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Measurements of underwater noise radiated under ship normal operations are presented. The acoustic data, from
the cabled ocean observatory, are analyzed under each identified ship passage, which was obtained by the
Automatic Identification System. Under each passage, sound pressure level is calculated to observe local noise
variations due to shipping noise. This paper emphasizes the study of noise variations at the observatory, presents
the noise measurements under identified ship passages in the last several years, and provides references for
predictive models of underwater noise pollution from commercial ship traffic. From the passages of one ship to

the passages of 26 ships, the measurements reveal similar variation patterns when the ships traveled at similar
courses, but different patterns when they traveled at different courses. When evaluating the noise variations due
to ship traffics, it is important to consider the shipping noise propagation as well as ship movement.

Underwater noise radiated by ships is one of the main sources of
anthropogenic components of the marine ambient noise (Hildebrand,
2009; McKenna et al., 2012; Wenz, 1962), and it becomes a significant
source of noise pollution for the marine habitat, especially for those
close to the ship traffic routes. E.g. cod are sensitive to low frequency
tonal noise from 30 to 470 Hz (Chapman and Hawkins, 1973; Nordeide
and Kjellsby, 1999), and marine mammals relying on sound as their
primary sense can be concerned (Tyack, 2008). The long term ob-
servations show the ambient noise level at low frequencies increases
with time (Andrew et al., 2002; McDonald et al., 2006), and it is pri-
marily the result of increased commercial shipping activities. The
shipping noise is generated under ship normal operations. When the
local impact from the shipping noise are to be investigated, it is of
importance to measure the noise in the field (McKenna et al., 2012), as
sound propagation characteristics are also related to environmental
conditions (Hovem, 2010).

The shipping noise is broadband noise, significantly at low fre-
quencies of 50-150 Hz, and it can be up to 10 kHz (Ross, 1976). An
ensemble model based on broadband measurements (Wales and
Heitmeyer, 2002), up to 1200 Hz, where ship characteristics and
movements are considered, and it is hard to be applied for a specific
ship due to the noise source signature. The shipping noise up to 1 kHz
frequencies were measured in April 2009 (McKenna et al., 2012), and
the source levels of the categorized big ships (based on Lloyd Registry
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of Ships) are back calculated by the received sound pressure level (SPL)
with the modeled transmission losses. Discussions between the calcu-
lated source level versus distance are shown, and they are only based on
the starboard side measurements at the closest point of approach (CPA)
of 3 km. In this study, the shipping noise was measured without pre-
ferences of the ship categories, and the local noise variations due to ship
passages are of interests.

The acoustic data from 2014, 2015 and 2018 are used to study the
shipping noise, which were recorded by a hydrophone close to the sea
floor. The hydrophone was installed at the cabled ocean observatory,
namely the LoVe observatory, which was deployed at Lofoten-
Vesteralen, Nordland county, Norway (Fig. 1). The Lofoten area is a
marine biological hot spot (Godg et al., 2014), e.g. it is one of the Arctic
cod (Gadus morhua L.) spawning grounds (Nordeide and Kjellsby,
1999), the Lofoten islands also play a significant role for the costal
marine ecology (Engeland et al., 2019), and it is of interests to measure
the local noise variations because of the ship passages.

The LoVe observatory is currently operated by Institute of Marine
Research (IMR), and it has been in operations since 2013 (Godg et al.,
2014). It is a cabled observatory deployed at a water depth about
250 m, and it monitors long term oceanic dynamics. It has been a
collaborative project between IMR, Equinor ASA, and Metas AS, and an
extension is to be completed in 2020. The observatory consists of three
subsea landers, one main lander and two satellite landers. There are
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different marine sensors installed on each lander, including acoustic
Doppler current profilers, one broadband echo-sounder, one hydro-
phone and details of the infrastructure are given by Godg et al. (2014).
Synchronized with Coordinated Universal Time (UTC), real time data
from the observatory instruments are transferred to a station on shore,
via fiber communications, and thereafter any users can access the his-
torical data on the web portal https://love.equinor.com/.

The hydrophone (model icListen HF/SB35 ETH) made by Ocean
Sonics was installed within one of the satellite landers, it is about 0.5 m
above the seabed, and it has been continuously recording background
noise while it is synchronized with UTC time, except when the ob-
servatory was under maintenance or outages of electricity. The hy-
drophone sampling rate is adjustable, e.g. a maximum rate of 512 kHz,
and a 24-bit resolution to avoid amplitude clipping when ships come
close to the observatory. The received sensitivity of the hydrophone
was calibrated from 10 kHz to 200 kHz, in March 2017, where it varies
within a range of 3 dB. In calculating SPL as follows, the received
sensitivity —170 dB re 1 V/pPa is used.

