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The Lloyd’s mirror effect is an acoustic effectitakplace when a source of noise moves parallel
to a reflecting surface. In the case of shipsutiaerwater sources of noise, mainly the propeller,
are at constant depth, i.e. a constant distanme, fihe free surface that can be considered a per-
fectly reflecting surface. In such a configuratianglestructive-constructive interference pattern
is generated in the time-frequency domain by thehipation of the direct and surface-reflected
sound waves. As the shape of the acoustic pattieesnds on the speed of the ship, the relative
distance between the ship and the hydrophoneshansbund celerity, it is in principle possible
(it has been successively done for aircrafts) tivdehe above mentioned characteristics simply
analysing the corresponding Lloyd’s mirror effelthis is particularly interesting when monitor-
ing shipping noise traffic when data regarding slepnnot directly derived by the Automatic
Identification System (AIS). In the paper a setmafasurements carried out in the framework of
two EU FP7 European Projects are analysed to disalbgut the possibility of estimating ship
parameters using acoustical Lloyd's mirror effeBuring the measurements the main ship pa-
rameters have been monitored by GPS thereforesemting a good reference test.
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1. Introduction

In the last decades the continuous increasing ofdmuactivities in the ocean has focused the
attention of local and international institutions the underwater noise pollution due to shipping
traffic. While for military purposes the topic diip noise played a fundamental role since the WWII,
in the civil field only recently standards for maesments have been issued. Furthermore, in the next
future, the enforcement of compulsory limits isefeeen. The topic of ship noise control is high in
the agenda of both the International Maritime Orgation (IMO) and the European Union (EU).
Several documents have already been issued addyelsi problem [1], [2], [3], [4] and it is found
that a priority is the monitoring of the underwaterse emitted by ships in areas interested bysae
ship traffic. Such monitoring can be carried outhbexperimentally and numerically by means of
simulations. As regards the experimental monitqring typically carried out by deploying one or
more hydrophones in area with intense ship traKgregards numerical simulations, they are per-
formed by evaluating the noise emitted by individglaps transiting in a specific area, propagating
in the acoustic medium [5] and summed up in ord@rédict the overall shipping noise contribution.
In performing such simulations the ship noise selggel is estimated by means of models [6], based
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on some macro parameters. Examples of such pamnanatethe ship type (e.g., class and dimen-
sions), position and operative conditions (e.geest) which are generally gained by the Automatic
Identification System (AIS).

However, this approach poses the problem of salgetnh absolute depth, ranging from the free
surface to the ship draught, where the equivalergensource has to be placed. All those spectral
models [6] depict the ship as a single point-ligarse, that is usually located at a depth rangeimvit
the propeller disc, since the propeller is congdeio be the major contributor of ship noise (i.e.,
propeller spectral lines and propeller cavitatiofis parameter is depending on the actual ship
draught and the location of the propeller discpinfation that are difficult to retrieve in many-cir
cumstances (including the access to the AIS). Thece depth is therefore usually derived from
typical ship non-dimensional ratios [7] or assignedbe an a-priori value (e.g., 1 m below the sea
surface), introducing a systematic error that affiee performance of the simulations. In the presen
work, the possibility of deriving such parametars.( ship speed, position and equivalent poirg-lik
source depth) from ship noise measurements by noe#dhe acoustic Lloyd mirror effect (LME) is
evaluated by considering the effect on uncertasritighe estimation of their values. The LME takes
place when an acoustic source is moving closeéflecting surface. It depends on the source speed
and on the distance from the receiver positiorthincase of ship noise, the LME is a well know
effect, visible in many experimental measuremeetsabse of the presence of the flat free surface,
thanks to the high acoustic impendence differemeteden air and water, which results in a reflecting
surface. The investigated technique has been glagosed to derive such kind of information for
aircrafts flying close to the ground [8]. The notl#ta used in the analysis have been recordedgdurin
supervised ship passages nearby the receiver syatipting the ANSI/ASA standard [9]), while
monitoring the ship speed and position (via GPS @mtboard instrumentations). Such monitoring
system has allowed to address the feasibility efitivestigated technique in estimating the consid-
ered ship parameters from the observed LME.

