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Underwater acoustic applications depend critically on the prediction of sound propagation, which can be significantly
affected by a rough surface, especially in shallow water. This paper aims to investigate how randomly fluctuating surface
influences transmission loss (TL) in shallow water. The one-dimension wind-wave spectrum, Monterey–Miami parabolic
equation (MMPE) model, Monte Carlo method, and parallel computing technology are combined to investigate the effects
of different sea states on sound propagation. It is shown that TL distribution properties are related to the wind speed,
frequency, range, and sound speed profile. In a homogenous waveguide, with wind speed increasing, the TLs are greater
and more dispersive. For a negative thermocline waveguide, when the source is above the thermocline and the receiver
is below that, the effects of the rough surface are the same and more significant. When the source and receiver are both
below the thermocline, the TL distributions are nearly the same for different wind speeds. The mechanism of the different
TL distribution properties in the thermocline environment is explained by using ray theory. In conclusion, the statistical
characteristics of TL are affected by the relative roughness of the surface, the interaction strength of the sound field with
the surface, and the changes of propagating angle due to refraction.

Keywords: surface fluctuation, shallow water, transmission loss, statistical characteristics
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1. Introduction
Underwater acoustic applications depend critically on

the prediction of sound propagation, which can be signifi-
cantly affected by the wind-caused fluctuating surface, espe-
cially in shallow water. Thus, fluctuating surface has impor-
tant influence on underwater applications, such as underwater
acoustic communication,[1,2] inversion of bottom absorption
coefficients,[3] and matching-field localization.[4] This implies
that it is essential to consider the effect of surface roughness on
the performance evaluation of the underwater communication
and estimate the influence of the wind-caused sea wave on the
experiments before further processing and analyzing the re-
ceived signals. Therefore, it is quite important to investigate
how the randomly fluctuating surface affects sound propaga-
tion in shallow water.

Sound propagation is determined by boundary condi-
tions to some extent. Generally, sea surface is modeled as
a smooth interface, where the sound is specularly reflected.
However, in the case of strong wind, the roughness and vari-
ation of the surface should be considered. Diffuse reflection
from the rough surface makes sound ray stochastically scat-
tered to disparate directions besides the specular reflection di-
rection, leading to the attenuation and fluctuation of acous-
tic pressure at the receiver. Other effects include arrival time
fluctuation,[5,6] signal coherence varyiation,[7–9] focusing and
defocusing,[10] angle spreading,[11] frequency shifting, and
bandwidth broadening.[12] In shallow water, since repeated

surface–bottom interactions occur, these effects will be more
significant.

Over the recent decades, there have been many papers
discussing the effects of wind-generated fluctuating surfaces.
Early research had reported the backscattering of sound sig-
nals for monostatic sonar systems.[13,14] While recent studies
focused on forward scattering with the development of bistatic
sonar systems. Kuperman found that the attenuation caused
by surface scattering was affected by wind speed, sound
speed profile, bottom properties, and wind directions.[15] We-
ston systematically examined the wind–wave–acoustics rela-
tion and concluded the fitting formula among scattering at-
tenuation, wind speed, and frequency.[16] Wang reported that
the significant difference of transmission loss (TL) in two un-
derwater experiments resulted from the wind-caused rough
surface.[3] Using experiments and large numbers of simula-
tions in estuarine shallow water, Zou indicated a strong re-
lation between surface roughness and pressure amplitude of
broadband signals at the once-surface-reflected path.[17] Since
wind-caused surface fluctuation is a random process, it is ef-
fective and reasonable to use statistical methods to study its
effects, which will bring the challenge of large computing re-
quirement in the simulation. Therefore, few researchers use
these methods. While we have employed parallel computing
to obtain the simulation results to be analyzed with these meth-
ods.

