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Abstract

:

Underwater noise from shipping activity can impact marine ecosystems in the long term and at large scale. Speed limitation has been considered to reduce noise emission levels. In this article, the effects of speed limitation on shipping noise levels are investigated at high spatial resolution (5 arc-min) in the Western Mediterranean Sea. Scenarios of maximum speed limits of 10 kt and 15 kn are computed. The impact of a speed reduction is time-dependent and tends to redistribute sources of noise temporally, smoothing the contrasts existing in marine traffic at the daily scale. The effectiveness of the measure is evaluated over short successive time windows (6 h), allowing for capture of the dynamic of the effect of speed reduction. Several metrics are proposed to evaluate the effectiveness of speed reduction as a mitigation measure according to its temporal stability. This study illustrates complex phenomena related to (1) the increased vessel density in the speed limitation area due to longer navigation time and (2) deep-water and shallow-water propagations. The bathymetry and the local distribution of traffic are two elements of importance with respect to the effectiveness and the stability of the measure, whereas the traffic properties seem to impact the stability of the effect in particular, and deep waters seem to increase the effectiveness. This research shows the areas in which the proposed measure would be the most effective.
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1. Introduction


Over the past half-century, marine traffic has increased drastically. The authors of [1] reported that the worldwide marine traffic increased fourfold between 1992 and 2012, and an increase of 3.4% per year is suggested by the UNCTAD for the period of 2019–2024 (United Nations Conference on Trade and Development, UNCTAD).



With this intensified marine traffic come a few adverse consequences, such as increases in chemical pollution, greenhouse gas emissions, collisions with marine mammals and noise pollution. This last element has been increasingly considered. Marine mammals, which interact, locate and hunt with the help of sounds, were the first species to be identified as threatened by excessive noise levels. However, the impact of noise pollution on other marine species [2], such as fishes, crustaceans [3,4] and shellfish [5,6] has recently been considered, and experiments have permitted the observation of physiological effects and behavioral reaction to repeated acoustic signals in individuals of these species.



In most cases, the intensity of the adverse effects mentioned above are positively correlated with the navigation speed of the vessels. The emission of greenhouse gas, the risks of collision and shipping noise are all increased in cases of high-speed traffic. In order to prevent and control these adverse effects to the greatest extent possible traffic speed reduction measures are widely considered, and voluntary speed reduction (VSR) experiments have been performed in different areas of the world for several purposes depending on the experiment.



The ECHO program was implemented in the Salish Sea in 2017 for two months in an area between the Haro Strait and the Boundary Pass, a shallow water zone (250 to 350 m depth) hosting, in particular, southern resident killer whales [7,8,9]. During the experiment, hydrophones were installed, and an opportunistic analysis was conducted with the aiming of estimating the impact of the VSR experiment on shipping noise. The authors of [8] exploited this program to analyze the impact of speed reduction from 25 to 15 kt on the size of the resulting masked area for different marine species under different noise conditions and for different ship types. A VSR program occurs every year from the 1st of June to the 31st of October during the period of presence of the southern resident killer whale. In 2021, the VSR program resulted in a decrease in sound intensity of 53% (3.2 dB of reduction in the median noise level). Another VSR experiment that entailed a study on the impact of speed reduction (SR) measures on acoustic noise was realized between 2014 and 2017 in the Santa Barbara Channel [10], a channel with bathymetry ranging between depths of approximately 200 and 800 m, leading to the major San Francisco harbors. This study showed that a minimum of 25% co-operation was needed to permit a statistical reduction in sound exposure levels, targeting speeds at 10 kt or less. Both studies concluded that speed reduction would be an effective mitigation measure to reduce shipping noise levels, noting that the effectiveness observed in their studies is very dependent upon collaboration and vessel compliance.



Considering acoustic noise pollution, the effectiveness of the measure is not straightforward and might depend strongly on environmental parameters, geomorphology, bathymetry, and the nature of the traffic in the targeted zone. There exists strong temporal variability in traffic in relation to economic and seasonal factors, which can be uneven spatially or locally increased. This variability increases the complexity of analyzing the effectiveness of VSR programs [11,12,13]. In addition, decreasing navigation speed provokes a densification of traffic in targeted the zone, as vessels take an increased amount of time to cross it. Hence, the overall result of an SR measures is not only a decrease in the intensity of acoustic sources but also a spatial and temporal redistribution of the noise sources in the area. These combined effects are difficult to anticipate. In this article, we present an artificial experiment with the aim of better understanding the effect of VSR experiments on traffic noise intensity. AIS data were modified in order to simulate SR measures in a selected zone, with two different speed limits, and two synthetic datasets were used as a basis to estimate the resulting shipping noise levels. In this paper, we details the methodology employed to create the synthetic dataset and model shipping noise, in addition to presenting and extensively discussing the obtained results and drawing conclusions on the extracted effectiveness of the measures in the context of the two experiments.




