing air density).

At the same time it is possible to identify a characteristic of the signal, which is conserved regardless of the type of ray trajectory. This quantity is the "acoustic pulse" I - the product of the wave profile area S, in the coordinates p (pressure) and t (time),  with the distance to the source r [2-3]. 

2.  Basic equations.

It is assumed that infrasound propagates along rays formed by temperature (sound velocity) and wind stratification in the atmosphere (geometric  acoustic approximation), that the Mach number for the wind velocity is much less than 1 and that  the relation between the acoustic pressure  p and  the acoustic fluctuation of  the density     has  the form   p ~  c2   (c is the sound velocity). In addition it is assumed that the   equilibrium values of the atmospheric density has the exponential form 

 =0 (z=0) exp(-z/H) (here H  ~ 6.8 km is the scale height).  

Doppler effects are ignored as well. 

By using the approximations noted above one may obtain the following  approximate wave equation (nonlinear Burger's equation) [1,4-5] 
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p, , c, a are the acoustic pressure, equilibrium air density, adiabatic sound velocity, coefficient of dissipation respectively; a(z=0)  a0 ;  (z=0)  0 ; z is height;  is the ray tube area cut by the plane perpendicular to the ray trajectory (normal ray tube area);   is the grazing angle of ray trajectories; p0 , 0  are respectively the initial acoustic pressure and positive phase duration of the initial acoustic impulse;  Re   is the Reynolds number; L is the conditional distance; Lp is the shock formation distance (and is the distance over which nonlinear effects can not be ignored);  = (+1)/2  is the nonlinear characteristic of air and    
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 is the ratio of specific heats.

3. Solution of Burger's equation for large acoustic Reynolds number.



When the Reynolds number Re is very large, the linear attenuation term in (1) can be neglected, yielding the inviscid Burger's equation 

                 /L+AA/=0                                                                         (5)

                 For large acoustic Reynolds numbers (this assumption is valid for air) the nonlinear distortion of the acoustic pulse along the ray tubes occurs in accordance with well-known Riemann solution [2,6], generalized to the case of stratified medium (see also [4])

                 A= F{ + LA}                                                                           (6)

                The function F is determined by the shape of the pulse near the source and is specified at sphere of infinitely small radius ( L ~0 ).

                In the Riemann model, where viscosity is absent, the transformation of the positive and negative phase of a bipolar pulse can be investigated independently; in this case the solution (6) is valid only until the formation of a discontinuity ("shock") in the profile of each pulse (L = 1). After the formation of the discontinuity  at a distance

                       L={maxF/}-1                                                                    (7)      

the profile becomes ambiguous; however, the location of the discontinuous front ("shock") and the pressure amplitudes  As at the discontinuity can be determined by the well-known "equal-area" graphical method [2,6]. The relations for all variables at the "shock" front may be described by using the theory of weak shock waves (see [4]).

                  An expression for the  discontinuity amplitude As (L) was obtained in [3] and for L> 1 it is determined from the relationship:

          L = 2A-2 u f /u du                                                               (8)

where f (u)  F-1 (u) is the reciprocal of the function F.  The  integration in (8) is carryed out from  A = 0 to  A = 1 when the "shock" propagates along the wave front, and  from A=1 to A = 0 after the "shock" achieves  its maximum  amplitude. 

                  One can see from (8) that at long distances  when L>>1  the value of the integral in (8) is equal to the area of the wave profile. In this case the well-known relation  A  L-1/2  arises.

                 The relation (8) was obtained for wave profiles of arbitrary forms. Nevertheless the integration in (8) may be obtained analytically only for special forms of the function F().  Applications of such functions to the description of real wave profiles near explosions was presented in [7]. 

              We point out that an N -wave is a correct solution of Riemann equation  (5). One can describe the profile of  an N -wave  as follows

                   A = -  / (1+L),    -1   1                                                  (9)

One can  see that (9) is a solution of (5) by directly substituting (9) in (5). Using simple calculations one can obtain the pulse duration   of  N - wave

                       = ( 1 + L )1/2                                                                    (10) 

Taking into account (10) we obtain the amplitude of  the N - wave

                      A = (1 + L)-1/2                                                                    (11) 

Thus at long distances (L >> 1) from an explosion the initially bipolar acoustic pulse transforms to an N -wave with amplitude and pulse duration given by (10)-(11). 