This paper uses a one-dimensional wind-wave spec-
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trum for fluctuating surface generation and Monterey–Miami
parabolic equation (MMPE) model to simulate the sound prop-
agation under the rough surface. A parallel algorithm is pro-
posed to speed up the simulation process and the Monte Carlo
method is used to model the stochastic sound field. The pur-
pose of this paper is to discuss the statistic characters of TL
distribution caused by rough surface scattering under differ-
ent wind-wave conditions in shallow water, and to introduce
a rapid approach to evaluate the variation of TL for the fluc-
tuating surface. This study is based on numerical simulations
of an isothermal environment and a thermocline environment.
As an innovation, we propose a rapid method to calculate the
statistical properties of TL under randomly fluctuating surface.

The remainder of the article is organized as follows. Sec-
tion 2 introduces the combined numerical model based on a
one-dimensional wind-wave spectrum, MMPE model, Monte
Carlo method, and parallel computing technology. Section 3
presents the simulation results of fluctuation of sound fields
caused by a rough surface for different wind speeds. And the
influencing factors of the different TL distribution properties
are discussed in Section 3. The conclusions are summarized
in Section 4.

2. Method
2.1. Generation of rough surface

In this paper, a one-dimensional wind-wave spectrum is
used to generate stochastically fluctuating surfaces.[18] In two-
dimensional coordinates (r,z), the surface interface is defined
as follow:

z−η (r, t) = 0, (1)

where η (r, t) is the surface displacement, a random function
of range and time, increasing downward. Using the following
method to generate the displacement function η (r) at a cer-
tain moment, where η (r) is defined as a zero-mean Gaussian
random function with{

〈η (r)〉= 0,
〈η (r)η (r′)〉= Re

∫
∞

−∞
W1 (k) e ik(r−r′)dk.

(2)

Here k is the spatial wavenumber. W1 (k) is the roughness
spectrum, and its approximate formation is

W1(k) = Lcorr(1+L2
corrk

2)−(β−1)/2, (3)

where β is the weighted index of the spectrum and Lcorr is the
correlation length

Lcorr= 20σ , (4)

with σ being the root mean square (RMS) of the wave height
of the rough surface. Assuming the direction of the wind is

along the coordinate r, an empirical formula of the relation
between σ and wind speed v at 20 m above the sea surface[19]

is

σ =
v2

20g
, (5)

where g is the acceleration of gravity.
In order to compute stochastic realizations of rough-

ness, superimpose a component Ae iθ upon the wave spec-
trum W1(k), consisting of a random wavenumber amplitude
A=

√
− ln(R2) and phase θ = 2πR1, where R1 and R2 are uni-

formly distributed random variables within the interval (0,1).
And this complex spectrum is conversed into r-domain with
discrete fast Fourier transform (FFT) to yield the surface dis-
placement function η (r),

η (r) = FFT [W1 (k)] . (6)

And then η (r) is normalized by its actual RMS value, i.e.,
η (r)/

〈
η2 (r)

〉1/2, and multiplied by the desired RMS value σ .
The result of this calculation is a single stochastic realization
of a rough surface η (r). For example, a randomly fluctuating
surface with wind speed of 15 m/s and weighted index of the
spectrum β = 3.5 is generated according to this approach, as
displayed in Fig. 1.
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Fig. 1. A randomly realization of the fluctuating surface for wind speed
of 15 m/s.

2.2. MMPE model with rough surfaces

The MMPE acoustic propagation model was proposed by
Kevin B. Smith[20] based on UMPE model[18] using the split-
step Fourier (SSF) algorithm[21] to solve the parabolic equa-
tion (PE). The MMPE model is only capable of computing
fields scattered from a flat surface. So, a field transformation
approach that allows for the calculation of rough surface scat-
tering is used in this paper, which was introduced by Tappert
and Nghiem-Phu.[22]

In the MMPE Model, the waveguide is considered as
a constant-density medium in cylindrical coordinates (r,z,ϕ)
and a point source of unit strength is set at coordinates
(r = 0,z = zs,ϕ = 0). The Helmholtz equation is

