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Since the industrial revolution the ocean has become noisier. The global increase in shipping is one of the main contributors to this. In some regions, shipping contributed to an increase in ambient noise of several decibels, especially at low frequencies (10 to 100 Hz). Such an increase can have a substantial negative impact on fish, invertebrates, marine mammals and birds interfering with key life functions (e.g. foraging, mating, resting, etc.). Consequently, engineers are investigating ways to reduce the noise emitted by vessels when designing new ships. At the same time, since the industrial revolution (starting around 1760) greenhouse gas emissions have increased the atmospheric carbon dioxide fraction x(CO2) by more than 100 μmol mol-1. The ocean uptake of approximately one third of the emitted CO2 decreased the average global surface ocean pH from 8.21 to 8.10. This decrease is modifying sound propagation, especially sound absorption at the frequencies affected by shipping noise lower than 10 kHz, making the future ocean potentially noisier. There are also other climate change effects that may influence sound propagation. Sea surface warming might alter the depth of the deep sound speed channel, ice melting could locally decrease salinity and more frequent storms and higher wind speed alter the depth of the thermocline. In particular, modification of the sound speed profile can lead to the appearance of new ducts making specific depths noisier. In addition, ice melting and the increase in seawater temperature will open new shipping routes at the poles increasing anthropogenic noise in these regions. This review aims to discuss parameters that might change in the coming decades, focusing on the contribution of shipping, climate change and economic and technical developments to the future underwater soundscape in the ocean. Examples are given, contrasting the open ocean and the shallow seas. Apart from the changes in sound propagation, this review will also discuss the effects of water quality on ship-radiated noise with a focus on propeller cavitation noise.
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1 Introduction

The ocean is naturally noisy because of wind, rain, breaking waves, cracking polar ice, subsea earthquakes, volcanoes and marine life. The natural soundscape is altered by anthropogenic activities such as shipping, transport, oil and gas, defense, tourism, fishing, offshore wind and water energy and on- and near-shore construction (Richardson et al., 2013; Duarte et al., 2021). Among these the main anthropogenic noise source in the oceans is shipping. This noise source dominates the soundscape in the low-frequency range (10 Hz to 1 kHz, Wenz, 1962). In this, low-frequency (<1 kHz) range, noise experiences less attenuation and can potentially propagate over large distances. The noise generated in the mid- to high-frequency range (>1 kHz) does not propagate as far because it is more strongly attenuated. Therefore, low frequency-shipping noise is the main source of ambient underwater noise (Hildebrand, 2009). Under 0.3 kHz this effect increased in the past 50-60 years because regions exposed to intense ship traffic have experienced an increase in ambient noise. In these regions ambient noise increased by 3 dB decade-1 until 2000 (Andrew et al., 2002; Andrew et al., 2011; Chapman and Price, 2011; Miksis-Olds et al., 2013; Miksis-Olds and Nichols, 2016; Erbe et al., 2019), resulting in an absolute sound increase of 15 to 20 dB (Andrew et al., 2002; McDonald et al., 2006; McKenna et al., 2012). A likely explanation of this increase is the rise in the number of ships, which is estimated to have doubled in the period between 1965 to 2000 (from approximately 44000 to 88000, Hildebrand, 2009). This rise in vessel number is also visible by satellite, with Tournadre (2014) observing an increase by a factor of 4 between 1992 to 2012, with an increase of 6% yr-1 until 2002 and later 10% yr-1. However, the final effect on the ambient noise is more complicated than just the number of vessels. Ambient noise also depends on the vessel class, speed, size and load (Erbe et al., 2019; MacGillivray and de Jong, 2021). This increase appears to have stopped since the beginning of the 21st century (Frisk, 2012), but estimates for future developments suggest that with the current rate of growth in ship traffic and economic trading, ambient noise might rise again, especially in the Arctic and Africa (United Nations, 2021).