              It's follows from (2)-(3) and (9)-(10) that the amplitude and pulse duration of an N - wave in the upper atmosphere may be calculated by using the following relations: 
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S0 is the initial value of the wave-profile area S  in coordinates p and    at the height  z=z0 ;   is the focusing factor.

              It follows from (12) that, in the approximation of spherical divergence, when 

f = 1, the relation between the values of p and  and the values of the wave profile area S0 in the vicinity of source can be written in the following form:

       2I  pr  2S0r0  = 2 I0 = const                                                                    (13)

One can see that the following important conclusion arises from (12)-(13):

The characteristics of an N -wave (resulting from nonlinear propagation to long distances from an explosion) are independent of the initial values of the pressure amplitude p and pulse duration , but directly depend on the initial value of  the acoustic  pulse I.

              This fact is the main result of the influence of nonlinear effects on long-range infrasound propagation in the atmosphere. By using the acoustic pulse conservation law one may calculate the characteristics of infrasound signals at long-distances from explosions of different types and yields. 

4. Experimental evidence for nonlinear atmospheric effects in infrasound propagation from explosions of different types and yields.

               The conclusions noted above are theoretically well-known, however, up to now, no investigations have been carried out to verify experimentally the relations (12) and (13). Below we shall try to do so on the basis of the available data obtained from recording infrasonic signals at long (up to 300 km) distances from different (underground, ground, and air) explosions equivalent to 100-2000 t of TNT and realized in different geographical regions in different seasons.

               The records of infrasound from ground and  underground explosions equivalent to 260 and 2000 t of TNT respectively (see Fig. 6) are the most illustrative example of acoustic pulse conservation during long-range sound propagation in the atmosphere.  Figure 6 gives the profiles of signals in the vicinity of their sources and also the mesospheric and thermospheric arrivals at long distances from the sources. It is seen that the profile shape and the parameters of the initial pulses n1,2 differ significantly. However, the characteristic property of these signals is that the values of the "acoustic pulse" I  are approximately equal (the corresponding wave profile areas are shaded in Fig. 6), which suggests that the energies of the equivalent explosion are approximately equal (see below). Therefore, at distances for which the influence of nonlinear effects become dominant and the approximation (12) is valid, the amplitude  and duration of the recorded signals are approximately equal in accordance with expressions (12) and (13).  This is strongly supported by the thermospheric arrivals t1,2 in Fig. 6. Here, it should be noted that the mesospheric arrival  m1 from the ground explosion (equivalent to 260 t of TNT) was recorded in the geometric shadow region and corresponded to a partial reflection of the acoustic pulse from an isolated locally layered inhomogeneity in the mesosphere (see details in [8]), therefore its amplitude is noticeably smaller than the amplitude of the corresponding arrival m2 from the underground explosion (because the partial reflection coefficient is less than one). At the same time, the characteristic pulse lengths for the considered signals are approximately the same (see Fig. 6), which is in agreement with (12)-(13).

              The basic difficulty in determining the value of the "acoustic pulse" I from the profiles of infrasonic arrivals at long distances from the sources is the difference (which is significant in many cases) between the shape of the profile of a real signal and the traditional theoretical shapes in the form of the isolated N- and U-waves. In practice, the acoustic arrivals from explosions are usually complex-shaped and are a combination of localized and oscillating components. The pulse component of a signal (N - or U-wave) is formed (within the audibility zone) by the infrasonic waves propagating along the rays turning toward the ground surface due to refraction. The pulse component length is approximately equal to the N-wave length at the ray turning height. The oscillating component is observed in the region of audibility and geometric shadow and occurs at sequential (with different time intervals) arrivals of acoustic pulses partially reflected from the anisotropic locally layered inhomogeneities of temperature and wind in the stratosphere and mesosphere [9]. It follows from the theory that the shape of the profile of signal recorded in the case of ray turning in the atmosphere depends on the sign of the derivative r/  (r is the horizontal distance covered by ray and  is the grazing angle) [10]. When r/  > 0, the N-wave signal profile does not change its shape. The case  in which r/ < 0 (which is typical for real temperature and wind stratifications), corresponds to the case in which acoustic rays are tangent to the caustic in the vicinity of the ray turning height. In this case, the phase of all the spectral components of the initial signal is changed by /2 (the Hilbert transform), and the N-wave is transformed to the U-wave recorded on the ground surface. The time interval between two positive maxima  of the U-wave is equal to 2  (the length of the initial N-wave). According to   theoretical calculations [7], the amplitude of the U-wave maximum is significantly greater than that of the individual phases of the initial N-wave. However, in practice, the indicated difference is not observed, because, in the real atmosphere, the shape of the U-wave signal is noticeably smoothed due to dissipative effects. Therefore, in making further calculations, we shall assume that the amplitudes of both the U- and N-wave maxima are almost the same. The corresponding examples that support this assumption are shown in Fig. 7. In the upper part of Fig. 7, the profiles of both thermospheric and mesospheric arrivals from two explosions equivalent to 20-70 t of TNT, recorded at a distance of about 300 km from the sources, are presented. It is seen that the shapes of these profiles mainly correspond to the theoretical U-wave shape. Figure 7 (in its lower part) shows the profiles of signals obtained from the initial U-waves through the Hilbert inverse transform. These profiles are seen to correspond to the theoretical N-wave shape. In this case, the amplitudes and the corresponding durations of the initial and calculated signals are approximately the same. Figure 7 also shows that the rough values of the "acoustic pulse" I can be obtained from (12)-(13). For our further analysis we shall choose from the available database only the signals whose shape is close to the N- and U-wave shapes. Such fragments of the total signal are usually observed at the beginning or at the end of the recorded complex-shaped (see above) acoustic arrivals and correspond to sound propagation along the limiting rays that are within the observation zone. Figure 8 gives some examples of the initial acoustic signals from explosions of different type and power as well as the corresponding acoustic arrivals at long distances from the sources which were used in obtaining the rough estimates of the "acoustic pulse" - I. 

