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I. MODELING THE HORIZONTAL REFRACTION IN A 3D-WEDGE WITH1

SPECFEM3D2

The equations used in the SPECFEM codes were first validated for seismology in a 2D3

code (SPECFEM2D, (Tromp et al., 2008)) and were firstly applied to marine acoustics by4

Cristini and Komatitsch (2012). SPECFEM2D predicts the same transmission loss as the5

parabolic code tested by Jensen et al. (2011) in the classical 2D-wedge configuration with a6

fluid bottom (Bottero et al., 2018). The latter authors also demonstrated the effects of an7

elastic bottom with shear on the transmission losses.8

SPECFEM3D, the 3D extension of SPECFEM2D, has been widely accepted by the seis-9

mological community (e.g. Dalton et al., 2014; Kelevitz et al., 2017). A way to verify that it10

fully statisfies acoustic equations in a fluid medium is to test it correctly models horizontal11

refraction. To address this problem, we reproduced the configuration from Sturm (2005)12

with a wedge-shaped wave-guide. This configuration was used by Jensen et al. (2011) to13

illustrate horizontal refraction and the resulting transmission losses. This model considers14

two media separated by horizontal planes at different levels, with a slope in between. The15

deep plane is 380 m-deep, the shallow plane is 20 m-deep, the slope is 2.86◦. The up-slope16

extension of the calculation domain is 8 km and its across-slope extension is 25 km. An17

upper fluid layer with a sound speed of 1500 m.s−1 and a density of 1000 kg.m−3 overlays18

a lower fluid layer with a sound speed of 1700 m.s−1 and a density of 1500 kg.m−3 and an19

attenuation of 0.5 dB/λ, as in a Pekeris wave-guide. We also tested the effects of an elastic20

bottom with a compression speed of 5000 m.s−1, a shear speed of 3000 m.s−1, a density21
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of 3200 kg.m−3 and no attenuation. The source is located 40 m below the water surface22

and above the 200 m isobath. Due to numerical limitations in 3D time-domain simula-23

tions, we used a lower-frequency source centered on 3 Hz instead of 25 Hz used to test the24

parabolic equations (Sturm, 2005). Accordingly, we extended the across-slope dimension of25

the calculation domain to 50 km to observe the effects of horizontal refraction.26

Figure (1) shows the transmission loss at a horizontal depth z = 30 m for a fluid-fluid (top)27

and a fluid-elastic model (bottom). Unlike Sturm (2005), loss is shown for all frequencies28

(0 up to 8 Hz) and not for a single frequency. Both models show that, beyond 15 km from29

the source, the acoustic energy progressively fades going up-slope and away from the source.30

Such shadow zone is characteristic of horizontal refraction (Jensen et al., 2011). In the model31

with an elastic bottom, the isolines of transmission loss are crescent-shaped, which can be32

interpreted in terms of acoustic modes being deflected away from the apex of the slope, as33

in Figure 6.20 from Jensen et al. (2011). This effect is more subdued with a fluid bottom34

layer. The transmission losses are also larger due to a smaller velocity contrast than with35

an elastic bottom.36

Another way to highlight the effects of horizontal refraction is to compare the previous37

models with a 3D model with a single flat-bottom 200 m-deep. Figure 2 and 3 compare the38

horizontal transmission loss (TL) at 30 m depth, above the 200 m isobath, between a wedge39

and a flat model. For a fluid-fluid model, the TL is identical in the vicinity of the source,40

and beyond 20 km, the TL decreases by about 7 dB in the wedge model relative to the flat41

model. However, this difference vanishes near 40 km. For a fluid-elastic model, the shadow42

zone appears further than 25 km, but extends up to 50 km.43
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FIG. 1. (Color online) Transmission loss in dB on the bandwidth 0-8 Hz in a horizontal plane at

z = 30 m showing the effects of horizontal refraction in a fluid-fluid (top) vs fluid-elastic model

(bottom). The white dot with the letter S indicates the location of the source and the white dashed

line the 200 m isobath.

