
Journal of

Marine Science 
and Engineering

Article

Sound Propagation with Undulating Bottom in Shallow Water

Dai Liu 1,2, Zhenglin Li 1,*, Guangxu Wang 1 and Yunfeng Liu 1,2

����������
�������

Citation: Liu, D.; Li, Z.; Wang, G.;

Liu, Y. Sound Propagation with

Undulating Bottom in Shallow Water.

J. Mar. Sci. Eng. 2021, 9, 1010.

https://doi.org/10.3390/jmse9091010

Academic Editor: Kostas Belibassakis

Received: 26 July 2021

Accepted: 13 September 2021

Published: 15 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Acoustics, Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China;
liudai@mail.ioa.ac.cn (D.L.); wgx@mail.ioa.ac.cn (G.W.); liuyunfeng@mail.ioa.ac.cn (Y.L.)

2 College of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: lzhl@mail.ioa.ac.cn

Abstract: An undulating bottom in shallow water has a significant effect on sound propagation.
An acoustic propagation experiment was carried out in the East China Sea in 2020. Measurements
along two separate propagation tracks with flat and undulating bottoms were obtained. Abnormal
transmission losses (TLs) were observed along the track with the undulating bottom. By using the
parabolic equation model RAM and ray theory, these abnormal TLs and the distribution of the sound
field energy were analyzed. Numerical simulations indicate that under the shallow water condition
with a negative thermocline and for a high frequency (1000 Hz), the incidence and reflection angles
of sound rays on the sea bottom are changed due to the undulating sea bottom. The larger the
inclination angle of the undulating bottom, the greater the grazing angle changes. These angles
changes lead to different sound propagation paths for the undulating bottom and the flat bottom,
resulting in the difference of TLs at a certain distance and depth. The undulating bottom will cause
energy convergence in the mixed layer when the source and receiver locate above the thermocline.

Keywords: undulating bottom; underwater sound propagation; abnormal transmission losses;
shallow water

1. Introduction

A sound wave is usually refracted downward in shallow water, and the sea bottom
is an unavoidable boundary condition in sound propagation [1]. In the actual marine
environment, the sea bottom is generally rough and uneven. Sound propagation from an
uneven sea bottom has long been recognized in underwater acoustics, and there are many
essential works [2–11].

As early as 1968, Northrop et al. [2] found in an acoustic propagation experiment that
the transmission loss (TL) at the SOFAR (sound fixing and ranging channel) depth would be
reduced compared to the TL with the flat seafloor due to the sloping bottom. The variations
of peak amplitude were 15 dB. In 1978, Carlson [3] pointed out irregular topography was
associated with submarine slides and slumps. Rousseau et al. [4] investigated in 1985 the
effects of a sloping bottom on acoustic transmissions by using ray theory. He pointed out
that the sloping bottom would change the travel time and induces significant changes in
TL of each ray through bottom loss effects. The TL was shown to be greater in upslope
propagation than in downslope propagation. In 2002, Li [5] studied the environmental
mismatch problem caused by rough sea bottom in matched-field source localization and
concluded that rough sea bottom would decrease the correlation value of the main lobe
and increase the side lobes. Reference [6] showed that the subaqueous dunes on the upper
continental slope of the northern South China Sea were expected to cause errors in the
measurement of normal incidence reflection. The main reason that contributed to unusual
variations in the reflection coefficient was the curvature of the dunes. In 2016, by analyzing
an acoustic propagation experiment phenomenon, Hu et al. [7] found that the TL above the
slope decreases by about 5 dB due to the reflection of the bottom and a high-intensity region
appearing below the sea surface. In 2019, Han et al. [8] simulated the seismic wavefield
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records in the undulating seafloor with two different topography changes. The results
showed that the change of seafloor topography has substantial effects on both the migration
profile and wavefield records. Liu et al. [9] observed a notable difference in TL, about
35 dB, as sound crossed different geodesic paths in an acoustic propagation experiment.
The simulation suggested some small-scale features of horizontal refraction effect caused
by irregular topography, and the topography mainly controls the TL variation pattern
along the different azimuth. In 2021, Liu et al. [10] reported that the undulating sea bottom
could influence sound pulse propagation, mainly reflected in the energy conversion within
sound rays with different angles. The energy attenuation of some large-angle sound rays
increases, and the multipath structure decreases. In addition, the incidence and reflection
angles of the sound rays on the sea bottom are also changed due to the undulating sea
bottom. The work presented in [11] showed that the influence of the seafloor dip angle
on the horizontal correlation should be considered, and that the horizontal correlation is
affected significantly by the propagation effects of the sloping seafloor.