2. Lloyd’s mirror effect characteristics

The Lloyd’s mirror effect is a phenomenon takingga when a source of noise is moving parallel
to a reflecting surface (see Figure 1). In thisfiguration, the sound field at the receiver is shen
of the direct and surface reflected paths. Dependimthe frequency, the phase difference among the
two contributions can give either a constructivelestructive interference pattern. See for example
Figure 2 where a simulated example is shown. Aarntbe seen, a succession of arch-shaped curves,
representing the variation in time of the destuecinterference can be easily identified. The shape
of those curves depends on a series of both emagatal characteristics and on the moving object
ones.
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Figure 1. Lloyd’s mirror effect pattern.
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Figure 2. Simulated time-frequency distribution.

In order to derive the shape of the interferenceasithe quasi-stationary approach suggested by [10
is followed. The direct and the surface-reflectathp can be derived making reference to the sketch
of Figure 1. The direct path can be written as

Ry (1) = VA (t —tepn) > + depn + (d, —d,)?, (1)

while the surface reflected path is

R(1) =V (t—tepn)? +depa +(d, )2, (2)

wherev is the ship speed in migpa is time when the ship passes at the closets pbagproach
(CPA) ins, anddcpa is the horizontal distance between the ship arddkeiver at the CPA im.
Destructive interference occurs when the phaseréifice between the direct and reflected path is
equal to an odd integer multiple mfConsidering the free surface as a perfectly céfig plane due
to the large difference in the impedance betweearal water, the reflected wave does not feature a
change in phase. With this hypothesis the desteiatierference occurs when

2t (t)@ =(@2n-1m7,n=12,..(3)

wherec is the sound propagation speed in m/sratite order of the n-th harmonic frequency.
Therefore the variation of frequency in time is

c (2n-1

f"(t)zR,—F% 5 ,n=12,..4)
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Equation (4) identify a succession (i.e. a famdfgurves in the time-frequency domain representing
the destructive interference patterns such asnftance, those plotted in Figure 2. In principle t
timet in the above formulas should represent the rajdtme, i.e. the time at which the signal is
radiated by the source in the environment, and different from the time at which the signal is
received. The relation between the two is
t=r

_&' (5)
c

whereR is the total distance between source and receavet,therefore the ratio in the equation

represent the sound travel time form the sourd¢kdaeceiver. In the specific case of ships andlyse

in the present paper this phenomenon produces t sffegt (see Figure 3) due to the high sound

speed and the relatively close distance betweercs@and receiver. Such effect is therefore ne-

glected.
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Figure 3. Time variation of the arrival time.

3. Parameters influence

Given the fixed position of the receiver, i.e. thagrophone, four ship parametevs tcpa, depa
andds) and one environmental characteristic (sound itglanfluence the shape of the destructive
interference curves (see Figure 4).

Looking at Figure 4a) and e) it can be seen th#t thee sound celerity and the source depth have a
limited influence on the shape of the curves featuan almost constant shift in frequency with a
directly proportional behaviour in both cases. Tikialso due to the fact that the range of vamatio
for both the cases is very limited. The distancthatCPA, Figure 4b) have the effect of stretching
the curve by moving its minimum towards lower aghter frequencies in the same directior@fa
variations. Consequently, larger effects appetimegs close to thepa. On the contrary the effect of
the ship speed, Figure 4c) does not affect themarof the curves that remain fixed; the effecbis t
“open” or “close” the curve changing the slope fué two arches before and after tbea Finally,

the effect of changing thera, Figure 4d), results in a constant shift of theves in time.
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a) Influence of the sound celerity: 1500 m/s (greer)) Influence of thedcpa: dcpa (green),dcpat25m
1450 m/s (black) and 1550 m/s (red). (black) anddcpa-25m (red).
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e) Influence of the source deptti) 2m (green), 0.5m (black) and 6m (red).

