Long-range propagation of finite-amplitude acoustic waves
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A hybrid method coupling nonlinear and linear propagation codes is used to study the nonlinear
signature of long-range acoustic propagation for high-amplitude sources in an ocean waveguide.
The differences between linear and nonlinear propagation are investigated in deep and shallow
water environments. The spectral reshaping that occurs in nonlinear propagation induces two main
effects: in shallow water, an unusual arrival time structure in the lowest order modes is observed,
and in both shallow and deep water environments, there is a tendency to have acoustic energy more
uniformly distributed across modes. Further, parametric low-frequency generation in deep water is
a candidate for the coupling between water and sediments for T-wave formatior200®
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I. INTRODUCTION frequency—mode coupling leads to a particular shape in the
modal structure in terms of arrival time and energy distribu-

Our goal in this paper is to study how to characterizetion. Two types of long-range paths are analyzed in deep
acoustic signals generated by a high intensity source angater that correspond respectively to a source located in
propagated over several thousand kilometers in an oceahallow or deep water. Other results to be demonstrated are
waveguide:? In a high-energy event, such as an explosivethe following.
shock wave, nonlinear processes induce changes in th
ocean’s acoustic properties. The nonlinear signature of al
acoustic waveform propagated over long ranges is investi-
gated in this paper.

Several approaches have been put forward to model e
plosion waveforms and to estimate source levefdn this
article we do not deal with the phenomena that occur directly
at the source. The simulations presented here use a narrO\(\é;)
band source in order to focus on signal evolution during
nonlinear propagation over very long ranges. Two propaga-
tion models are used here. First, a time—domain code bas?g)
on the Nonlinear Progressive Wave EquatibiPE)’ is used
to propagate a finite-amplitude acoustic wave field. Second,
this code is coupled to the linearRAKEN® normal mode code designated as a T wave. Indeed, low parametric fre-

to propagate this field over very long oceanic paths beyond a 4 ,ency excitation in deep water, that can be restricted in
certain distance for which the amplitude of the acoustic field  ¢h411ow water because of the waveguide cutoff fre-

?[) Nonlinear effects are smaller in deep water than in shal-
low water due to the higher geometrical spreading that
strongly diminishes the amplitude.

>£_2) In deep water, a nonlinear signature is characterized by
energy more uniformly spread out over a large number
of modes. In shallow water, this redistribution can be
clearly observed, but fewer modes are excited.
Nonlinearity in shallow water can be high enough to
strongly alter the modal dispersion and thus change the
arrival time of the modes.

Nonlinear frequency—mode coupling can be responsible
for an acoustic coupling from the earth to the SOFAR
channel, which for long-range propagation is commonly

is sufficiently low. o _ quency, gives rise to lower-order mode excitation. These

The results in this paper show that an initially high- lower modes are spread over the water column, and
amplitude acoustic wave retains a nonlinear signature, char-  {herefore a strong interaction with the bottom can con-
acteristic of its nonlinear origin, after becoming linear and  {ripyte to an increased sea/bottom coupling.

propagating over great distances. One of the significant
transformations that occurs during nonlinear propagation and In Sec. I, the NPE model used in the simulations is
still remains at very long ranges is in the waveform specpresented. In Sec. Ill we will present, for a narrow-band
trum. The spectrum modification is associated with asource, the nonlinear spectrum reshaping during nonlinear
frequency—mode coupling that is an energy redistributiorpropagation, and then its effect on modal dispersion, by
upon both modes and frequencies during propagation. Thigointing out the differences due to the environment. Finally,
the low-order mode excitation due to the low parametric fre-
9Electronic mail: kaelig.castor@cea.fr quency generated in deep water will be examined because of
PElectronic mail: medonald@sonar.nrl.navy.mil its possible influence on T-wave formation.
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Deep water Shallow water Deep water sonic boom propagation through a turbulent atmosphere,