Generally, most of the research has focused on the impact of the deep-water, large-
scale undulations on sound propagation, such as seamounts and sloping bottom. There
are few studies on the influence of small-scale undulations in shallow water on sound
propagation, such as small subaqueous dunes or continuous undulating bottom. However,
the changes in bottom topography of shallow water are typically one or two orders of
magnitude smaller in size. Sound propagation in shallow water is not the same as that in
deep water. Underwater acoustic applications depend critically on the prediction of sound
propagation. In shallow water, since repeated surface–bottom interactions occur, these
effects will be more significant. Thus, it is vital to study the principle of sound propagation
related to an undulating bottom in shallow water. In this paper, based on the sound field
data of an acoustic propagation experiment conducted in the East China Sea in 2020, we
analyze the variation of TLs and the distribution of the sound field energy under the
undulating sea bottom condition with a negative thermocline. The mechanism of abnormal
sound propagation caused by the undulating sea bottom topography is explained using
ray theory.

2. Methods and Experiment Introduction
2.1. RAM-PE Model

The parabolic equation (PE) method [12] is the most popular technique to solve range-
dependent ocean acoustics propagation problems. This paper uses the RAM-PE (range-
dependent acoustic model) model [13] to perform simulations and analyze experimental
data. RAM is a wide-angle PE algorithm based on the split-step Padé solution [14,15],
which was proposed by M.D. Collins.

In cylindrical coordinates, we assume that the sound field is symmetrical about the
azimuth. We remove the spreading factor r−1/2 from the complex pressure p. Then, p
satisfies the far-field equation (Equation (1)) in each range-independent region [16]:

∂2 p
∂r2 + ρ

∂

∂z

(
1
ρ

∂p
∂z

)
+ k2 p = 0, (1)
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where k0 = ω/c0 and c0 is a reference speed. Assuming that outgoing energy dominates
back-scattered energy, Equation (2) reduces to the outgoing wave equation:

∂p
∂r

= ik0(1 + X)1/2 p. (4)

Split-step solutions of Equation (4) are based on the formal solution:

p(r + ∆r, z) = exp
(

ik0∆r(1 + X)1/2
)

p(r, z), (5)

where ∆r is the range step. Appling an n-term rational function to approximate the
exponential function, we obtain

p(r + ∆r, z) = exp(ik0∆r)(1 +
n

∑
j=1

αj,nX
1 + β j,nX

)p(r, z), (6)

where the complex coefficients αj,n and β j,n are selected to provide accuracy and stability.
We can obtain sound intensity I(r, z) = p2(r, z)/Zω after obtaining sound pressure

p(r, z), where Zω is the acoustic impedance. By using the sound intensity of N frequency
points for narrow-band averaging, we obtain

I(r, z) =
1
N

N

∑
n=1

I( fn; r, z). (7)

Finally, we obtain TL,

TL(r, z) = −10log
I(r, z)

I(r = 1)
. (8)

where I(r = 1) is the value of the source intensity. The detailed steps of obtaining this
value are described in Section 2.2.

2.2. Experiment Descriptions

In September 2020, an acoustic propagation experiment was carried out in the East
China Sea. The configuration of the experiment is shown in Figure 1. The wideband
signals (WBS) were generated by 100 g TNT explosive charges dropped from the ship
“SHIYAN1” along two tracks at range intervals of about 1.1 km. The explosion depth was
designed to be 7 m. The signals were received by a vertical linear array (VLA) composed
of 16 hydrophones spreading from 11 to 90 m with unequal distance in depth. The
sensitivity of the hydrophones was −170 dB, and the sampling rate was 16 kHz. The
bathymetry along two propagation tracks with undulating bottom T1O and T3O is given
in Figure 2. The azimuth angles of T1O and T3O were 222◦ and 48◦. Point O is the origin
of coordinates and also the position where the VLA is located. It can be seen that the range
of 0–40 km of T1O and T3O are both undulating bottom, and the inclination angle is small.
After 40 km, the fluctuation of T3O tends to be flat, while the fluctuation of T1O is more
significant than that of the former 40 km, and the inclination angle is larger. The sound
speed profile (SSP) during the experiment is shown in Figure 3. These gray curves were
measured by expendable bathythermograph (XBT), which was dropped from the ship
“SHIYAN1” along the track. The red curve was measured by sound velocimeter at Point O.
Considering the close similarity between these data collected at different ranges and the
higher accuracy of sound velocimeter, we assume that the SSP in the experimental area
was range-independent. Therefore, the SSP measured by sound velocimeter was used in
subsequent acoustic modeling. As shown in Figure 3, the depth of the isothermal surface
layer was 45 m.
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The source level we need to estimate for calculating the TLs was measured in the
previous experiment in the Pacific Ocean. The sources are the same as this experiment.
The configuration of source level calibration is shown in Figure 4. Wideband signals
were dropped at the bow with an explosion depth (Zs) of 7 m. One hydrophone with
the sensitivity of −220 dB was placed at the depth (Zr) of 1000 m to avoid overload
of the recorder. The horizontal distance (R1) between the source and the hydrophone
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was 75 m. According to the Pythagorean theorem, the propagation distance of signal