Figure 4 Influence of the various parameters on the shfieeanterference
pattern (order 1, 2, 3).
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4. Analisys of ship full scale measurements

In the following, data coming from the experimerdaimpaigns carried out in the framework the
two EU FP7 collaborative projects SILENV and AQUf@ analysed. Measures have been carried
out following the ANSI/ASA standard [9] with theiplpassing abeam a string of hydrophones de-
ployed in the water column. During the trails btte buoy position (from which the hydrophones
were deployed) and ship position and speed werataned via GPS. The sound speed profile were
measured by CTD.

In Figure 5 the measured spectrogram of a shipagass reported together with the one simulated
using the data monitored during the trails.
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Figure 5. Measured (left) and simulated (right)ctpmyram featuring the peculiar
pattern of the Lloyd’s mirror effect.

Looking at Figure 5 (left) the typical Lloyd’s manr effect pattern can be noted. Comparing it with
Figure 5 (right) the detectability of the descwptinterference is influenced by the intrinsic freqcy
content of the ship source that results in a spksirape with an energy concentration below 200 Hz
and a constant decay at higher frequencies. Sdiebt &f is not present in Figure 5 (right) because
the simulated has equal levels for each frequelmcgddition to this, background noise is present
because measurements have been carried out insepesnd, even if no ships were present in the
vicinity, sound propagates very well at sea so ¥aryshipping traffic noise can anyway affect the
measurements. Nevertheless, by comparing the tote pf Figure 5 a good agreement between the
two patterns can be identified.

In order to investigate the possibility of estimatiship parameters starting from charts like that
presented in Figure 5 (left), the curves, as ddfimeEquation 4 and evaluated using the real ship
parameters monitored during the measurementsupegimposed to the experimental spectrogram
(see Figure 6). The black dotted curves represenbést estimation of LME that can be achieved as
the ship parameters have been directly measurealgdine trials. Nevertheless, looking at Figure 6
it can be noted that the agreement between pamatshee spectrogram it is not always good. In par-
ticular the agreement changes for times beforeafted the CPA. In principle, such kind of dissym-
metry can be due to the Doppler effect, as betueetPA the ship is approaching the receiver while
after CPA the ship is moving away. In Equation d DBoppler effect is not taken into account, but
for the low speed of ships compared to the soutetibethis can be neglected and more probably
the observed distortion is due to the directivityttee ship radiation pattern. As a matter of faet t
major source of noise is the propeller which isated at the very stern reflecting on noise levsds t
are higher when the ship overcame the CPA andrbeper is in view of the hydrophone. Other
aspects that cannot be taken into account in thplsiformulation here presented are the sea surface
roughness and the possible interaction with thebst®@m if measurements are not carried out in
deep waters.
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Figure 6 Superimposition of estimated Lloyd’s mirpattern (up to 1%5order)
and spectrograms for two different ship types mesbin different environments

5. Final considerations

In this paper the characteristic of the patterregated by the Lloyd’s mirror effect (LME) in the
underwater noise emitted from a ship has been sedlyThe effects that the different parameters
related both to the moving ship and to the scerdravacteristics have been separately analysed in
order to highlight the single contribution that lkeat them have on the LME pattern.

Some data from experimental campaigns aimed aactaising the underwater signature of com-
mercial ships have been analysed. The possibiligsttimating ship parameters by the LME is dis-
cussed by comparing simulated patterns with medsshg spectrograms. The simulated patterns
are derived using the ship parameters measuredgdiine sea trials. This way the curves represent
the best possible LME pattern simulation that carobtained as the inputs are affected by small
uncertainties. The general agreement between thsured and simulated patterns is good but some
sources of uncertainties linked to the environnagat to the ship source peculiarities produce some
discrepancies. The effect of such discrepanci¢s@ship parameters estimation has not been directl
evaluated in the present work but looking at Figuesd Figure 6 a rough estimation of the error can
be made.

In order to set up a procedure to automaticallyrege ship parameters two main aspects need to
be analysed: the extraction of the patterns cuimes the spectrogram by image processing tech-
niques and the parameters estimation by optimisa¢ichniques for the best curve fitting,.
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