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Abstract: In the light of sustainability, satisfactory living conditions is an important factor for people’s
positive feedback in their own living environment. Acoustic comfort and noise exposure should then
be carefully monitored in all human settlements. Furthermore, it is already well-known that high or
prolonged noise levels may lead to unwanted health effects. Unfortunately, while in the last decades
scientists and public authorities have investigated the noise produced by roads, trains, and airports,
not enough efforts have been spent in studying what happens around the coastal and port areas.
Following the attention brought to the subject by recent European projects on noise in port areas,
the present paper characterizes the sound power level and 1/3 octave band sound power spectrum
of seagoing ships while moving at low speeds. Five different categories have been distinguished:
Roll-on/roll-off (RORO), container ship, oil tanker, chemical tanker, and ferry. The analysis is based
on a continuous noise measurement lasting more than three months, performed in the industrial
canal of the port of Livorno (Italy). The resulting noise emissions are new and useful data that could
be inserted in acoustic propagation models to properly assess the noise in the areas affected by port
activities. Thus, the present work can act as a supporting tool in planning ship traffic in ports towards
better sustainability.

Keywords: port noise; harbor noise; noise emission; vessels noise; ship noise; sustainable management;
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1. Introduction

Perception and concerns about the quality of the surrounding environment, both in urban and
extra urban context, have grown in the last years so much that attention has been put on studying
livable and sustainable communities [1]. In order to address quality of life issues, the scientific
community and the stakeholders are looking at sustainability, which corresponds to a situation where
“people are provided with satisfactory living conditions so that they can identify positively with their
own environment” [2]. Noise pollution cannot avoid to fall into this concept, as it has been recognized
among the most disturbing environmental parameters in a variety of epidemiological studies [3–5]
and in a recent World Health Organization document [6].

It has now been demonstrated by many studies that prolonged exposure to noise can
induce cardiovascular disease [7,8], alterations in blood pressure [9,10], respiratory diseases [11],
hypertension [12], learning impairment [13,14], annoyance [15,16], and sleep disturbance [17–19]. In
very recent years, awareness on the subject has also reflected on house pricing [20].
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After the publication of European Noise Directive 2002/49/EC (END) [21], sustainability has grown
towards the noise sources required by END: road and railway traffic [22–24], airports [25,26], and wind
turbines [27,28]. For these type of noise sources, the scientific community has put a lot of effort into
developing innovative and environmentally-friendly mitigations, such as low-noise pavements [29,30],
live and integrated monitoring systems [31,32], sustainable metamaterial absorber [33,34], and sonic
crystal noise barriers made of recycled materials [35].

As a counterpart, port noise has been studied much less compared to the other noise sources.
However, in modern society maritime traffic plays a key role for commerce and the world seaborne
trade has been growing at a steady +4% annual increase [36] in recent years. Thus, with increasing
port size and ship movements, inhabited areas could come near to industrial and operative port areas,
leading to possible health issue and citizens’ complaints, as reported in Athens [37] and Dublin [38].
For this reason, European projects like HADA [39], Eco.Port [40], NoMEPorts [41], SIMPYC [42],
EcoPorts [43], MESP [44], and the on-going Interreg Maritime projects REPORT, RUMBLE and MON
ACUMEN [45], have shed a bit of light on port noise in the very recent years. Mostly, all of them
were focused on defining guidelines and assessing the problem on the END basis, while the Neptunes
project [46] is studying noise produced by ships at berth.

The assessment of noise around ports is complicated, because the overall acoustic emission is
the sum of roads, railways, or industrial installations in the area, as well as noise produced by ships
themselves. Some authors investigated noise emitted from ships at berth [47–51] and all studies
confirmed the complexity of the source. Internal machinery sources propagating trough hull vibrations,
aerodynamic noise produced by funnels, heating and ventilation systems, and eventual outside
cranes all contribute to the overall produced noise. Furthermore, the machinery functioning varies
during different operating conditions occurring in ports: moving; maneuvering, mooring, and ground
operations [52].

To the best of the authors’ knowledge, only a few studies have been dedicated to moving ships:
Badino et al. [53] reported a measurement methodology, Di Bella et al. [54] and Fausti et al. [55]
performed pass-by measurements of cruise ships, while Bernardini et al. [56] characterized the sound
power level of small vessels moving in channels.

