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LONG-TERM GOALS

Development of a new, 3D theory of low-frequency, long-range sound propagation through a
fluctuating ocean, including both CW and transient acoustic signals.

Comparison of theoretical and numerical results with NPAL experimental data.
OBJECTIVES

To develop a 3D, modal theory of broadband sound propagation though a fluctuating ocean, including
analysis of the coherence function for transient acoustic signals and temporal coherence.

To develop computer codes for calculation of the horizontal and vertical coherence functions of
transient acoustic signals and temporal coherence.

To compare theoretical and numerical results with 1998-1999 and 2004 NPAL experimental data and
those which will be obtained in the 2010-2011 NPAL experiment in the Philippine Sea.

APPROACH

Studies of statistical characteristics of low-frequency sound waves propagating through a fluctuating
ocean are important for many practical applications. With the support of our previous and current ONR
grants, we have been developing a 3D, modal theory of sound propagation in a fluctuating ocean [1-
9,14-17]. In this theory, we have calculated and analyzed the mean sound field, the mean intensity, the
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vertical and horizontal coherence functions, and other second statistical moments of narrow-band
acoustic signals propagating through an ocean perturbed by linear internal waves (IWs). The
theoretical results were compared with experimental data obtained in the North Pacific Acoustic
laboratory (NPAL) experiments carried out in the North Pacific in 1998-1999 [10] and in 2004 [11].
Our next goals are to generalize the narrow-band, 3D, modal theory and corresponding computer codes
to include broadband, transient acoustic signals propagating in a fluctuating ocean and to study
temporal coherence of acoustic signals in a non-stationary medium. Theoretical and numerical results
obtained will be compared with experimental data, including those obtained in the previous NPAL
experiments and that will be obtained in the Philippine Sea.

Dr. A. Voronovich and Dr. V. Ostashev are PI and Co-PI in this project.
WORK COMPLETED
During the reporting period, the following two tasks were completed:

Task 1. The narrow-band, 3D, modal theory of sound propagation in a fluctuating ocean was
generalized to include broadband acoustic signals and temporal coherence.

Task 2. The developed theory was applied to the analysis of temporal coherence of narrow-band
acoustic signals propagating in an ocean perturbed by linear IWs with the Garrett-Munk (GM)
spectrum. It was shown that the coherence time 7, of the signal decreases with the propagation range

as 7, ~r "> for a fixed frequency and decreases with frequency as 7, ~ ' for a fixed range.

RESULTS
The following results were obtained in FY2010:

Task 1.

Closed-form equations for the spatial-temporal coherence function of broadband acoustic signals
propagating in a fluctuating ocean were derived and analyzed in detail. The analysis is done in a
cylindrical coordinate system (7,¢,z), where r is range, ¢ is the azimuthal angle to an observation

point, and z is the ocean depth. The spatial-temporal coherence function of the sound field p(r,¢,z,t)
is defined as
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Here, (r,¢,,z,) and (r,¢,,z,) are two points of observation at which the coherence function is
calculated, ¢ is time, @ is sound frequency, the function Q(®) characterizes a spectrum of the source,
and the brackets <> denote averaging over an ensemble of sound-speed realizations. A second

moment of the spectral amplitudes of the sound field appearing on the right-hand side of Eq. (1), is
expressed in the following form
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Here, & (w) are propagation constants, u, (z,®) are mode profiles, 7/, is the matrix of cross-mode

coherences, and summation is over all waterborn acoustic modes. The cross-mode coherences
I (r,p,0,0,,7) satisfy a set of differential equations:
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Here, p =, —@,, 7 =1, —1t, isthetime lag between two observations, s, (®) and o, ..(rQ,®,,®,,7)

are matrices which are expressed in terms of a spatial-temporal correlation function of sound-speed
fluctuations:

B(Jljl — 5,215, _tz): <5c(f‘1,21,t1)§c(172,z2,t2)>, 4)

where oc(7,z,t) 1s a spatial-temporal random field of sound-speed fluctuations.