These simple tests show that SPECFEM3D does account for horizontal refraction, not44

only in a Pekeris wave-guide (fluid-fluid model) but also in a fluid-elastic two-layer model.45

However, due to numerical limitations, the frequency could not be tested up-to 25 Hz as in46

Sturm (2005).47
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FIG. 2. (Color online) 3D transmission loss on the bandwidth 0-8 Hz in the cross-slope direction,

above the 200 m isobath, at a depth of 30 m with a fluid bottom-layer: in a wedge configuration

(red) and with a flat bottom (blue). Source depth is 40 m.
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FIG. 3. (Color online) 3D transmission loss on the bandwidth 0-8 Hz in the cross-slope direction,

above the 200 m isobath, at a depth of 30 m with an elastic bottom-layer: in a wedge configuration

(red) and with a flat bottom (blue). Source depth is 40 m.
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II. RAYLEIGH MODES FOR A SOURCE AT FREQUENCY HIGHER THAN48

1 HZ, AND WITH OR WITHOUT A SOFAR CHANNEL49

Due to numerical limitations, the source could not be tested at a frequency higher than50

1 Hz in a 10 km x 50 km x 200 km 3D-calculation domain. With a source at 1 Hz, the51

maximal acoustic frequency observed in the water column is about 2.5 Hz, which is not52

representative of T-wave frequency (up to 40 Hz). Figure 4 shows the results of a simulation53

with a 2 Hz source in a smaller 3D computation domain (10 km x 25 km x 100 km). We54

observed the same Rayleigh modes as for 1 Hz (Figure 4-top of the paper), but there are55

twice more modes and they are excited up to 5 Hz (2.5 times the frequency of the source).56

To test a higher frequency source, we used a 2-D modeling (SPECFEM2D), numerically57

easier to handle. Figure 5 shows the results for a source at 10 Hz in a domain 400 km-58

long. The acoustic signal reaches 25 Hz (2.5 times the frequency of the source) and displays59

numerous Rayleigh modes. In this simple configuration, we also tested the effect of a SOFAR60

channel in the water-column (extending between 0 and 1860 m). The Rayleigh modes are61

unaffected (Figure 6).62

In conclusion, Rayleigh modes are excited at frequencies compatible with T-waves, even63

with a SOFAR channel in the water column.64
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losses and time dispersion maps from time-domain numerical simulations in ocean acous-67

tics. J. Acoust. Soc. Am. 144 (3), 222–228.68

6



0 2 4 6 8 10 12 14 16
0

1

2

3

4

5

FIG. 4. (Color online) Simulation of acoustic propagation in a wave-guide with an elastic sea-

bottom using SPECFEM-3D. Frequency-wavenumber diagram of the normalized acoustic pressure

showing the dispersion curves of simulated acoustic waves. Annotated dashed lines show the phase

speed of sound in water c, Rayleigh waves vR, S-waves vS and P-waves vP . Model parameters:

same as in Figure 4 from the paper, except that the source is at 2 Hz (instead of 1 Hz in Figure 4).

Cristini, P. and D. Komatitsch (2012). Some illustrative examples of the use of a spectral-69

element method in ocean acoustics. J. Acoust. Soc. Am. 131 (3), 229–235.70
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FIG. 5. (Color online) Simulation of acoustic propagation in a wave-guide with an elastic sea-

bottom with a source at 10 Hz using SPECFEM2D. (Top) Full figure showing energy and modes

up to 25 Hz, (Bottom) zoom between 0 and 2.5 Hz for a direct comparison with Figure 4-top

from the paper. Frequency-wavenumber diagram of the normalized acoustic pressure showing the

dispersion curves of simulated acoustic wave. Annotated dashed lines show the phase speed of

sound in water c,, Rayleigh waves vR, S-waves vS and P-waves vP . Model parameters: same as in

Figure 4 from the paper, except that it is based on SPECFEM2D and the source is at 10 Hz (vs

3D and 1 Hz in Figure 4).
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FIG. 6. (Color online) Same simulation as Figure 5-top (10 Hz source, 2D) with a SOFAR channel

instead of a uniform ocean layer. Rayleigh modes are still energetic despite the presence of a

SOFAR channel (extending between 0 and 1860 m; receiver at 500 m depth). Model parameters:

same as in Figure 4 from the paper, except that it is based on SPECFEM2D, a 10Hz source, and

a SOFAR channel (vs 3D, 1 Hz and no SOFAR in Figure 4).
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