The rise in ambient noise is a growing concern due to the adverse effects on marine life, in particular on marine mammals (Southall et al., 2008, 2019; Richardson et al., 2013), invertebrates (Murchy et al., 2019), fishes (Slabbekoorn et al., 2010; Popper et al., 2014; Cox et al., 2018) and birds (Anderson Hansen et al., 2020). Impacts are pervasive and affect individual animals as well as populations (Pirotta et al., 2018; Soudijn et al., 2020), at all taxonomic and trophic levels. The realization that marine life needs protection has increased the effort to monitor the ocean’s soundscape. In 2010, the European Commission produced new detailed criteria and indicators to help member states to implement the Marine Strategy Framework Directive (MFSD). In this framework two criteria where created to monitor and reduce the noise energy: 1) the proportion and distribution of days in which anthropogenic noise exceeds levels that might impact marine animals and 2) trends in ambient noise in specific low-frequency bands (63 and 125 Hz, Van der Graaf et al., 2012). After the introduction of the MSFD, many programs such as the Baltic Sea Information on the Acoustic Soundscape (BIAS), the Joint Framework for Ocean Noise in the Atlantic Seas (JOMOPANS), QuietMed and QuietMed2 in the Mediterranean Sea and Quiet Seas in the Mediterranean and Black Seas started to monitor underwater noise (Thomsen et al., 2021). However, quantifying a trend in ambient noise is challenging due to the lack of baseline information and the necessity to monitor over long periods (Merchant et al., 2016). These monitoring programs ultimately aim to contribute to the reduction of shipping noise. However, it is difficult to identify a single action that is equally effective in the reduction of emitted noise for all the vessels because in the same ship’s class, the source level may vary by 20-40 dB due to variability in design, size, maintenance and operational parameters (e.g. speed) (Simard et al., 2016; Joy et al., 2019). In general, actions that can reduce shipping noise include a myriad of options, varying in effects and costs. The easiest action to decrease shipping noise is reducing the vessel’s speed (Leaper et al., 2014; Joy et al., 2019; MacGillivray et al., 2019). Other projects are trying to design quieter vessels focusing on the reduction of cavitation noise by optimizing propeller load, ensuring a water flow into propellers as uniform as possible and a careful selection of the propeller characteristics such as diameter, blade number, pitch, skew and sections (Spence and Fischer, 2016). These measures can also be applied to existing ships by retrofitting a quieter propeller (Spence and Fischer, 2016).

Climate change is also altering the ocean’s soundscape. Since the industrial revolution, burning fossil fuels is increasing the atmosphere’s carbon dioxide concentration. Approximately one third of the added atmospheric CO2 is absorbed by the ocean, decreasing oceanic surface pH by more than 0.1 (Doney et al., 2009). One consequence of this ocean acidification is a reduction of sound absorption (α), which in the next 300 years could decrease up to 60% (Ilyina et al., 2010). This effect is strongest at frequencies <10 kHz which are the same frequencies associated with shipping activities. Despite the large decrease in sound absorption, studies have suggested that the absolute change might be relatively small (Joseph and Chiu, 2010; Rouseff and Tang, 2010; Udovydchenkov et al., 2010), because absorption is generally not the dominant mechanism limiting propagation at these frequencies. The ocean soundscape is also affected by other climate change processes including: ocean warming, wind speed increase, enhanced storm intensity and frequency, increased sea-ice melting, decreases in salinity and consequently, changes in the sound speed profile (Andrew et al., 2002; Munk, 2011; Young et al., 2011; Ainslie et al., 2021; Duarte et al., 2021; Possenti et al., 2023). Currently, the consequences of these changes are not well understood and exact impacts cannot be accurately quantified. This is partly due to a lack of attention for the effect of climate change on the ocean’s soundscape compared to other climate impacts. In fact, the last assessment by the IPCC on climate change impacts (Pachauri et al., 2014) did not acknowledge that climate change is influencing the ocean’s soundscape. Instead, the recent IPCC report on oceans and the cryosphere acknowledged noise only in the context of increased human operations in the Arctic Ocean (Poloczanska et al., 2018).

Based on recent literature, this paper aims to present and quantify the expected changes in the ocean soundscape. We focus on the main sources of these changes, including technological developments and noise generation as a function of economic development and the direct effect of climate change on sound propagation. The first section of the manuscript explains the different components of shipping noise and its diffusion in shallow and deep seas. Subsequently, we discuss technological improvements aimed at reducing shipping noise. In the shipping noise components section, we also explain propeller cavitation and the consequence of the presence of bubbles on near-field sound propagation. Later, we discuss the effects of changes in the bubble spectra on propeller cavitation, ambient noise and sound attenuation. We also discuss the most recent studies that focused on the impacts of climate change (ocean acidification, warming and wind) on sound propagation and generation. We explain these processes, their impacts and the knowledge gaps that need to be filled to accurately quantify the expected changes. In the last section, we integrate the analyses of the various sources and propagation effects and discuss which will likely contribute most to changes in the future soundscape.




2 Current and future ship sound propagation



2.1 Shipping noise

The underwater radiated noise generated by a ship has different sources such as machinery noise, propeller noise and flow noise (Ross, 1979; Arveson and Vendittis, 2000; Fischer and Collier, 2007; Bosschers et al., 2017). Machinery noise is related to all main and auxiliary machinery equipment installed on the ship including gearboxes and diesel generators. The airborne noise and structural vibrations are generated by the ship’s equipment and then transferred to the outer ship’s hull where they are radiated underwater. The force to move a ship is generated by a propulsor, for which we assume here that it consists of a propeller, and depending on the type of propeller the noise signals generated by individual vessels differ. The noise generated by the propeller may also excite the ship’s hull and the resulting vibrations may contribute to the underwater noise. The same holds for the hull vibrations due to the propeller force and moment variations that are transferred to the ship by the propeller shaft. Another noise source is flow noise that is caused by the water flow over the hull, including hull openings. The generated noise includes the hull vibrations by this flow and the entrainment of air bubbles by the surface waves generated by the ship.