1
r

∂

∂ r

(
r

∂ p
∂ r

)
+

1
r2

∂ 2 p
∂ϕ2 +

∂ 2 p
∂ z2 + k2

0n2 (r,z,ϕ) p

= −δ (z− zs)δ (r)
2πr

, (7)

where p is the sound pressure, k0 = ω/c0 is the reference
wavenumber (ω is the angular frequency), and n(r,z,ϕ) =
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c0/c(r,z,ϕ) is the index of refraction. c(r,z,ϕ) is the sound
speed and c0 is the reference sound speed. Assume the solu-
tion of Eq. (7) is in the form of an outward cylindrical wave

p(r,z) =
1√
r

u(r,z) , (8)

where u(r,z) is the pressure function in two dimensions and
the term 1/

√
r accounts for azimuthal spreading. Substituting

Eq. (8) into the two-dimensions Helmholtz equation, which is
obtained by ignoring the source term and the azimuthal cou-
pling term in Eq. (7), the parabolic equation can be derived
as

∂ψ

∂ r
=−ik0ψ + ik0Qopψ, (9)

which represents the forward propagating sound energy in the
waveguide. ψ (r,z) is called the PE field function, or envelope
function, and is defined as

u = ψ (r,z) e ik0r. (10)

The approximation of the operator Qop employed in the
MMPE model was introduced by Thomson and Chapman,[23]

Qop ≈ 1−

[
1−
(

1+
1
k2

0

∂ 2

∂ z2

)1/2

− (n−1)

]
. (11)

It is a higher order approximation than the standard PE, called
the wide-angle approximation (WAPE). Equation (9) can be
solved by giving a source-field distribution over depth at the
initial range and hence utilizing a range-marching numerical
technique, split-step Fourier (SSF) algorithm. The SSF solu-
tion of the parabolic equation is

ψ (r+∆r,z) = e−ik0
∆r
2 Uop(r+∆r,z)×FFT

{
e−ik0∆rT̂op(kz)

× IFFT
[

e−ik0
∆r
2 Uop(r,z)×ψ (r,z)

]}
, (12)

where

Uop (r,z)=− [n(r,z)−1] , (13)

T̂op (kz) = 1−
[
1− (kz/k0)

2
]1/2

. (14)

Uop (r,z) is in z-domain and T̂op (kz) is in kz-domain (wavenum-
ber domain). The convention of the two domains is employed
when using FFT. The starting field for the wide-angle point
source is given by

ψ̂ (r = 0,kz)

= −2i

√
iR0

2πk0
sin(kzzs)

(
1−

k2
z

k2
0

)−1/4

e ikz∆z/2, (15)

where R0 = 1 m, and zs is the source depth.
To satisfy the boundary condition of smooth pressure re-

lease surface, ψ (z = 0) = 0, assume an identical image ocean

overlays the real ocean for the negative values of depth. The
PE field function is exactly equal but of opposite sign in the
image ocean, i.e.,

ψ (−z) =−ψ (z) . (16)

While in the modified approach for the rough surface forward
scattering,[22] the field function is an odd function about the
rough surface interface z = η(r). So, for the modified PE field
function, ψ̃ (z = η (r)) = 0 and

ψ̃ (r,z) =

{
ψ (r,z) , z > η (r),

−e−i2k0
∂η

∂ r (z−η)
ψ (r,−z+2η (r)) , z < η (r),

(17)

where ψ (r,z) is computed with Eq. (12), and the generation
approach of η (r) is introduced in the previous section. And
the expression of operator Uop is rewritten as

Ũop (r,z) =

Uop (r,z) , z > η (r),

Uop (r,z)−2(z−η)
∂ 2η

∂ r2 , z < η (r).
(18)

According to Eqs. (8) and (10), the final pressure expression is

p(r,z) =
1√
r

ψ̃ (r,z) e ik0r. (19)

2.3. Monte Carlo method

The Monte Carlo method, also called the statistical sim-
ulation method, is to use statistic experiment of random vari-
ables to simulate the solution of mathematic, physical, and en-
gineering problems.

For the randomness of the sea surface, from which the
sound wave is scattered, the TL at the receiver is randomly
fluctuating as well. The Monte Carlo method is used to ob-
tain the distribution of TL. According to Subsection 2.1, rough
surfaces are generated in 100 different stochastic realizations
based on two random variables R1 and R2 to model the vary-
ing surface displacement functions η (r). Then the sound field
under each one of the 100 surfaces is calculated separately ac-
cording to Subsection 2.2, which is used to simulate the dif-
ferent pressures at the receiver for different stochastic realiza-
tions. Next, the TL is evaluated, and the distribution is calcu-
lated.