R2 =
√

R2
1 + (Zr − Zs)

2 and the spreading loss is 20lgR2. Denoting the direct arrival signal
received by the hydrophone as x(t), and the Fourier transform of x(t) as Xi, then we obtain
acoustic energy with the bandwidth of ∆ f :

E(∆ f ) =
2
N

n f2

∑
i=n f1

|Xi|2/F2
s , (9)

where N is the frequency points in ∆ f , Fs is the sampling rate, n f1 and n f2 represent the
frequency point positions corresponding to the upper and lower frequency, respectively.

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 5 of 16 
 

 

were dropped at the bow with an explosion depth (𝑍௦) of 7 m. One hydrophone with the 
sensitivity of −220 dB was placed at the depth (𝑍௥) of 1000 m to avoid overload of the 
recorder. The horizontal distance (R1) between the source and the hydrophone was 75 m. 
According to the Pythagorean theorem, the propagation distance of signal 𝑅ଶ =ඥ𝑅ଵଶ + (𝑍௥ − 𝑍௦)ଶ and the spreading loss is 20𝑙𝑔𝑅ଶ. Denoting the direct arrival signal 
received by the hydrophone as 𝑥(𝑡), and the Fourier transform of 𝑥(𝑡) as 𝑋௜, then we 
obtain acoustic energy with the bandwidth of 𝛥𝑓: 

𝐸(Δ𝑓) = 2𝑁 ෍ |𝑋௜|ଶ/𝐹௦ଶ௡௙మ
௜ୀ௡௙భ , (9)

where N is the frequency points in 𝛥𝑓, 𝐹௦ is the sampling rate, 𝑛𝑓ଵ and 𝑛𝑓ଶ represent 
the frequency point positions corresponding to the upper and lower frequency, respec-
tively. 

Then, we obtain the source level (SL): 𝑆𝐿(𝛥𝑓) = 10 𝑙𝑔൫𝐸(𝛥𝑓)൯ + 20𝑙𝑔𝑅ଶ − 𝑀, (10) 

where M is the sensitivity of hydrophones. In this experiment, the bandwidth was 
one-third octave for the central frequencies below 1000 and 200 Hz for the central fre-
quencies above (or equal to) 1000 Hz. The source level for the central frequency of 
100–2000 Hz (interval 100 Hz) is shown in Figure 5. The red curve was the average value, 
which was also the value we used. 

 
Figure 4. Configuration of the source level calibration. 

 
Figure 5. The source level for the central frequency 100–2000 Hz (interval 100 Hz). 
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Then, we obtain the source level (SL):

SL(∆ f ) = 10lg(E(∆ f )) + 20lgR2 −M, (10)

where M is the sensitivity of hydrophones. In this experiment, the bandwidth was one-third
octave for the central frequencies below 1000 and 200 Hz for the central frequencies above
(or equal to) 1000 Hz. The source level for the central frequency of 100–2000 Hz (interval
100 Hz) is shown in Figure 5. The red curve was the average value, which was also the
value we used.
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3. Experimental Results and Numerical Simulations
3.1. Experimental Results

The experimental TLs at all receivers for T1O and T3O at the central frequency of
1000 Hz with a bandwidth of 200 Hz and source depth of 7 m are shown in Figure 6. It is
clear that the sound energy of the receiver located above the thermocline is greater than
that below the thermocline. Comparing Figure 6a,b, it can be seen that after the range of
40 km, the energy is concentrated in the mixed layer above the thermocline, and the sound
energy in the mixed layer of T1O is higher than that of T3O.
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1000 Hz and the source depth 7 m.