Propeller and flow noise are strongly related to the vessel’s speed while machinery noise is only weakly dependent on the speed (or engine power). Also, the ships dominating noise sources depend on the type and installation method of machinery equipment and propeller and hull design. In the same vessel class, with similar machinery equipment, the largest variability of emitted noise is usually due to differences in hull and propeller design and installation of machinery equipment. Arveson and Vendittis (2000) have presented a typical example of the emitted noise by a merchant vessel at different speeds (from 8 to 16 knots) which is shown in Figure 1. Their narrowband data of the radiated noise shows high-level tonal frequencies from the ship’s diesel generator, main engine firing rate, and blade harmonics due to propeller cavitation. At 16 knots the blade rate at 9 Hz reached the peak of 174 dB re 1 μPa m. Still, recent studies have shown that the noise by vessels when anchored can also affect marine life (Ivanova et al., 2020; Murchy et al., 2022) as the ambient sound pressure level between 20 to 24000 Hz can increase by 2 to 8 dB.




Figure 1 | Example of the noise spectrum of a merchant vessel sailing at different speeds, data taken from Arveson and Vendittis (2000), dominated by machinery noise at 8 knots and by propeller cavitation noise at 16 knots.





2.1.1 Propeller noise

For propeller noise one can make a distinction between the noise related to the non-cavitating flow over the propeller and the noise by cavitation (Blake, 2017). If merchant vessels are not cavitating, the noise that can be identified are from the blade passage frequencies and, if present, due to flow-excited propeller blade vibrations (‘propeller singing’). These tones may occur for wide range of frequencies depending on propeller size and shaft rotation rate: Fischer (2008) shows examples in which the frequency of singing varied between 180 and 1800 Hz.

Carlton (2018) describes cavitation showing that it is an important source of shipping noise. In the presence of nuclei such as small gas bubbles, cavitation occurs when the cavity’s volume is immediately transferred downstream with the flow after formation (Figure 2). This typically occurs when the minimum pressure on the blade occurs relatively far from the leading edge of the blade. As bubble cavitation can be very erosive, most propellers are designed such that bubble cavitation is not present. When at the leading edge of the blade the pressure drops below the vapor pressure, a small region of flow separation occurs upstream of the cavity allowing the cavity to grow into a sheet cavity rather than individual bubbles. This sheet cavity can break-up into a cloud of bubbles and vortex cavities or it can merge with the tip-vortex cavitation. The minimum pressure may also occur in the flow due to the centrifugal force exerted on the flow within a vortex (Bosschers, 2018). Cavitation then starts in the center of the vortex and it is then referred to as vortex cavitation. The loading on a propeller blade varies when the blade rotates through the ship’s wake and this typically leads to the inception, growth and collapse of a cavity on the blade within each revolution. Even though any change in cavity volume leads to noise emission, it is especially the volume acceleration during the collapse phase that contributes to the underwater radiated noise (Ross, 1979; Franc and Michel, 2006). The cavity collapse is a very efficient noise source as it is a monopole in contrary to other (non-cavitating) flow noise sources which are either dipoles or quadrupoles.




Figure 2 | Various cavitation patterns that may occur on marine propellers with in red sheet cavitation, in green bubble cavitation and in blue vortex cavitation. The figure has been adapted fro ITTC procedure 7.5-02-03-03.2.



Water quality can affect nuclei and therefore the onset of cavitation and the resulting cavitation noise (Brandner et al., 2022). Nuclei typically consist of very small free gas bubbles generated in the ocean by breaking waves and their sizes and numbers decrease with depth (Atlar et al., 2002). The effect of nuclei variations in the ocean on cavitation inception is considered small (Gowing and Shen, 2001) but there is very limited data available on this topic. Beyond inception, the growth and collapse of cavitation is also affected by bubbles identified as non-condensable gas. By diffusion and coalescence, the cavity volume and the growth rate increase with air content (Brennen, 1969; Briançon-Marjollet and Merle, 1996; Nanda et al., 2022). This happens especially for cavitation in separated flow or in vortices, which can increase the radiated sound due to larger cavity volume. However, in the collapse phase, the compressibility of the non-condensable gas dampens the collapse of the cavity thereby reducing the radiated sound (Moss et al., 2000; Trummler et al., 2021). The collapse and rebounds of the large cavity structure are considered responsible for sound at low frequencies ranging from blade passage frequency up to a few hundred Hertz, with the upper frequency depending on the amount of cavitation (Bosschers, 2018). At higher frequencies, it is the cloud of resonating bubbles generated by the collapse of the larger cavity structure that is considered responsible for the radiated sound. The presence of bubbles will also attenuate sound. In the top 10 m of the water column, sound is attenuated by bubbles generated by breaking waves that are connected to wind speed (Thorpe and Humphries, 1980).