Generally, the TL of a single frequency signal is vibrat-
ing with the range because of the interference between normal
modes. To get smoother TL curve, we average the sound en-
ergy of N discrete frequencies within 1/3 octave band width
around the center frequency,

TL =−10log

(
1
N

N

∑
i=1
|pi (r,z)|2

)
, (20)

where pi (r,z) is the pressure of each frequency, and N = 10
in this paper. Thus, each Monte Carlo experiment consists of
1000 field calculations, and a long processing time is expected.
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2.4. A rapid parallel algorithm

To reduce the processing time, a rapid algorithm is pro-
posed based on parallel computing, in which multiple pro-
cesses are executed simultaneously to complete a large num-
ber of calculations quickly. The parallel algorithm is based on
a message passing interface (MPI), a message passing library
specification. The library routines are called from Fortran pro-
grams to accomplish communication between processes.[24]

In this algorithm, a subtask is defined as sound field pre-
diction of a single frequency under a rough surface. Executed
on m cores of a multi-core computer, it is most time saving to
allocate all subtasks equally to the m processes. The field cal-
culating procedure of each subtask is independent of the oth-
ers. Thus, the problem could be easily parallelized and com-
munication between processes only occurs at the start and the
end of the program to deliver the parameters and gather the
results.

The parallel MMPE algorithm is designed in the master–
slave mode, as shown in Fig. 2. Both master and slave pro-
cesses perform the sound field calculation. The master pro-
cess is responsible for operations, including extra managing
processes, assigning tasks, carrying out file operations, broad-
casting the parameters to the others, and gathering the results.

slave

process 2 

slave

process 1

master 

process 0

broadcasting  

parameters  

carrying out 

subtasks

gathering the 

results

carrying out 

subtasks 
carrying out  

subtasks

writing file

reading 
parameter file

parameters

results

…

Fig. 2. The parallel MMPE program on a computer with multiple cores.
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Fig. 3. Comparison of the TL results from MMPE and RAM.

The validity of the parallel MMPE program is illustrated
through a comparison with the RAM model. In the waveguide
of Fig. 5, a 1000 Hz source is set at 7 m below the sea level
and a receiver is set at 10 m below the sea level. The TL is dis-
played in Fig. 3 for an environment with a flat surface, which
shows that the results agree well.
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Fig. 4. (a) Speedup and (b) parallel efficiency of the MMPE parallel
program.

The performance of the parallel program is measured by
both the speedup ratio Sm and the parallel efficiency Em, which
are defined as follows:

Sm = T1/Tm, (21)

Em = Sm/m = T1/(mTm), (22)

where T1 and Tm are the computing time for the serial pro-
gram and for the parallel program executed on m processors,
respectively. Figure 4 shows the ideal and actual speedup and
parallel efficiency on a four-core computer with m equal to 1,
2, 3, and 4, separately. The processing time of the parallel part
reduces in the multi-processor case. In ideal situation, Sm is
equal to m and Em is always 100%. While the processing time
of the communication part and serial part, such as file opera-
tions, is not less in the multiple processors case than that in the
one processor case. For the existence of these parts in the al-
gorithm, the actual speedup and parallel efficiency are always
less than the ideal ones. In Fig. 4, as the number of processors
rises, the actual speedup increases nearly linearly, close to the
ideal case, and the parallel efficiency declines slightly. The
best speedup available on this computer is up to 3.47 in the
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4-processor case, meanwhile the parallel efficiency is 87%. It
is shown that the performance of the parallel program is sat-
isfactory and the processing time is significantly less than that
of the serial program.