Mnkwavegulde Pekeris Munk Blanc-Benonet al*® developed a modified KZK expressed
waveguide waveguide as
; ¢(0)=1530 m/s source
j  Slm zs}fomﬁoom ap  Co [t
i source £3 _ 2 2
iz,=800m Z Sy &__?f ledt+—zﬁ(clp+2 P )
% ¢(800 m)=1484 m/s 200 m X —w Co PoCo
‘ c(2.5 km)=1500 m/s | 5 ézp
0.01 dB/A. + . (©)
1800 kg/m? 2¢5 dt
1550 m/s . . . .
c(45km)=1534m/s_| This KZK equation includes the refractive term that accounts
c(5 km)=1543 m/s 1 for the environmental variation of the sound speed. The
0.01.dBJ2,, 1800 kg/m?, | e NPE, Eqg.(1), and KZK, Eq.(3), formulations are similar
1550 m/s . . .
 NPEcode | NomalModecode, | NPEcode | NormalModecode - with the roles of time and 1((jalstance _reversedNF(E
0 100 km 3000km 0 100 km wo0km = —Coltizk ;tnpe=tkzk +Xkzk /Co).— The differences be-

tween both approaches are only in the numerical algorithms.
FIG. 1. Schematic diagrams of the environments used in this work. The KZK uses classical finite difference schemes for all the
calculations while the NPE uses an accurate scheme to cal-
Il. EQUATIONS OF NONLINEAR ACOUSTICS AND culate the refraction and nonlinear steepening terms: a
WEAK SHOCK PROPAGATION second-order upwind flux corrected transport scHértreat
accounts properly for shock dissipation automatically avoid-
The NPE was developed by McDonald anding Gibbs' oscillations without the necessity of adding an

,9,10 ; H ; e . . . . LT .
Kupermari®*°to compute a time—domain solution for the artificial attenuation like in a classical finite difference
acoustic field in a waveguide, including dominant nonlinearscheme.

effects. The model is derived from the Euler equations of

fluid dynamics retaining lowest-order nonlinearity aug-

mented by an adiabatic equation of state relating pressunJé" LONG-RANGE NONLINEAR PROPAGATION OF A

and density. The NPE is cast in a wave-following coordinateNARROWBAND SOURCE

system moving at a nominal average sound spreith the  A. Nonlinear effects on spectral evolution
longitudinal propagation direction The NPE describes non-

linear propagation of compression waves in the time—domairﬁOn
and is expressed as

The quadratic nonlinearity in Eql) implies that the
linear contribution to the local sound speed is
Bp/(poCo). In nonlinear propagation, the acoustic energy

ap Co [ P B 8 %p losses are increased for high initial amplitudes because of
w2 pr dx— a—x(c1p+ T p?|+ 2 2" shock dissipation. When the shock wave discontinuity be-
* Poto B gins, a cascade of higher frequencies is generated. This phe-

nomenon increases entropy locally and constitutes a mecha-

where p is the acoustic pressure, and subscript 0 denoteBism of energy dissipation, even in a perfect fluid. The shock
ambient values. The constanésand 3 are thermoviscous Wwave formation distance decreases as the source level
absorption and nonlinearity parametey3=(3.5 for watey, increased® Thus, for a strong explosion, dissipation at the
c, is the environmental sound speed fluctuation abgut  shock front leads to a high rate of energy decay and ampli-
One can reformulate a similar NPE in terms of a dimen- tude saturation of the signal propagated in the waveguide.
sionless overdensity variable=p/(pyc3), and the initial The nonlinear propagation of an acoustic wave induces a
source amplitude is referred as the maximum overdefsjty SPectral reshaping due to harmonic generation. Nonlinear
in the following. The terms on the right-hand side of Er).  Propagation of two primary monochromatic waves at fre-
represent from left to right, diffraction, refraction, nonlinear quenciesf; andf; gives rise to induced secondary radiation
steepening, and thermoviscous dissipation. Since the attengt frequencies; = f,. These secondary waves alter the spec-
ation of low-frequency souné<1 kHz) in seawater is very trum of the acoustic field. The sum and difference frequen-
small, the thermoviscous dissipation term in the NPE is necies are generated by parametric interaction, which has been
glected here. However, a porous medium attenudfion, studied for a long timé? especially in tomographic
which is approximately linear in frequency, is included in the@pplications;** and more recently to measure the nonlinear
sediment layer adding at the right-hand side of B, a  Parameters in liquids** Generally, radiation of sum- and

quasi-Cauchy integral expressed as difference-frequency sound from the nonlinear interaction re-
gion formed by the intersection of nonplanar modes in the

Co [ P(X+X') waveguide is referred to as scattering of sound by sdfind.
0'02“3 o X +AX X 2) The NPE code is initialized by a sine-wave packet,

modulated by Gaussian envelopes having scale sizes 600 m
where Ax and « are, respectively, the grid spacing and in range and 150 m in depth, and centered at the frequency
attenuation in dB/wavelengttiFig. 1). f=30Hz. Two propagation environments are studied here