2. Methodology


2.1. Principle of the Experiment


The experiment consists of the comparison of the shipping noise generated in a hypothetical situation in which a speed limit would cap vessel speed in a specific area with the shipping noise produced by real traffic. A speed limit must be defined, as well as the zone where the speed limit should apply. Because sound propagates across long distances in the water, it is important to work in an area that is much larger than the zone chosen for speed limitation (hereafter referred to as speed limitation area (SLA)). Sources outside of this zone may importantly contribute to the shipping noise inside of the reduction zone, and reciprocally, the impact of speed limitation might extend outside of the limitation zone. Finally, a period should be defined for the experiment. It should be noted that a transient state probably characterizes the traffic at the onset of the measure/at the beginning of the period of the experiment.



The goal of this work is to evaluate the effect of traffic speed limitation in a specific zone in order to reduce the shipping noise level. Prior considerations include that the effect is strongly dependent upon environmental parameters. Propagation depends on the bathymetry, sound speed profiles and seabed properties (speed and attenuation of shear and compression waves), whereas traffic pattern and speed are distributed according to the mains ports and traffic paths, and is therefore expected to be dependent on the area chosen for the study.



The methodology used to compute shipping noise levels relies on automatic identification system (AIS) data and is described in [14,15]. AIS data come from signals regularly transmitted by ships in order to prevent collisions. These signals can be collected by two types of receivers: (1) land stations for coastal navigation and (2) satellites. Data fusion ensures the completeness of AIS datasets; land stations provide better coverage on the coast, and satellite AIS data are provide better off-coast coverage. An AIS message is composed of dozens of fields, including static data (MMSI, ship category, length, etc.) and dynamic data (location, time, speed, direction, etc.). The methodology used in this work exploits AIS data to infer traffic density maps over a given period of time. The RANDI3.1 model is used to compute maps of statistical source levels (SLs) based on vessel density, speed and length. SLs are then propagated to obtain shipping noise received levels (RLs). In this work, shipping noise refers to a sound pressure level (SPL) in dB re 1 µPa.




2.2. Creation of the Experimental Datasets


Speed limitation acts in two different ways: by reducing the source levels (according to RANDI models) and redistributing the sources in space and time. In this study, SR is simulated by modifying the AIS dataset in terms of speed and ships routes, in accordance with a speed limitation policy inside a selected SLA. The four steps that permit the creation of a modified AIS dataset are described below and illustrated in in Figure 1.



	
Step 1: Retracing the route of a specific vessel through AIS data;



	
Step 2: Resampling of the AIS data along the route;



	
Step 3: Identification of the vessel entrance in the SLA;



	
Step 4: Estimation of the vessel speed for each section of the path inside the SLA; if the speed exceeds the speed limit, a delay is applied to subsequent AIS emissions in order to mimic the vessel speed being equal to the limitation speed.






In order to limit potential transient effects at the onset of the measure, in the simulated dataset, the measure is initiated 3 days prior to the experimentation period.




2.3. Computation of Source Levels


In order to find the source level radiated from a position, a traffic density map is computed based on the collected AIS data in the region and in the period of time considered. For a given observation period (6 h in this study), the density is considered as the time spent by a category of ships in a mesh within the observation period. In order to tackle the data gap inherent to AIS data and amplified by the existence of locally insufficient data cover, the hypothesis is made that ship trajectories between successive AIS emissions are linear, and routes are retraced by linear interpolation.



For a single ship, the SL is computed at a 5 m depth following the RANDI 3.1 model (Breeding et al., 1996, (Equation (1)). Two parameters control this model: speed the (s) and length (l) of the ship. According to the model, for a given frequency (f), the emission level in dB is


   B s   ( f , s , l )  =  B  s 0    ( f )  + 60  l o g  ( s / 12 )  + 20  l o g  ( l / 300 )  + d f · d l + 3  



(1)




where   d f   and   d l   are correction coefficients, and


   B  s 0    ( f )  = − 10  l o g  (  10  − 1.06  l o g f − 14.34   +  10  3.32  l o g f − 21.425   )   



(2)




for frequencies below 500 Hz.