Other variables such as water temperature, salinity and CO2 may affect the amount and size of cavitation bubbles. Water temperature may affect cavitation because an increase in water temperature leads to an increase in vapor pressure. At 15°C, a 1°C temperature rise increases vapor pressure by 7%, but the resulting change in inception speed and emitted noise is negligible (<0.1%, ITTC, 2011). Temperature also affects the bubble clouds generated by breaking waves via air entrainment processes. In particular, a minimum critical temperature is needed for air entrainment (10°C for a water jet) and the bubble penetration depth increases with increasing temperature up to 19°C (Hwang et al., 1991). The effect of salinity on cavitation and the resulting acoustic emission has been analyzed by Ceccio et al. (1997) for an axisymmetric head form (a modified ellipsoidal shape) in a small water tunnel. They found that in saline water event rate and size of bubble cavitation were both reduced compared to those in fresh water, which was explained by a suppression of nuclei distribution in salt water. Bubbles of similar size showed comparable noise levels, independent of water salinity (Ceccio et al., 1997). However, smaller bubbles produced larger noise levels than larger bubbles, and therefore the noise of cavitation on the head form was about 10 dB larger for smaller bubbles. In the future other parameters affecting water quality such as surfactants (e.g. plankton) and the seawater CO2 content, might need to be explored to better understand and estimate impact on cavitation. These parameters will also change due to climate change and are therefore relevant to predict future noise levels. Li et al. (2021) found that in an industrial setup varying the solution pH from 4.4 to 9.5, the cavitation inception number increases in a more acidic solution showing that hydrodynamic cavitation is easier at low pH. The effect of pH needs to be verified with a specific experiment at the relevant surface ocean pH interval (8.00 to 8.25, Jiang et al., 2019).





2.2 Shipping noise propagation in the ocean

Shipping noise is one of the main sources of noise in the ocean between 10 to 1000 Hz (Figures 3, 4). In general, sound propagation in the ocean is affected by several factors and one of these is sound speed (c). In seawater, sound speed is approximately 0.3% faster than in distilled water. The average sound speed is 1528 m s-1 and it varies with temperature (T), salinity (S) and pressure (p, Wong and Zhu, 1995). Of these effects, the temperature has the largest impact; an increase of 1°C results in a rise of sound speed by 3.5 m s-1. Pressure contributes less to the total variability in sound speed since an increase of 105 Pa enhances sound speed by 1.7 m s-1. Lastly, an increase in salinity by 1 unit leads to an increase in sound speed by 2.49 m s-1 (Wong and Zhu, 1995). After its generation, the sound pressure level (SPL) decreases over space due to propagation loss (PL) and the SPL at the receiver is defined by the difference between source level (SL) and PL. Several processes such as scattering, absorption, refraction, reflection and geometrical spreading contribute to PL. Examples of geometrical spreading are spherical and cylindrical spreading (Urick, 1979). Equation 1 shows that spherical spreading assumes that sound propagates away from a source in all directions uniformly:




Figure 3 | Generalized ocean ambient noise spectral levels for a deep-water site. The x-axis covers five decades of frequency from 1 to 100 kHz. The y-axis shows the noise spectrum level from 0 to 140 dB re μPa2 Hz-1/ Source: Reprinted with permission from Figure 13 of Wenz, G. M. (1962). 'Acoustic ambient noise in the ocean: spectra and sources'. J. Acoustical Society America 34 (12). Copyright 1962, 2005, Acoustic Society of America.






Figure 4 | Comparison of different ocean sound sources (A) and shipping noise sources (B) at different frequencies. In (A) we show in red the continuous sound sources, in yellow the impulsive sources and in green the natural sources. In (B) we show the sources of shipping noise colored by importance at typical design speed, with red as most important, orange mid-importance and green least important.