Recently, the well-known KZiK* equation has been (Fig. 1). In the first caséFig. 1(a)], the source is located in
expressed in a form similar to the NPE. Thus, to simulateshallow water, at a source depth=100 m. The second case
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FIG. 2. Time series envelopes in shallow water at 100-km range, for &IG. 3. Time series envelopes in deep water at 100-km range, for a narrow-
narrowband source centeredfat 30 Hz, at 100 m depth, with a maximum  band source centered fit=30 Hz, at 800 m depth, with a maximum over-
overdensityR,,=1x10"° (a. linear caseand R,,=5x 1072 (b. nonlinear  densityR,,=1x 10 ° (a. linear caseandR,,=5x 102 (b. nonlinear cage

case.

shallow and deep water. After propagation over the 100-km
studied Fig. 1(b)] is when the source is placed in deep water,range, the higher frequencies are damped out and only the
in the middle of the SOFAR channet{=800 m). In both  first harmonic remains important in both cases. In deep wa-
cases, the nonlinear propagation using the NPE code is cater, the spectrum displays a low-frequency peak near 2—5 Hz
ried to the 100-km range. Figure 2 and Fig. 3 give the timedue to nonlinear effects that lead to an energy transfer toward
series envelopes at the 100-km range, resulting from thall the difference frequency components during propagation.
stated initial conditions. Figure 4 displays the depth-So, this parametric difference frequency waix&W) at low
averaged spectrum of the source and at the 100-km range frequency is directly related to the source frequency band-
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FIG. 4. Normalized depth-averaged spectrum in shallow and deep water for a narrowband source cefiterdd ldz, with a maximum overdensify,,
=5x10"3, at 0 and 100-km ranges.
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FIG. 5. Time series envelopes in deep water at 3000-km range, for a narIG. 6. Time series envelopes in deep water at 3000-km range, for a nar-
rowband source centered =30 Hz, at 100 m depth in shallow water, rowband source centered fat=30 Hz, at 800 m depth in deep water, with
with a maximum overdensitR,=1x10"° (a. linear caseand Ry,=5 a maximum overdensit,,= 1x 107° (a. linear casgandR,,=5x 10" (b.
%1072 (b. nonlinear cage nonlinear case

Jfrequency and mode by modé® These modal components
very long ranges are finally synthesized into signal arrivals
the time domain. For the range-dependent environment

width. A narrow frequency band source creates a narro
low-frequency peak, whereas a shorter duration source signﬁf
would generate a broader low-frequency spectrum. Figure . ) o= b i .
4(b) shows that this parametric low-frequency peak is trun Fig. 1(b)], the adiabatic approximation is used in the linear

cated in shallow water, since it is below the waveguide cutoﬂr!ormal modes propggatlon. Flgure_ > represents _the time se-
frequency. ries envelopes, for linear and nonlinear propagation paths in

For finite-amplitude sound waves, nonlinear effects de-thIS case, at a 3000-km range, after propagation in deep wa-

velop at short ranges. One of our aims in this study is tJer- Figure 6 represents the time series envelopes for linear

determine some characteristics at very long ranges of suc‘i’fd nonlmear cases, at a 3000-km range, when the source is
waves that originate from nonlinear wave propagation. After® aced in deep water at a source depjtr 800 m.
an initial distance in which the nonlinear wave loses energy . ) _
to shock processes and increased bottom penetritits, B. Influence of the environment on dispersion of
amplitude is sufficiently low so that its interaction with the modes
waveguide becomes essentially linear. Then, a linear normal  Figures Ta) and 7b) represent the group speed versus
mode code can be used to study the modal decomposition phase speed, at the center frequehey30 Hz, respectively
the acoustic field and also propagate it to much longer rangdsr the shallow and deep water waveguid€sg. 1). The
(i.e., several thousand KirEven though the presence of non- lower-order modes correspond to the lower grazing angles
linearity does not lend itself to a straightforward representaand thus the lower phase speeds. Group speeds correspond to
tion in linear normal modes, similarities between the twotime of arrivals for a given range. In shallow water, the
cases are expected since the nonlinearities are weak. lower-order modes travel fast¢Fig. 7(a)]. In deep water

At the 100-km range, the field is spectrally decomposedFig. 7(b)], the dispersion of modes is mainly due to refrac-
into its modal components before the linear cod®KEN tion: the group-speed order of the lower-order modes is
can carry out the propagation to longer ranges frequency bifipped in comparison to the shallow water cdb&y. 7(a)].
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FIG. 7. Group speed vs phase speed at the central source frequeByHz for shallow and deep water.
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FIG. 8. Group speed vs phase speed, for the central source fregiredfyHz and the first harmonit=60 Hz, for shallow and deep water. The numbers
display the indexes of the lower order modes that are excited.

So, the higher-order modes travel faster in deep water, whicthe nonlinearities are strong enough, there is a tendency to-
is clearly visible on a greatly dispersed sigriglg. 6 at a  ward energy equipartition at long ranges leading to an arrival
3000-km rangge Figure 5 shows that when the signal is time structure in lower-order modes characterized by an al-
propagated to deep water after the 100-km range, the lowemost uniform weight for each mode. This modal equiparti-
order modes still arrive first at the 3000-km range becauséon results from mode coupling at short ranges, where the
only a few modes are excited in shallow water, and the groumonlinearities are sufficiently high and the modes are not
speeds of these lowest-order modes are almost the samedispersed. Figure(8) shows, for the modes that are mainly
deep watel{Fig. 7(b)]. Indeed, the difference between the excited(Figs. 2 and 5 the group speed versus phase speed
group speed for the first mode and the third mode is approxiat the fundamental frequency and at the first harmonic. In
mately 25 m/s in shallow watdiFig. 7(a)] and about 0.08 shallow water, the individual modes at the first harmonic
m/s in deep watdiFig. 7(b)]. In shallow water the modes are travel faster than the ones at the fundamental. Note that the
expected to be separated in time faster than in deep watenodes associated with the nonlinear frequency components
Then, for the shallow-to-deep water case, the dispersion adre excited during propagation. It is expected that an opti-
modes mainly occurs in shallow water and the signal keepmum in nonlinear mode excitation is reached at the shock
approximately the same shape along several hundred kilomevave formation distance. The phase lag then induced could
ters when it propagates in the deep water SOFAR channgalightly influence the arrival time of the nonlinear modes by
(Fig. 5. Note that, at long ranges, even if the time separatiordelaying the time separation of modes. But the difference in
of modes is larger in shallow water, the total time spread ofyroup speeds between the fundamental and first harmonic, as
the signals will be much larger in deep water than in shallowexplained befor¢Fig. 8a)], is primarily responsible for the
water since more modes are excited. In shallow water, due tdifference between linear and nonlinear arrival time struc-
a strong interaction with the bottom, the higher-order modegure. Figure 9 shows the mode amplitudes versus frequency

are attenuated and only few modes survive. for the linear and nonlinear cases in shallow water at 100-km
range showing that the first harmonic leads to an excitation
C. Nonlinear effects on modal distribution of modes 3 and 4. According to the previous comments, the

Finite-amplitude sound waves interact differently with
the ocean/bottom interface than linear waves because of th (a) Linear (b) Nonlinear
nonlinear contribution to the local sound speed. The disper-

sion of a nonlinear pulse is therefore expected to be different _(;
from that of a linear pulse. Two differences can be observec g °

between linear and nonlinear propagation: the first one isg s 10
related to the energy redistributed among modes and the se(2 4 -15
ond concerns the modal arrival time. In both environments, 8 ; 1-20
the energy initially carried by the source frequency compo- § ) ‘ L 25
nents is redistributed to the other frequencies created by non ™.
linear effects. 10 30 50 70 10 30 50 70

Figures 2 and 5 show that, for a shallow water source, Frequency (Hz)

the nonlinear signature results in low-order mode attenuatiogIG o Mod tudedds J ) iy o shal
due to shock formation: the nonlinearities lead to more relal'C: 9 Mode amplitudeB) versus mode-number and frequency, in shal-
. . , low water at 100 km for a narrowband source centerefdat30 Hz, with a
tive energy for higher-order modes, which are left after themayimum overdensitR, = 1x10°5 (a. linear caseandR,,=5x 10" (b.

initial mode stripping due to the bottom interaction. Whennonlinear case
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(a) Linear, z, =800 m  (b) Nonlinear, z = 800 m over long rangesFig. 10. Figure 10 shows that, in a non-

o d8o linear case, mode coupling at short ranges leads to an exci-
7l N tation of the lowest-order modes due to parametric low-
é - :2 frequency generation. Even when the source is close to the
=y N 20 bottom (Fig. 10 for zz=4.5 km), the nonlinearities induce
Se & = | s low-order mode excitation that contributes to increased bot-
Sw = - = ||,  tom penetration.