                Figure 9 gives the results of a comparison between the "acoustic pulse" values determined from the records of acoustic signals in the vicinity of explosions (I0) and in the audibility zone at long distances from the explosions (I). One can see a satisfactory agreement between these values, giving experimental verification of acoustic pulse conservation during long-range infrasound propagation in the atmosphere. In Fig. 9, the straight line has been drawn by using the method of least squares. As a result, the following empirical relation between the values of I and I0 is obtained:

             I00.616I0.988                                                                                                 (14)

                This relation empirically takes into account the effect of acoustic ray focusing in the atmosphere and allows one to estimate the initial value of the "acoustic pulse" from the data on infrasonic arrivals recorded in the audibility zone at long distances from the explosion. In the audibility zone, expression (14) can be used for the stratospheric, mesospheric, and thermospheric arrivals at any distance from the explosion.

                One application of the relations (12)-(14) is to provide a method to determine  the power of an equivalent explosion from the records of acoustic signals received at long distances from the sources without respect to the type of ray trajectories.

                 The traditional method for estimating the power of explosions are based on the empirical dependence of the peak amplitude of the recorded acoustic pressure on the distance R from a source and its power E. The different types of such relations E(p,R) are obtained on the basis of selected experimental data and are valid only for one type of  infrasonic arrival (the stratospheric-mesospheric arrivals are usually considered). This significantly limits their applicability because, along with stratospheric and mesospheric arrivals, arrivals of other types are recorded, and the explosion power determined from these latter (in particular from the thermospheric arrivals) is certain to be erroneous. Some examples of the relations of the E(p,R) type are given below.

                  The following relation between the explosion power E, the double amplitude of acoustic pressure  Pp-p[din/cm2] for the stratospheric arrivals at distance R from the source, and wind velocity V in the source-receiver direction at a height of 50 km above the ground surface is obtained in [11]. This height usually corresponds to the height at which the wind velocity maximum is observed in the stratosphere according to data from rocket soundings.

Es[kt]=0.62{(Pp-p[din/cm2])/4.69104)}1.47110-0.259V(z= 50 km) [m /s]R2(km)                      (15)

                  At present, Eq. (15) is often used in estimating the power of the equivalent explosion, because it is valid in both the audibility and geometric shadow regions. It is shown in [11], that (15) is in satisfactory agreement with experimental data, on the basis of which it was obtained. A limitation of (15) is that it is valid only for the stratospheric and mesospheric infrasonic arrivals from explosions.