As shown in Figure 6a, energy converges in the mixed layer within the depth of
0–40 m above the thermocline. Thus, we select two hydrophones with the depths of 11 m
and 37 m and a hydrophone with 71 m below the thermocline to compare the experimental
TLs. The experimental TL comparison results of T1O and T3O at different receiver depths
for a central frequency of 1000 Hz with a bandwidth of 200 Hz and the source depth of 7 m
are shown in Figure 7. Figure 7a–c shows the TL comparison results for the receiver depth
of 11, 37, and 71 m. From Figure 7, we can see that the TL differences of the two tracks are
not apparent within 0–40 km. However, after 40 km, the TLs show visible differences. It
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can be found that the TL along T3O gradually increases with range while the TL along
T1O presents strong fluctuations. Especially in Figure 7a, the TL difference is up to about
10 dB near 69.5 km. Comparing Figure 7a–c, it can be seen that the difference gradually
decreased with the increase of the receiver depth. In addition, Figure 7c shows a significant
decrease of TL at the range of about 63 and 71 km of T1O.
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To avoid the contingency of the experimental result in Figure 6a with the TL difference
near 69.5 km, we compared the experimental results of other frequencies. Figure 8 shows
the TLs of the central frequency 100–2000 Hz with the same receiver depths at 69.5 km. As
seen from Figure 8, when the frequency is less than 600 Hz, the undulating bottom has
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little influence on sound propagation. When the frequency is greater than 600 Hz, the TL
difference becomes very significant.
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3.2. Numerical Simulations

The types of sediment properties in the sea area where the experiment was conducted
include MFS (middle fine sand), FS (fine sand), VFS (very fine sand), TS (silty sand), and
YS (clayey sand) [17]. According to the continental terrace geoacoustic parameters given
by Hamilton [18], the estimates of geoacoustic parameters for the five sediment types are
shown in Table 1. By incorporating the topographic variations, a sediment model is created,
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as shown in Figure 9. It can be seen that the sediment type of T1O varies significantly with
distance, and the bottom within the distance of 48–55 km is composed of middle fine sand
with large sound velocity. Li et al. [19] pointed out that the variation of sediment along
the propagation path significantly affected underwater sound propagation. Therefore, it is
necessary to determine whether the fluctuations of TL after 40 km in Figure 7a are caused
by the sediment variation along the propagation track.

Table 1. Sedimentary parameters in experimental sea area.

MFS FS VFS TS YS

Sound velocity (m/s) 1800 1749 1702 1646 1630

Density (g/cm3) 1.95 1.94 1.86 1.77 1.76
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Next, we perform some simulations by using RAM-PE to analyze the experimental
data. In the simulations, the bathymetry and measured SSP in Figures 2 and 3 are used.
The bottom is considered as a fluid half-space with the parameters of the sediment in
Table 1. The attenuation coefficient is taken as 0.33 dB/λ (for frequency 1000 Hz) by using
the empirical equation given by Zhou et al. [20]. The numerical TLs are calculated at the
central frequency of 1000 Hz and averaged at ten frequency points within the bandwidth
of 200 Hz.

Figures 10 and 11 show the comparisons of experimental and numerical TLs of T1O
and T3O with different receiver depths (11, 37, and 71 m), respectively. Figure 10a shows
the comparisons of experimental (black line) and numerical TLs (red line and blue line) of
T1O with different bottoms for the source depth 7 m and the receiver depth 11 m. The blue
line is the numerical result for a flat bottom with a depth of 98 m from 40–80 km. It can be
seen that the variation of sediment parameters does not cause a significant decrease of TL
at the range of 40 km. Therefore, it is concluded that the change of bottom sediment types
is not the main reason for the abnormal TLs. The TLs present strong fluctuations from
about 40–80 km compared with the other two receiver depths in Figure 10b,c. The TLs
increase slowly and there is a significant decrease near 70 km. By contrast, Figure 11 shows
that TLs along T3O gradually increase with range. We can see that the TLs calculated by
the numerical model are in good agreement with the experimental data. It reflects the
TLs variation amplitude and variation range caused by the undulating bottom in general.
The slight differences within certain distances between experimental and numerical TLs
may be caused by geoacoustic properties and bathymetry errors. Therefore, it can be
concluded that the different undulating bottoms of the two tracks are the main reason for
the difference in TLs within the range of 40–80 km.
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4. Analysis of Physical Mechanism of Underwater Sound Propagation

To explain the different effects of undulating bottom on the sound field energy and
analyze how the sound rays propagate in the two different bottoms, we use the ray model
BELLHOP [21] to predict acoustic pressure fields in the underwater environment.

The Eigen rays diagrams of T1O and T3O with the source depth of 7 m and central
frequency of 1000 Hz are displayed in Figure 12. Figure 12a shows the ray diagram of
T1O with the receiver depth of 11 m, Figure 12b shows the ray diagram of T3O with the
receiver depth of 11 m, and Figure 12c shows the ray diagram of T1O with the receiver
depth of 71 m. For the environment shown in Figure 3, the critical grazing angle is 29.3◦.
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The red ray (with grazing angle within 0◦–±5◦) and blue ray (with grazing angle within
±6◦–±15◦) are rays that can arrive at the receiver. In Figure 12a, the red ray is reflected by
the undulating surface with a large inclination angle at 40 km and then propagates in the
surface duct, only reflected by the sea surface. When it finally arrives at the receiver point
of 11 m, the energy loss was minor, which explains the strong fluctuations of TLs shown in
Figure 7a. In Figure 12b, the bottom of T3O after 30 km tends to be flat; the reflection angles
of the sound rays are changed after the reflection off the bottom. Those rays with increased
reflection angles lead to significant bottom loss [12,22] (BL = −10log|R|2, R is the reflection
coefficient). Thus, the TLs increase when those rays arrive at the receiver point, leading to
the difference of TLs of the two tracks shown in Figure 7a. In Figure 12c, the sound rays
propagate in the whole depth; after several bottom and sea surface reflections, the TLs
increase quickly. In addition, the blue ray is reflected by the undulating bottom at about
60 km and then propagates below the thermocline, leading to the decrease of TLs at 63 and
71 km, as shown in Figure 7c.
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Figure 13 shows the Eigen rays diagram of T1O with the central frequency 600 Hz,
the source depth 7 m, and the receiver depth 11 m. We can see that unlike the path of the
red ray in Figure 12a, the red ray in Figure 13 still propagates in the whole depth after
40 km. For an isothermal surface layer of depth D, the approximate formula for the cutoff
frequency (below which no energy can propagate in the surface duct) [12] in hertz is given
by f0 ≈ 1500/

(
0.008D3/2

)
. For the marine environment in Figure 3, the cutoff frequency

is around 621 Hz for a 45 m deep surface duct. In other words, the sound ray cannot
propagate in the surface duct when the central frequency is 600 Hz, which explains why
the energy will not converge in the mixed layer when the frequency is less than 600 Hz.
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The previous analysis concluded that the undulating bottom within 40–80 km of T1O
is the reason for the TL differences along T1O and T3O. To further verify this conclusion,
when the source depth is 7 m, the two-dimensional TL of the two tracks is calculated by
RAM-PE, and the results are shown in Figure 14. It can be seen from Figure 14a that there
is a noticeable energy convergence in the mixed layer at a depth of 10–40 m after the range
of 40 km, which is consistent with Figure 6a.
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5. Conclusions

An experiment was carried out in the East China Sea to investigate the properties
of sound propagation. The difference of TL along two undulating bottom tracks reaches
10 dB, and there is a noticeable energy convergence in the mixed layer at the depth 10–40 m
for one of the tracks. Considering the natural ocean environments, the sound field for
different conditions was simulated. The experimental and numerical results show that the
undulating bottom with a large inclination angle is the key factor to cause the TL differences.

Under the shallow water condition with a negative thermocline, the undulating bottom
seems to have a minor influence on sound propagation for low frequencies (<600 Hz) when
the source is located above the thermocline. For high frequencies (1000–2000 Hz), however,
the effect is significant. Sound rays are reflected by the undulating sea bottom during their
propagation. The change of reflection angles is related to the gradient of the undulating
bottom. The larger the inclination angle, the greater the grazing angle changes. These
angle changes lead to different sound propagation paths between the undulating bottom
and the flat bottom, resulting in the difference of TLs at a certain distance and depth. In
addition, some sound rays with a small grazing angle will propagate only in the surface
duct after being reflected by the undulating bottom and no longer interact with the sea
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bottom. Thus, the TLs of these sound rays will be smaller when they arrive at the receiver
point, which will cause energy convergence in the mixed layer if the receiver point is above
the thermocline. Meanwhile, some sound rays propagate between the thermocline and the
bottom after being reflected by the undulating bottom, which will also cause the TLs to
decrease at specific depths below the thermocline.

In practical engineering applications, this research is of great significance for evaluat-
ing the detection performance of sonar in undulating bottom topography, improving the
array signal processing algorithm, and guiding construction of the bathymetry database. In
addition, the change of multipath characteristics in shallow water caused by the undulating
bottom leads to the change of the sound field spectrum [10]. It will affect the underwater
target positioning based on the matched-field processing method. In addition, the analysis
of sound propagation law and physical mechanism in the shallow water condition with
the undulating bottom at different frequencies will be the focus of further research.
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