where r is the distance in meters from the source and r0 is the reference distance, typically r0 = 1 m. Equation 2 shows that in shallow water, spherical spreading (at a short distance from a source) generally develops into cylindrical spreading:



where z is the water depth in meters and ψ the seabed critical angle. The transformation into cylindrical spreading occurs after a horizontal distance of one or two water depths when r > z/2ψ (for ψ between 0.25 and 0.5). Another process affecting sound propagation is refraction, which is governed by Snell’s law. Refraction happens when sound interacts at the boundary of two layers with different sound speeds (e.g. two different water masses, seawater-seafloor, seawater-atmosphere, sound speed gradient over depth, etc.) and it can be calculated using Equation 3:



where θ is the local angle of the ray with the vertical/horizontal. One important consequence of this law is that assuming a constant sound speed profile results in a ray having the same θ at all water depths. Another consequence is that sound waves are always refracted toward the region with the lowest sound speed. Low-frequency sound experiences less absorption (Francois and Garrison, 1982b, Figures 5, 6), from 30 Hz to 300 kHz sound absorption increases by 4 orders of magnitude. The same principles apply to the propagation of wind noise. Wind generated sound dominates the 2-10 kHz frequency band (Vagle et al., 1990; Anagnostou et al., 2008) and the strong correlation between wind driven SPL and wind speeds allow the calculation of wind speed from SPL (Vagle et al., 1990).




Figure 5 | diagram showing the propagation of shipping noise in the open ocean on an indefinite distant and a bathymetry >4 km. On the right side in grey the sound speed profile in m s-1 with a SOFAR channel (see section 4.1.2) between 1 and 2 km of water depth. The yellow arrows show low frequency noise (<1 kHz) mainly generated by propeller cavitation and in the green higher frequency noise (>10 kHz). The low frequency sound can reach larger distances due to the lower sound absorption.






Figure 6 | sound absorption (α) calculated at different frequencies (f) using the algorithm of (Francois and Garrison, 1982b) for the contribution of boric acid (blue), magnesium sulphate (red), pure water (yellow) and the sum of the three components (black).





2.2.1 Shallow waters (<200 m)

The term “shallow water” implies an acoustic environment such as a continental shelf shallower than 200 m. Despite shallow waters covering only 8% of the total sea areas, they host a large part of the total anthropogenic activities, including the associated noise generated. The interactions with the sea surface and seafloor make the PL in shallow waters larger and more complicated than in deep waters (Figure 7, Urick, 1979; Jensen, 1981). In general, shallow waters act as steep high-pass filters (Forrest et al., 1993), where low-frequency sound propagates poorly or not at all. For that reason, despite the large presence of broadband sources, such as shipping noise, the medium- to high-frequency contribution is larger than in the open ocean (Noise, 2003). In these environments, the major contributors to PL are cylindrical spreading, bottom attenuation and scattering due to roughness at the surface and bottom. Therefore the sound does not propagate over large distances because it loses energy after interacting with the sea surface and seafloor. The short propagation distance for low-frequency noise in shallow waters makes the contribution of sound absorption in seawater negligible but may still be important in the sediments.




Figure 7 | diagram showing the propagation of shipping noise in shallow sea on an indefinite distant and a bathymetry of 50 m. On the right side in grey a constant sound speed profile in m s-1, typical of a fully mixed sea. The yellow arrows show low frequency noise (<1 kHz) mainly generated by propeller cavitation and in the green higher frequency noise (>10 kHz).



The propagation of sound in shallow waters varies with season. During winter, shallow seas are generally well-mixed by wind and waves, leading to homogenous temperatures and salinities over the depth of the water column. As a result, sound speed can be considered uniform over depth and the propagation channel covers the entire water column from the sea surface to the seafloor. The constant sound speed also implies that sound travels straight until it interacts and it is reflected by the sea surface and seafloor. The seafloor does not reflect all sound but depending on the angle of incidence absorbs a portion of it (Urick, 1979). In this environment, high sound frequencies are largely attenuated by absorption and scattering by the seafloor (Kuperman and Ingenito, 1977). Since sound scattering increases with seafloor roughness, estimating PL is particularly challenging in shallow seas. An accurate estimation of the seafloor contribution to the PL therefore requires a specific survey to derive the seafloor sound speed, density and depth.

The consequent PL is connected to the frequencies of the sound source. At low frequencies, PL is largely controlled by attenuation at the seafloor where sound can leave the water column with the excitation of shear waves. However, low-frequency sound can only propagate if the effective water depth is larger than half the sound’s wavelength. The attenuation depends on the sediment properties (Kuperman and Ingenito, 1977; Urick, 1979) and the propagation of sound into the seafloor depends on critical angle ψ that is calculated using Equation 4 from the sound speed difference between the two layers:



where cw and cs are the sound speed in seawater and in the seafloor, respectively. In general, cs is larger than cw and it varies with the seafloor composition (for example, ψ for coarse silt is around 22° and for medium sand 30°). When sound travels at lower angles than ψ, sound is almost perfectly reflected. Instead, when sound travels at grazing angles greater than ψ, some of the sound is absorbed by the seafloor, reducing the reflected sound. In practice, to simplify the PL calculations the seafloor is generally considered a fluid with properties not too different from seawater. Therefore, after the interaction with the seafloor the sound field is not subject to drastic changes (Jensen, 1981). The other propagation limit is the sea surface which is considered a pressure release (Jensen, 1981) contributing to large PLs for receiver positions close to the sea surface, especially at low frequencies at<800 Hz the PL at 1 m depth is 25 dB higher than at mid-depth.

