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Underwater reverberation environments that satisfy the conditions of uniformity and isotropy of the diffuse field can
be used to measure the acoustic characteristics of underwater targets. This study combines two practical indicators — the
standard deviation of the absolute sound pressure field (to indicate uniformity) and the analysis of the wavenumber spectrum
in the spherical harmonics domain (to indicate isotropy) — for an accurate evaluation of the diffusion of the sound field in
a reverberation tank. A method is proposed that can improve the narrow-band diffusion of the sound field by employing a
randomly fluctuating surface. An acoustic experiment was performed in a reverberation water tank (1.2 m×1 m×0.8 m),
where a randomly fluctuating surface was generated by making waves. The experimental results show that as the wave
motion contributes effectively to the random reflection of sound rays in all directions, the uniformity and isotropy are
improved significantly when the surface is fluctuating randomly. This work helps to ensure accurate measurements of the
characteristics of underwater targets in reverberation tanks.

Keywords: sound diffusion, reverberation tank, randomly fluctuating surface, acoustic measurements
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1. Introduction
1.1. Basic understanding of diffusion

In underwater acoustics, it is important to precisely mea-
sure and evaluate the acoustic characteristics of underwater
targets, including the sound power radiated by marine propul-
sion systems as well as the noise from submarines and other
underwater vehicles. However, doing this in seas or lakes is
expensive, which is why alternative laboratory-based measure-
ment methods are particularly needed. Compared with ane-
choic pools, measurements in reverberation tanks provide a
more efficient and cheaper means of understanding the charac-
teristics of underwater sources. When focusing on the power
spectrum of a sound source with directivity, many sampling
points are needed in a free field. The cost of constructing an
anechoic tank (including the absorption materials) is higher
than that of constructing a reverberation tank. Moreover, re-
verberation tanks offer a wider range of frequencies for accu-
rate measurements because the absorption coefficient of ane-
choic tanks is too low in the low-frequency band to achieve
free-field conditions. Therefore, the use of reverberation tanks
to measure underwater acoustic parameters accurately is worth
investigating.

Measurements of the reverberation time, characteristics
of material absorption and radiated sound power as well as cal-
ibrations of the sensors in reverberation enclosures are based

on the assumption of a diffuse field.[1] From the perspective
of random wave theory, a perfectly diffuse sound field is re-
garded as a superposition of free propagating plane waves, and
it satisfies two essential conditions: (i) the plane waves from
all directions must have random relative phases; (ii) the direc-
tions of propagation of the plane waves must be distributed
uniformly over all angles of incidence.[2–4]

Because the actual reverberant sound field is not a per-
fectly diffuse field, Lubman used spatial averaging tech-
niques in acoustic measurements in reverberation chambers,
whereby the sound pressure of the sound field is sampled and
averaged.[5,6] If sufficient averaging is applied, the sound field
is sufficiently diffuse above the Schroeder frequency.[7] Blake
conducted the same acoustic experiments in a reverberation
enclosure filled with either air or water, and found that com-
pared with air as the medium, the spatial fluctuations were
larger in the water medium, which shows the difficulty in
achieving adequate diffusion of the reverberant field in under-
water applications.[8] From techniques developed previously
for air acoustics, Cochard derived a way to measure the ra-
diated noise of underwater sources in test tanks based on the
assumption that the reverberant field is isotropic and homoge-
neous above the Schroeder frequency, but the measured results
for pure frequencies were unsatisfactory because there was no
mode mixing.[9] Li et al. applied spatial averaging to underwa-
ter measurements of the radiated sound power of underwater
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sound sources.[10–12] However, the large spatial fluctuations
required either many sampling points (for disperse spatial av-
eraging) or a long sampling time (for continuous spatial aver-
aging) to achieve sufficient diffusion above the Schroeder fre-
quency, thereby increasing either the cost of transducers or the
time taken. Therefore, it is necessary to find another way to
improve diffusion in reverberation tanks and realize accurate
narrow-band measurement with lower costs.