In order to limit computation time and complexity, a simplification is made, and statistical quantities are derived, gathering sources within “emitting cells”. Emitting cells are the combination of all sources within a cell (expressed through the Randi 3.1 model) balanced by the amount of time that each source ship spends within the cell along its trajectory. For each emitting cell, a Monte-Carlo scheme is applied to estimate the expectancy and standard deviation of SL from a subset of randomly sampled vessels. The expected SL of the considered grid cell is the sum of the SL for each category weighted by the traffic density. This value is used as an estimate of the mean source level at the center of the mesh.




2.4. Computation of Shipping Noise Levels


Propagation losses (PLs) are computed for each receiver. In order to improve the computation time, only sources located closer than 200 km from the receiver position are considered, removing the very small contributions from distant vessels. For frequencies higher than 300 Hz, a ray-tracing code is used. For frequencies below 300 Hz, RAM (range-dependent acoustic modeling [16]) and RAMS (https://oalib-acoustics.org/, accessed on 16 November 2022) are used, depending on the nature of the seabed. Details on the environmental data exploited for the computation of propagation losses are given in Section 3.4.



RLs are then computed by subtracting the PL from the SL according to the passive SONAR equation [17]. The received position is assumed to be at the center of the cell at several depths. The resulting maps of the received level indicate propagated shipping noise levels throughout the observation period.



RL were computed for several frequencies: 30, 50, 63, 80, 100, 125, 160, 250, 500 and 800 Hz, from which levels related to third-octave bands centered on 63 Hz and 125 Hz were extracted and presented. Computations were realized for several depths: 5, 30, 50, 90, 150, 300 and 1000 m.




2.5. Evaluating the Effect of the Measure


The effectiveness of the measure is analyzed by computing the difference ( δ ) between the shipping noise estimated in the case in which the measure applies and the shipping noise computed for a reference state, as in Equation (3). In the following,  δ  represents an effect value.


  δ = R  L  S R m e a s u r e   − R  L  T r u e S p e e d    



(3)




where   R  L  S R m e a s u r e     is the received level when applying the measure, and   R  L  T r u e S p e e d     is the reference received level without speed reduction. An effective measure would lead to negative  δ  values, whereas a counterproductive measure would lead to positive  δ  values. In the computation of  δ , the considered noise level at a specific location is the maximum noise level obtained across the depths considered in the computation, i.e., the maximum level over the sampled water column.




2.6. Accounting for Temporal Variability in the Analysis


Ship traffic density varies over time at multiple scales (daily, monthly and yearly), and shipping noise also exhibits important temporal variability. Applying the proposed mitigation measure can significantly change the dynamics of traffic, potentially leading to high variability in the effect value ( δ ). This variability must be considered in the analysis in order to provide a complete understanding of the benefits a measure represents (regarding the environmental status).



To this end, the effect of a measure is assessed over a monthly scale by computing  δ  with an observation window of 6 h. The set of  δ  values calculated over time is noted ( Δ ). Temporal assessment at a monthly scale is justified by the known dynamic of sound speed profiles, their temporal sampling and the monthly independent distribution of the modeled traffic noise levels in the frequency bands centered on 63 and 125 Hz. A choice of observation window of 6 h leads to 124 estimates of the shipping noise during the period of assessment (1 month). Short-term contrasts can be captured, such as variations of the shipping noise between day and night, reflecting as the cycle of anthropogenic activity.



Statistical quantities are computed over the month in order to characterize the distribution of  Δ , with the first quartile   δ  Q 1   , the second quartile   δ  Q 2    and the third quartile   δ  Q 3   , such as    F Δ   (  δ  Q 1   )  = 0.25  ,    F Δ   (  δ  Q 2   )  = 0.5   and    F Δ   (  δ  Q 3   )  = 0.75  , where   F Δ   is the cumulative distribution function (CDF) of  Δ . For the sake of clarity, the first, second and third quartiles are referred to as   Q 1  ,   Q 2   and   Q 3  , respectively hereafter. If a measure is effective 100% of the time, then all of the samples of the  Δ  distribution are expected to be negative, i.e., max( Δ ) < 0. A measure acting on the shipping traffic should necessarily redistribute the sources of noise. For this reason, even in the case of an effective measure, it could be expected that a small percentage of the time, the redistribution of sources related to the measure would locally act counterproductively and provide positive  δ  values. Looking at the third quartile of the distribution permits, in particular, identification of areas exhibiting a counterproductive effect more than 25% of the time (i.e.,   Q 3 > 0  ).



