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Fig. 1. Sound propagation considering the earth curvature: (a) Symmetrical section; (b) geometric structure of Jacobi field.
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Table 1.  Comparison of sectional curvature of Munk sound speed profile.
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Fig. 2. Section curvature before and after considering the earth curvature: (a) Section curvature of 50 sound lines in 660 s; (b) sec-

tion curvature of sound line with elevation angle ¢

before forming the first caustic.
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Fig. 3. Jacobi field Y1(t) of 50 sound lines in 660 s.
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Fig. 6. Rays and convergence zones before and after considering the earth curvature.
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Table 2.  Distance of convergence zone moving forward towards sound source after considering the earth curvature.
BT REKX CHUES 3 F162RIX
R R AR AT RS /km 2.5 5.5 9.6
TS R AR IXHT RIS /lem 2.3 5.4 9.7
20
18
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14t
12}
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6L
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P8 IR SR AL 25 it Bk it RN 5 SR M 3 2 R IXTEE (a) 200 my; (b) 4000 m

Fig. 8. The width of convergence zone considering and not considering earth curvature at the two different receiver depths:

(a) 200 m; (b) 4000 m.
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Fig. 9. Convergence zones at two different geometric spread loss thresholds : (a)
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Fig. 10. Convergence zones at two different source depths: (a) 150 m; (b) 300 m.
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Fig. 11. The convergence zones by Riemann-Geometry and Normal-Mode theory: (a) Based on Riemann-Geometry Theory ; (b) based

on Normal-Modes (Kraken).
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Abstract

Convergence-zone (CZ) sound propagation is one of the most important hydro-acoustic phenomena in the
deep ocean, which allows the acoustic signals with high intensity and low distortion to realize the long-range
transmission. Accurate prediction and identification of CZ is of great significance in implementing remote
detection or communication, but there is still no standard definition in the sense of mathematical physics for
convergence zone. Especially for the issue of systematic error of computation introduced by the earth curvature,
there is no exact propagation model. The curvature-correction methods always lead to the imprecision of the
ray phase. In previous research work, we realized that the Riemannian geometric meaning of the caustics
phenomena caused by ray convergence is that the caustic points are equivalent to the conjugate points, which
form on geodesics with positive section curvature. In this work, we present a spherical layered acoustic ray
propagation model for CZ based on the Riemannian geometric theory. With direct computation in the curved
manifolds of the earth , a Riemannian geometric description of CZ is provided for the first time, on the basis of
comprehensive analysis about its characteristics. And it shows that the mathematical expression of section
curvature adds an additional item é(I)¢°(1)/1 after considering the earth curvature, which reflects the influence
of the earth curvature on the ray topology and CZ. By means of Jacobi field theory of Riemannian geometry,
computational rule and method of the location and distance of CZ in deep water are proposed. Taking the
typical Munk sound velocity profile for example, the new Riemannian geometric model of CZ is compared with
the normal mode and curvature-correction method. Simulation and analysis show that the Riemannian
geometric model of CZ given in this paper is a mathematical form naturally considering the earth curvature
with theoretical accuracy, which lays more solid scientific foundations for the study of convergence zone.
Moreover, we find that the location of CZ moves towards sound source when the earth curvature is considered,
and the width of CZ near the sea surface first increases and then decreases with sound propagation proceeding.

The maximum width is about 20 km and the minimum is about 4 km.
Keywords: earth curvature, Jacobi field, sound propagation in deep ocean, ray model, convergence zone
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