During the warmer season, water columns in temperate regions can be stratified with a warmer surface layer separated from a deeper cool layer by the thermocline. In this environment, noise generated at certain frequencies can propagate for many kilometers with the main PL given by the frequent interaction with the sea surface and seafloor (Jensen, 1981). The sound speed gradient in the surface layer changes the angles of the steeper rays into less steep angles, reducing the reflection loss at both sea surface and seafloor. This happens because steeper rays have higher losses than less steep rays. Another parameter affecting PL is the sound frequency that depends on the sound source. The PL for low frequency sound, defined as above the low-frequency cut off of the shallow water channel, is generally smaller because of the decrease in sound absorption and scattering at the surface (Francois and Garrison, 1982b; Kuperman and Roux, 2007). Snell’s law is frequency independent, however for a layered seafloor the reflectivity has a complicated frequency dependence affecting the reflection loss (Kuperman, 2019).




2.2.2 Open ocean

Deep seas are characterized by a minimum sound speed, of which the depth varies per region. At mid-latitudes the lowest sound speed is located at approximately 1000 m below the water surface. The depths adjacent to this minimum are known as the SOFAR or deep sound channel. The refraction in the SOFAR channel allows low-frequency noise to propagate over long distances (in some cases more than 1000 km) with no interactions with the sea surface and seafloor (Figure 8, Thorp, 1965; Chow and Turner, 1982). Consequently the largest contributor to PL here is absorption. However, at very low frequencies (e.g.< 10 Hz) noise cannot propagate in the SOFAR channel because the wavelength is larger than the SOFAR’s channel vertical extension. The propagation in the SOFAR channel happens because noise is always refracted or bent back towards the minimum sound speed (following Snell’s law). Below the SOFAR channel, temperature and salinity are generally constant and sound speed increases with depth causing the refraction of noise back to the SOFAR channel. In the SOFAR channel, PL is mainly driven by cylindrical spreading and absorption. Instead, the contribution of absorption increases with frequency, limiting the propagation distance at higher frequencies, for example contributing 36 dB km-1 to the PL at 100 kHz (Francois and Garrison, 1982a). Noise is trapped in the SOFAR channel when it is originated within the channel’s depth or when sound originates on the continental slope and part of it enters the SOFAR channel after reflection by the seafloor (Qin et al., 2014). At high latitudes, the SOFAR channel is replaced by a surface duct formed by freshwater coming from ice melting. As at mid-latitudes, under this surface duct salinity and temperature are constant for the entire water column and sound speed increases due to pressure, causing the refraction of noise back to the surface. The continuous interaction with the sea surface does not allow the propagation of noise to the same distances as happens in the SOFAR channel (Urick, 1979).




Figure 8 | diagram showing the propagation of a source located in the SOFAR channel in the open ocean on an indefinite distant and a bathymetry >4 km. On the right side in grey the sound speed profile in m s-1 with a SOFAR channel (see section 4.1.2) between 1 and 2 km of water depth. The yellow arrows show low frequency noise (<1 kHz) and in the green higher frequency noise (>10 kHz). The low frequency sound can reach larger distances due to the lower sound absorption.



In most cases, a sound source located at the surface does not propagate into the SOFAR channel. In this case, noise is attenuated by the same phenomena of shallow seas but with a smaller PL due to fewer interactions with the sea surface and seafloor. A sound ray that leaves the source horizontally is refracted downward at steeper and steeper angles until it crosses the axis of the SOFAR channel. Under the SOFAR channel, the ray is refracted upward until it is horizontal and may reach the surface. Rays that start more vertically can reach larger depths and may be refracted back toward the surface. The refraction of noise downward leads to a rapid decrease in sound intensity in the horizontal direction. Figure 5 shows that noise refraction creates three different zones: 1) shadow zone, 2) convergence zone located at the surface (a narrow region of very high noise level) and 3) a wider region of lower noise level. The shadow zones are characterized by no noise. Frosch (1964) showed that the typical distance between convergence zones is between 48 to 56 km and they have been observed in the Atlantic and Pacific Oceans at more than 650 km from the source. However, in the Arctic, the range of convergence zones is generally very short or even absent (Urick, 1979) and sound mainly propagate in the top 100 m (Figure 9).