No proper characterization of the noise emission of large seagoing ships during their moving
inside ports has been completely published. Thus, the present paper aims to fill this gap, starting
from a long-term noise measurement performed during summer, which is the busiest period, placed
along the “industrial canal” of the port of Livorno (Italy). A-weighted sound pressure level and sound
spectrum of thousands of ships’ pass-by measures are collected. With the support of the surveillance
cameras of the Port Authority, each noise information is assigned to a specific ship in order to finally
compute the average sound power level (LW/m) and 1/3 octave band sound power spectrum of five
different categories of ships: RORO (Roll-on/roll-off), container ships, oil tankers, chemical tankers,
and ferries.

Together with the traffic flows, the newly obtained information can be the input for acoustic
propagation models in order to evaluate noise in the surrounding areas. In this way, the present paper
represents a valid improvement for the noise mapping and action plans phases of port areas, which, at
present, do not include the noise emitted by moving ships.

The paper is structured as follows: the second chapter presents the materials and methods used in
the paper, thus describing the area where measurements are performed, the parameters acquired, and
some statistical data of ship types which pass during the measurements. The third chapter presents
the results of the characterization of the noise emission of vessels, while the last chapter discusses and
concludes the paper.

2. Materials and Methods

The work was based on an extremely long-term measurement of noise performed from 24th
May 2018 to 5th September 2018 at a quay along the “industrial canal” of the port of Livorno, one
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of the largest in Italy. With its annual traffic capacity of about 36 million tons of cargo and 748,000
TEUs (twenty-foot equivalent unit) in 2018, the port of Livorno is also one of the largest ports in the
Mediterranean Sea. The canal where the measurements were carried out represents the only access for
all kind of vessels inward and outward from the industrial port area. Thus, all kind of ships, from
Lift-on/lift-off (LOLO), RORO, container ships, and ferryboats to smaller vessels like tugboats and
pilot boats that passed in front of the measurement position could be registered.

Due to port regulation, the ships’ passing speed limit is 5 knots, and in the present work this value
was assumed to be constant for all transits.

A weather mast and a class I instrumentation according to IEC 61672-1 [57] were placed in the area
reported in Figure 1. The area where the instrumentation was set up was a storage of sequestered boats
managed by the Port Authority, not accessible by people. Except for ship noise, the only competing
source in the area was represented by an internal road transited by few trucks, thus the background
noise was mainly given by sea and wind sounds.

The microphone, equipped with a 90 mm windscreen foam, was sited at 1 m from the shore and
at 4 m height, far from obstacles and in free field conditions. The 100 ms time-history of noise level
was acquired and subsequently cleaned by periods with rainfall or with wind speed exceeding 5 m/s.

In accordance with the Port Authority, the surveillance cameras of the area were accessed and used
to recognize each ship transit which occurred in the canal. Unfortunately, video data were recorded
only for nearly one month, a shorter period with respect to the overall noise measurement. In order to
extend the information to the overall period, incoming/outcoming transits and type of vessel were
taken from the telematic system portal ShipInfo’s.

Figure 1. Map of the area and localization of the measurement position.
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Figure 2 reports the percentage of transit for each ship type with respect to the totals. Tugboats
and pilot boats were not considered in this work and are not reported in the picture. RORO and LOLO
are almost similar from a structural point of view. Thus, in the following analysis for assessing the
ships’ pass-by noise emission, they were considered as a single type. However, their differences can
emerge in the load/unload phases, where cranes, onboard or at ground, are used for LOLO to move the
shipping containers over the hull that, on the contrary, are not present in the RORO. “Other” included
ships with very few transits, like gas carriers, supply vessel, and dredgers.

The ships that were therefore acoustically characterized in this work are ROROs, container ships,
oil tankers, chemical tankers, and ferries, which together represent 99% of the totality of the ships that
passed through the canal.

Figure 2. Percentage of transit for each ship type with respect to the totals.

The weather mast was used for acquiring the rainfall rate, average wind speed, temperature, and
humidity. Sea state was also gathered from the ships’ information telematics system portals.

Only well-identified transits were taken into consideration in the analysis, i.e., those not affected
by the noise of the truck traffic. Furthermore, each noise event should have occurred in a period where
wind speed was less than 5 m/s, no rainfall was present, and the Beaufort number of the sea was lower
than 3, as also suggested by Borelli et al. [58].

Thus, for each single passage in front of the instrumentation, besides the information of category
of vessel, the following set of data was acquired using the sound level meter:

• Noise level (LAeq)
• 1/3 octave band sound pressure spectrum
• Average passage time
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3. Results

The characterization of the noise emission of vessels passing in front of the sound level meter
placed in the industrial canal of the Port of Livorno started from time history of the long-term noise
measurement. The LAeq and the linear spectrum of each passage were extracted, marking 10 dB(A)
around their peak. A database with each row containing the measured LAeq, time, duration, category
of vessel, and noise spectrum of each pass-by was created.

The subsequent analysis was performed separately for each vessel type.
Figure 3 reports an example of a typical pass-by for each category of vessel seen in the 100 ms

time-history of noise level. For a better comprehension of the picture, background noise before and
after each passage was set to a constant level.

At first sight, container ship is the category with the highest peak in noise level measured, with oil
tanker much more silent than all the others. For all the ships, the highest noise corresponds with the
ventilation close to the chimney. Other eventual smaller spikes are given by other ventilation systems
present on the hull. Furthermore, due to service reasons, ships entering and exiting the port are pulled
by tugboats in a number depending on their category: generally, ROROs and container ships have
two, oil tankers and chemical tankers have one, while ferries have none. The tugboats’ presence was
reflected in the measured pass-by by enlarging either both tails, if they were two, or just one tail, if it
was one. However, the authors decided to keep the tugboat noise included in the measured sound
level of each ship category, and therefore also in the characterization of their category, because the two
transits are connected and inseparable.

Figure 3. Example of a typical pass-by for each category of vessel from the time-history of noise level.

Table 1 reports their average duration. Their standard deviation was large probably not because
of the speed, which remained approximately constant in the canal, but partly because of the different
length of the ships in each category. Furthermore, it should be remembered that the duration of the
pass-by means the duration of the measured sound event associated with the pass-by. Thus, most of
the standard deviation associated derived from the different signal-to-noise ratio.
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Table 1. Average duration of a typical pass-by for each category of vessel.

Category of Vessel Average Duration of a Pass-By (s) Standard Deviation (s)

RORO 103 51
Container ships 120 50

Oil tanker 118 36
Chemical tanker 104 47

Ferry 109 38

The average LAeq and 1/3 octave band spectra for each category were computed. Then, considering
a geometrical distance of 53.5 m from the measurement point to the source, the average total sound
power level (LW/m) and the 1/3 octave band sound power spectrum were calculated for each category
by using the Expert Industry Toolbox of SoundPLAN vers. 8.1, which enabled the estimation of a
source emission from measurements.

The resulting estimate for the sound power level and 1/3 octave band sound power spectrum of
each vessel category are reported in Figures 4–8.

Figure 4. LW/m and 1/3 octave band sound power spectrum of RORO (Roll-on/roll-off) ships, together
with uncertainties.

Figure 5. LW/m and 1/3 octave band sound power spectrum of container ships, together
with uncertainties.
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Figure 6. LW/m and 1/3 octave band sound power spectrum of oil tanker ships, together
with uncertainties.

Figure 7. LW/m and 1/3 octave band sound power spectrum of chemical tanker ships, together
with uncertainties.

Figure 8. LW/m and 1/3 octave band sound power spectrum of ferry ships, together with uncertainties.
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4. Discussion and Conclusions

The attention towards noise produced in port areas has finally increased in recent years thanks to
European Interreg maritime and a few other projects. Studies on the noise emitted by moored ships
have therefore been published, reporting that the funnel, heating, ventilation, and air-conditioning
systems are the principal sources for a ship at quay. In addition, during loading/unloading phases
noisy machinery such as cranes or winches are used and produce a different kind of emission, making
the overall noise produced very complex.

However, ships are not stationary sources. In fact, due to port geography and speed restrictions,
they have to sail inside ports for a consistent amount of time in order to reach their docking. Each ship,
entering and then exiting the port, spends overall two hours moving along the canals before reaching
the open sea. Such an amount of time makes the ship transit unneglectable from a noise exposure
point of view of the citizens living in the surrounding areas.