In the case of reverberation chambers, various diffusers
have been proposed to improve diffusion.[13] Tichy et al.
showed that rotating and moving diffusers can produce fre-
quency and amplitude modulation while reducing the spatial
fluctuation of the reverberant sound field, which helps deter-
mine the radiated sound power.[14,15] In the case of reverber-
ation tanks, Rosny studied diffuse reverberant acoustic wave
spectroscopy inside a reverberant water tank filled with ab-
sorbing scatterers — spheres made of different materials — to
understand the propagation of transient ultrasonic waves.[16]

However, because there are many differences between air and
water (e.g., resistance and sound speed), rotating and moving
diffusers that are used widely in air acoustics cannot be used
directly in water tanks. To the best of our knowledge, there
have been few studies on improving diffusion using diffusers.
Herein, we propose a method for improving the diffusion of
the sound field in a reverberation tank by using a randomly
fluctuating surface, which is convenient in terms of both oper-
ation and application. In underwater acoustics, many studies
involving a rough or random surface are concerned with its
scattering properties and how it influences the sound propaga-
tion in an ocean sound field instead of focusing on diffusion in
a reverberation tank.[17–20]

1.2. Methods for evaluating diffusion

Waterhouse showed that as the experimental conditions
approached the ideal prescription of uniform incidence and
random phase at any point, the energy density would approach
uniformity.[2] Nélisse used the spatial uniformity of the pres-
sure field as a practical and convenient tool for studying the
diffuse field in a room.[21] In underwater acoustics, the fre-
quency resolution of a line spectrum should be as high as
possible. When considering a narrow-band reverberant sound
field, the spatial uniformity is improved on the condition that
the relative phase becomes more random; therefore the spatial
uniformity is an effective indicator for evaluating the diffusion
of the sound field in an enclosure.

Nolan et al. proposed an effective method to character-
ize diffuse field conditions in steady and decaying reverber-
ant sound fields by expanding the wavenumber spectrum ob-
tained by a spatial Fourier transform into a series of spheri-
cal harmonics and using the moments from this spherical ex-
pansion to evaluate the isotropy of the wave field.[22,23] Also,

estimation of the wavenumber spectrum was used to analyze
the acoustic absorption characteristics and measure the angle-
dependent absorption coefficient in a standardized reverbera-
tion chamber.[24,25]

Several other methods can be used to evaluate diffusion.
Gover analyzed the spatial variations in a reverberant sound
field and estimated the diffusion by using a spherical direc-
tional microphone array to measure the acoustic signals in dif-
ferent directions.[26,27] Rafaely provided a generalized deriva-
tion of the spatiotemporal correlation of a diffuse field that can
be used for stationary random signals with a given power spec-
tral density,[28] but Nélisse found that the correlation function
is largely insensitive to deviations from perfect diffusion.[21]

Galdo proposed a method for estimating diffusion using the
temporal variation in the intensity vector and derived a diffu-
sion estimator based on sound intensity,[29] and Götz used this
estimator to measure the process of sound field diffusion in
an enclosure when predicting the mixing time using spherical
microphone arrays.[30] Epain presented a measure of diffuse-
ness based on analysis of the spherical harmonic signal co-
variance matrix, which is suitable for situations in which mul-
tiple sources are distributed around the spherical microphone
array or a diffuse noise background exists.[31] Jeong and Pris-
lan used the kurtosis and sensitivity of room impulse responses
as a measure of diffuseness for reverberation chambers.[32,33]

In this paper, the spatial uniformity of the absolute pres-
sure field and analysis of the wavenumber spectrum in the
spherical harmonics domain are used together to evaluate dif-
fusion in a reverberation tank. The remainder of this paper is
organized as follows. The theoretical background is presented
in Section 2, and the validity of a randomly fluctuating sur-
face for improving diffusion is verified from the two aspects
of uniformity and isotropy based on an experimental study in
Section 3.

2. Theory
Considering a steady-state pure-tone sound field in a

reverberation enclosure, random wave theory describes the
sound field as an infinite superposition of plane waves with
random phase from random directions,[3] i.e.,

P(𝑟m) = lim
N→∞

N

∑
n=1

P(𝑘n)e−i(ωt+𝑘n·𝑟m), (1)

where 𝑟m = (x,y,z) is the position vector, P(𝑟m) is the com-
plex sound pressure at position 𝑟m, 𝑘n = (kx,ky,kz) is the
wavenumber vector and P(𝑘n) is the complex coefficient of
each plane wave’s traveling direction 𝑘n.

2.1. Uniformity indicator

When considering finite superposition of plane waves, the
sound pressure of the synthetic sound field can be written as
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Eq. (2), and the mean square sound pressure can be written as
Eq. (3), where ∗ is the conjugate symbol:[34]

P(𝑟m) = ∑
n

P(𝑘n)e−i(ωt+𝑘n·𝑟m), (2)

|P(𝑟m)|2 = ∑
n
|P(𝑘n)|2

+∑
n

∑
u6=n

Re
(

P(𝑘u)×P∗ (𝑘n)× ei(𝑘n·𝑟m−𝑘u·𝑟m)
)
. (3)

Taking a simple example, Fig. 1(a) shows only two sound
waves, the direct sound wave and the primary reflection sound
wave from the top boundary arriving at position 𝑟m at the same
time. When the relative phase 𝜙 = 𝑘u ·𝑟m−𝑘n ·𝑟m does not
change with time, there will be interference between these two
sound waves, and the distribution of the sound pressure field
will be affected by the relative phase. In an actual reverber-
ation enclosure, the relative phase is not completely random;
therefore, nonuniformity due to acoustic interference is always
present. If the relative phase varies with time completely at
random it can be written as 𝜙(t). After averaging over a suf-
ficiently long time, ei𝜙(t) tends to zero, that is, the sound field
is uniform. Significantly, when the surface is fluctuating ran-
domly, the relative phase will vary with time to a certain ex-
tent, as shown in Figs. 1(b) and 1(c). The randomly fluctu-
ating surface helps to make the relative phases more random,
and make the sound field in a reverberation tank closer to the
diffuse field assumption of random wave theory.

In the following, the standard deviation of the absolute
sound pressure at all sampling points is used to evaluate uni-
formity, as shown in Eq. (4) where |P(𝑟m, f )| is the absolute
sound pressure at the frequency of f and |P( f )| is the mean

value of the absolute sound pressure at M points:[21]

σ ( f ) =

√
1

M−1

M

∑
m=1

[
|P(𝑟m, f )|− |P( f )|

]2
. (4)

If the sound field is completely uniform, the sound pressure
should be equal everywhere. Smaller standard deviations of
the absolute sound pressure indicate a more uniform sound
field.

S
R

S
R

S
R

(a) (b) (c)

Fig. 1. Simplified diagrams of ray trajectories in the cases of (a) a steady
surface, (b) a random surface at t1 and (c) a random surface at t2.

2.2. Isotropy indicator

Ignoring the term e−iωt , Eq. (1) can be written in the form
of a three-dimensional inverse Fourier transform, as shown in
Eq. (5), where P(𝑘) is the angular wavenumber spectrum:[35]

P(𝑟m) =

+∞∫∫∫
−∞

P(𝑘)e−i𝑘·𝑟m d𝑘. (5)

For the sound field produced by a pure-tone with frequency
f0, introducing spherical coordinates gives x = r sinϑ cosϕ ,
y = r sinϑ sinϕ , z = r cosϑ , and kx = k sinθ cosφ , ky =

k sinθ sinφ , kz = k cosθ . If the pressure distribution is mea-
sured over a spherical surface 𝑟m = (r,ϑ ,ϕ), then Eq. (5) can
be represented by

P(r,ϑ ,ϕ) = k2
0

∫ 2π

0

∫
π

0
P(k0,θ ,φ)e−ik0r(sinθ sinϑ cos(φ−ϕ)+cosθ cosϑ)× sinθ dθ dφ . (6)

where k0 = 2π f0/c. Transforming all propagating waves to the surface of the radiation sphere of radius k0 in the wavenumber
domain, the wavenumber spectrum is[22]

P(k0,θ ,φ) =
1

4k2
0

∫ 2π

0

∫
π

0
P(r,ϑ ,ϕ)eik0r(sinθ sinϑ cos(φ−ϕ)+cosθ cosϑ)× sinϑ dϑ dϕ. (7)

Because the wavenumber spectrum characterizes the
magnitudes of the sound waves arriving from definite direc-
tions at the observation point,[35] if the wavenumber spectrum
is spherically symmetric, that is, incident plane waves have
uniform energy distribution over all angles of incidence, then
the wave field is termed isotropic.[22] As shown in Figs. 1(b)
and 1(c), because adding a randomly fluctuating surface helps
to change the reflection direction of sound rays and the subse-
quent multiple reflections make the sound rays propagate more
randomly, the incident sound energy will be distributed over
more angles and the isotropy will be improved.

Expanding the magnitude of the wavenumber spectrum
|P(k0,θ ,φ)| into a series of spherical harmonics, the complex
coefficients of the expansion Amn (k0) can be calculated from
Eq. (8),[36] where Y m∗

n (θ ,φ) is the spherical harmonics func-
tion:

Amn (k0) =
∫ 2π

0

∫
π

0
|P(k0,θ ,φ)|Y m∗

n (θ ,φ)sinθ dθ dφ . (8)

The magnitude of the nth-order moment An (k0) is given by[22]

An (k0) =
n

∑
m=−n

|Amn (k0)|. (9)
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If the sound field is perfectly isotropic, the energy of the
wavenumber spectrum resides entirely on the monopole mo-
ment of the spherical harmonic expansion. If the sound field
is not completely symmetric, part of the energy will be rep-
resented by the higher-order moments. Therefore, the relative
magnitude of the monopole contribution compared with the
total orders as shown in Eq. (10) is used as the isotropy indi-
cator, which ranges between zero and one:[22]

i(k0) =
|A00 (k0)|
∞

∑
n=0

An (k0)
. (10)

Generally, the higher the isotropy indicator, the better the
isotropy of the sound field.

In summary, two indicators are used in this paper to eval-
uate the diffusion in reverberation tanks: (i) the standard devi-
ation of the absolute sound pressure field describes the unifor-
mity and (ii) the analysis of the wavenumber spectrum in the
spherical harmonics domain describes the isotropy.

3. Experiments in a test tank
3.1. Measurement system

Experiments were conducted in a tank made of glass mea-
suring 1.2 m× 1.0 m× 0.8 m. The water temperature was
25 ◦C and the sound speed in water was 1500 m/s. The water
was left standing in the tank for a week to eliminate air bubbles
that could have caused scattering.

A signal generator (Agilent 33522A) was connected to
a power amplifier (B&K 2713) whose gain was set to 30 dB
to ensure an appropriate signal-to-noise ratio, and a spheri-
cal omnidirectional underwater sound source (homemade, the
sound power level is shown in Appendix B) was driven to emit
a broadband noise signal (0 kHz–25.6 kHz). The signals de-
tected by hydrophones (RHC-7) exhibiting good consistency
were collected by a PULSE system (B&K 3052) and saved as
sound pressure–time signals in a computer. The measurement
system and equipment layout are shown in Fig. 2.

Computer

Power amplify

Hydrophones

Source 

Collect sound signal

Wideband white noise
   (0 kHz-25.6 kHz)   

Pulse

Signal generator

0.2 m

0
.1

5
 m

0.1 m

1.2 m

0
.3

 m

Rotation axis

Water
 pump

0
.8

 m

0
.4

 m

Hydrophones

0
.1

 m

1
.2

 m

1.0 m

0
.2

 m

Source

Rotation axis

0.3 m

0.2 m
Water
pump 

0.1 m

(a) (b)

Fig. 2. Diagram of (a) the measurement system and (b) the top view of the equipment layout.

A small water pump with paddles, as shown in Figs. 3(c)
and 3(d), was used to produce waves (the background noise
levels are shown in Appendix A). The flow rate of this water
pump was 12 m3/h. The waves generated in the glass tank had
wavelengths of about 0.05 m–0.15 m, as shown in Fig. 3(b).

(a) (b)

(c) (d) (e)

Fig. 3. Photographs of the experimental equipment: (a) arrangement of trans-
ducers, (b) randomly fluctuating surface, (c) arrangement of water pump, (d)
water pump, (e) hydrophones and holder.

Ten hydrophones were fixed in a holder with rods of
length 0.1 m on one side and 0.2 m on the other side [see
Figs. 3(a) and 3(e)]. In this experiment, only the signals
received by the five hydrophones on the 0.2 m rods were
analyzed. Because the acoustic impedance of polyurethane
[2.1 × 106 kg/(m2·s)] is similar to that of water [1.5 ×
106 kg/(m2·s)], we assume that the scattering effects of rods
made of polyurethane can be ignored. The angle between two
adjacent rods was set to 30◦, and a rotator on the top of the
hydrophone holder ensured precise control of the rotation an-
gle. The holder was rotated by 15◦ at a time, and the signals
were collected at each interval. After a complete revolution,
the 120 sets of sound pressure signals from the hydrophones
on the 0.2 m rods were sampled.