The developed theory is rather general and allows analysis of the second-order statistical
characteristics of broadband acoustic signals propagating in a fluctuating ocean. For example, using
Egs. (1)-(4), the averaged amplitude and shape of an acoustic pulse propagating in a fluctuating ocean
can be studied.

Task 2.

The theory developed in Task 1 was applied to studies of temporal coherence of narrow-band acoustic
signals for the case of an ocean perturbed by linear IWs with the GM spectrum. The temporal
coherence function I'(7,w,7) is a particular case of the spatial-temporal coherence function considered
in Task 1 and is obtained from the latter by setting ¢ =0, z, =z,, and ® = ®, = @, . The range and

frequency dependence of the coherence time were investigated numerically and compared with
experimental results and predictions of the path-integral theory.

In the numerical results presented below, the Brunt-Viisild frequency and the sound speed profiles
were chosen as the Munk canonical profiles. It was assumed that ocean depth is 3 km and the source
depth is 807 m. (The source depth corresponds to the 1998-1999 NPAL experiment [10].) Calculations
of the temporal coherence function I'(r,w,7) were done for five values of the sound frequency

f=w/2r =12, 25,50, 75, and 100 Hz. For these frequencies and the considered ocean stratification,
the number of waterborne acoustic modes is N =6, 14, 28, 41, and 55, respectively.



The normalized temporal coherence function, I'(r,@,7)/I'(r,®,0), is plotted in Fig. 1 versus the sound
propagation range » and time lag 7 for the sound frequency f =50Hz. It follows from the figure

that, with increasing propagation range, the temporal coherence decreases faster with 7, as it should.
Figure 2 depicts the normalized temporal coherence function for f =100 Hz. This plot is similar to

the previous one, except that temporal coherence decays faster than that in Fig. 1; note the difference
in scales along the time axis in these figures.

The coherence time 7, is defined as a value of 7 for which the temporal coherence function I'(r,®,7)
decreases by a factor 1/e. In Fig. 3, 7, is plotted versus propagation range r for five frequencies f
ranging from 12 to 100 Hz. Apart from the left-most parts of the curves corresponding to f =12 and
25 Hz, it follows from Fig. 3 that the dependence of 7, on r can be approximated as z, ~7"°. This

dependence is also predicted with the path-integral theory [12] and is close to that for experimental
data, see Ref. [13]. Note that predictions of the path-integral theory are valid for an individual ray path,
while predictions of the 3D modal theory are valid for superposition of acoustic modes, e.g., the total
acoustic signal. Figure 4 depicts the coherence time 7, versus frequency f for four propagation

ranges . The dependence of 7, on f can be approximated with 7, ~ /. This dependence is also

predicted with the path-integral theory [12] and is consistent with the experimental data reported in
Ref. [13].
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Figure 1. Normalized temporal coherence function of a narrow-band sound signal versus
propagation range and time lag for sound frequency f= 50 Hz. The plot corresponds to sound
propagation through a fluctuating ocean perturbed by linear IWs with the GM spectrum.
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Figure 3. Coherence time of a narrow-band sound signal versus propagation
range r for different sound frequencies f.



IMPACT/APPLICATIONS

A 3D, modal theory of broadband sound propagation in a fluctuating ocean was developed. Based on this
theory, the dependence of temporal coherence on range and frequency was studied numerically.

RELATED PROEJCTS
(a). The 2004-2005 NPAL experiment, see Ref. [11].

(b). The 2009-2011 NPAL Philippine Sea Experiment.

< sxee- 2000 km
o = - 4000 km
—— G000 km
x| ——— 10000 km
4 Fo
10t -
i
[k}
E
P
e
)
5
A
[
]
10° L i
L 1
10" 10°

Frequency {(Hz)

Figure 4. Coherence time of a narrow-band sound signal versus sound frequency
f for different propagation ranges r.