2 i i § 35 _ We ha_ve shown that parametric Iow-fre_zquency genera-

o _ - = - -40 tion also increases the sea/bottom coupling. For a wave

10 30 50 70 10 30 50 70 T . . . .
Frequency (Hz) originating from the earth, we expect to obtain sufficiently
high acoustic amplitudes in the water, and consequently, find

(c) Linear, z,=4.5km  (d) Nonlinear, z = 4.5 km similar qualitative results to the ones presented here based on

140 = a source in the water above the bottom: nonlinearities would
o jo redistribute energy toward lower frequencies, and then, more
2 oy “ e penetrating modes would be excited, leading to increased
S % 20 sea/bottom coupling. Consequently, such nonlinear effects
0 60 25 may be involved in the processes of conversion of seismic
2w i v -30 waves to(and from) acoustic energy, which can result in the

i -35 efficient excitation of T waves by seismic sources located

P w o 7 ’10 w = m P inland or by underground explosions. From a terrestrial ori-

Frequency (Hz) gin, T waves are acoustic energy trapped in the SOFAR

, _ channel that can propagate efficiently over a long distance
FIG. 10. Mode amplitude&B) versus mode-number and frequency, in deep

water, for linear(left) and nonlinearright) for two different source depths without S'Qn'f'cam energy loss. UnderStandmg the nature of
[(zs=800 (top) ancz.=4.5 km (bottom]. the coupling between the underwater acoustic field and the

land seismic field is important for evaluating the perfor-
mance of the hydroacoustic stations attempting to detect
nuclear explosion$?’ The seismic T-wave conversion pro-
cess at the ocean bottom is not well understood. Two differ-
ent mechanisms have been identified to explain the T-wave
coupling?® The first one is “slope conversion,” which is
controlled by seafloor slog&° The second mechanism is
D. Influence of parametric mode conversion on sea / scattering of energy into the sound channel at bathymetric
bottom coupling promontories in close proximity to the source region. This

A recent stud§* has reported that sound speed ﬂuctua-use"’lﬂgfgr2 s'cattering” 's then dominatgd bY. the; seafloor
tions due to internal waves are a dominant source of modgepth' ~“Figure 10 shows that the nonlinearities induce en-

coupling in long-range propagation scenarios. Internal-waveS'9Y transfer toward low-order modes at the parametric dif-

induced scattering eventually results in an equipartition Oiference freq_uency. These low-order modes excite th? water
energy among the lower-order modes in deep water. Also, 8olumn and interact with the_ bottom. Consequently,_ this phe-
broadening of the sign&fis attributable to the exchange of nomenon could be responsible for T-wave generation.

energy among the modes, caused by the internal waves.
Acoustiq normal mode propagation is strongly nonadiabatiqv_ CONCLUSION
due to internal wave¥ The results presented previously
(Sec. 11Q show that, due to a mode coupling induced by a  Nonlinear characteristics of long-range acoustic paths in
frequency redistribution of the acoustic energy, the impact oghallow and deep water environments have been demon-
nonlinearities also leads to a result that displays a tendencstrated in this paper. The results illustrate that nonlinear
toward an equipartition and a mixed arrival time structure ofproperties modify the spectral evolution of the acoustic field
the modes. In this section, even if the results presented am@nd its modal distribution. A nonlinear birthmark may there-
still limited to ocean propagation and sources in the ocearfore be present in hydroacoustic signals recorded at long dis-
we point out a particular effect of frequency—mode couplingtance related to underwater explosions. This study should
that is an increased sea/bottom coupling. contribute to diagnosing the nonlinear origin of such signals.
Figure 10 represents the mode amplitudes versus fre- In shallow water, the acoustic field is altered by the
guency at a 100-km range for the 5-km deep water wavewaveguide interfaces earlier than in deep water, inducing
guide for two source depthg{=800 m andz;=4.5 km) and  lower geometrical spreading. Hence, the nonlinear effects on
for linear and nonlinear cases. The number of propagatingcoustical propagation are greater if an explosion occurs in
modes increases with frequency. When the source is at thghallow water. In deep water, the lowest-order modes have
SOFAR axis £,=800m), all the modes are excited. roughly the same group speed. Therefore, the shallow-to-
Whereas if the source is near the bottom=4.5 km), the deep water time series still display an arrival time structure
SOFAR trapped modes are not excited. Then, in the lineawith the lower-order modes arriving first in contrast to the
case, only the highest-order modes are excited and propagaleep water case.

nonlinear modegmodes 3 and 4 at 60 hiarrive just after
the first linear modesmodes 1 and 2 at 30 Hlzrespectively
(Fig. 2. This example illustrates what we mean hy
frequency—mode coupling.
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