Ships along the Norwegian coast are monitored by The Norwegian
Costal Administration. Within 12 nautical miles along Norwegian coast,
the ship tracking data from Automatic Identification System (AIS) can
be downloaded at https://ais-public.kystverket.no/ais-download,/.
Each record of the AIS data includes a UTC time stamp, the
International Maritime Organization (IMO) number that is the unique
ship identifier during its life span, ship length, ship heading, and etc.
The AIS data are used to select ship passages close to the observatory,
when the passages are selected without noise interference from other
ships that are also close to the observatory. Particularly, a radius of
20 km to the observatory is selected, and then one ship passage is only
selected with the condition that there are no other ships within this area
and during the time interval of this passage. In all, 54 passages of 26
ships were selected, and they have minimum surface distances less than
500 m to the observatory. During the passage selection, no post

Fig. 1. Location of the LoVe observatory. The ob-
2500 servatory was deployed close to cold water coral
reefs, where the water depth is about 250 m. The
dotted lines are selected ship passages in this paper.
The black ones are the passages from North to South,
and the white ones are from South to North.

2000 Bathymetry data are provided here courtesy of
EMODnet (www.emodnet.eu).
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processing is applied to the AIS data.

The shipping noise is mostly below 2 kHz, and therefore the original
data are decimated to a sampling frequency of 4 kHz. Under a selected
ship passage, SPL is calculated to indicate the sound field variations at
the observatory. Note that two general directions, namely South and
North, are used to state the ship courses in movement. The passages are
grouped into the two courses, namely from South to North and from
North to South. Following the guide line (Robinson et al., 2014), the
steps below describes how AIS is combined with SPL calculations.

1. SPL is calculated using the root mean square of sound pressure with
a time interval of 1 s, without frequency weighting. SPL at recording
time t is denoted as SPLY(¢) that is calculated using the decimated
acoustic data of 1 second time interval [t,t + 1].

2. Given by the position of the ng AIS record, the distance d, as slant
range to the observatory is calculated, where the hydrophone depth
is set as 250 m.

3. SPL at the distance d, to the observatory, denoted as SPL”(d,), is an
averaged SPL of 10 s (linear scale), and it is calculated by SPL”
(d,) = mean[SPL(Tars" — 5),SPLT(Tas" — 4),...,SPLT(Tais" + 41,
where Tys" is the timestamp of the ng, AIS record.

Fig. 2 shows the SPL variations under the ship Olympus passages, all
of which have stable course over ground (COG) through the whole
passages. COG from AIS is measured against the geographical north,
particularly O degree, it shows the track relative to the seabed, and
indicates the actual traffic route. Regardless of heading and other un-
known factors, maximum SPL of each passage differentiates due to
different CPAs, and the maximum SPL is about 140 dB re 1 yPa. The
maximum SPL in Fig. 2(a) is similar to that in Fig. 2(b), and it indicates
that the ship source level is almost the same in those years. SPL var-
iations over the distance, before and after CPA, are significant different
between Fig. 2(a) and (b). For the passages in Fig. 2(a), the stern aspect
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Fig. 2. SPL measurements under the passages of ship Olympus (IMO 9310355). Olympus is a chemical tanker of gross tonnage of 7515 tons. Negative slant range is
approaching CPA and positive slant range is leaving CPA. (a) From North to South. (b) From South to North.



G. Zhang, et al.

a
~ w — w0 m ()]
S N 7 o 7 q
> >
3 3 L L 3 =
Z 2 9 o =2 =
=t = [Ta] u u o
— — — — — —
o o = o (=] o
™~ ™~ ™~ ™~ ™~ ™~
1.0
2014-NOV-02
0.8
2014-NOV-26
2015-0CT-11 0.6
2015-0CT-26 0.4
2015-NOV-13
0.2
2018-MAY-29 i
0.0
b
8 g I & 2
2 & L 2
= = o) =
) " 1 " o0
— - — —~ -
o o o [=) (=]
™~ ™~ ~ ~ ™~
1.0
2015-MAY-25
0.8
2015-JUL-09
0.6
2015-SEP-24
0.4
2015-0CT-08
0.2
2018-JAN-29
0.0

Fig. 3. Correlation coefficient matrix of SPL variations under the passages of
Olympus (IMO 9310355). (a) From North to South, the minimum coefficient is
0.55. (b) From South to North, the minimum coefficient is 0.89.

SPL decreases by around 20 dB at a distance 15 km after CPA, while it
decreases by around 20 dB at a distance of 5 km after CPA in Fig. 2(b).
SPL also increases differently, when the ship approached the ob-
servatory from different directions.

SPL varies with the ship distance to the hydrophone, and the var-
iation patterns are similar when the ship traveled in the same direction
(Fig. 2). The pattern of each passage is described as a vector [SPL”
(—18),SPLP(—17),...,SPLP(18)] with a distance resolution of 1 km.
Between one pair passages, the correlation coefficient (linear scale) is
used to quantify the similarity. The correlation matrices in Fig. 3 show
that there are high similarities for the passages of the same course, and
the similarities are surprisingly higher among those from South to
North in Fig. 3(b), in which the minimum correlation coefficient is 0.89
(between the passages of 2018-JAN-29 and 2015-OCT-08). The pas-
sages occurred in different time, and resulted in similar noise variations
when Olympus traveled in the same direction.