                  The following empirical formula to estimate the power of equivalent explosions with the acoustic method is often used in the literature [12]:

P[ kPa ] =11.8 E [kt]0.4 R[km]-1.2;

 E[kt]=(p[kPa]/11.8)2.5R[km]3                                             (16)

A modification of this formula is given in [13]:

P[kPa]=11.8E [kt]0.4R-k;                                                     (17)

where the following relations are proposed for k:

k = k1= -0.95+0.1lgR; k = k2= -0.72+0.1lgR2                                   (18)

                  To illustrate the limitation of the relations of the E ~ E(p,R)  type in estimating the explosion power from the records of acoustic arrivals of different types we shall use the data (given in Fig. 6) on acoustic signals recorded at different distances from ground and underground explosions equivalent to 260 and 2000 of TNT, respectively. Substituting the values of the amplitudes of acoustic arrivals p(n;m;t) (Fig.6) into (16), we shall obtain the following values for the source power:

Eo(1)(n)=260 t; Eo(1)(m) =19 t;  Eo(1)(t) = 1.9 t                                                              (19)

    Eo(2)(n) = 1.5 t; Eo(2)(m) = 156 t; Eo(2)(t)=11.8t

                  The upper index in (19) corresponds to the number used to label the explosion. The acoustic energy (of one and the same source) determined from (16) for different acoustic arrivals is seen to take vastly different values. Small values 

E0(1)(m) = 19 t are due to the fact that, as noted above, the mesospheric arrival m1 from the ground explosion (Fig. 6) was recorded in the region of geometric shadow.

                  To obtain a universal empirical relation between the explosion energy and the parameters of acoustic arrivals at long distances from a source, which is valid for different types of ray trajectories, we shall use the results obtained in [14]. We shall write the relation (obtained in [14]) between the I values and the energy of the equivalent explosion E in the form:

E[kt]=2.8510-10(I[kg/s])3/2                                                     (20)

                  Figure 10 gives the results of a comparison between the values of the energy of different explosions, determined from the acoustic measurements in the vicinity, R0 , of the sources and at distances R from the sources, when the empirical relation (16) of the E(p,R) type (white triangles in Fig. 10) and the E(I)-type relation (20) based on the law of "acoustic pulse" conservation (black triangles in Fig. 10) are used. The advantage of (20) is evident from Fig. 10. Substituting (14) into (20), we obtain the empirical relation between the values of the explosion energy E0 and the "acoustic pulse" values which were determined from the data on of infrasonic arrivals recorded in the audibility zone at long distances:

E0[kt ]=1.3810-10(I[kg/s])1.482                                             (21)

                   The chief disadvantage in using the relation E(I) to estimate explosion energy is some uncertainty in the determination of the "acoustic pulse" I value from the experimental data. This value can be obtained either directly from the infrasound records, if a recorded signal of an isolated pulse similar to the N- or U-wave (see, for example Figs. 6 and 7), or from the determination (in accordance with (12)-(13)) of the value of the product of the maximum amplitude of signal by its characteristic length. One can apparently also use the maximum value of the amplitude signal spectrum, which, in the N-wave approximation (it is assumed, in accordance with  (12), that the initial signal has such a shape at the ray turning height, if nonlinear effects are significantly pronounced), corresponds to the area of the wave profile of I.

                    The phenomenon of "acoustic pulse" conservation during long-range infrasound propagation in the atmosphere can be also used in estimating the systematic errors, when the frequency of the maximum spectrum of a received infrasonic signal at a long distance from explosion is determined. This is important in improving the method of infrasonic monitoring of explosions. Some problems in this monitoring are described in [15].

                    In fact, in determining the explosion azimuth on the basis of correlation and  other methods, it is necessary to know the frequency f of the maximum spectrum of a received signal. To estimate the errors in determining f (note that, in the N-wave approximation, f ~ 1/3 , we shall rewrite (13) in the form:

              pr/f~const                                                                 (22)

                    Finding the differential of both parts of (22), one can easily see that, at a given distance r, the relative error  f/f in determining the frequency f of maximum spectrum of signal will approximately correspond to the relative error  p/p in determining the acoustic pressure

  f/f ~ p/p;                                                            (23)

                     Taking into account (13), on the basis of (23), one can obtain the following relation for the absolute value of the error f in determining the frequency of the maximum of the spectrum of acoustic signals recorded at long distances from explosions

                f~pr/I~pr/I0                                                 (24)

                     At very large distances from the source, the relative error p/p may reach rather high values, which must be taken into account in developing acoustic methods to determine the explosion azimuth.

                     It's necessary to note that due to effects of nonlinear steepening of the initial acoustic pulse, the maximum heights of infrasound propagation in the atmosphere increase as well (because the pulse broadens so that the main impulse frequency decreases, the effects of molecular dissipation decrease). 