Finally, estimating    F Δ   ( 0 )    (zero effectiveness) allows for apprehension of the percentage of time that the measure is effective over the month. In other words,    F Δ   ( 0 )  > 0.5   indicates that the measure is efficient more than 50% of the time, and    F Δ   ( 0 )  < 0.5   indicates that the measure is counterproductive more than 50% of the time. Three indicators were chosen for analysis of the temporal variability of the measure:




	
The first, second and third quartiles of the distribution (  Q 1  ,   Q 2   and   Q 3  , respectively) of the effect values ( δ ) estimated for a 6 h time period over the month are indicators of the central tendency and spreading of the distribution;



	
Estimation of the CDF of  Δ  for the specific value   δ = 0  ,    F Δ   ( 0 )    provides the percentage of time over the month that the measure is effective (i.e., the measure is not counterproductive);



	
The interquartile range   | Q 3 − Q 1 |   can be used to quantify the spread of the distribution, i.e., the extent to which the effect of the measure is stable over the considered month.










3. Application: Context of the Experiment


3.1. Speed Limitation Area


The effect of speed limitation measures on shipping noise is assumed to vary depending on the environmental and shipping context. The largest variety of contexts possible should studied. The selected simulation zone must large enough to encompass deep and shallow water environments and include diversified shipping traffic.



The selected zone is the Northwest Mediterranean Sea Slope and Canyon System Important Marine Mammal Area (IMMA), a zone of particular ecological interest for fin whales, sperm whales and Risso’s dolphins. It has a surface area of 145,297 km   2   and includes a part of the Pelagos Sanctuary, a protected area for Mediterranean marine mammals (Figure 2). In the study area, French, Spanish, Italian and Monacan administrations, as well as stakeholders, have supported an application from the European Commission submitted to the IMO for a future particularly sensitive sea area (PSSA) in the Northwestern Mediterranean Sea in order to prevent and reduce collisions between large whales and ships and reduce anthropogenic stresses on marine mammals.



The zone includes both coastal and offshore environments. Bathymetry varies from shallow to deep waters, with maximum water depths of approximately 2800 m. The sea bottom is mostly composed of mud (vase) and, in very few locations, of sand.



In the selected zone, traffic is mostly composed of intra-European commercial activity, with a large amount of cargo, bulk, chemical and container ships and tankers. Passenger and vehicle transportation account for the second most abundant type of activity. In this zone, the traffic is characterized by a strong seasonality. During the summer, passenger vessels increase their activity, and the amount of pleasure craft increases drastically, particularly close to the shore but also offshore. In particular, small vacation vessels, which are not subject to regulation in terms of AIS emissions, may contribute locally to the underwater noise environment, in particular in coastal areas [18,19]. Moreover data from fishing vessels (VMS) can be difficult to obtain in some places and are sometimes absent of AIS catalogs. These non-AIS data were not accounted for in this study. Close to the reduction zones, there are some important and smaller harbors, such as Marseilles, Barcelona, Genoa, La Spezia, Livorno and Valencia. Ships in that zone are mostly routing between these harbors or between one of these harbors and either the Gibraltar or the Sicilia Strait.




3.2. Experimentation Period


The chosen period is a driving parameter. Notably, (1) non-anthropogenic noise, as well as the propagation parameters, vary throughout the year due to changes in the meteorological regime, ocean currents and seasonality; and (2) the traffic density varies from one period to another over the year. To address this last point, the month of August is chosen to realize the experiment, as it is the busiest month of the year in the chosen area, notably in relation to vacation activities [20,21,22]. A full month is chosen to conduct the computation. Because it is assumed that modifying the AIS to mimic a speed limitation, a transient effect would apply at the beginning of the application period, the computation of the speed limitation simulated dataset is initiated 3 days prior to the first of August, whereas the shipping noise computation is initiated on the first of August.




3.3. Speed Limit


Figure 3 presents the distribution of speeds observed in AIS data for the nine categories of ships the most present in the western Mediterranean Sea during the month of August 2019. Peaks can be noted at integer values in Figure 3 because the speed indicated in AIS data often corresponds to the speed set point, which is expressed as integer in kn, rather than the true vessel speed. As observed in the figure, except for high-speed craft (HSC), most vessels travel below 30 kt. Vessel often exceeding 15 kt include cargo ships, HSC and passenger vessels, and vessels often navigating with a speed between 10 and 15 kt include cargo tankers, passengers vessels and pleasure craft.



Based on these observations and on the ECHO program, which proposed an adjusted speed limit of between 10 and 14 kt, two speed limits were chosen for two independent experiments: 10 kt and 15 kn.




3.4. Data of the Experiment


3.4.1. AIS Data


For this work, AIS data were purchased from Exact Earth, accessed on 16 November 2022 (www.spire.com). The set includes terrestrial and satellite AIS data that cover the Mediterranean Sea and the entire year of 2019. The fields that were used in the study are the MMSI, vessel length, vessel type and positions over time. The following vessel types were considered: cargo, tanker, HSC, tug, SAR, passenger, sailing, spare, pilot, pleasure craft, fishing, dredging, military, port tender, diving, WIG, towing, law enforcement, vessel with anti-pollution equipment, ships not party to armed conflict and medical transport, and the remaining vessels are referenced as ‘UNAVAILABLE’, ‘unknown’, ‘not available’, ‘reserved’ or ‘other’.




3.4.2. Environmental Data


In the western Mediterranean Sea, the bathymetry is marked by important contrasts, with depths reaching 5000 m (Figure 2a). The bathymetry data used in this work are provided by the General Bathymetric Chart of the Oceans (GEBCO) with a resolution of 5 arc minutes. The nature of the seabed is documented through data provided by the French naval hydrographic and oceanographic service (Shom, http://data.shom.fr/, accessed on 16 November 2022) at a resolution of 15 arc minutes and is mostly composed of mud. The sound celerity dataset is composed of monthly SSP provided by Shom.






4. Results


The shipping noise maps were computed in the reference case and in the two cases of speed limitation (15 and 10 kt) for each 6 h time windows. For the reference case, Figure 4 presents the maximum of the median shipping noise within computed depths over the experimental period for the third octave frequency bands centred on 63 and 125 Hz. The median, as well as the first and third quartiles of the  Δ  distribution, is presented in the case of speed limits of 10 and 15 kt in Figure 5. In the case of a speed limit at 10 kt, the median shows a negative central tendency for the  δ  value (from zero to −6 dB depending on the location), indicating that the measure generally produced a decrease in shipping noise (as in the first set of experiments).



Zones with particularly low   Q 1   appear, as well as zones with particularly high   Q 3  , in agreement with the first set of experiments (some major traffic lanes, as well as crowded harbors and bottleneck areas). Where these zones overlap, the effects of the measure are very variable in time, and the effectiveness lacks stability.



The results show that in the 15 kt speed reduction case, the central tendency (median) is very close to   δ = 0  , suggesting a zero effectiveness, and   Q 1   and   Q 3   are of nearly opposite values, highlighting areas of increased variability in effectiveness (  Q 1  , particularly low;   Q 3  , particularly high). This very low effectiveness could be anticipated given that very few vessels exceed 15 kt (Figure 5); therefore, the measure impacts a very limited number of vessels. Below, we focus on the case of a 10 kt speed limitation.



In order to capture the dynamics of the effectiveness of the measure, the second indicator consists of calculating the percentage of time that the measure is effective (   F Δ   ( 0 )   ). This indicator is computed over the entire area in the case with a speed limit of 10 kt. We attributed a low effectiveness to percentages lower than 50%, a medium effectiveness to percentages between 50 and 75% and a high effectiveness to percentages higher than 75%; the results are presented in Figure 6.



From this indicator, it is observed that:




	
Except for the Gulf of Lion, which is a very shallow-water area, the entire speed reduction zone experiences at least a medium effectiveness, i.e., at least 50% of the time, the speed reduction measure at 10 kt results in a decrease in shipping noise;



	
Some zones present a high effectiveness, mostly in deep-water areas (>2000 m). No clear relation can be derived between shipping traffic characteristics and the possibility a high-efficiency measure;



	
Deep-water areas (>1000 m) outside of the speed reduction zone and along its boundaries present a medium to high effectiveness. This effect is related to the propagation of sounds that can occur across large distances in deep-water environments.








The third indicator aims to assess the stability of the effects of the measure. This is explored through the spread of the distribution of  Δ , which is quantified by the interquartile range   | Q 3 − Q 1 |   in dB, as it is robust to extreme values. In Figure 7, the interquartile range is represented for the third-octave frequency band, i.e., 63 Hz. Most of the area appears within an interquartile range of between 5 and 10 dB. A few zones are characterized by higher interquartile ranges, reaching 25 dB: major shipping routes, the Portos Torres area and the Gulf of Lion.



Figure 8 compiles the two indicators: the effectiveness of the measure and the spread of the effect over time, presenting zones of low, medium and high effectiveness in the two case scenarios: (1) stable effects of the measure, i.e., the interquartile range is below 12 dB, and (2) unstable effects of the measure, i.e., the interquartile range is above 12 dB.



From this map, it appears that stability is difficult to achieve in shallow-water environments. In deep-water environments, unstable effects can be observed in areas where the traffic is one-dimensional (along a lane) and is not homogeneously distributed. For example, a modification of the traffic along the Porto Torres–Barcelona lane will lead to an unstable modification of the shipping noise in the surrounding zone. On the contrary, in the Ligurian Sea, where many lanes cross and cover the area, the sources are evenly distributed at the sea surface, and the effect of speed reduction is quite stable.



If a medium effectiveness is observed outside of the speed limitation zone, along its boundaries, it can be noted that this effectiveness seems to be stable over time.




5. Discussion


In the next paragraphs, we tackle the methodological limits of this study.



A first limit concerns the noise model employed. It is very difficult to accurately model the source noise level of a ship. Each physical phenomenon contributing to shipping noise cannot be singularly described, and empirical models are preferred when conducting large-scale studies with multiple complex sources [23], such as the present study. The RANDI3.1 empirical model employed in this study is accurate in a very specific context. Several characteristics that are not accounted for in the RANDI3.1 model might still impact the source levels, such as vessel weight, engine type and age and hull characteristics.



Because the engines of high-speed vessels (30 kt) might not be suited for low-speed navigation, extra noise might be produced by such vessels when navigating below the speed limitations advised by VSR programs. An analogous effect was analyzed in [24] in the case of greenhouse gas emissions. This assumed extra noise component is very likely to occur but cannot be accounted for without an extensive study to explore whether it is negligible—and if not, how to model it.



Such measures can seem difficult to apply in large zones. For this reason, other measures are sometimes considered, such as establishing areas to be avoided [25]. The question of the compliance of the measure was examined, and a general analysis is provided in [26]. The cost of slowing down vessels may drastically limit such measures to small areas. In order to provide some orders of magnitude, for a navigation between Barcelona and the Strait of Bonifacio (approximately 316 nm), navigating at 30, 20, 15 and 10 kt would take approximately 10 h 30 min, 15 h 45 min, 21 h and more than 31 h 30 min, respectively. Furthermore, safety issues may be at stake. Although a slow navigation should, in theory, limit collisions, it increases the vessel density in strategic areas such as harbors, locally decreasing navigation safety.



Finally, the methodology does not account for “non-AIS” motorized vessels, which are known to be locally dominate the high-frequency underwater soundscape (125, third-octave band and higher), increasing shipping noise levels in coastal shallow water areas where they sometimes abound, as observed in [18,27] by investigating AIS data and acoustic recordings in coastal Danish waters and in the San Francisco Bay, respectively. Such recreational vessels often travel at high speed and might be affected by speed reduction measures such those as tested in this work, potentially increasing the positive effect of the measure.



In this article, we chose to focus on strict speed limitation. However, other ways of articulating a speed reduction measure can be considered. For example, decreasing speed by a certain percentage of normal speed could be interesting, as this limits the economic impact and important delays, perhaps making this type of measure easier to apply in a large area. Targeting only certain categories of ships or only ships exceeding certain values of lengths and speeds could help to focus the measure on very noisy vessels, limiting the economic impact of the measure. Finally, an adaptive measure that evolves throughout the year to accommodate intense and less intense traffic periods could also be envisioned.