Figure 9 | diagram showing the propagation of shipping noise in the Arctic Ocean on an indefinite distant and a bathymetry >4 km. On the right side in grey the sound speed profile in m s-1 with a SOFAR channel (see section 4.1.2) between 1 and 2 km of water depth. The yellow arrows show low frequency noise (<1 kHz) mainly generated by propeller cavitation and in the green higher frequency noise (>10 kHz). The low frequency sound can reach larger distances due to the lower sound absorption.







2.3 Anthropogenic changes



2.3.1 Ocean acidification

The ocean carbon system has been changing since the industrial revolution (starting around 1760) by the increase of atmospheric x(CO2) by more than 100 μmol mol-1. This resulted in a decrease of the global ocean pH average from 8.21 to 8.10, corresponding to a 29% increase in H+ activity (Fabry et al., 2008; Doney et al., 2009). The increase of x(CO2) is driven by human activities such as fossil fuel combustion and deforestation (Doney and Schimel, 2007). Future projections suggest that in the next decades, the ocean CO2 uptake will continue, further decreasing the surface ocean’s pH.

Ocean acidification is affecting the ocean environment by lowering the calcium carbonate saturation state (Ωcarbonate) and carbonate ion concentration. This impacts shell-forming organisms such as plankton, benthic mollusks, echinoderms and corals (Doney et al., 2009; Hofmann et al., 2011). Another effect is the reduction of α at low frequencies (<10 kHz, Hester et al., 2008). The climate projections predict by the middle of this century a decrease of pH up to 0.3 (Brewer, 1997), leading to a decrease in α by almost 40% (Hester et al., 2008). Figure 6 shows that at frequencies between 10 kHz to 100 kHz α is not affected by pH because α changes are controlled by the chemical relaxation of magnesium sulphate. At frequencies higher than 100 kHz α is driven just by water viscous absorption.

The most applied algorithm to calculate α was derived by Francois and Garrison (1982a) and its inputs are sound frequency, temperature, salinity, depth and pH. The pH dependency at low frequencies is influenced by a pH-dependent chemical relaxation between B(OH)3/   (Simmons and Fisher, 1975). Acoustic relaxations occur due to pressure-dependent volume changes. When a sound wave encounters a charged molecule such as borate a resonance can occur and the sound energy is lost. After the passage of the sound wave, the molecule returns to its normal state. In this case the   molecule is bigger than B(OH)3 and because of its charge is associated with water molecules as a loose assemblage. A sound wave can temporarily compress this weak complex into B(OH)3 which is a lower-volume form (Brewer and Hester, 2009). The ratio between B(OH)3 and   is set by seawater pH (Zeebe and Wolf-Gladrow, 2001), therefore in a more acidic environment   will decrease in favor of B(OH)3 leading to a smaller α.

For simplicity, most of the α algorithms (Francois and Garrison, 1982b; Ainslie and McColm, 1998; van Moll et al., 2009) consider at low frequencies (<10 kHz) just the chemical relaxations between B(OH)3/ . However, other studies have shown that at these frequencies α is also affected by other chemical species. Mellen et al. (1980) proposed a simple mechanism that involves the chemical relaxations between B(OH)3/  and  / . The final algorithm was not satisfactory because the inclusion of these two mechanisms suggested a lower α than expected. In a later study, Mellen et al. (1983) hypothesized a four-state exchange including Ca2+ but they suggested that more research is needed to quantify the effect of Ca2+ and other ions on sound adsorption. Fischer (1979) hypothesized another mechanism involving the relaxation of MgCO3 and Mg(HCO3)+. All these hypotheses have not led to a final equation that relates seawater chemistry to sound absorption. Therefore, further research is necessary to identify all the chemical species affecting α and combine these dependencies within one single algorithm.

Several studies analyzed the effect of ocean acidification on PL showing a final effect of <2 dB (Joseph and Chiu, 2010; Udovydchenkov et al., 2010; Ainslie, 2011). For example, Hester et al. (2008) used the Global Ocean Data Analysis Project (GLODAP) (Key et al., 2004; Sabine et al., 2005) to estimate the decrease of α at 0.44 kHz since the industrial revolution. They found that in parts of the North Atlantic Ocean in the top 400 m α decreased by over 15% and by more than 10% in other parts of the Atlantic and Pacific Oceans. In the same study, they applied a conservative pH decrease of 0.15 for the coming decades to calculate sound absorption, they found a decrease of α by over 20% that increases to 60% for a pH decrease of 0.6. A similar decrease in α was found by Ilyina et al. (2010) that using climate models found a decrease in α up to 60% between 0.1 to 10 kHz for a decrease of ocean pH by 0.6. These changes in α depend on the region considered since ocean acidification has smaller effects at high latitudes (e.g. North Atlantic Ocean and Arctic Oceans) and regions of deep-water formation (Ilyina et al., 2010). Despite the projections showing a significant reduction in α the absolute change at >100 km from the source are projected to be less than 2 dB (Joseph and Chiu, 2010; Reeder and Chiu, 2010; Udovydchenkov et al., 2010; Ainslie, 2011). Sound absorption is not the only effect contributing to PL, it acts together with refraction, seabed attenuation, stratification, surface scattering and geometrical loss (spherical or cylindrical) (see section 3.1.1 and 3.1.2). In shallow seas, the changes in α will not be visible as PL is dominated by the interactions with the sea surface and seafloor. The contribution of α is larger in the deep sound channel where the largest components are geometrical spreading and α. Initially, the main mechanism controlling PL is geometrical spreading but at a certain distance (cross-over range) α becomes important. α has a frequency-squared dependence and therefore the cross-over distance is smaller with the increase in frequency.