                     The height z=  zd, where  Re (zd) = l  is defined by

                     2  p0 z0 0 /0 c0l0=zd{0 /  (zd )}1/2                                                        (25)

                      By using the well-known exponential model for the equilibrium values of the atmospheric density,  =0 (z=0) exp(-z/H) (H  ~ 6.8 km  is the scale height), relation (25) may be written   
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                      Below, the typical values for heights at which nonlinear and dissipative effects become important will be compared. 

                      It will be assumed also that sound velocity is constant. By using the approximation for Ei (z/2H>1) as  

                                       Ei (z/2H>1) ~ 
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The relation (27) is valid when  L >> 1.  

                      The height z =  zn , where  L = 1 satisfies
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                      The condition under which nonlinear effects dominate compared to dissipation at altitudes  up to z =  zd  (or zn  zd ) has the form [1]
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                                       l0 / H ( Kn    -   Knudsen number                                                            (30)                                                  

                       The value in right side of (29) is the Mach number. Therefore nonlinear effects will dominate dissipative effects when the initial Mach number M is greater than the critical Mach number   

                                         Mcr =
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                        By proposing zn ~ zd one may obtain the following expression for the critical Mach number   

                        Mc r ~ 
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                        The maximum heights of acoustic pulse propagation towards the upper atmosphere from explosive sources with different yields will be estimated below. These maximum heights are approximately equal to z = zd (since when  z > zd ,  the acoustic amplitude decreases rapidly). For example, in accordance with (26), the atmospheric heights z  equal to 50, 100, 120 km  may be achieved by infrasound waves from explosive sources having initial values of the acoustic impulse 

          I~(p00z0) > 9.44; 844; 4.6103 [kg/s]                                                (33)   

respectively.

                         Finally  inserting (33) into (20) (E [kt] =2.85  10 -10 ( I [kg /s]) 3/2  ) yields the minimum values of the explosion energy E necessary to achieve atmospheric heights z  equal to 50, 100, 120 km by  acoustic waves. One obtains the  values 

E  ~ 8g, 7 kg; 90 kg   respectively.
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Figure 1. Sample of an infrasonic signal in the zone of acoustic shadow at a distance of about  300 km from a surface explosion with yield of 20-70 t TNT. 
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Figure 2. Infrasonic signals observed at three microphones.
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Figure 3. Power spectrum for different parts (1-5) of the signals in Fig.2.
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Figure 4. Spectrogram for the signal in Fig.2.
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Figure5.  Coherence function for signals at the first and second microphones in Fig.2.

[image: image20.png]my

}2001’:1




Figure 6. Records of acoustic signals at different distances from ground and underground explosions equivalent to 260 t (index 1) and 2000 t (index 2) of TNT, respectively; n1,2 are the signals in the vicinity of explosions (r = 2 km and 4 km); m1,2 are the mesospheric arrivals ( r = 200 and 240 km); t1,2 are the thermospheric arrivals (r = 200 and 240 km). The initial values of the "acoustic pulses" I0---the production of the wave profile area S (the double wave profile area are shaded) in the coordinates p (pressure) and t (time) by the distance toward the source r---are approximately equal 1.07 x 106 kg/s and  1.17 x 106 kg/s for the ground and underground explosions, respectively. 
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Figure  7. Examples of the transformation of the U- into the N-wave signal through the Hilbert inverse transform. Indices 1 and 2 correspond to the thermospheric arrivals in Fig. 6.
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Figure. 8. Records of acoustic signals in the vicinity  of and at long distances  from the explosions of different types and energy. 

I denotes  an air explosion equivalent  to ~ 300 kg of TNT, r1,2 = 20 and 170 km;

II denotes  a ground explosion equivalent  to ~ 20-70 t of TNT, r1,2 = 2 and 300 km;

III denotes a ground explosion equivalent to ~ 500 t of TNT, r1,2 = 8 and 290 km 

IV denotes  an underground explosion equivalent  to  ~ 32 t of TNT,r1,2 = 150 m and 186 km.
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Figure  9. The I0-dependence of I for explosions  of different  types  and  energy.
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Figure 10. Comparison between the  estimates of explosion energy obtained by using of  the records of acoustic arrivals in the vicinity of (at distance R0) and at long 

distances (R) from explosions. ( - E [kt] =2.85  10 -10 ( I [kg/s]) 3/2

  - E (kt) = (p[kPa]/11.8)2.5 R[km]3  (Reed,J.W.,J.Geophys.Res.,1972,Vol.77,No.9, P.1623)
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