6. Conclusions


This work presents a methodology to analyze the repercussions of a speed limitation measure on shipping noise over a large area presenting variable environmental contexts. This methodology is based on the comparison of modeled shipping noise in a reference case (true traffic and true speed) with a hypothetical case of speed limitation simulated within a selected zone. Navigation speed limitation is a mitigation measure that is known to generally reduce underwater shipping noise. This general effect is clearly identified in the results of the present study. Nevertheless, the effect is expected to vary depending on the traffic and environmental context. Despite the limitations of the methodology (drastic speed limit that may not meet economic or safety expectations, incomplete source model that tends to emphasize the role of speed in the radiated sources of noise and incomplete data), this spatialized and high-resolution (5 arc min and estimations over 6 h time slots) study contributes insights into this expected complexity, clearly showing that the environment and nature of traffic are major parameters that control the effect of the speed limitation.



Rather than measuring the shipping noise reduction in dB, the SR effect was quantified in terms of quartiles of the shipping noise difference to qualify the effectiveness and interquartile range to qualify the temporal stability of the measure. Cumulative distribution functions were used to estimate the percentage of time that the measure is effective (decrease in shipping noise).



The general observed effects of a speed limitation on shipping noise is shown to be primarily dependent on the traffic context and the environment, such as the bathymetry. These dependencies and effects are summarized in Table 1.



As speed limitation measures seem effective in deep-water environments and present instability in shallow-water environments, complementary measures should be explored to address underwater shipping noise mitigation in shallow-water areas. For example, setting an area of avoidance for traffic could be an efficient measure in shallow-water environments, as the sources redirected along external traffic paths could possibly not be propagated across long distances due to shallow bathymetry.



In conclusion, it seems that the proposed measure could be advantageous if applied with a very restricted speed limit (15 kt has a limited effect, whereas a 10 kt speed limit may be too restrictive for the entire area), and additional marine space planning studies could be conducted to investigate the possibility of combinations of areas with different speed limits. The proposed method could also provide other benefits, such as a reduction in other forms of pollution, including CO   2   emissions, and ship strikes. Dedicated studies are required to assess potential synergies, and metrics of combined effectiveness should be developed.
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Figure 1. The four successive steps in simulating a delay related to a limited speed inside the speed limitation area. 1. Retracing the route of a specific vessel through AIS data by linear interpolation. 2. Resampling of the AIS data along the route. 3. Identification of the vessel entrance in the speed limitation area (SLA). 4. Estimation of the vessel speed for each section of the path inside the SLA; if the speed exceeds the speed limit, a delay is applied to all subsequent AIS emissions in order to mimic the vessel speed being equal to the limitation speed. 
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Figure 2. Regulated area, area of importance for marine mammals (a), bathymetry (b) and traffic density map for the month of August 2019 (c) in the Western Mediterranean Sea speed limitation area. 
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Figure 3. Distribution of speeds as indicated in the AIS emissions within the AIS dataset for the western Mediterranean Sea during the month of August 2019 for the most present vessel categories. 
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Figure 4. Monthly median shipping noise on the third-octave bands centered on 63 and 125 Hz in August 2019 in the western Mediterranean zone (maximum over the water column; resolution, 5 arc min). 
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Figure 5. Median, Q1 and Q3 for 63 Hz. Measure effectiveness estimated in the 63 octave frequency band (maximum in the water column): median (top), first (middle) and third (bottom) quartiles of the distribution of shipping noise difference ( Δ ) during the experimental period with limitation speeds of 10 kt (left column) and 15 kt (right column). 
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Figure 6. Distribution of zones where the measure presents a low (measure effective less than 50% of the time), medium (measure effective more than 50% but less than 75% of the time) and high (measure effective more than 75% of the time) effectiveness. 
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Figure 7. Map of the interquartile range |Q3-Q1| as an indicator of the temporal variability of the measure effectiveness. 
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Figure 8. Distribution of zones of high variability and low variability of the measure in relation to the local median effectiveness (left), bathymetry (top right) and traffic (bottom right) in the western Mediterranean Sea. The zone of traffic reduction is delineated in red. 
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Table 1. Observed effects of a speed limitation measure for several types of environments.
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	Environment
	
	Effect of the Measure
	





	Traffic Characteristics
	Bathymetry
	Effectiveness
	Stability



	Dense homogeneous traffic
	Shallow water
	Low to medium
	Low



	
	Deep water
	High
	High



	Dense 1D traffic along a single path
	Shallow water
	Low to medium
	Low



	
	Deep water
	High
	Low



	No dense traffic
	Shallow water
	Low
	Low



	
	Deep water
	Medium to high
	High
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