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ABSTRACT:
Standardizing the process for measuring underwater sound generated by ships in shallow waters is a complex

challenge currently under development. Recent progress has enabled the development of analytical formulations to

represent propagation conditions underwater using propagation loss (PL) approximations, which are employed to

derive the source level (SL) from ship sound pressure level (SPL) measurements. Underwater radiated noise (URN)

tests conducted in the SATURN project enabled a detailed evaluation of the seabed critical angle (SCA) method,

recommended by an early draft of the ongoing ISO 17208-3 standard, identifying a general underestimation of SL

above �500 Hz compared to measurements under equivalent operating conditions in deep water, as described by

ISO 17208-1. This article presents an alternative smoothed semi-coherent image (SSCI) method for calculating PL

(and hence SL) and assesses the method’s performance through analytical and empirical scenarios (including record-

ings of three different instrumentation deployment strategies at four distinct depths and four test distances). The

SSCI method enhances accuracy over a broad frequency range while maintaining the general robustness, with a for-

mulation that also seeks to preserve the simplicity of the SCA approach.
VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0036140

(Received 15 October 2024; revised 21 January 2025; accepted 22 February 2025; published online 21 March 2025)

[Editor: James F. Lynch] Pages: 1938–1954

I. INTRODUCTION

For almost a decade, there has been an international

standard for measuring underwater radiated noise (URN)

from ships in deep water (ISO 17208-1:2016, 2016), which

was based on a previous standard from the American

National Standards Institute (Bahtiarian, 2009; Blaeser and

Struck, 2019). Under the conditions described in ISO

17208-1, the sound interactions with the seabed have a neg-

ligible impact, so this standard allows for accurate charac-

terization of underwater sound from vessels using a simple

logarithmic distance correction [20�log10(R)]. The resulting

metric, known as radiated noise level (RNL), is intended to

be used to show compliance with URN noise criteria or to

compare ships. In 2019, the second part of the standard was

published (ISO 17208-2:2019, 2019), enabling the conver-

sion of RNL to the source level (SL) metric. This metric is

intended to be used with acoustic propagation models,

which are needed for applications such as underwater

soundscape modelling. However, the requirement for mea-

suring in deep water (typically at depths greater than the

maximum of 1.5 times the ship length and 150 m) is often

impractical. In 2021, ISO began developing the first interna-

tional standard for measuring ship noise in shallow waters.

A draft version of the standard [draft international standard

(DIS) ISO/DIS 17208-3 (2023)] was available for this study.

This DIS may differ from the final published standard. The

details of the procedures tested in this study are presented in

this paper. The direct output metric is SL, enabling the

assessment of a ship’s underwater noise footprint via acous-

tic models (using SL), which can be analytically converted

to RNL for comparing ship signatures.

The SATURN project (SATURN, 2020) focuses on

researching solutions to the problem of URN caused by

shipping. Specific project tests focused on characterizing the

URN for one vessel using different measurement proce-

dures, comparing the results, and demonstrating the need for

standardized methods, as previously identified by Ainslie

et al. (2022) and Ainslie and Wood (2022). The SATURN

test campaign results revealed differences of up to 12 dB in

the URN levels obtained using different methods, despite

being from the same ship under identical operational condi-

tions (Yubero et al., 2023). Additionally, this campaign

facilitated measurements based on a draft of the shallowa)Email: roberto.yubero@tsisl.es
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water standard (ISO/DIS 17208-3, 2023), enabling the use

of various hydrophone setups, including vertical arrays, hor-

izontal arrays, and single hydrophone deployments. These

tests were conducted in November 2022 over a nine-day test

campaign, with data from seven days of measurements used

in this study. Measurements were taken at various water

depths (40, 50, 80, and 200 m) and closest approach distan-

ces (50, 100, 150, and 200 m), while maintaining consistent

operational conditions for the studied ship. All measure-

ments included in the analysis complied with the draft stand-

ard’s restrictions.

Calculation of SL from sound pressure level (SPL)

measurements in shallow waters involves a correction for

propagation loss (PL) (ISO 18405:2017, 2017). Quantifying

PL is a complex undertaking that has historically been

addressed using various propagation models or combina-

tions of models (Wang et al., 2014), which require advanced

knowledge of the underwater modelling field (Etter, 2013;

Jensen et al., 2011). Moreover, comparative studies have

shown that the complexity of these models does not always

ensure their robustness (Lagrois et al., 2024), as uncertain-

ties in input parameters (e.g., precise seabed composition)

can lead to significant deviations in computed PL

(MacGillivray et al., 2023). Due to the challenges men-

tioned (usage difficulty and robustness), ISO/DIS 17208-3

(2023) has focused on using analytical methods for PL com-

putation rather than numerical propagation models.

The draft shallow water standard tested in the SATURN

project specified the seabed critical angle (SCA) method for

calculating PL (Sec. II A). The test results using this method

showed a general underestimation of SLs at frequencies

above �500 Hz by approximately 2.5 dB when comparing

shallow water results with those from deep water (Yubero

et al., 2023). This deviation was further studied by members

of the working group developing the standard ISO/TC 43/

SC 3/WG 1 (2011), resulting in approximations aimed at

improving the accuracy of the SCA method, yielding an

enhanced version known as SCAþ (Ainslie et al., 2024b).

The improved method demonstrated greater accuracy in

most frequency bands, but it compromised robustness at

some frequencies, as the PL lacked the smoothing effect

provided by the original SCA method, which had proven to

be a good fit for on-site measurements.

The smoothed semi-coherent image (SSCI) method,

developed and described in this study, aims to maintain the

improved accuracy of SCAþ at mid and high frequencies

without sacrificing precision at low frequencies. This article

explains its derivation, analyzes its accuracy across various

synthetic scenarios by comparing the results with a complex

yet proven numerical propagation model [OASES; see

Schmidt and Jensen (1985)], and concludes by evaluating its

performance in real test cases. The method was applied to

data from the SATURN project, and its evaluation was com-

plemented by reanalyzing measurements from the MMP2

project (MacGillivray et al., 2022).

This article is accompanied by supplementary docu-

mentation, including a spreadsheet that computes PL for the

SSCI method, a complete mathematical derivation of the

SSCI method in a separate document, and measured SPL

from the SATURN project used for the comparisons from

Sec. V F.

General acoustical terminology follows ISO 80000-

8:2020 (2020). Underwater acoustical terminology follows

ISO 18405:2017 (2017), supplemented where needed by

SATURN deliverable D2.3 (Ainslie et al., 2024a).

II. SL CALCULATION

For the purpose of measuring its SL LS, a vessel is char-

acterized as an omnidirectional point source at nominal

source depth ds below the water surface. Hydrophone mea-

surements are taken at a horizontal distance, the closest

point of approach (CPA) distance (dCPAÞ; and at depth(s) dh

below the surface (see Fig. 1). The paths shown in Fig. 1

account for the combined sound from the source and its sur-

face image.

The SPL Lp measured by the hydrophone is combined

with a calculated PL, NPL, to determine the SL:

LS ¼ Lp þ NPL: (1)

The PL NPL is equal to 10 log10(Fp
�1/1 m2) dB, where

FP is the propagation factor (ISO 18405:2017, 2017).

Following the “image method” approximation for a flat

waveguide [see, e.g., Jensen et al. (2011)], the various

reflections at sea surface and bottom are represented by mir-

ror images. The contributions of the sound paths are added

to calculate the resulting propagation factor. Coherent addi-

tion requires a numerical algorithm involving complex num-

bers. Various proposals have been made for a simpler and

more robust approach for practical application in the mea-

surement standard. The semi-coherent formula (SCF), pro-

posed by Ainslie and Wood (2022), combines a coherent

sum over the direct and the first surface reflected sound

paths from the source to the hydrophone with an incoherent

sum over a truncated series of bottom and surface reflections

of the sound path from this initial image pair. Various

FIG. 1. Geometry for the contributions from direct (D), bottom-reflected

(B), and multiple reflected (M) paths from the dipole at the water surface

(hollow star) formed by the source (solid star) and its surface image (not

shown). Adapted from Ainslie and Wood (2022) and Ainslie et al. (2024b).
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alternatives have been proposed and tested against measure-

ments by MacGillivray et al. (2023). Based on this study,

ISO/DIS 17208-3 (2023) proposed the SCA formula as the

preferred method for calculating PL. The SCA and SCF for-

mulas were compared for a test case in Ainslie et al.
(2024b). This comparison showed that the PL calculated by

the SCA formula was 1–2 dB lower than the PL calculated

by the SCF at frequencies above about 1 kHz. This differ-

ence was further investigated by Ainslie et al. (2024b), lead-

ing to the proposal for an enhanced SCA formula (SCAþ).

This eliminated the 1–2 dB underestimation of SL at high

frequency when using SCA. However, SCAþ was found to

be less robust than SCA. Further investigations led to the

improved SSCI method formula proposed below.

A. SCA formula

The SCA method provides a simple formula for the

propagation factor F, as introduced by MacGillivray et al.
(2023). It combines the coherent sum of the direct and sur-

face reflected sound paths with a contribution of the bottom

reflections, depending on the seabed critical angle wc;

wc ¼ cos�1 cw=cbð Þ; (2)

where cw is the speed of sound in water and cb the speed of

sound in the seabed. The method is only applicable when

cb > cw:
The SCA formula is

NPL;SCA ¼ �10 lg r1 þ
wcrh

H
r2

� �
r2

0

r2
h

!
dB; (3)

r1 ¼
1

2
þ 1

4 kwdsð Þ2sin2hi

!�1

; (4)

r2 ¼
1

2
þ 3

4 kwdsð Þ2sin2wc

!�1

; (5)

where r0 ¼ 1 m is the reference distance, kw ¼ 2pf=cw is the

wavenumber in water, H is the water depth, r2
h ¼ d2

CPA þ d2
h

is the slant range, dh is the hydrophone depth below the

water surface and hh ¼ tan�1 dh=dCPAð Þ the observation

angle (s�, dh; and h�, respectively, in Fig. 1).

B. SSCI method

A SSCI method is proposed that is demonstrated here to

be as robust as the SCA method but eliminates the observed

bias at high frequency. It is based on a re-evaluation of the

approximations that led to the SCA formulas. The derivation

starts from the semi-coherent sum (Ainslie and Wood, 2022)

identifying three main contributions (Fig. 1),

(1) the direct path from the surface dipole (D), with path

length s� and path angle h�,

(2) the first seabed reflected path (B), with path length sþ
and path angle hþ,

(3) multiple reflected paths (M), so that

FP � FP;D þ FP;B þ FP;M; (6)

with

FP;D � 4
sin2 kwdssinh�ð Þ

s2
�

; (7)

FP;B � 4
RP hþð Þsin2 kwdssinhþð Þ

s2
þ

; (8)

FP;M � 4
XM

m¼1

RP hmð Þð Þm 1þ RP hmð Þð Þsin2 kwdssinhmð Þ
s2

m

:

(9)

The power reflection coefficient of the seabed

reflected paths RP hð Þ depends on the acoustic properties

of seawater and seabed. The seawater is characterized as a

uniform fluid with sound speed cw and density qw. Sound

absorption in seawater is ignored because short distances

and not very high frequencies are considered (see also

Section L). The seabed is approximately described as a

uniform fluid with sound speed cb, density qb; and absorp-

tion loss per wavelength bb. The power reflection coeffi-

cient can be calculated using complex arithmetic (Ainslie,

2010),

RP hþð Þ ¼

wv

1þ ieð Þ sinhþ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2

1þ ieð Þ2
cos2hþ

s

wv

1þ ieð Þ sinhþ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2

1þ ieð Þ2
cos2hþ

s
�����������

�����������

2

;

(10)

with density ratio w ¼ qb=qw, sound speed ratio v ¼ cb=cw;
and loss factor e ¼ ðln10=40pÞðbb=dBÞ: It is assumed that

the speed of sound in the seabed is greater than that in the

seawater (cb > cw), so that sound reflection at the seabed

depends on the seabed critical angle. Note that this approach

may be generalized to a non-uniform seabed by varying the

sound speed ratio with frequency, as in MacGillivray et al.
(2023), to simulate a frequency-dependent critical angle

(see Sec. VI).

As proposed for the SCA method (MacGillivray et al.,
2023), the sum over the multiple reflected paths is approxi-

mated by an integral over path angles, while assuming that

the reflection coefficient equals 1 for path angles smaller

than the seabed critical angle (RP hm < wcð Þ ¼ 1) and zero

for greater path angles ðRP hm > wcð Þ ¼ 0),

FP;M � 4

ðwc

hmin

sin2 kwdssinhð Þ
dCPAH

dh; (11)
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with minimum ray angle (hmin),

hmin ¼ min wc; atan
2H

dCPA

� �
: (12)

The simplification to the reflection coefficient leading

to Eq. (11) is used for the evaluation of FP;M, while Eq. (10)

is used for FP;B. Averaged in decidecade frequency bands,

the resulting propagation factors are

FP;D;ddec�
2

s2
�

1�sin 2khidssinh�ð Þ�sin 2klodssinh�ð Þ
2 khi�kloð Þdssinh�

� �
;

(13)

FP;B;ddec�
2RP hþð Þ

s2
þ

� 1�sin 2khidssinhþð Þ�sin 2klodssinhþð Þ
2 khi�kloð Þdssinhþ

� �
;

(14)

FP;M;ddec�
2

dCPAH

�
ðwc

hmin

1�sin 2khidssinhð Þ�sin 2klodssinhð Þ
2 khi�kloð Þdssinh

� �
dh;

(15)

where kc is the wavenumber kw at the band centre frequency,

the wavenumbers at the upper and lower decidecade band

edge frequencies are khi ¼ 100:05kc and klo ¼ 10�0:05kc; and

RP hþð Þ is given by Eq. (10).

Approximate solutions to the above equations can be

found for low frequencies (LF; kwds � 1) and high frequen-

cies (HF; kwds � 1), respectively,

FP;D;ddec;LF � n
2kcdssinh�ð Þ2

s2
�

; (16)

FP;B;ddec;LF � nRP hþð Þ
2kcdssinhþð Þ2

s2
þ

; (17)

FP;M;ddec;LF� n
4

3

kcdsð Þ2

dCPAH
wc

2sinwc�h2
minsinhmin

� �
; (18)

where

n ¼ 1

3

khi

kc

� �2

þ khiklo

k2
c

þ klo

kc

� �2
!
� 1:0178 (19)

and

FP;D;ddec;HF �
2

s2
�
; (20)

FP;B;ddec;HF � RP hþð Þ
2

s2
þ
; (21)

FP;M;ddec;HF �
2

dCPAH
wc � hminð Þ: (22)

Multiple reflected sound paths do not contribute

(FP;M;ddec ¼ 0) if the dCPA is less than 2H=tanwc.

The contributions of the direct, 1st seabed reflected and

multiple reflected sound paths to the propagation factor can

then be added:

FP;ddec;LF ¼ FP;D;ddec;LF þ FP;B;ddec;LF þ FP;M;ddec;LF;

(23)

FP;ddec;HF ¼ FP;D;ddec;HF þ FP;B;ddec;HF þ FP;M;ddec;HF:

(24)

The LF and HF contributions are then merged to obtain

a smooth solution for the propagation factor as function of

dimensionless wavenumber kcds. There are various options

for a smooth merging of the LF and HF approximations. For

the SSCI method, we have chosen

FP;ddec � F�2
P;ddec;LF þ F�2

P;ddec;HF

� 	�1=2

: (25)

This choice led to an acceptable agreement with the full

solution, as illustrated by the model verification examples in

Fig. 3. A reference implementation of the SSCI formulas

[see Eqs. (6)–(25)] is provided in a spreadsheet document

accompanying this article (see the supplementary material).

C. SSCI simplified

To avoid the complex calculation of the reflection coef-

ficient, a simplified version of the SSCI method (SSCI-sim)

is proposed in which the power reflection coefficient is

approximated by

RP hþð Þ �
RP 0ð Þ ¼ 1 for hþ < wc;

RP

p
2

� �
¼ qbcb � qwcw

qbcb þ qwcw

� �2

for hþ > wc:

8><
>:

(26)

The effect of this approximation on the calculated prop-

agation factors (LF and HF) is small except at angles near

hþ ¼ wc; where it is larger for softer sediments (see the sup-

plementary material).

D. SSCI formula analysis

The relative contribution of seabed reflections to the

shallow water propagation factor [see Eqs. (23) and (24)]

depends on the measurement location and on the sediment

type. The measurement location is expressed in terms of the

horizontal distance dCPA and the hydrophone depth dh rela-

tive to the water depth H. The sediment type determines the

critical seabed angle wc and the angle dependent power

reflection coefficient RP hþð Þ:
Figure 2 shows the relative contributions of the

reflected paths (B and M) to the propagation factor for a

“coarse sand” sediment (see Table I for the sediment

parameters).
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In the low-frequency limit kwds � 1, the contribution

of the 1st seabed reflection (B) is significant [see Fig. 2(a)],

particularly in the upper part of the water column at horizon-

tal distances from 1 to 3 times the water depth, because of

the relatively low level of the direct path due to the dipole

effect. At these distances and in the high-frequency limit

kwds � 1, the contribution of the 1st seabed reflection [see

Fig. 2(b)] is the greatest in the lower half of the water col-

umns, although it contributes less than 50% to the total

propagation factor.

At horizontal distances greater than 3 times the water

depth, the multiply reflected paths (M-paths) dominate the

propagation [see Figs. 2(c) and 2(d)]. At shorter horizontal

distances, up to 3 times the water depth, contributions of

M-paths affect the propagation factor with less than 10%.

PL is lower (propagation factor FP is larger) in shallow

water than in deep water due to the contributions of seabed

reflections. The difference increases with increasing dis-

tance (dCPA). The difference decreases when the sediment is

softer than the coarse sand that was assumed for Fig. 2 (see

supplementary material).

III. RNL CALCULATION

Two different measures of URN are considered by ISO

17208, namely SL and RNL. Both are in widespread use,

and they are sometimes conflated.

It follows from the definition of SL (symbol LS) that it

can be used to evaluate SPL (symbol Lp) via the PL (symbol

NPL):

Lp ¼ LS � NPL: (27)

Despite the apparent simplicity of Eq. (27), SL is not

related in a simple way to SPL because of the presence of PL.

FIG. 2. Relative contributions of the 1st seabed reflection (B, upper graphs) and of multiple subsequent reflections (M, lower graphs) to the low-frequency

(left graphs) and high-frequency (right graphs) approximations to the shallow water propagation factor, as function of the measurement location (horizontal

distance dCPA and depth dh) relative to the water depth H, for a coarse sand sediment. Darker colors indicate a higher contribution to the propagation factor;

the numbers with the contour lines quantify the percentages shown in the header of each graph.

TABLE I. Numerical test cases used to compare SSCI and SCA methods with more detailed but elaborate propagation loss models. The simplified sediment

reflection coefficient is the value at normal incidence [Eq. (12)]. The sound speed and density of seawater are 1490 m/s and 1027 kg/m3, respectively. The

term atanð2H=dCPAÞ is used in Eq. (12) for the minimum integration angle, hmin.

Parameter
Test case Sediment properties

Test case A B Type Coarse sand Fine silt

Water depth H 100 m 50 m Median grain size 0.5 / 6.5 /
CPA-distance dCPA 80 m 200 m Sound speed ratio cb=cw 1.2503 1.0239

dCPA=H 0.8 4 Critical angle (wc) 37	 12	

atanð2H=dCPAÞ 68	 27	 Density ratio qb=qw 2.231 1.513

Hydrophone depth dh 80 m 49 m Attenuation per wavelength bb 0.87 dB 0.17 dB

Angle h0� 45	 14	 Reflection coefficient RP, case A 0.28 0.05

Angle h0þ 56	 14	 Reflection coefficient RP, case B 0.93 0.25

Source depth 5 m 5 m Simplified reflection coefficient RP 0.22 0.05
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The benefit of accepting this complexity is that, once PL is

known or can be evaluated at some location of interest, one

can calculate SPL at that location (e.g., for a sound map).

The SSCI method calculates SL, not RNL. However,

for some applications, RNL is needed (e.g., for quiet ship

certification). RNL is defined for deep water, and for the

measurement conditions specified by ISO 17208-1:2016

(2016), as

LRN ¼ Lp þ 10log10

r2

r2
0

 !
dB; (28)

which implies that

Lp ¼ LRN � 10log10

r2

r2
0

 !
dB; (29)

where Lp is the SPL at the measurement location, under the

specified conditions. Equation (29) is simple to apply

because SPL can be estimated (at the specified measurement

location in deep water) by subtracting 10 log10ðr2=r2
0ÞdB

from RNL.

RNL is not defined in shallow water. It is a measure of

the sound that would be radiated if the same ship, under the

same operating conditions, was placed in deep water.

Section 7.3 of ISO/DIS 17208-3 (2023) proposes converting

the SL that is measured in shallow water to a RNL, similar

to what would have been measured in deep water, according

to ISO 17208-1:2016 (2016). This conversion can be made

by subtracting the correction given by the formula proposed

in ISO 17208-2:2019 (2019):

LRN ¼ LS þ 10log10

14 kdð Þ2 þ 2 kdð Þ4

14þ 2 kdð Þ2 þ kdð Þ4
dB: (30)

Results reported in this paper are not represented

through the RNL metric. However, they can be derived

using Eq. (30) over SLs from Sec. V, available in the sup-

plementary material.

IV. VERIFICATION

Two numerical test cases were selected for comparing

the PL calculations from the SCF, SCA, and SSCI methods

with results from the OASES wavenumber-integration

model (Schmidt, 2004; Schmidt and Jensen, 1985). For

range-independent environments, a wavenumber-integration

model computes the exact acoustic field and is thus widely

used for computing benchmark solutions. One test case rep-

resents measurements at a CPA distance that is less than the

water depth (“deep water”), and the other is for measure-

ments at a CPA distance of 4 times the water depth

(“shallow water”). The results shown in Fig. 3 are for a sin-

gle hydrophone and for two seabed types: a coarse sand and

a fine silt sediment. The sediment properties are taken from

Table 4.18 in Ainslie (2010). Table I gives an overview of

the parameters for the two test cases.

For the deep water case A, the SCF method agrees well

with the coherent OASES model, particularly above 100 Hz.

Below 100 Hz, coherent effects of the bottom reflected rays

lead to differences. For the shallow water case B, coherent

effects lead to somewhat larger differences between SCF

and OASES. Here, the OASES calculation results represent

the average propagation factor over 11 logarithmically

spaced frequencies per decidecade band for case A and 101

frequencies for case B. The other results are calculated at

the decidecade band center frequency, where the SCF and

SSCI results include an analytical frequency band average.

The SCA and SSCI methods provide a smooth approx-

imation to the PL that does not predict the peaks and val-

leys at intermediate frequencies (about 200 and 400 Hz for

case A and about 600 and 1200 Hz for case B) that are

associated with the first reflection at the sea surface. The

height of these peaks corresponds with the depth of the

nulls in the propagation factor. The peaks are lower for the

coarse sand than for the fine silt sediment, because of the

stronger contribution from seabed reflections at these fre-

quencies. Predicting the frequency of these sharp peaks

requires precise input values for geometry and sediment

parameters that are often lacking. Consequently, the pres-

ence of such peaks in the calculated PL can lead to overes-

timation of the SL in the corresponding frequency bands

[see Ainslie et al. (2024a)].

The simplified reflection loss calculation [SSCI-sim,

Eq. (26)] results in an �1 dB higher PL for case A and an

�2 dB higher PL for case B with a fine silt sediment.

These results confirm that the SSCI method agrees bet-

ter with the OASES and SCF predictions at frequencies

above about 1 kHz, compared with the SCA method, which

underestimates PL by 1–2 dB. Therefore, the SSCI is pro-

posed as a more accurate formula for calculating PL that

remains straightforward to implement and robust to uncer-

tainties in the input parameters.

V. VALIDATION WITH SATURN DATA

A. Experimental design

URN tests executed in the scope of the SATURN pro-

ject allowed the measurement of a varied set of testing pro-

cedures and also included the draft version of the shallow

water standard, ISO/DIS 17208-3 (2023). Including also the

deep water standard procedure (ISO 17208-1:2016, 2016) in

the test campaign made it possible to obtain reference

underwater sound levels produced by the vessel under spe-

cific operating conditions, permitting the evaluation of the

accuracy of the shallow water results obtained using the

draft procedure.

One of the major advantages of the shallow water stan-

dard is its flexibility, especially in terms of test site selec-

tion, execution, and instrumentation deployments. It

comprises multi-hydrophone deployments, such as vertical

and horizontal three-hydrophone line arrays, and single-

hydrophone ones, whether using surface buoy, bottom-

mounted or bottom-tethered strategies. The selection of one
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or three hydrophones is open to the user’s choice, but not

the specifics of each deployment, which are restricted by the

relation of the site depth and CPA distance. For CPA distan-

ces less than the site depth (dCPA < H), two deployment

configurations are allowed: (i) a vertical line array (VLA)

compliant with the deep water requirements (observation

angles of the hydrophones of 15	, 30	, and 45	) or (ii) a

single-hydrophone deployment (SHD) with an observation

angle within [15	, 45	]. For CPA distances greater than the

site depth (dCPA > H), three configurations are possible: (i)

a VLA with the shallowest hydrophone at least 15 m from

the surface and a distance between hydrophones of 10 m or

above, (ii) a SHD placed in the lower half of the water col-

umn, or (iii) a horizontal line array (HLA) within the

allowed CPA range ([H, 5 � H]).

The SATURN tests included five different equipment

deployments for the shallow water measurements, repre-

sented in Fig. 4 and identified as (A) to (E). The executed

FIG. 3. Calculated propagation loss versus frequency for (a) test case A with a coarse sand sediment, (b) test case B with a coarse sand sediment, (c) test

case A with a fine silt sediment, and (d) test case B with a fine silt sediment, comparing results from the wavenumber integration model (OASES) with the

various approximations (SCA, SCF, and SSCI).

FIG. 4. Drawings of ISO/DIS 17208-3 (2023) deployments tested during the SATURN measurements [(A)–(E)]. Solid circles represent deployed hydro-

phones. The restrictions for each deployment strategy are provided in Table II (“Deployment restrictions” column). dCPA stands for CPA distance, H for site

depth, hi for hydrophone depth, and hi for observation angle.
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testing matrix comprised measurements carried out using

VLAs whether at CPA distances less than the site depth

[deployment (A)] or greater than it [deployments (B) and

(C)], also performing recordings based on SHDs as bottom-

mounted [deployment (D)] and bottom-tethered [deploy-

ment (E)]. HLAs were not directly tested, although it was

possible to emulate them using single-hydrophone record-

ings at different CPA distances, further explained later. On

the other hand, from the VLAs it was possible to derive

SHDs, when the restrictions of the draft standard were met.

Shallow water measurements included in this study

cover three different site depths (40, 50, and 80 m), four tar-

get CPA distances (50, 100, 150, and 200 m), three process-

ing geometries (VLA, HLA, and SHD), and five different

deployments [(A) to (E); previously shown in Fig. 4]. On

the other hand, the deep water measurements, performed

under the deep water standard, were executed on two differ-

ent days, covering a site depth of approximately 200 m and

a target CPA of 100 m, using three-hydrophone VLAs to

deploy the equipment. These measurements were recorded

on seven out of the nine days of the SATURN test campaign

and are summarized in Table II.

B. Equipment

The equipment was deployed daily as VLA or SHD.

The VLA used a surface buoy to continuously monitor its

position and synchronize the hydrophones’ time [by Global

Positioning System (GPS) time and pulse per second (PPS)

protocol]. The surface buoy was usually kept in a stable

position using an auxiliary mooring line. It was also

deployed as a drifting buoy for a limited space of time dur-

ing one of the testing days. SHDs were bottom-mounted and

bottom-anchored and were manually synchronized with a

support laptop before putting the hydrophones into water,

having a time lag of 1 s at the most. The hydrophones used

were model icListen HF RB9 from Ocean Sonics (Truro

Heights, Canada) (nominal sensitivity re 1 V/lPa of –177

dB), configured to acquire data continuously at a sampling

rate of 128 kHz. Their proper functioning was checked daily

at the start and end of the day using a pistonphone (model

42AC; G.R.A.S., Twinsburg, OH). The communication

buoy used to provide time synchronization for the

hydrophones was a model BOSS W drifting buoy from

Ocean Sonics.

Two GPS receivers were used to monitor the drifting

buoy and vessel position (models A631 and VS1000;

Hemisphere, Scottsdale, AZ). They gathered data at a sam-

pling rate of 1 Hz, providing positions with an accuracy of

�0.25 m.

The sound speed of the water column was recorded by a

conductivity, temperature, and depth (CTD) transducer at a

sampling rate of 1 Hz (model Concerto 3; RBR, Ottawa,

Canada). It was placed close to the deepest hydrophone in

the VLAs, recording the site sound speed, which varied

from 1523 m/s to 1534 m/s during the trials. The CTD was

also used to gather the depth of the deepest hydrophone and

compute the approximate hydrophone cable drift angle.

These angles were generally greater than desired [ISO

17208-1:2016 (2016) recommends it to be less than 5	],
while the worst cases happened in deep water, likely caused

by stronger water currents. This influence was evaluated,

concluding it had a negligible impact in deep water mea-

surements and even lower impact in shallow water.

During the tests, internal software was used to continu-

ously compute the vessel-buoy distance, providing the

required course to meet the target CPA for each pass, nota-

bly reducing the number of invalid passes and decreasing

the testing time and fuel consumption. Another internal soft-

ware was used to log execution information for each testing

day. Some of these data were relative to the deployment

information (e.g., site depth, hydrophone depths and posi-

tions, installing position for the GPS on the vessel, etc.).

This logbook also contained information about the test exe-

cution, gathering data for each record as the vessel side, tar-

get CPA, target vessel speed, operating conditions (e.g.,

engine power, engine rpm), initial and end time of the run,

etc. This logbook was used later during the data processing,

employing most of its information to automate and optimize

the task.

C. Data processing

1. Data quality verification

Data quality verification is crucial in reporting vessels’

underwater sound signatures. Measuring procedures remark

on the importance of verifying the measuring chain daily

TABLE II. Summary of URN measurement from the SATURN test campaign used in this study.

Deployment

IDs Testing procedures

Testing

datesa

Measuring

geometries

Site

depths (m)

Target

CPAs (m)

Deployment

restrictions

Hydrophone

deployments

ISO 17208-1:2016 (2016) 2 Nov and 8 Nov VLA 200 100 15	, 30	, 45	

(A) ISO/DIS 17208-3 (2023) 5 Nov VLA 80 50 dCPA < H 15	, 30	, 45	

(B) ISO/DIS 17208-3 (2023) 6 Nov VLA 50 >50 dCPA > H >15 mb

(C) ISO/DIS 17208-3 (2023) 7 Nov VLA 80 100, 150, 200 dCPA > H >15 mb

(D) ISO/DIS 17208-3 (2023) 9 Nov SHD 40 100 hi > H=2 Bottom-mounted

(E) ISO/DIS 17208-3 (2023) 10 Nov SHD 40 100 hi > H=2 Bottom-tethered

aThe SATURN test campaign in Las Palmas took place in November (Nov) 2022.
bDistance from the surface.
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and define constraints regarding the distance accuracy mea-

surement, vessel speed, and others. The objective regarding

the data quality verification during this study was to perform

the checks required by the standard and to go a step further

to ensure the greatest reachable data quality used to get the

results.

For on-site verifications, the primary check was to con-

firm the proper functioning of the hydrophones twice per

day, using a pistonphone before the deployment and after

the recovery, which produces a pure tone in air with a SPL

(re 20 lPa) of 134 dB at 250 Hz. Levels recorded by the

hydrophones during the SATURN test campaign were

within 60.15 dB from the expected value, confirming their

proper functioning during the trials.

Additional verifications performed over the testing con-

ditions were also performed to check (i) buoy drift, (ii) ves-

sel course, (iii) CPA distance, and (iv) vessel speed over the

ground. These analyses helped determine the quality of the

measuring conditions for each recording and supported the

choice of valid runs used later in the computation of the final

vessel signatures. Part of this information was also

employed to summarize the tested conditions per day, using

the measured CPA and the average vessel speed of the proc-

essing window (example shown in Fig. 5).

The verifications described so far were focused on

instrumentation checks and executed testing conditions.

Additional verifications performed over acquired sound sig-

nals were also included in the data quality verification pro-

cess. In that case, a visual inspection of individual SPLs

recorded by the hydrophones, represented in 1 Hz resolution

narrowband spectra, was carried out (examples provided in

Figs. 6 and 7). Although this is not an activity required by

the standards, it is a good practice that was tremendously

helpful in understanding acquired sound data and detecting

some unexpected behaviors of the test site and vessel under

test. The selected test site had strong currents, causing flow

noise in most measurements up to frequencies around

100 Hz; such parasitic noise was identified in this step (see

Fig. 6). Additionally, abnormal vessel behavior was detected

at speeds below �10 kn (�5.1 m/s), where high amplitude

tones appeared (see Fig. 7). Their features were unstable, so

the selected testing speed to perform the analyses of this

paper is focused on the target speed over the ground of 11

kn (5.7 m/s), which was confirmed to have a consistent

performance.

Only data passing these requirements were considered

suitable for the following step of the processing workflow

and, therefore, used to obtain the vessel signatures.

2. Post-processing

The deep water results were processed according to the

ISO 17208-1:2016 (2016) standard, obtaining the relevant

RNLs, later converted to SLs as described in ISO 17208-

2:2019 (2019) [Eqs. (31) and (32)]:

LS;ISO ¼ LRN þ DLISO; (31)

FIG. 5. Summary of valid runs for one day of the SATURN test campaign

(7 November). Measurements performed at target vessel speeds (over

ground) of 8 and 11 kn (4.1 and 5.7 m/s) and three CPAs (100, 150, and

200 m).

FIG. 6. Measured SPL (re 1 lPa2) in 1 Hz bands for background noise and

vessel transits at 8 and 11 kn (4.1 and 5.7 m/s) for one testing day (6

November). Background noise measurements were recorded daily after

deploying the equipment and before its retrieval, meeting ISO 17208-

1:2016 (2016) requirements.

FIG. 7. Median SPL (re 1 lPa2) in 1 Hz bands for background noise and

vessel transits at 8 and 11 kn (4.1 and 5.7 m/s) derived from Fig. 6 data

(considering 6 runs for 11 kn, 5 runs for 8 kn, and 13 recordings for back-

ground noise, with each run or recording composed of three spectra, one

per hydrophone).
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DLISO ¼ �10log10

14 kdð Þ2 þ 2 kdð Þ4

14þ 2 kdð Þ2 þ kdð Þ4
dB: (32)

The deep water results are used as the reference SL.

The parameters used for the computation are provided in the

first row of Table III. As for the shallow water results, their

processing was compliant with ISO/DIS 17208-3 (2023),

which directly returns results as SLs. This section focuses

on the processing of the shallow water measurements.

ISO/DIS 17208-3 (2023) relies on the post-processing

of ISO 17208-1:2016 (2016), so most of its steps are identi-

cal. Only the background noise correction and the distance

adjustment differ, which is explained later.

The process starts by identifying the time instant where

CPA is reached, to later cut the recorded time signal for a

processing window covering a range of 630	 from the CPA

position. The corresponding time interval is processed to

obtain the decidecade SPL spectrum. This step is not

detailed in ISO 17208 standards, so for the SATURN project

data, the spectral processing was carried out using the fast

Fourier transform over 1 s slices, employing a Hann window

with 50% overlap. Resulting spectra were then energy-

averaged, obtaining a narrowband spectrum of 1 Hz resolu-

tion. This spectrum was visually inspected to confirm data

quality and represented using wider frequency bands, return-

ing the SPL spectra in decidecade bands.

SPL spectra were employed to resume the steps

described in ISO/DIS 17208-3 (2023) according to the fol-

lowing procedure. First, the background noise correction is

applied over all those bands where the signal-plus-noise-to-

noise level difference is above 3 dB (the first of the men-

tioned differences against the deep water procedure, which

does not apply it above 10 dB). Second, the spectral sensi-

tivity adjustments are performed according to each hydro-

phone spectral response, obtaining what the standards refer

to as the sensitivity-adjusted sound pressure level (Lp).

Then, PL is computed using the SCA method, as described

in the draft of the shallow water standard, obtaining the cor-

responding SL per hydrophone and run. Additionally, for

the purpose of this study, PL was also computed using the

SSCI and SSCI-sim methods, obtaining the corresponding

SL per hydrophone and run for these two additional

approaches. The parameter values used to process each set

of data are gathered in Table III.

Results obtained in the previous step correspond to a

certain hydrophone and run and are to be averaged to get the

final SL for a certain condition. The average SL for each

run, LS mð Þ, is computed as

LS mð Þ¼10lg
10LS m;h1ð Þ= 10dBð Þþ���þ10LS m;h3ð Þ= 10dBð Þ

N


 �
dB;

(33)

where LS m; hnð Þ is the SL for the nth single hydrophone for

run m and N is the number of hydrophones. Then, the final con-

dition SL, LS, is obtained averaging the SL of four runs as:

LS ¼

Xm¼M

m¼1

LS mð Þ

M
; (34)

where M is the number of runs.

Each of the methods explained to obtain SLs requires a

set of input parameters, which vary between procedures.

Table IV indicates the required parameters per computation

method (also including those for the deep water standard),

summarizing inputs needed per procedure and indicating

which of those values are measured (solid dots) or have to

be obtained from alternative resources (x symbols).

Results obtained before applying the PL correction

(sensitivity-adjusted sound pressure level; LP) are provided

TABLE III. Processing parameters used to get SLs. ISO/DIS 17208-3 (2023) measurements [deployment IDs (A) through (E)] were processed under the

SCA, SSCI, and SSCI-sim methods. Parameters in italics indicate those that were not measured but derived from available resources [see Table IV.18 in

Ainslie (2010)]). The assumed seabed type was fine sand, based on information of the test site from EMODnet (2024). M, number of runs processed; H, site

depth; hi; hydrophone depth; ds, nominal source depth; cw, sound speed in water; cb, sound speed in seabed; qw, mass density in water; qw, mass density in

seabed; bb, attenuation per wavelength in seabed.

Deployment IDs M H (m) CPA ranges (m)a hi (m) ds (m) cw (m/s) cb (m/s) qw (kg/m3) qb (kg/m3) bb (dB)

ISO 17208-1:2016 (2016) 20 200 91–112 27, 58, 100 3.9 1527 N.A. N.A. N.A. N.A.

(A) 4 80 42–61 13, 29, 50 3.9 1530 1750 1000 1900 0.925

(B) 4 50 50–61 20, 27.5, 35 3.9 1534 1750 1000 1900 0.925

(C) 12 80 79–106, 143–152, 199–208 35, 55, 75 3.9 1531 1750 1000 1900 0.925

(D) 4 40 99–102 39.8 3.9 1530 1750 1000 1900 0.925

(E) 8 40 85–102 38 3.9 1530 1750 1000 1900 0.925

aSpecific CPA values per run are provided within the supplementary material.

TABLE IV. Parameters required to compute the PL for the described meth-

ods. The solid dots denote the parameters measured during the test cam-

paign, the x symbols those that were estimated. H, site depth; dCPA, CPA

distance; hi, hydrophone depth; ds, nominal source depth; cw, sound speed

in water; cb, sound speed in seabed; qw, mass density in water; qb; mass

density in seabed; bb; attenuation per wavelength in seabed.

PL method H dCPA hi ds cw cb qw qb bb

ISO17208-2 
 
 
 
 

SCA 
 
 
 
 
 x

SSCI 
 
 
 
 
 x x x x

SSCI-sim 
 
 
 
 
 x x x
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as additional material to this article, allowing reproduction

of the results of the paper whether using the described PL

methods (SCA, SSCI, SSCI-sim) or any other method.

D. Measurement summary

Measurements were carried out in Las Palmas (Canary

Islands, Spain) in November 2022 for 11 consecutive days,

while 9 of them were used to execute the recordings.

Measurements compliant with the ISO 17208-1:2016 (2016)

and ISO/DIS 17208-3 (2023) procedures were executed on

two and five different days, respectively (previously shown

in Table II). The vessel characterized during the test cam-

paign was the �Angeles Alvari~no research vessel, belonging

to the Spanish National Institute of Oceanography (referred

to as IEO for its Spanish name, Instituto Espa~nol de
Oceanograf�ıa). Its main vessel particulars are vessel length

of 47 m, ship beam of 10.5 m, ship draft of 5.6 m, maximum

speed of 13 kn (6.7 m/s), diesel-electric propulsion (nominal

power of 900 kW), and a fixed pitch propeller with five

blades (diameter of 2.9 m).

The equipment setup (hydrophones, GPSs, and CTD)

was deployed and recovered daily during the test campaign,

spending more than 45 h in water. Almost 190 vessel passes

gathering different operating conditions of the vessel were

recorded, with another 80 background noise measurements.

Tests results from this paper focus on a target speed—over

the ground—of 11 kn (5.7 m/s).

Measurements carried out in shallow waters were

regrouped according to their processing geometry (VLA,

SHD, and HLA), obtaining individual SLs as the combina-

tion of measurements carried out under the same conditions

within a time slot not exceeding 4 h. Combining acquired

data carefully allowed for an increase in the number of

available results foreseen, deriving SHDs from VLAs, or

emulating HLAs based on SHDs tested at different CPA dis-

tances. Thus, the numbers of condition SLs obtained were 6

for VLAs, 3 for HLAs, and 15 for SHDs.

Table V gathers some details of the data used to get the

condition SLs per processing geometry. Obtained SLs sum-

marized in Table V were processed as described in Sec.

V C 2, reporting those from shallow waters under different

methods (SCA, SSCI, SSCI-sim), and are used to compare

the methods’ results later in Sec. V F.

HLA results were obtained using measurements from a

single hydrophone [data from deployment (C)] varying the

CPA distance. According to the standard’s requirements, the

HLAs use 3 hydrophones and require 4 runs per condition,

so each result combines 12 spectra. For the HLAs analyzed,

the number of samples required was maintained by testing

at 3 CPA distances and 4 runs per distance, thus obtaining

the expected 12 spectra. The mentioned strategy complies

with the standard except in minor details. SHDs were fully

compliant with the standard requirement, where the number

of runs is kept at four, requiring only 4 spectra per result.

For both HLAs and SHDs, the SLs per condition were

obtained by applying a linear averaging over all the corre-

sponding samples, as required by the standard for measure-

ments of different passes [Eq. (34)].

The analysis bandwidth includes the decidecade bands

from 125 Hz to 20 kHz. The lower limit is set due to the

flow noise issue experienced and explained in the data qual-

ity section (Sec. V C 1), while the ISO/DIS 17208-3 (2023)

recommendation sets the upper limit. The reason for doing

so [instead of reporting up to 50 kHz as ISO 17208-1:2016

(2016) suggests] is that at frequencies above 20 kHz, the

sound absorption of water has an impact that increases with

the distance. ISO/DIS 17208-3 (2023) allows a great variety

of CPA distances, so the PL computation may include the

water absorption. That correction is not included in the stan-

dard, and the suggested upper frequency is limited to 20

kHz. Section VII A includes an approach that accounts for

water absorption and may improve the accuracy of the

results if reporting them above 20 kHz.

E. Reference SLs

ISO 17208-1:2016 (2016) was tested on two different

days using a three-hydrophone VLA to record the vessel’s

underwater sound in deep water. The procedure was mea-

sured several times at a speed over the ground of around 11

kn, also performing vessel passes at different angles against

the current. Measurements were processed to get five condi-

tion RNLs and then derive the corresponding SLs (Fig. 8)

according to ISO 17208-2:2019 (2019) (parameters used

available in Table III).

The consistency of obtained results was explored by

computing the dispersion of the obtained vessel signatures,

returning a standard deviation of �1 dB within the 100 Hz

to 20 kHz frequency range (Fig. 9). The demonstrated con-

sistency of the results supported using the deep water results

to rate results obtained under the draft ISO/DIS 17208-3

(2023) standard. The mean deep water SL was computed

TABLE V. Summary of results obtained per processing geometry to be used to compare the methods. VLAISO-1 results are compliant with the ISO 17208-

1:2016 (2016) description, while the others meet ISO/DIS 17208-3 (2023) requirements.

Processing geometries Used deployments Site depths (m) Target CPAs (m) Hydrophone depths (m) Used spectra Obtained SLs

VLAISO-1 ISO 17208-1:2016 (2016) 200 100 27–100 60 5

VLA (A), (B), (C) 50, 80 50, 100, 150, 200 13–75 60 6

HLA (C) 80 100, 150, 200 35–75 36 3

SHD (A), (B), (C), (D), (E) 40, 50, 80 50, 100, 150, 200 13–75a 60 15

aThis depth range includes one bottom-mounted hydrophone and one bottom-tethered hydrophone (at 20 cm and 2 m from the seabed).
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(solid line from Fig. 8) and used later as the reference curve

to compare with shallow water results.

F. Method comparison

Different SLs were obtained for deep and shallow water

to characterize the underwater sound produced by a certain

vessel, as summarized in Table V. SLs measured on two

days in deep water were averaged as described in Sec. V E

and used as the reference to rate the accuracy of shallow

water results.

Shallow water recordings characterized the same vessel

under equal operating conditions as the deep water measure-

ments and were processed under three different PL

approaches (SCA, SSCI, and SSCI-sim). The deep water

reference values come from VLA deployments, while those

from shallow water cover the three accepted strategies

described in ISO/DIS 17208-3 (2023): VLA, HLA, and

SHD (for VLA, HLA, and SHD results, see Table V).

Figure 10 compares shallow water results against the

deep water reference: Each column of the panel corresponds

to a certain deployment strategy, while each row has a

different PL method used to derive the shallow water

results. A vertical comparison of subplots allows the accu-

racy reached by the SCA and the enhanced PL methods

(SSCI and SSCI-sim) against the deep water reference (thick

dashed line) to be explored. Furthermore, the horizontal

comparison shows the accuracy and scattering of the results

obtained under the explored deployments (VLA, HLA, and

SHD) for each PL method.

The difference of the results, obtained as the mean of

the SL difference of each subplot curve from Fig. 10 against

the deep water reference, is provided in Fig. 11. This figure

confirms that both enhanced methods improve the original

accuracy reached by the SCA method (�2 dB improvement

for most of the decidecades within the reported bandwidth).

The unbiased standard deviation of reported shallow

water SLs from Fig. 10 is shown in Fig. 12, grouping them

by deployment geometry, as done in the previous figures.

Such a comparison shows a more significant scattering from

SHDs, regardless of the PL method used to get the results.

The increased scattering in SHDs results is likely produced

by the reduced number of samples required to derive each

condition SL (VLAs and HLAs require 12 spectra per condi-

tion, while SHDs only need 4) and for the variety in terms

of hydrophone positions, measuring days, and deployment

strategies (bottom-mounted, bottom-tethered, or deployed

from a surface buoy). Also, performing measurements at an

equal CPA distance for each condition does not allow

accounting for different grazing angles between the vessel

and the hydrophone, which is a known strategy to increase

consistency of results (as done for VLAs and HLAs).

On the other hand, none of the explored PL methods

makes a remarkable difference in result scattering, while the

one with the lowest average standard deviation is the SSCI

(see values from Table VI, last column).

Section VI spans the frequency evaluation of the SSCI

method, allowing further study of its performance at those

frequencies affected by flow noise in the SATURN data

(below 100 Hz).

VI. VALIDATION WITH MMP2 DATA

Additional validation of the SSCI method was carried

out by reanalyzing URN measurements from the MMP2

experiment (MacGillivray et al., 2023). The purpose of the

MMP2 experiment was to test whether it was possible to

obtain reproducible vessel SL estimates in shallow water

comparable to ISO-compliant measurements in deep water.

This experiment involved repeated URN measurements for

three cooperating vessels, using five fixed hydrophone

arrays at three test sites (shallow, intermediate, and deep),

over a period of three months. SL measurements at the shal-

low and intermediate test sites were compared to reference

measurements obtained at the deep test site. For the present

work, SL data from the MMP2 experiment were reanalyzed

using the SSCI method for two different array geometries: a

VLA deployed at an intermediate depth site and a HLA

deployed at a shallow site.
FIG. 9. Decidecade standard deviation from SL measurements performed at

11 kn and reported in Fig. 8.

FIG. 8. Vessel’s SL in decidecade bands from two different days measured

according to ISO 17208-1:2016 (2016) at 11 kn [reported as SL in compli-

ance with ISO 17208-2:2019 (2019)]. The mean SL is represented with the

solid line.
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Average SLs for a 167-m-long vessel were computed

from an ensemble of ten passes on each array for a narrow

range of transit speeds (60.25 m/s) and CPA distances

(620 m) to ensure repeatable conditions. Both single-

channel and array-averaged SLs were computed from the

array measurements. The bottom loss at the MMP2 test sites

was characterized by a stratified seabed with a frequency-

dependent critical angle ½wc fð Þ]. This was implemented in

the SSCI method by using an effective sound speed in the

bottom that varied with frequency

FIG. 10. SCA, SSCI, and SSCI-sim results for SL in decidecade bands in three different deployments (VLA, HLA, and SHD) compared with the deep water

reference curve [mean SL from ISO 17208-2:2019 (2019) measurements]. Provided SLs correspond to equal operating conditions measured at 11 kn over

the ground, whether from deep water (thicker dashed line) or shallow water (the rest of the curves).

FIG. 11. Mean SL difference against the deep water reference [ISO 17208-2:2019 (2019) curve from Fig. 10] for SCA, SSCI, and SSCI-sim results for

VLA, HLA, and SHD geometries. Results for the SHD geometry for SSCI and SSCI-sim are almost identical (curves apparently overlapping in the right

subplot).
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cb fð Þ ¼ cw

coswc fð Þ : (35)

Comparison of measurements from the intermediate

VLA and shallow HLA with deep water reference SLs (Fig.

13) showed that the SSCI method improved upon the SCA

method, particularly at frequencies above 200 Hz.

VII. OTHER FACTORS

A. Water absorption

The draft text of ISO/DIS 17208-3 (2023) enables a wide

range of CPA distances to perform the measurements. All

analysis to this point has assumed zero or negligible absorp-

tion of sound in seawater. For frequencies above 20 kHz, the

water absorption can have a significant impact when under-

water levels are measured far from the vessel under test (e.g.,

above 200 m), producing underestimations of several deci-

bels. The maximum allowed CPA of the current shallow

water standard draft is 5 times the site depth (5�H), so the

impact of the water absorption can vary drastically.

Hannay et al. (2023) proposed to include the water

absorption in the SL calculation through an update in the PL

term (NPLÞ;

NPL ¼ 10log10

FP � 10� a�sð Þ= 10 dBð Þ
� ��1

r2
0

dB; (36)

where FP is the propagation factor with no absorption, r0 is

the reference distance (1 m), s is the slant range

(s2 ¼ d2
CPA þ d2

i ), and a is the water absorption coefficient,

which can be estimated as a function of the frequency in

kHz (f ) using Eq. (2.2) from Ainslie (2010),

a ¼ 0:0485� f 2

76:52 þ f 2
dB=m: (37)

Alternatively, the absorption coefficient can be directly

included in the SL computation as an additional term:

LS ¼ Lp þ 10log10

FPð Þ�1

r2
0

dBþ as: (38)

For the SATURN tests, the site depth of the shallow

water measurements varied from 40 m to 80 m, with the

maximum allowed CPAs of 200 and 400 m, respectively.

Figure 14 represents the absorption coefficient in dB [third

term from Eq. (38)] for different CPAs of the 80 m depth

scenario (H, 2.5�H, 5�H), demonstrating that neglecting the

water absorption could underestimate SL in a valid ISO/DIS

17208-3 (2023) scenario up to 6 dB, if considering spanning

the reporting bandwidth to 50 kHz (as done in the deep

water standard).

The decision made in the draft of the shallow water

standard is to limit the reporting bandwidth up to 20 kHz.

Possible alternatives that allow spanning the reporting band-

width (e.g., up to 50 kHz) are to limit the maximum CPA

distance further or to include the water absorption correction

in the SL computation [as shown in Eq. (38)].

VIII. CONCLUSIONS

The draft shallow water standard (ISO/DIS 17208-3,

2023) tested in the SATURN project specified the SCA

method for calculating PL and reporting measured underwa-

ter sound as SLs. The test results from the project generally

showed good agreement. However, there was an underesti-

mation of SL from mid-frequencies (>500 Hz) by

FIG. 12. SL standard deviation for SCA, SSCI, and SSCI-sim results for the explored deployments (VLA, HLA, and SHD). Mean values of shown curves

within the reporting bandwidth are provided in the subplot legends and are used to build Table VI.

TABLE VI. Mean standard deviation (in dB) for each PL method and

deployment. The method and deployment average (avg.) are provided in the

last column and row, respectively (bold values). The data used are extracted

from the Fig. 12 legend.

Method and avg.

Mean standard deviation (dB)

Method avg. (dB)VLA HLA SHD

SCA 0.8 0.5 1.3 0.9

SSCI 0.6 0.6 1.3 0.8

SSCI-sim 0.6 0.8 1.5 1.0

Deployment avg. 0.7 0.6 1.4
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approximately 2.5 dB when comparing shallow water results

with those from deep water. This article describes an

improved method that reduces the observed underestima-

tion: the SSCI method.

The SSCI method accounts for the measurement geom-

etry (H; site depth; dCPA, CPA distance; hi, hydrophone

depth; ds; nominal source depth), and for the water and sea-

bed parameters (cw; sound speed in water; cb; sound speed

in seabed; qw, mass density in water; qb; mass density in

seabed and bb; seabed attenuation per wavelength). The

method is summarized in Eqs. (16)–(25).

The precision and robustness of the SSCI were tested

by comparing the results with numerical and analytical mod-

els, demonstrating that the method maintains the SCA accu-

racy at low frequencies while improving performance at

high frequencies (>500 Hz).

The method’s performance was also assessed based on

test results, where ship SL measurements in shallow water

were compared with measurements in deep water under the

FIG. 13. Single-channel (colored lines) and array-averaged shallow water source levels (thin black line), compared to reference source levels measured in

deep water using the ISO 17208-2:2019 (2019) formula (thick gray line), as measured during the MMP2 experiment. (Top) Vertical line array in 66 m water

depth at 150 m CPA. (Bottom) Horizontal line array in 31 m water depth at 170 m CPA. (Left) Source levels calculated using the SCA method. (Right)

Source levels calculated using the SSCI method.

FIG. 14. Water absorption correction for possible scenarios from the

SATURN project test campaign. Solid lines represent the water absorption

for different allowed CPAs for a site depth of 80 m and a hydrophone depth

of 60 m. Additionally, the dashed line represents the same parameter for the

nominal CPA distance of the deep water standard ISO 17208-1:2016 (2016)

(100 m).
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same operational conditions as in deep water. For this real-

case evaluation, numerous cases from the SATURN project

tests were included, covering deployments with three hydro-

phones (VLAs and HLAs) and SHDs. In these scenarios, the

average differences in the frequency range 150 Hz to 20

kHz for the VLA, HLA, and SHD deployments were �0.9,

–1.3, and –1.5 dB, respectively. Furthermore, the standard

deviation for the VLA and HLA deployments was similar

(0.6 dB). In comparison, the SHDs exhibited a higher stan-

dard deviation (1.3 dB), confirming the prior expectation

that the uncertainty associated with SHDs would be greater.

As an additional real-case evaluation, the SSCI method

was applied to results from the MMP2 project, confirming

the improvement and allowing for a more detailed explora-

tion of performance at low frequencies (below 100 Hz),

which was not possible with the results from the SATURN

project (affected by flow noise from strong currents in the

measurement area).

Additionally, a simplification of the method (SSCI-sim)

is proposed, which reduces the complexity of the power

reflection coefficient, requiring one less input parameter (the

seabed attenuation per wavelength is not needed). This sim-

plification is somewhat less accurate in soft substrates or at

angles close to the critical angle (details provided in the sup-

plementary material).

Furthermore, it is shown how the correction for water

absorption (which becomes more significant from kilohertz

frequencies) would have a notable impact within the

accepted testing distance set by the draft standard ISO/DIS

17208-3 (2023) if levels are to be reported at frequencies

exceeding 20 kHz, or at distances up to 5 times the site

depth within the current bandwidth (10 Hz to 20 kHz). In

both cases, water absorption should be considered.

A formula for the RNL metric in shallow water is also

provided, as this term is particularly necessary since the

draft standard returns results as SL and RNL and the initially

described definition in ISO 17208-1:2016 (2016) only con-

siders deep water.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed derivation

of the SSCI method, analysis of the simplification of the

power reflection coefficient, and comparisons against the

SCA method for different substrate types; for a spreadsheet

file (Microsoft Excel format) providing a reference imple-

mentation of the SSCI PL formulas from Secs. II B and C;

and for the SPLs (corrected for hydrophone sensitivity and

background noise) from the SATURN project and corre-

sponding metadata used to obtain reported SLs from Sec.

V F.
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