3.2. Analysis of uniformity

The length of the sampling signals was 30 s. Each signal
was divided into 30 1 s segments, and a Fourier transform was
applied to obtain 30 sets of sound pressure–frequency signals
P(l,r, f ) with a frequency resolution of 1 Hz, where l is the
number of sets. The 30 sets of sound pressure–frequency sig-
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nals from the 120 points on the sampling sphere with a radius
of 0.2 m were processed using

|P(r, f )|=

√√√√ 1
30

30

∑
l=1
|P(l,r, f )|2 (11)

to obtain curves of the root-mean-square sound pressure at the
120 sampling points.

In the following experiments, we focused on frequencies
above 8 kHz. The root-mean-square sound pressure curves
at one position with a steady surface and with a fluctuating
surface are shown in Fig. 4. As an effect of the emission char-
acteristics of the sound source, sound pressure increases with
increasing frequency. Comparing the two scenarios, it is clear
that the fluctuation of sound pressure is reduced significantly
when the surface is fluctuating randomly.

For each frequency, there are 120 sets of sound pressure
data on a sampling sphere with a radius of 0.2 m. When
the frequency is 10 kHz, the absolute sound pressure sphere
in the spherical coordinate system can be plotted by nearest-
neighbor interpolation, as shown in Figs. 5(a) and 5(b). When
the frequency is 20 kHz, the absolute sound pressure spheres
of the two scenarios are as shown in Figs. 5(c) and 5(d).

Clearly, at the two frequencies with a steady surface there
are obvious interference patterns on the sound pressure sphere,

indicating poor uniformity (the uniformity indicator is 0.38 Pa
at 10 kHz and 1.17 Pa at 20 kHz). When the surface is fluctu-
ating randomly, the fluctuations in the sound pressure field are
reduced significantly, and the interference is no longer promi-
nent, which indicates better uniformity (the uniformity indica-
tor is 0.29 Pa at 10 kHz and 0.72 Pa at 20 kHz).
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)
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P
a
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(b)

Fig. 4. Sound pressure curves at one position for (a) a steady surface and (b)
a randomly fluctuating surface.
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Fig. 5. Absolute sound pressure spheres in the spatial domain for (a) a steady surface at a frequency of 10 kHz, (b) a randomly fluctuating surface at a
frequency of 10 kHz, (c) a steady surface at a frequency of 20 kHz and (d) a randomly fluctuating surface at a frequency of 20 kHz.
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For the two scenarios, the standard deviation of the abso-
lute sound pressure at different positions obtained by Eq. (4)
is illustrated with respect to frequency in Fig. 6(a). The root-
mean-square values of the sound pressure at a bandwidth of
100 Hz were calculated, and the standard deviation of these
values at different positions is used as the uniformity indicator
at the corresponding center frequency. The uniformity indi-
cator at a bandwidth of 100 Hz is plotted at different center
frequencies in Fig. 6(b). Figure 6(a) shows clearly that the
uniformity of the sound field improves markedly when the sur-
face is fluctuating with a frequency greater than 10 kHz. Fig-
ure 6(b) shows that as the bandwidth widens, the uniformity
of the sound field improves regardless of the surface type.

3.3. Analysis of isotropy

Dividing each signal into 30 segments again, for each
frequency from 8 kHz to 25.6 kHz, the sound pressure sig-
nals P(l,r, f ) were transformed to the wavenumber domain as
P(l,k, f ) (the sampling intervals of the polar and azimuthal an-
gles, ∆θ and ∆ϕ , are both π/30) using Eq. (7). The 30 sets of
wavenumber spectra were then processed using

|P(k, f )|=

√√√√ 1
30

30

∑
l=1
|P(l,k, f )|2 (12)

to obtain the root-mean-square sound pressure in the sphere of
the wavenumber domain for each frequency.
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Fig. 7. Absolute sound pressure sphere in the wavenumber domain for (a) a steady surface at a frequency of 10 kHz, (b) a randomly fluctuating surface at a
frequency of 10 kHz, (c) a steady surface at a frequency of 20 kHz and (d) a randomly fluctuating surface at a frequency of 20 kHz.
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For instance, the absolute sound pressure spheres in the
wavenumber domain at frequencies of 10 kHz and 20 kHz with
a steady surface and random surface were plotted by nearest-
neighbor interpolation, as shown in Fig. 7. At these two fre-
quencies, when the surface is steady, the wavenumber spectra
have obvious bright and dark parts, indicating a large energy
flow in some particular directions and poor isotropy. When
the surface is fluctuating, the sound rays no longer propagate
in specific directions but propagate randomly in other direc-
tions. Therefore, there is no longer obvious sound pressure
fluctuation in the wavenumber domain, which indicates better
isotropy.

Then, by expanding the magnitude of the wavenumber
spectrum into a series of spherical harmonics, the isotropy in-
dicator i(k0) is calculated using Eqs. (8)–(10). The spherical
harmonic expansion was truncated at n = 10. The isotropy
indicator with respect to frequency for the two scenarios is
shown in Fig. 8(a). The root-mean-square values of the sound
pressure in the wavenumber domain at a bandwidth of 100 Hz
were calculated and used to obtain the isotropy indicator at the
corresponding center frequency. The isotropy indicator at a
bandwidth of 100 Hz is shown in Fig. 8(b). Analysis of these
figures shows that regardless of whether the bandwidth was
1 Hz or 100 Hz, the isotropy of the sound field improved when
the surface was fluctuating with a frequency above 10 kHz.
If the bandwidth widens, then the isotropy of the sound field
improves.

The above analysis shows that generating randomly fluc-
tuating waves on the surface of the water contributes to the
random reflection of sound rays in all directions and helps to
improve both the uniformity and isotropy.
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Fig. 8. Curves of the isotropy indicator with a bandwidth of (a) 1 Hz and (b)
100 Hz.

4. Discussion and conclusion
In this work, a randomly fluctuating surface was proposed

as an effective means of improving narrow-band diffusion in
a reverberation tank. As a key issue, the randomly fluctu-
ating surface was generated by making waves on the water
surface of the tank. It was found that when the wavelengths
of the sound and water waves were close to each other, the
randomly fluctuating surface markedly improved the diffusion
in the reverberation tank. The waves could be generated by
means other than the water pump used in the present exper-
iments; for example, the wave machines that are often used
in swimming pools would be feasible for making large-scale
waves that in turn are conducive for improving diffusion at
low frequencies. For various measurement needs (e.g., tar-
get scale, frequency range), there is flexibility in choosing a
reverberation tank of the appropriate size and then using the
appropriate method to make waves with the appropriate wave-
length. Future research will involve exerting precise control
over wave parameters (e.g., amplitude, period) by means of
adjustable equipment and studying the quantitative influence
of doing so on acoustic measurements. Besides, appropriate
roughness can be added to the sidewalls of the tank or pool for
the further improvement of sound diffusion.

In summary, this paper analyzed the sound diffusion in a
reverberation tank, using two practical indicators: uniformity
(evaluated by the standard deviation of the absolute pressure
field) and isotropy (evaluated by the analysis of the wavenum-
ber spectrum in the spherical harmonics domain). Experi-
ments were conducted in a tank of size 1.2 m× 1 m× 0.8 m
with a steady surface and a randomly fluctuating surface, and
the results showed that in the analyzed frequency band, when
the surface was fluctuating randomly with wavelengths of
about 0.05 m–0.15 m, the uniformity and isotropy were both
improved above a frequency of 10 kHz. These two indica-
tors support each other in that the randomly fluctuating sur-
face significantly improves the diffusion of the sound field and
considerably improves the capability of measuring underwa-
ter acoustic characteristics in reverberation tanks. Appendix C
shows the improvement of randomly fluctuating surface on
measurements of sound power in a reverberation tank.
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Appendix A: Analysis of background noise
The background noise levels were measured in the fol-

lowing two scenarios: when the water pump is not working
and the water pump is working. The noise produced by the
water pump is meanly in the low-frequency range. As shown
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in Fig. A1, the background noise level was no more than 70 dB
in both scenarios above the frequency of 8 kHz.
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Fig. A1. Background noise levels for (a) a steady surface and (b) a randomly
fluctuating surface.

Figure A2 shows the sound pressure levels measured at
one position in the reverberation tank without and with the
water pump. Above a frequency of 8 kHz, the sound pressure
levels in the two scenarios were generally more than 100 dB,
which ensures that the signal-to-noise ratio is enough for the
measurements.

1.0 1.5 2.52.0

Frequency (104 Hz)

1.0 1.5 2.52.0

Frequency (104 Hz)

(a)

(b)

S
o
u
n
d
 p

re
ss

u
re

 l
e
v
e
l 
(d

B
)

140

120

110

100

90

B
a
ck

g
ro

u
n
d
 l
e
v
e
l 
(d

B
)

130

140

120

110

100

90

130

Fig. A2. Sound pressure levels for (a) a steady surface and (b) a randomly
fluctuating surface.

Appendix B: Measurement of sound power level
in an anechoic pool

When an omnidirectional source radiates sound energy
uniformly in all directions, the sound power is given by the

following equation, where R is the distance between the sound
source and the observation point:

W = I(4πR2). (13)

As the sound intensity is I = P2/ρc, where P is the effective
value of sound pressure, the sound power can be written as

W =
4πR2P2

ρc
. (14)

Therefore, the relationship between the sound pressure level
SPL measured at any point and the sound power level SWL is

SWL = SPL+10log10 4πR2. (15)

As the source level of an omnidirectional source is the sound
pressure level measured at a point 1 m away from the source
in the free field,

SWL = SL+10log10 4π. (16)

The radiated sound power was measured in an anechoic pool
[see Fig. B1(a)], with a size of 25 m× 15 m× 10 m and a
lower-limit frequency of 2 kHz. The spherical omnidirectional
underwater sound source was driven to emit a broadband noise
signal (0 kHz–25.6 kHz). One hydrophone was located 1 m
from the sound source to measure the source level. The free-
field sound power level SWL calculated by the source level SL
according to Eq. (16), is shown in Fig. B1(b).
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Fig. B1. (a) Photo of anechoic pool and (b) the sound power level measured
in the anechoic pool.

Appendix C: Measurement of sound power level
in a reverberation tank

The relationship between the sound pressure level SPL
measured in a reverberation tank and the sound power level
SWL of the underwater source is given by

SWL = SPL−∆C, (17)

where ∆C is a correction value that is affected only by the
properties of the tank and the location of the source.[11] As
long as there is a sound source with known radiated sound
power, the correction value ∆C can be obtained by measuring
this sound source in the reverberation tank in the two scenarios
of a steady surface and a random surface. Once ∆C has been
determined for a known sound source, the sound power level
of an unknown source can be easily obtained by measuring
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the sound pressure level of the latter in the same reverberation
tank.

The sound pressure levels of the test source used in the
present experiments were measured in the reverberation tank
with a steady surface and a random surface. Two different
measurement methods were used: (i) straightforward mea-
surement (one hydrophone was used to measure 30 s signals
straightforwardly at a fixed position in the reverberation area);
(ii) spatially averaged measurement (six hydrophones were
used to measure 30 s signals at fixed positions in the rever-
beration area, and the results were averaged).

The other known sound source was used to obtain the cor-
rection value ∆C, then according to Eq. (17), the sound power
levels in four scenarios were obtained as shown in Fig. C1.
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Fig. C1. Sound power levels: (a) straightforward measurement in a tank
with a steady surface; (b) straightforward measurement in a tank with a ran-
domly fluctuating surface; (c) spatially averaged measurement in a tank with
a steady surface; (d) spatially averaged measurement in a tank with a ran-
domly fluctuating surface.

Figures C1(a) and C1(b) show that with straightforward
measurement in the tank, the sound power level measured
in the steady tank fluctuated greatly, whereas the randomly
fluctuating surface reduced the fluctuation significantly. Fig-
ures C1(c) and C1(d) show that when spatial averaging is used,
the randomly fluctuating surface can also reduce the fluctua-
tion of the curves of the sound power level. It is clear that the
measurement accuracy was improved considerably in the tank
with the randomly fluctuating surface, thereby offering signif-
icant improvements in underwater acoustic measurements.
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