REFERENCES

1. A.G. Voronovich and V. E. Ostashev, “Coherence function of a sound field in an oceanic
waveguide with horizontally isotropic statistics”, J. Acoust. Soc. Am. 125 (2), 99-110 (2009)
[published, refereed].

2. G. Voronovich and V. E. Ostashev, “Low-frequency sound scattering by internal waves”, J.
Acoust. Soc. Am. 119 (3), 1406-1419 (2006) [published, refereed].

3. A.G. Voronovich and V. E. Ostashev, “Mean field of a low-frequency sound wave propagating
in a fluctuating ocean”, J. Acoust. Soc. Am. 119 (4), 2101-2105 (2006) [published, refereed].



A. G. Voronovich and V. E. Ostashev, “Coherence function of a low-frequency sound field in an
oceanic waveguide with random inhomogeneities”, 19th International Congress on Acoustics,
Madrid, Spain, 2-7 September (2007).

5. A.G. Voronovich and V. E. Ostashev, “Application of the matrix Rytov method to the
calculation of the coherence function of a sound field in an oceanic waveguide”, J. Acoust. Soc.
Am. 123 (5), Pt. 2, p. 3941 (2008).

6. A.G. Voronovich and V. E. Ostashev, “Coherence function of a sound field in an oceanic
waveguide with horizontally isotropic random inhomogeneities”, J. Acoust. Soc. Am. 122 (5), Pt.
2, 3005 (2007).

7. A.G. Voronovich and V. E. Ostashev, “Vertical coherence of low-frequency sound waves
propagating through a fluctuating ocean”, J. Acoust. Soc. Am. 120 (5), Pt. 2, 3061-3062 (2006).

8.  A. G. Voronovich and V. E. Ostashev, “Mean field of a sound wave propagating in an oceanic
waveguide with random inhomogeneities”, J. Acoust. Soc. Am. 116 (4), Pt. 2, 2610 (2004).

9. V. E. Ostashev, A.G. Voronovich, and The NPAL Group, “Spatial coherence of acoustic signals
measured during the 1998-1999 NPAL experiment”, J. Acoust. Soc. Am. 116 (4), Pt. 2, 2608-
2609 (2004).

10. P. F. Worcester and R. C. Spindal, “North Pacific Acoustic Laboratory”, J. Acoust. Soc. Am. 117
(3), Pt. 2, 1499-1510 (2005).

11. P.F. Worcester: http://dropbox.ucsd.edu/~pworcester/NPALO4 Documents.

12.  S. M. Flatte and R. B. Stoughton, “Predictions of internal-wave effects on ocean acoustic
coherence, travel-time variance, an intensity moments for very long-range propagation,” J.
Acoust. Soc. Am. 84, 1414-1424 (1988).

13. T.C. Yang, “Temporal coherence of sound transmission in deep water revisited,” J. Acoust. Soc.
Am. 124, 113-127 (2008).

PUBLICATIONS

14. A. G. Voronovich, V. E. Ostashev, J. A. Colosi, and A. K. Morozov, "Cross-mode coherences
and decoupling of equations for mode intensities in 2D and 3D fluctuating ocean", J. Acoust.
Soc. Am. 126 (4), Pt. 2, p.2158 (2009) [published].

15. A. G. Voronovich, V. E. Ostashev, and J. A. Colosi, “Temporal coherence of acoustic signals in
a fluctuating ocean”, J. Acoust. Soc. Am. [submitted].

16. A. G. Voronovich, V. E. Ostashev, and J. A. Colosi, “3D modal theory of sound propagation in a
fluctuating ocean with spatial-temporal inhomogeneities”, J. Acoust. Soc. Am. [in press].

17. J. A. Colosi, T. K. Chandrayadula, A. G. Voronovich, and V. E. Ostashev, "Statistics of mode

amplitudes in an ocean with random sound speed perturbations: Temporal coherence", J. Acoust.
Soc. Am. [in press].


http://dropbox.ucsd.edu/~pworcester/NPAL04_Documents�

