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Abstract: Underwater sound mapping is increasingly being used as a tool for monitoring and manag-
ing noise pollution from shipping in the marine environment. Sound maps typically rely on tracking
data from the Automated Information System (AIS), but information available from AIS is limited
and not easily related to vessel noise emissions. Thus, robust sound mapping tools not only require
accurate models for estimating source levels for large numbers of marine vessels, but also an objective
assessment of their uncertainties. As part of the Joint Monitoring Programme for Ambient Noise
in the North Sea (JOMOPANS) project, a widely used reference spectrum model (RANDI 3.1) was
validated against statistics of monopole ship source level measurements from the Vancouver Fraser
Port Authority-led Enhancing Cetacean Habitat and Observation (ECHO) Program. These validation
comparisons resulted in a new reference spectrum model (the JOMOPANS-ECHO source level model)
that retains the power-law dependence on speed and length but incorporates class-specific reference
speeds and new spectrum coefficients. The new reference spectrum model calculates the ship source
level spectrum, in decidecade bands, as a function of frequency, speed, length, and AIS ship type. The
statistical uncertainty (standard deviation of the deviation between model and measurement) in the
predicted source level spectra of the new model is estimated to be 6 dB.

Keywords: source levels; underwater noise; marine shipping; automated identification system;
sound mapping

1. Introduction

Underwater sound mapping is becoming an important tool in support of marine
spatial planning of human activities at sea while protecting the marine environment [1].
Though the relationship between the environmental pressure caused by ambient noise and
the state of the ecosystem is not yet fully understood, the European Union (EU) advises its
Member States using underwater sound maps, combined with measurements, to quantify
levels and trends of ambient noise for the implementation of its Marine Strategy Frame-
work Directive [2]. European North Sea countries are jointly developing a framework for
monitoring ambient noise in the North Sea in the Interreg Joint Monitoring Programme for
Ambient Noise North Sea (JOMOPANS; https://northsearegion.eu/jomopans/; accessed
on 26 March 2021). A key task in the project is to develop and demonstrate verified and
validated modelling methods applicable for generating maps of ambient noise in the North
Sea, with a focus on ships and wind as the dominant sources of sound. Noise from ship-
ping is a dominant contributor to the global marine soundscape, and can adversely impact
aquatic life via several effects pathways, including behavioral disturbance, stress, and
masking [3,4]. The issue of underwater noise has also been recognized by the International
Maritime Organization (IMO), which has published guidelines aimed at reducing vessel
noise emissions from commercial shipping [5].

Various previous efforts have demonstrated that the approach for modelling shipping
noise based on density and distribution of ship traffic is feasible [6–10]. However, large
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uncertainties remain. The diversity of ship characteristics and the various noise source
mechanisms at different operational conditions make it impossible to include an exact
prediction of the underwater radiated noise of individual vessels in the calculation of
shipping sound maps. Moreover, information available from the vessel tracking data from
Automated Identification System (AIS) is limited and not easily related to vessel noise
emissions. In an international workshop [1], it was concluded that the speed variance
remains a fundamental uncertainty in estimating source levels from AIS information: “AIS
can provide information about the presence of ships (GT > 300) or shipping densities,
but the Wales and Heitmeyer [11] model that is often used to estimate source levels
for this traffic data does not include ship speed dependence as earlier models (e.g., the
RANDI model [12]) had. For regulation purposes and for noise mapping, a new model
that includes speed dependence and associated uncertainty is required. This requires
coherent empirical measurements to inform model development”. The need for more
coherent underwater radiated noise measurements on commercial vessels, to support
the development of statistical ship source level models, was also concluded in two large
European research programs, SONIC [13] and AQUO [8].

One such data set, consisting of a large collection of systematic source level mea-
surements for a wide variety of vessels, was collected during the Vancouver Fraser Port
Authority-led Enhancing Cetacean Habitat and Observation (ECHO) Program’s 2017 vessel
slowdown trial in Haro Strait [14]. During 2017, the ECHO Program carried out their first
voluntarily slow down trial to reduce underwater noise from marine shipping within the
critical habitat of the endangered southern resident killer whale population [15]. To support
underwater noise studies associated with the trial, JASCO Applied Sciences collected a total
of 1862 monopole source level measurements, over a four-month period, on three different
hydrophone systems [16]. This data set was used to establish speed scaling relationships
for source levels of several different categories of vessels [17]. This data set is unique, not
only because it provides a large collection of source levels for many different types of
vessels, but also because the voluntary slow down protocol provided a strong experimental
control for determining the effects of vessel speed on noise emissions. As such, the ECHO
data set provided an ideal validation data set for testing speed dependence in statistical
source level models.

In this study, we have applied the ECHO data set to test the validity of previously
published statistical models for estimating ship source level from AIS data. In this compar-
ison we observed systematic differences between the model predictions for different vessel
classes. Therefore, we propose an updated reference spectrum model that incorporates
ship type as well as speed and length. The parameters of this model are fitted to the ECHO
data. In this paper, we describe the various source level models and the comparison of the
model predictions with measured source levels from the ECHO data set.

2. Methods
2.1. Source Level Data and Validation

A large collection of 1862 source level measurements from ships of opportunity,
collected near Vancouver (Canada), were used for validating source level models in JO-
MOPANS. This data set was collected by JASCO Applied Sciences, in partnership with
the ECHO Program, and included source level measurements collected in Haro Strait
and Strait of Georgia during the 2017 ECHO Program voluntary slowdown trial [16,17].
Measurements were collected on calibrated hydrophones (Geospectrum M36, −165 ± 3 dB
re 1 V/µPa sensitivity), using JASCO AMAR-G3 (Autonomous Multichannel Acoustic
Recorder, Generation 3) recorders, at three locations, situated adjacent to the international
shipping lanes in the Salish Sea. Hydrophones were deployed near the seabed in water
depths ranging from 173 to 250 m. The mean closest point of approach (CPA) distance of
vessels in the data set was 361 m and the maximum CPA distance was 1 km. The acoustic
data were collected with 24-bit resolution at a minimum sampling frequency of 64 kHz.
The location, speed, draft, and identifying details of vessels near the hydrophones were
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recorded using an automated identification system (AIS) receiver. Vessel classification and
design details were obtained from the MarineTraffic.com web service [18], based on the
maritime mobile service identity (MMSI) number. Additional details regarding the data set
employed in the source level validation are provided in [17].

The acoustic data were analyzed using JASCO’s ShipSound system, which analyzes
hydrophone data and AIS broadcasts from passing vessels to calculate vessel source levels
in terms of monopole source level (SL). For time periods when a passing vessel was detected
on AIS, the system processes hydrophone data to obtain standard decidecade (i.e., 1/3-
octave) band sound pressure level (SPL) inside a data window encompassing ±30◦ of the
vessel’s CPA to the hydrophone, according to the methods specified in the ANSI ship noise
measurement standard (S12.64, 2009). SL was calculated in 36 decidecade bands (with
nominal centre frequencies 10 Hz to 31.5 kHz), using a frequency-dependent propagation
loss (PL) model, based on numerical solution of the acoustic wave equation, which accounts
for the effect of the environment on sound transmission. Following a similar methodology
to [11], the source depth in the PL model was represented as normally distributed random
variable, where the mean source depth ds was assumed to 50% of the static vessel draft
as broadcast over AIS at the time of measurement and the distribution parameter was
taken to be σ = ds/3.4. Additional details regarding the source level analysis methodology
employed in ShipSound are given in [17,19]. Source level measurements were anonymized
and assigned to one of twelve different categories (discussed below).

To correct the comparison of the ECHO data set to the RANDI 3.1 source level model
(Section 2.2.1), an adjustment of the ECHO source levels to a standard depth of 6 m has
been made, according to the procedure described in Appendix A. For the JOMOPANS
noise mapping, the selection of a fixed 6 m reference source depth for all vessels has the
advantage that it offers the possibility to decrease the complexity of the propagation loss
model calculations.

Ship source level models were validated against the ECHO data set by comparing
model predictions to measured SL values, in each of the 36 decidecade frequency bands.
Residual differences, in decibels, between predicted and observed source levels were
calculated as:

ek( f ) = L̂S f ( f , lk, Vk, Ck)− LS f k( f ), (1)

where ek is the residual difference between predicted and observed source level spectral
density (LS f ) for measurement k at frequency f and, depending on the model, the predicted
spectrum level could be a function of vessel length, l, speed, V, and class, C. The observed
source level spectral density (LS f ) was calculated from the measured SL (LS) in decidecade
bands by subtracting the bandwidth (in dB re Hz):

LS f ( fi) = LS( fi)− 10 log10

(
0.231 × fi

1 Hz

)
dB, (2)

where the centre frequencies of the standard decidecade bands were calculated according
to the IEC 61260-1 formula:

fi = 10i/10 × 1000 Hz, (3)

and the band number, i, is an integer in the range –20 to 15.

2.2. Source Level Models
2.2.1. RANDI

The Research Ambient Noise Directionality noise model (RANDI 3.1) is a naval ambient
noise model, designed to support prediction of the performance of low- to mid-frequency
sonar receivers [12]. RANDI 3.1 includes a semi-empirical ship SL model consisting of
a baseline spectrum of an “average ship” (with reference speed V0 = 12 kn and length
l0 = 300 ft), modified by a dependence on ship length and speed. The source level spectral
density LS f as a function of frequency f (Hz), speed V (kn) and length l (ft) is:
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LS f , RANDI ( f , V, l) = LS f ,0( f ) + 60 log10(V/V0) dB + 20 log10(l/l0) dB + d f × dl + 3.0 dB, (4)

with reference spectrum:

LS f ,0( f ) =

{
−10 log10

(
10−1.06 log10 ( f / fref)−14.34 + 103.32 log10 ( f / fref)−21.425

)
dB

173.2 dB − 18 log10( f / fref) dB
for f < 500 Hz
for f ≥ 500 Hz

(5)

where fref = 1 Hz and dl = (l/lref)
1.15/3643.0, with lref = 1 ft, and

d f =

{
8.1 dB
22.3 dB − 9.77 log10( f / fref) dB

for f ≤ 28.4 Hz
for 28.4 Hz < f ≤ 191.6 Hz

(6)

The dependence of the RANDI 3.1 SL model on ship speed and length is based on
empirical relations derived from World War II acoustic data and theoretical considera-
tions related with propeller cavitation noise [20]. The original measurements on which
this model is based are no longer available. Most of these measurements were made in
shallow-water sheltered environments. The propagation loss was determined from the
slant range assuming spherical spreading. Hence, the spectra were not corrected for the
actual propagation loss in the environment in which the measurements were taken, and
therefore represent a radiated noise level (as defined in ISO 17208-1) and not a source
level in the sense of ISO 18405. The source depth associated with the SL model was not
reported in [12], but the RANDI 3.1 user’s guide suggests a source depth of 6 m (“the
average propeller depth of a merchant ship”). The statistical uncertainty of the RANDI 3.1
model predictions is not reported.

2.2.2. Wales and Heitmeyer (WH02)

Wales and Heitmeyer [11] concluded from an analysis of 54 merchant ship source
spectra, measured by sonobuoys in the Mediterranean Sea and the Eastern Atlantic Ocean,
that the correlation between the source level and the ship speed and length is negligible.
Due to the relatively small sample of ships, probably all sailing at their optimum transit
speed, it is unclear to what extent this conclusion can be generalized. They proposed an
alternative ensemble source spectra model for merchant ship-radiated noise, with source
spectral density level (in the frequency range between 30 Hz and 1200 Hz):

LS f ,WH02( f ) = 230.0 dB − 10 log10

((
f

1 Hz

)3.594
)

dB + 10 log10

(1 +
(

f
340 Hz

)2
)0.917

dB, (7)

Wales and Heitmeyer applied a Gaussian source distribution across the upper quadrant
of the region swept out by the propeller to determine the ship source level from the
measurements, but did not report the range of source depths for which the proposed model
is valid.

The ship source levels observed by Wales and Heitmeyer are normally distributed
around the source spectra model, with an associated standard deviation [21]:

σS f ,WH02( f ) ≈


5.3 dB f < 150 Hz

5.3 dB − 0.0088 dB
(

f−150 Hz
1 Hz

)
150 Hz ≤ f < 400 Hz

3.1 dB f ≥ 400 Hz

(8)

2.2.3. Updated Reference Spectrum Model (JOMOPANS-ECHO)

The observed discrepancy between the predictions by the RANDI and WH02 models
with the measured source levels from the ECHO data set (Section 3.1) triggered the devel-
opment of an updated reference spectrum model. As the data [17] confirm that there is
a correlation between the source level and the ship speed and length, and because these
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two parameters are readily available from ship traffic systems such as AIS, we decided to
maintain the speed and length dependencies from the RANDI 3.1 model:

LS f ,J−E ( f , V, l, C) = LS f ,0( f , C) + 60 log10(V/VC) dB + 20 log10(l/l0) dB (9)

To reduce the ship class dependent deviation between measured and modelled
source levels, the RANDI 3.1 model was adapted, by replacing the generic reference
speed V0 = 12 kn by a reference speed per vessel class (C). This new reference speed VC
was obtained from minimizing the mean model-data residuals ek( f , C) (Equation (1)) for
broadband source level per vessel class. Next, an updated baseline spectrum per vessel
class was developed, from minimizing the model-data residuals for the mean spectrum in
each category per decidecade band:

LS f ,0

(
f̂ , C
)
= K − 20 log10

(
f̂1

)
dB − 10 log10

(1 − f̂
f̂1

)2

+ D2

 dB (10)

with f̂ = f
fref

, f̂1 = 480 Hz ×
(

Vref
VC

)
, fref = 1 Hz and Vref = 1 kn, and K = 191 dB, D = 3

for all classes, except Dcruise vessel = 4.
For the cargo vessels (container ships, vehicle carriers, bulkers, tankers) the updated

model includes an additional peak in the baseline spectrum below 100 Hz:

LS f ,0

(
f̂ < 100, Cargo

)
= KLF − 40 log10

(
f̂ LF
1

)
dB + 10 log10

(
f̂
)

dB − 10 log10


1 −

(
f̂

f̂ LF
1

)2
2

+
(

DLF
)2

 dB, (11)

with KLF = 208 dB and f̂ LF
1 = 600Hz(Vref/Vc) and DLF = 0.8 for container ships and bulkers) or

DLF = 1.0 for vehicle carriers and tankers. The above model expressions are for source spectral
density level. In the final modelling these are converted to source level in decidecade frequency

bands by adding 10 log10

(
0.231 f̂

)
dB.

A source level model for dredgers was added, based on data from measurements by TNO in a
project during the construction of Maasvlakte 2 (Rotterdam port extension; [22]). While dredging,
the source level is much higher than would be predicted based on the speed, due to the propeller
loading associated with the dredging. Based on the measurement results, the JOMOPANS-ECHO
model prediction of the dredger source level at a sailing speed of 14 knots is applied as an estimation
of the source level when the dredger is dredging (independent of the actual dredging speed). The
AIS data available to JOMOPANS do not provide an indication when dredger is dredging. Based on
the speeds observed during dredging for Maasvlakte 2 [22], it is tentatively assumed that a dredger
is dredging when its speed is lower than 3 knots.

The measured vessel source level spectra in the ECHO data set are approximately normally
distributed around the source spectra model, with an associated standard deviation of about
6 dB (Section 3.2).

3. Results
3.1. Source Level Validation

Statistics of the residual differences between the RANDI and WH02 model predictions and the
ECHO data set were calculated for decidecade bands ranging from 10 Hz to 31.5 kHz (Figure 1).
For this comparison we have extended the WH02 model beyond the frequency range for which it
was developed, by applying Equation (7) between 1.2 kHz and 20 kHz and by assuming a constant
SL spectral density at 30 Hz and below [23]. This analysis showed that both models overestimated
observed source levels below 250 Hz and underestimated observed source levels at 250 Hz and above.
While the mean residual differences for the two models were very similar, the RANDI model had
significantly greater standard deviation of the residual differences than the WH02 model, particularly
at higher frequencies. While the prediction error of the RANDI model was undoubtedly larger,
scatter plots of the data nonetheless showed that the speed and length terms in the RANDI model
more accurately reproduced trends evident in the ECHO source level measurements (Figure 2).
Furthermore, it was evident that source levels for different types of vessels exhibited systematic
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offsets when compared to the RANDI model. The results of the validation therefore suggest that an
improved reference spectrum model could be devised via straightforward modifications to the basic
RANDI formulae.
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Figure 2. Scatter plots of predicted and observed (ECHO) source levels versus speed, in the 63 Hz
decidecade band (one of the two MSFD indicator bands [2]), for the RANDI and WH02 models, for
six vessel types. The n value in each panel indicates the number of measurements for the specified
vessel type. Predictions of the WH02 model do not vary with vessel speed and length, whereas
predictions of the RANDI model vary with vessel speed and length according to power law functions,
see Equation (4).
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3.2. JOMOPANS-ECHO Model
As described in Section 2.2.3, a modified source level model was devised that preserves the

speed and length dependencies of the RANDI model but introduces a modified reference spectrum
and category-specific reference speeds to achieve a better fit to the validation data set. Source level
measurements were available for 12 different classes of vessels, representing a wide range of vessel
sizes, speeds, and roles. Table 1 provides the applied conversion between the ship type identification
(ID) in the AIS data set and vessel class. The AIS types ‘Passenger’ (ID = 60–69) and ‘Cargo’ (I = 70–79)
do not provide a clear identification of larger and faster vessels such as containerships and cruise
vessels. Without access to additional ship information, these vessel classes are tentatively identified
by ship length, observed mean speed and AIS hazard class (see Table 1). Coefficients of a modified
reference spectrum (Equations (10) and (11)) were chosen to match as closely as possible the mean
source level versus frequency data for the different vessel types. Each vessel class was assigned an
appropriate reference speed (VC), so chosen to minimize the residual differences between the new
model and the validation data set, in decidecade bands (fi ≥ 20 Hz) (Figure 3). Each vessel class
was furthermore associated with specific AIS ship type ID codes, with additional speed and length
criteria to disambiguate between sub-types of vessels that could not be identified based purely on
the AIS ID (Table 1). A reference implementation of the JOMOPANS-ECHO source level formulae is
provided in an Excel spreadsheet (File S1).

Table 1. The vessel class (C) is obtained from the AIS ‘ship type’ parameter, according to the following table, which also
presents the reference speed (VC ) per vessel class, the number of unique vessels, the number of measurements (n), and the
mean length ( l) per vessel type of the measured ships in the ECHO data set and the dredgers from [22] used for the present
model development. Many vessels in the data set were measured more than once.

Vessel Class (C) AIS SHIPTYPE ID VC (kn) Unique Vessels n ¯
l (m)

Fishing 30 6.4 10 21 32

Tug 31, 32, 52 3.7 67 173 28

Naval 35 11.1 9 19 79

Recreational 36, 37 10.6 7 15 45

Government/Research 51, 53, 55 8.0 2 2 58

Cruise 60–69 (length l > 100 m) 17.1 23 54 268

Passenger 60–69 (length l ≤ 100 m) 9.7 2 6 52

Bulker 70, 75–79 (speed V ≤ 16 kn) 13.9 360 850 211

Containership 71–74 (all speeds)
70, 75–79 (speed V > 16 kn) 18.0 195 440 294

Vehicle Carrier n/a 15.8 65 141 194

Tanker 80–89 12.4 53 129 186

Other All other type IDs 7.4 6 12 81

Dredger 33 9.5 7 52 128

Over the 20 Hz to 20 kHz decidecade bands, the maximum absolute value of the mean residual
difference (in decidecade bands, averaged over all vessels) between the new model and the ECHO
data is 2 dB, and the mean standard deviation of the residual differences per decidecade band is
6 dB (Figure 4). The larger deviations observed in the decidecade bands below 20 Hz is likely due
to tonal noise at propeller blade rates and harmonics which are not represented in the statistical
source level models. The speed and length trends in the original RANDI model appear to follow the
trends observed the ECHO data set and so these coefficients were not modified in the new model
(Figures 5 and 6). The new model was found to provide a significantly better match to the ECHO
data, when compared with the RANDI and WH02 models (compare Figure 4 with Figures 1 and 5
with Figure 2).
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4. Discussion and Conclusions
4.1. Comparison with Other SL Models

Since the RANDI and WH02 models were originally published, the widespread availability of
high-quality AIS data and advanced digital hydrophone recorders have allowed for the collection of
newer, more extensive source level data sets for ships of opportunity [24–29]. Using these newer data
sets, other recent studies have sought to develop improved reference spectrum models for marine
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vessels, many of which are summarized in a recent review article [30]. While it is not possible to
provide an exhaustive review here, several notable examples are discussed below, and their details
are compared to the present work.

Chion et al. [31] used source levels from 11 merchant vessels, measured in the St. Lawrence
Estuary, to develop a modified version of the RANDI model that included an updated reference
spectrum and modified speed dependence. Chion et al. reported that the original RANDI model
overestimated their measurements, so they introduced a speed-dependent correction parameter (K0)
that minimized the residuals between their data and the corrected model. They retained the common
12-knot reference speed for all vessels. The modified Chion et al. model has a much weaker speed
dependence than the original RANDI model, predicting an SL increase of only 1.7 dB when speed is
doubled from 10 to 20 knots (Equation (4) predicts an increase of 18 dB over the same speed range).
Chion et al. did not report whether they assumed a specific source depth in their modified RANDI
model, but their use of geometrical propagation loss suggests that their model employed a dipole
source representation (i.e., neglecting the influence of the sea surface on predicted source levels).

Simard et al. [26] tested several source-spectrum models, including RANDI and WH02, using
source levels from 255 merchant vessels measured in the St. Lawrence Estuary. Their validation data
employed a monopole source representation, with propagation loss computed using the wavenumber
integration method. The assumed source depth was not reported. Simard et al. reported that both
the RANDI and WH02 models generally underestimated their measurements, so they fit several
polynomial models, involving length, breadth, draft, and speed to their data, discarding insignificant
terms. Simard et al. presented three possible models that were consistent with their data, although
the length and speed dependencies in these models (if present) were weaker than the 20 × log10(l)
and 60 × log10(V) trends in RANDI. Their simplest model, denoted as AS4, which depends only on
frequency in a similar manner to WH02, explained 72% of their data variance. For comparison, the
JOMOPANS-ECHO model explains 64% of the ECHO data variance. However, based on the statistics
reported in their paper, the spread of their measured source levels around the AS4 model predictions
appears to be approximately the same as the spread observed in the JOMOPANS-ECHO model-data
comparison (interquartile range of the residuals for both models is 8 dB).

Most recently, Jiang et al. [27] used source levels from 27 merchant vessels, measured near the
port of Qingdao in the Yellow Sea, to develop a modified version of the RANDI model that included
updated reference spectra and modified speed and length dependencies. Jiang et al. employed a
monopole source representation, having calculated propagation loss using a wavenumber integration
model, with a Gaussian source distribution, as in [11], and the source in the upper quadrant of the
propeller, as in [32]. Jiang et al. reported that the original RANDI model overestimated their data for
vessels over 200 m (category I, mostly container ships), but gave a good fit to their data for vessels
under 200 m (category II, mostly bulkers and tankers). Thus, they developed two new sets of formulae,
that provided a better fit to their data for these two categories of vessels. Jiang et al. reported a
strong correlation between vessel speed and source level, with best-fit speed coefficients similar to the
original RANDI value (43.5 × log10(V) and 65 × log10(V) for categories I and II, respectively), whereas
they reported a weak correlation between length and source level—particularly for category I—with
best-fit length coefficients less than the original RANDI value (14 × log10(l) and −2.7 × log10(l) for
categories I and II, respectively). In comparing their modified model with their data, Jiang et al.
reported a mean absolute error of 4 dB, which was slightly less than the mean absolute error of the
JOMOPANS-ECHO model, which was 5 dB.

Figure 7 illustrates that the difference between the source level spectra predicted by these
models exceeds the statistical uncertainty reported for the models. This comparison is limited to
merchant vessels over 100 m in length because that is, to our understanding, the range of ships for
which the Chion et al., Simard et al. and Jiang et al. models are applicable.

The four models compared in Figure 7 are all semi-empirical, with fitted parameters based
on source level data for ships of opportunity. These data sets were collected at different locations,
for different ship populations, using different measurement and analysis procedures. Differences
between source level data sets, due to a combination of these factors, are thus most likely responsible
for differences between the model predictions. For example, obtaining accurate source levels is
more difficult in shallow water than in deep water, particularly at frequencies below 100 Hz, due
to the influence of the seabed. Furthermore, calculated source levels are sensitive to the estimated
propagation loss, and so differences in the methods used to estimate propagation loss can introduce
systematic differences into the source level estimates. The Chion et al. and Simard et al. studies both
measured source levels in relatively deep water, similar to the ECHO Program’s study (~200–300 m),
whereas the Jiang et al. study measured source levels in much shallower water (~30 m). On the other
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hand, the propagation loss method employed by the Jiang et al. study was most similar to that of
the ECHO Program’s study, whereas the propagation loss methods employed by Chion et al. and
Simard et al. studies were quite different. Karasalo et al. [28] estimated the source level spectra of
over 900 ships from measurements of 2088 ship passages along a hydrophone deployed near a major
shipping lane in the Baltic Sea. Propagation loss for the shallow water environment (water depth
~41 m) was calculated using acoustic seabed parameters obtained from geo-acoustic inversion of
data from a propagation loss trial. In the frequency range between 100 Hz and 1000 Hz, to which
the source level estimations in [28] are limited, the JOMOPANS-ECHO model predicts the median
source levels of cargo vessels and tankers in [28] within the model uncertainty (~6 dB). For tugs and
passenger vessels, which are less well represented in the data sets, the differences are greater.
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Figure 7. Decidecade band source levels predicted by the JOMOPANS-ECHO model (J-E) compared
with three other recent source level models. Predictions are shown for four representative merchant
vessels, with mean length (l) and speed (V) from the ECHO data set. Lines correspond to different
models as follows: J-E is the model from this work, SAS4 is the simple AS4 model from ref [26],
Chion et al. is the model from ref [31], and Jiang et al. is the model from ref [27]. Color-shaded areas
indicate the model uncertainties, where reported (± one estimated standard deviation, assuming
normal distribution of errors).

Uncertainties about certain assumptions involved in the models (e.g., Chion et al. and Simard et al.
do not report the assumed source depths) also make comparisons more difficult. A recent meta-analysis
found differences in source level of as much as 30 dB between published data sets for similar vessels
operating under similar conditions [30]. We rely upon the ECHO data set for this work because it
includes a significantly larger number of measurements, and we have a detailed understanding of the
underlying calculation methods. It is hoped that ongoing efforts toward standardization of source
level estimation procedures (e.g., by the ISO subcommittee on underwater acoustics, ISO/TC 43/SC3)
will improve the consistency of different data sets in future [33].

The new JOMOPANS-ECHO source level model addresses several key requirements for marine
sound mapping that were identified during the JOMOPANS project and which were not fulfilled by
pre-existing models:

1. The new model provides an explicit relationship between AIS ship type and source level
spectrum (i.e., as described in Table 1), to facilitate making reproducible sound maps. The incor-
poration of class-dependent reference speeds and reference spectra in the model is consistent
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with prior studies which have established that ship class is a strong predictor of vessel source
levels [24,25].

2. The new model retains an explicit dependence of source level on vessel speed, which allows for
the ability to consider, e.g., slow down mitigation scenarios in marine spatial planning. The
speed dependence follows an established power-law trend for cavitation noise [34] which is
strongly supported by experimental evidence [17].

3. The new model employs a monopole source representation with a consistently specified
reference source depth (zs = 6 m). Ambiguities surrounding monopole and dipole source level
representations have been identified as a key source of inconsistencies between prior vessel
noise studies [30].

4. The new model includes an estimate of statistical uncertainty (±6 dB rms error in the range
0.02–20 kHz), which has been calculated from a large validation data set. This permits a robust
analysis of statistical uncertainties associated with the inherent variability in source levels of
marine vessels.

4.2. Sources of Uncertainty
There are several sources of uncertainty that need to be considered, when applying the pro-

posed model for estimating sound levels from marine shipping. Information gleaned from AIS data
provides an imperfect means of identifying vessel class and estimating source levels. For example,
using AIS alone, container ships and cruise ships cannot be identified with certainty, and vehicle
carriers seemingly cannot be distinguished from other types of cargo vessels (see Table 1). AIS
broadcasts often contain errors in vessel length, ship type ID, and speed, and many smaller vessels
(typically under 300 gross tonnes) do not broadcast on AIS at all [35,36].

Furthermore, most of the vessel design details that truly relate to noise emissions are entirely
absent from AIS data. Models that calculate individual contributions of propeller and machinery noise
to the source level, as proposed by Wittekind [37], by the AQUO project [8] and by Jalkanen et al. [38]
have the potential to reduce part of the uncertainty in the source level predictions, but require more
information than available from AIS and cannot address the fundamental uncertainty associated
with the influence of details such as vessel maintenance condition and the effect of environmental
conditions on propeller cavitation. Moreover, complex detailed source level models based on many
parameters are impractical for large scale sound mapping.

Other sources of uncertainty in the proposed model relate to the simplifying assumptions in the
predicted source level model itself. The proposed model assumes isotropic sound radiation, but real
vessels can exhibit strong directivity (both fore-aft and port-starboard) in their noise emissions [39,40].
The proposed model also assumes a point-like sound source, but noise sources on real vessels
(e.g., the engine room and propeller) originate from different positions along the hull and at different
depths [41]. Hence, the underwater radiated noise in the vicinity of a real vessel deviates from the
assumed radiation from a monopole source at a depth of 6 m below the water surface. Various
data sets indicate that there is a significant, seemingly random, component to vessel source level
measurements that ultimately limit the precision with which noise emissions from any particular
vessel can be estimated.

Comparisons between empirical vessel noise models (see Figure 7) suggest the need for inde-
pendent validation against different source level data sets. Such validation efforts are hampered,
at present, by the lack of an agreed-upon standard for measurement of source levels for ships of
opportunity. Existing standards (e.g., ISO 17208) were developed for acoustic ranging of co-operating
vessels under controlled test conditions. As such, they can only be approximately adhered to for
ships of opportunity under the best of circumstances. As a result, past studies that collected large
numbers of measurements for ships of opportunity employed widely varying methodologies, often
yielding very different results [30]. The present work has attempted to address such uncertainties
by employing a large, statistically robust source level data set, collected according to a well-defined
measurement protocol. Nonetheless, it is clear that more work is needed to address sources of error
between vessel noise data sets and source level models. This is especially important for marine
sound mapping applications because source level models are a key source of uncertainty in ambient
noise prediction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jmse9040369/s1, File S1: JOMOPANS-ECHO vessel source level calculator (Excel format).
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Appendix A. Source Depth Conversion

International standard ISO DIS 17208-2 summarizes the theory for conversion between deep
water Radiated Noise Level (LRN) and Source Level (Ls):

Ls = LRN + ∆L (A1)

A simple approximation, valid when kds � 1 is:

∆L ≈ −20 log10(2 sin(kds sin)) dB = −10log10

(
4 sin2 (kds sin)

)
dB (A2)

This may be approximated by:

∆L ≈
{

−10 log10
(
4 sin2(kds sin)

)
dBkdssin ≤ 3π/4

−10 log10(2)dBkdssin > 3π/4
(A3)

Here, k = 2π/c is the acoustic wavenumber, ds the source depth and α the vertical observa-
tion angle.

The ECHO data set contains source levels for an assumed Gaussian source depth distribution,
with mean value ds and standard deviation σs = ds/0.85/4, limited to interval [1 m, 24 m]. For the
purpose of the present modelling, the source levels have been adjusted to be applicable for a single
fixed source depth of 6 m. Conversion of the SL reported for one (mean) source depth ds,1 to another
source depth ds,2 can be done by applying the correction

Ls(ds,2) ≈ Ls(ds,1) + ∆L(ds,2)− ∆L(ds,1) (A4)

For a small vessel, e.g., a tug with an assumed mean source depth ds,1 = 2.27 m, this leads to
a correction ∆L(ds,2)− ∆L(ds,1) that is approximately equal to 8 dB in the lowest frequency bands,
where kds � 1.
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