3. Fluctuation of sound fields caused by rough
surface for different wind speeds

3.1. Simulation results in an isothermal environment

A typical range-independent homogenous waveguide in
the South China Sea is used,[3] as displayed in Fig. 5. The
sound speed of the water layer is 1537 m/s, the depth is 88 m,
and the attenuation coefficient of water α1 is calculated using
an empirical expression dependent on frequency ( f in kHz)

α1 = 3.3×10−3 +
0.11 f 2

1+ f 2 +
44 f 2

4100+ f 2

+3.0×10−4 f 2 (dB/km) . (23)

The bottom consists of a sediment layer with thickness
of 8 m, constant compressional sound speed of 1606 m/s,
density of 1.65 g/cm3, and compressional attenuation of
0.517( f /1000)1.07 dB/λ , and a homogeneous half-space base-
ment with sound speed of 1704 m/s, density of 1.9 g/cm3,
and the same attenuation of the sediment. The source depth
is 7 m, and the receiver depth is 10 m. Using Eq. (21), TLs are
calculated at 200 Hz and 1000 Hz respectively. Two source–
receiver ranges of 20 km and 50 km are selected.

 

α2=0.517(f/1000)1.07 dB/λ

α3=0.517(f/1000)1.07 dB/λ

88

96

water

sediment

basement

D
e
p
th

/
m
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0

c1=1537 m/s, ρ1=1.0 g/cm3, α1

c2=1606 m/s

c3=1704 m/s

ρ2=1.65 g/cm3

ρ3=1.9 g/cm3

Fig. 5. Shallow water environment in the South China Sea.

To investigate the regulation of TL distribution under the
rough surface, simulation is conducted for four different wind
speeds (v = 7.5 m/s, 10 m/s, 15 m/s, and 20 m/s) respectively,
corresponding to four, five, seven, and eight wind scales. A set
of 100 randomly fluctuating surfaces of each wind speed are
separately generated by the wind-wave spectrum. The sound
field under each set of surfaces is calculated and the result is
obtained by averaging the energy of 10 frequencies within 1/3
octave bandwidth, according to Eq. (20). Then the TLs of each
set are divided into several groups, of which the interval length
is 1 dB. Assume T L is the interval center of a certain group,

and then the probability q(T L) is calculated with the following
equation:

q(T L) =
N1 (T L)

N0
, (24)

where N1 (T L) is the number of samples in this group and N0 is
the number of total samples. Figure 6 shows the probability of
TL for 200 Hz when the wind speed is 20 m/s. TL probability
curves under different wind speeds are shown in Fig. 7.
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Fig. 6. Probability of TL at 200 Hz with wind speed of 20 m/s.

In Fig. 6, the TL of each range randomly distributes in
an interval of 10 dB to 15 dB. The interval length increases
from 0 to 20 km, for the randomness increase with the number
of fluctuating surface reflections. The maximal TL probability
changes from 0.18 to 0.3 in 60 km, The TL near the edge has
less probability, less than 0.05.

In Fig. 7, the TL of each case distributes in an interval
around a maximum point corresponding to the peak probabil-
ity. We define the interval length as the variation range of TLs.
We can use the interval length and peak probability to evalu-
ate the dispersion degree and use the maximum point to mea-
sure the magnitude of TL. Obviously, the TL is increasing and
more dispersive as the wind speed rises. For instance, in the
case of 200 Hz at 50 km, displayed in Fig. 7(b), the peaks of
TL probability for four wind speeds are at 78.5 dB, 79.5 dB,
82.5 dB, and 87.5 dB, respectively, which represents the rise
of TL. Because higher wind speed leads to larger RMS wave
height according to Eq. (5). And a rougher surface increases
the scattering attenuation. Besides, the distribution of the TL
for the four wind speeds varies within an interval of 2 dB,
5 dB, 12 dB, and 14 dB, respectively. And the peak probabil-
ities are respectively 0.74, 0.58, 0.25, and 0.26. The interval
increases and the peak probability tends to decline, which in-
dicates that the TL distribution is more dispersive in the case
of stronger wind. As the surface varies more dramatically for
different stochastic realizations, the changing of surface scat-
tering paths is more complex, making the sound field more
fluctuating.