Unfortunately, to the best of the authors’ knowledge, only transits of small vessels and cruise
ships have been characterized in the literature. Thus, the present paper aimed to cover this absence of
scientific detailed literature about noise emitted by seagoing ships during their passage in port areas at
a reduced speed regime.

The present paper reported the sound power level and 1/3 octave band sound power spectrum of
five categories of ship: RORO, container ships, oil tankers, chemical tankers, and ferries. The results,
with uncertainties, were obtained using data coming from a specific long-term noise measurement
performed for more than three months along the route ships follow to enter the industrial port of
Livorno (Italy). A weighted sound pressure level, sound spectrum, and the duration of each pass-by
were joined with the corresponding type of vessel taken by surveillance cameras of the Port Authority
and from the ships’ information telematics system portals. With the so built database of each pass-by,
the average LW/m and 1/3 octave band sound power spectrum information were computed for each of
the five categories.

The acquired data partly fulfilled the BS EN ISO 2922:2000 + A1:2013 [59] requests, such as no
reflecting surfaces were present within 30 m around the vessel and the microphone, the height above
water was approximately 4 m, the passages taken into account had the maximum of the level at least 6
dB over the background noise, in most cases even 10 dB above, and a sea state lower than 3 for all
passages considered. However, some other prescriptions of the standard could not be applied to the
present experimental setup for several critical points, such as the course of the sailing vessels was not
under the authors’ control, the distance of the sound level meter from the vessel side was variable
because of the variable widths of the sailing vessels (from 15 m to 40 m), and it was not possible to
keep the spread of the sound level indicator lower than 3 dB because of ship and distance variability. It
should be said that the ISO aims to provide specifies for acceptance and monitoring test vessels in
test sessions, proving compliance with noise specification or prescribed limits and checking that no
noticeable changes have occurred. In a real case scenario, the ISO was not applicable.

The moving ship noise emission was the sum of different mechanisms of generation, such as the
water crossed by the ship, ventilation systems over the hull, low rpm engines, and, above all, the
ventilation close to the chimney. Tugboats pulling the measured ships were included in the noise
emission of the category of ships which normally need them: two for ROROs and container ships, one
for oil and chemical tankers, and none for ferries.

Container ships were the category with the highest sound power level, while oil tankers were the
lowest, with almost 7 dB(A) less.

Some difficulties emerged during the work, especially in finding the right place to perform such a
long-term measurement. The chosen site had to be safe for leaving the instrumentation unattended,
while being also sheltered enough from unwanted sound sources. The choice fell on a site that was
slightly disturbed by truck transit, which, in some case, altered the ships’ pass-by measurements.
Therefore, some transits were deleted, while others were lost due to missing information from
malfunctioning of the surveillance camera and/or not registered traffic from the ships’ information
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telematics system portals. However, this issue was foreseen, and the long duration of the measurement
still guaranteed sufficient statistics for each category.

Part of the uncertainty in the results originated from the distance source-receiver. Indeed, with a
canal 100 m wide, ships are forced to pass in its middle, thus maintaining a fixed distance from the
microphone. This is surely true for larger vessels, while for smaller ones some fluctuations on the
distance could emerge, leading to uncertainties in the calculation of sound power level from the sound
pressure level. The expected variation should be significant, but with the available video data a proper
estimate was not possible. Nevertheless, the uncertainty on the sound power level was higher for
bigger vessels like RORO and container ships. This is due to the greater number of different vessels
that were present within these categories, as well as to the variability, which could introduce a load
difference. These parameters, like others, are the subject of a subsequent study currently underway.

The directivity of the sources was not investigated. However, as previously reported, the pass-by
of a large ship is the sum of a multitude of complex sources. Considering the distances at which noise
usually propagates to reach receivers, directivity should not be a problem. This aspect is certainly
worth being investigated, but in a very noisy environment like a port, where many noise sources are
emitting simultaneously, isolating a specific source is almost impossible. In order to overcome this
issue, the authors are planning a future measurement campaign using an acoustic camera based on an
array of microphones.

At present, the obtained sound power levels and 1/3 octave band sound power spectrum for the
five categories of seagoing ships represent new information that will extend the current knowledge
regarding noise emitted by ships in a port, adding their noise produced while moving. This information
increases the detail in input to noise propagation models for evaluating the noise in the surrounding
areas and the noise exposure of citizens, mandatory for noise mapping and action plans according to
the European Noise Directive.
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