54 passages in 2014, 2015 and 2018 have been selected, and SPL
measurements of the passages are presented in Fig. 4. Given by COG, it
is seen that the passages hade stable and similar courses when they
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traveled in the same direction. In Fig. 4(a), before CPA, the standard
deviations (the black circles) of SPL measurements are larger at large
distances, and it reduces to the smallest at a distance of 6 km. In
Fig. 4(b), the standard deviation is surprisingly small before CPA, which
indicates that those different ships at those distances had similar SPL
variations at the observatory, and it increases after CPA. Comparing
Fig. 4(a) with Fig. 4(b), before CPA, the standard deviations are ob-
viously smaller in Fig. 4(b), and this observation correlates well with
the quantifications in Fig. 3 in which the variation patterns are most
similar for the passages from South to North. Although it is well known
that the ships have different noise characteristic (Arveson and
Vendittis, 2000; Trevorrowa and Vasiliev, 2008), it is interesting to
observe the higher similarities in Fig. 4(b) and the lower similarities in
Fig. 4(a).

Bow aspect shipping noise measurements are taken before CPA, and
stern aspect measurements are taken after CPA (McKenna et al., 2012).
On observing the mean SPL values at a distance of 15 km, the stern
aspect SPL is 7.2 dB higher than the bow aspect SPL in Fig. 4(a); the
bow aspect SPL is 3.4 dB higher than the stern aspect SPL in Fig. 4(b).
Depending on the travel directions, the bow aspect noise could result in
higher impact at the observatory at large distances, although the stern
aspect noise levels are 5 to 10 dB higher than the bow aspect noise
levels (McKenna et al., 2012). In addition, the SPL increases and de-
creases differently between Fig. 4(a) and (b), when the ships ap-
proached and left the observatory. Although the directivity of the ship
source noise can be neglected at large distances, e.g. 15 km, it does not
apply that the measurements are symmetrical. For the ship Olympus,
SPLP(15) in Fig. 2(a) is about 10 dB larger than SPLP(-15) in Fig. 2(b).

This study presents measurements of underwater radiated noise by
commercial vessels which traveled nearby the LoVe observatory.
Combined with AIS, the noise level as SPL at the observatory is calcu-
lated during the identified ship passages. For the 11 passages of the
single ship Olympus, it is revealed that there are similar noise variations
at the observatory when it traveled at similar courses, when the pas-
sages occurred at different time of the years. For the 54 passages of 26
ships, the SPL varied more similar when the ships approached CPA from
South to North, and varied quite differently when the ships traveled
towards different directions. It can be concluded that the local noise
variations are also determined by the shipping noise propagation, and
let alone different noise source characteristics. Therefore, when the
shipping noise impact is to be evaluated, it is recommended to consider
the noise propagation, given by the local sound propagation conditions,
as well as the ship tracking information given by AIS.

There are some uncertainties and challenges in the measurements.
Firstly, the hydrophone was not calibrated at low frequencies less than
10 kHz, and therefore each SPL value has uncertainty. On evaluating
the shipping noise impact, it is also important to study the SPL varia-
tions against the ship movements as shown above, when the calibration
is a minor issue here.

For the passages identified by AIS, noise interference from other
ships might happen. According to the Norwegian Costal Administration,
the ships less than 45 m are not required to have AIS. In practice, some
ships might turn off the AIS. Besides, the ship load, oceanographic,
speed through water, weather conditions of the passages and etc. are
unknown, and they could be quite different during those measure-
ments. The ship noise source level can be different at different speed
through water, and a stormy weather could result in higher ambient
noise level (Wenz, 1962). However, the AIS data are the best available
ship traffic data to be combined with the acoustic data.

The ship acoustic signature, including spatial directivity, is un-
known. In some passages, it is observed that the maximum SPL did not
occur at CPA, although only the passages of surface distances less than
500 m were selected in this paper. Since data from the LoVe ob-
servatory are time synchronized with AIS, it is most probably due to the
ship spatial characteristics. On measuring the SPL at a distance in terms
of several kilometers, the problem that the maximum SPL does not
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Fig. 4. SPL measurements of 54 passages of 26 ships in 2014, 2015, and 2018. Negative slant range is approaching CPA and positive slant range is leaving CPA. (a)
From North to South. (b) From South to North. In each upper panel, the solid black line with circles shows mean values at those distances, where the size of a circle
shows the scale of standard deviation, and both (a) and (b) use the same scale.
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occur at CPA is thought minor in this study. The spatial characteristics
could be better understood when other hydrophones will be fully in-
tegrated to the LoVe observatory in 2020.
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