Compared with the case of 200 Hz at 20 km in Fig. 7(a),
the TL increase with wind speed is more significant for the
TL at 50 km in Fig. 7(b). It is the same for the 1000 Hz case
in Figs. 7(c) and 7(d). For example, the maximum points of
7.5 m/s and 20 m/s differ by 6 dB in Fig. 7(a), while 9 dB in
Fig. 7(b). It is due to sound wave going through more sur-
face reflections before arriving at 50 km. Thus, the scattering
attenuation is more significant.
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Fig. 7. Probability of TL at different frequencies and different ranges for the receiver at 10 m, where panels (a) and (b) are for frequency 200 Hz
at the ranges of 20 km and 50 km, respectively; panels (c) and (d) are for frequency 1000 Hz at the ranges of 20 km and 50 km, respectively.

From the comparison between Figs. 7(a) and 7(c) (or
Figs. 7(b) and 7(d)), we can find that as the wind speed rises,
the increase of scattering attenuation is more significant in the
1000 Hz case than that in 200 Hz. For instance, when the wind
speed rises from 7.5 m/s to 20 m/s, the maximum points of TL
increase 9 dB for 200 Hz and 11 dB for 1000 Hz at 50 km.
This implies that the sound wave with higher frequency decays
faster under the same rough surfaces. In acoustics, the scale of
length is relative to the sound wavelength. For the same abso-
lute value of surface displacement, the relative value is larger
in the 1000 Hz case than that in the 200 Hz case. Thus, the ef-
fect of rough surface is more significant for higher frequency.

Besides the TL caused by rough surface T Ls, the TL
caused by volume attenuation T Lw also increases with fre-
quency. The TL of the receiver depth, 10 m, is use to evaluate
T Ls

T Ls ( f ,v) = T Lrough ( f ,v)−T Lflat ( f ) , (25)

where T Lrough ( f ,v) is the TL for the frequency of f under the
wind speed of v, and T Lflat ( f ) is under no-wind conditions.
And T Lw is calculated with the following equation

T Lw = α1 · r, (26)

where α1 is the attenuation coefficient of water in Eq. (23).
At the range of 50 km, T Ls is 8.5 dB and T Lw is 0.40 dB for
200 Hz. And T Ls is 11 dB and T Lw is 3.47 dB for 1000 Hz.
T Ls increases by 2.5 dB and T Lw increases by 3.07 dB. The
comparison implies that for 200 Hz and 1000 Hz, rough sur-
face is the main attenuation factor, while with the frequency
rising, T Ls and T Lw increase by the same level.

The simulation results in this isothermal environment in-
dicate that the statistical characteristics of TL is affected by
the wind speed, range, and frequency.

3.2. Simulation results in a thermocline environment

There is a typical waveguide with negative thermocline
layer from the Yellow Sea experiment in 1996,[25] of which
the environment parameters are shown in Fig. 8. The sound
speed above the thermocline is 1537 m/s, and the underneath
is 1480 m/s. Within the thermocline layer from 13 m to 28 m,
a linear sound-speed profile with a constant negative gradient
of −3.8 s−1 is used. The attenuation coefficient α1 in water
is shown in Eq. (23). The central frequency is 1000 Hz. Two
source depths are set at 7 m and 50 m respectively to represent
above and below the thermocline. And the receiver is placed
at 70 m, below the thermocline, and the source–receiver range
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Fig. 8. Shallow water environment with a thermocline.
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is 20 km. The TL probability curves for four wind speeds
(v = 7.5 m/s, 10 m/s, 15 m/s, and 20 m/s) are shown in Fig. 9.
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Fig. 9. Probability of TL in a thermocline environment at 1000 Hz,
where panel (a) is for source above the thermocline (Zs = 7 m, ZR =
70 m), and panel (b) is for source below the thermocline (Zs = 50 m,
ZR = 70 m).

Figure 9(a) shows the statistical characteristics for the
case of a source located above the thermocline and a receiver
located below the thermocline. The TLs are larger and more
dispersive as the wind speed rises, the same as the homoge-
neous waveguide. Compared with Fig. 7(c), the effects of
rough surface in this case are more significant than the homo-
geneous waveguide. For example, the increment of maximum
points is 6 dB from 7.5 m/s to 20 m/s in Fig. 7(c), while it is
21 dB in Fig. 9(a), which means that in this case the increase
of TL is greater with wind speed rising. And under 20 m/s,
the peak of probability is 0.23 and the variation range of TLs
is 13 dB in Fig. 7(c), and they are 0.17 and 17 dB in Fig. 9(a),
which demonstrates that the distribution of TL is more disper-
sive in this case. When the source is above the thermocline,
sound rays propagate in the whole depth, reflected by the sur-
face and bottom, which are called surface-reflected bottom-
reflected (SRBR) rays. Because of the bottom attenuation, the
rays with greater angles decay quickly after several bottom re-
flections. For the environment shown in Fig. 8, the rays with
grazing angles less than the critical angle 21.16◦ can propa-
gate long distances. In Fig. 10, some typical rays with small
grazing angles are plotted for wind speeds of 0 m/s, 7.5 m/s,
and 20 m/s, respectively. In Fig. 10(a), these rays can reach
20 km in the environment with a flat surface. In Figs. 10(b)

and 10(c), the reflection angles of these rays are changed after
the reflection of the rough surface. Those rays with increased
reflection angles lead to large bottom loss. Thus, they can-
not propagate to 20 km, and the TL of 20 km increases. For
the wind speed of 20 m/s, more rays vanish before arriving at
20 km. Besides, lots of rays are bent downward in the ther-
mocline, and then they incident into the bottom with greater
grazing angles. The thermocline enlarges the effects of rough
surface. Therefore, the increase of TL in the thermocline en-
vironment is greater than that in the homogenous waveguide,
and TL is more dispersive.
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Fig. 10. Rays for source above the thermocline (Zs = 7 m) with wind
speeds of (a) 0 m/s, (b) 7.5 m/s, and (c) 20 m/s.
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Fig. 11. Eigen rays for source below the thermocline (Zs = 50 m,
ZR = 70 m) with the wind speeds of (a) 7.5 m/s and (b) 20 m/s.

In Fig. 9(b), with the source and receiver located beneath
the negative thermocline, the TL is quite concentrated within
an interval of 1 dB for all wind speeds. Figure 11 shows
the eigen rays to the receiver for wind speeds of 7.5 m/s and
20 m/s, respectively. Most of the sound rays propagating up-
ward are refracted and bent downward to the bottom in the
negative thermocline layer without interaction with the sur-
face, called refracted bottom-reflected (RBR) rays, such as the
green, red, and blue rays in Fig. 11. The rest is SRBR rays
with grazing angle greater than 15.65◦, like the black ray in
Fig. 11(a). They are affected by the rough surface, attenuat-
ing quickly and having less energy. The acoustic rays arriv-
ing at 70 m mainly consist of RBR rays and few SRBR rays.
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Therefore, the total sound energy is rarely affected by fluctu-
ating surfaces, and then the TL distributions for different wind
speeds are almost the same.

4. Conclusion
Under a randomly fluctuating surface, a sound field in

shallow water attenuates and randomly distributes in an inter-
val. The simulations indicate that the statistical characteristics
of TL are affected by the wind speed, range, frequency, and
sound speed profile. Source and receiver depths relative to the
thermocline are influential as well.

The TL is increasing and more dispersive as the wind
speed raises due to the roughness of the surface. The increase
is more significant for the higher frequency case due to the rel-
ative roughness of the surface. The interaction strength with
the surface accounts for the following two phenomena. The
TL increase with wind speed is more significant for the re-
ceiver farther away from the source. For the case of the source
below the thermocline, the TL for the receiver below the ther-
mocline is barely influenced by rough surfaces. While the TL
for the source above the thermocline is more affected than that
in an isothermal environment, because the grazing angle in-
creases in the thermocline. In conclusion, the influencing fac-
tors are the relative roughness of the surface, the interaction
strength of the sound field with the surface, and the changes of
propagating angle due to refraction.

Besides, a reliable and rapid approach is introduced to
simulate the distribution of TL under randomly rough surface
environment. It can be used to evaluate the average value and
the variation of TL under different wind-wave conditions. The

regulations and the approach discussed in this paper is ex-
pected to be helpful for other underwater acoustic studies, such
as sound field fluctuation with the presence of internal waves.
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