The final effect has been quantified by Udovydchenkov et al. (2010) that applied a simple propagation model to predict underwater sound in the coming 100 years. Udovydchenkov et al. (2010) quantified that propagation loss will decrease by 1.5 dB at 500 Hz and about 2 dB at 1000 Hz. This happens because the absolute contribution of α at low frequencies is small (at <100 Hz is less than 0.002 dB km-1). They found that a sound increase due to decreasing α will only be detectable in quiet regions far away from shipping lanes and other anthropogenic activities.

The changes in α are important when sound is trapped in a sound channel (duct) without interacting with the ocean boundaries (seafloor and sea surface). In the Arctic Ocean where in the next 30-50 years pH is projected to decrease by 0.2 (from 8.1 to 7.9, Ciais et al., 2013), sound can be trapped in a duct located at around 150 m (Duda, 2017). Considering a sound source in the Beaufort Sea’s duct, a 0.2 pH decrease is expected to allow the propagation of 900 Hz sound 38% further (100-300 km) leading to an increase in sound of 7 dB at 200 km. However, most sound is generally not trapped in a duct and a 1 kHz sound source outside the duct is expected to increase by 0.5 dB only. All these studies estimated the increase in sound level assuming a constant pH decrease for the entire water column. However, the decrease in pH is expected to be larger at the surface compared to the deeper waters (Caldeira and Wickett, 2005). This implies that the projected changes in α might generally be overestimated.

To conclude, further research is needed to refine Francois and Garrison (1982b)’s algorithm. The inaccurate pH values used to derive the current algorithm results in potentially large uncertainties in the calculated α. To improve the uncertainty to less than 15%, pH needs to be measured using the proper pH scale (total scale) with an accuracy of <0.05 (Brewer et al., 1995). Also, these studies need to elucidate which seawater components contribute to α and include these components in the new algorithm. Even if the effect of OA in the future soundscape is expected to be small (<2 dB) the new algorithm could help to elucidate the size of this change.




2.3.2 Climate change



2.3.2.1 Sea surface warming and stratification

One effect of climate change is the increase of atmospheric temperature, 90% of this heat is absorbed by the oceans (von Schuckmann et al., 2023) causing the world’s oceans to warm. This temperature increase is contributing to lower α, although this effect is smaller than the contribution by the lower pH due to ocean acidification. At 1 kHz Hester et al. (2008) quantified a decrease in α between 5 to 10% for a rise in surface temperature of 3°C. At higher frequencies (200 kHz) the effect is expected to be the opposite and α will increase by more than 10%. At frequencies lower than 10 kHz Ilyina et al. (2010) predicted in 2100 a global surface warming up to 4.4°C decreasing α by 8%.

The largest temperature increase is expected at the high latitudes. This temperature increase is reducing the surface ice pack, forming surface ducts with low salinity characterized by a lower sound speed than the water below (Lynch et al., 2018). In their review, Lynch et al. (2018) also mentioned that at mid-latitudes, the propagation will change due to greater spatial variability in the presence of oceanic fronts and their gradients. Generally, the increase in sea-surface temperature will increase refraction (Ainslie, 2011). Surface heating decreases the proportion of radiated power trapped in the ocean and consequently decreases the global mean square sound pressure. The temperature will also decrease ψ, reducing the proportion of radiated power trapped in the ocean. Ainslie (2011) reported that an increase in surface temperature by 0.1°C gives an 8% reduction in the noise level. Ainslie et al. (2021) found that in the northeast Pacific Ocean temperature fluctuations can lead to variability of sound levels up to ±1.2 dB. This effect is mainly controlled by the amount of sound trapped in the deep sound channel. Climate change is also modifying the sound speed profile because of changes in stratification and temperature. For example, the surface sound speed is expected to increase, reducing scattering loss (Ainslie, 2005).

Sound absorption is in addition to changes in temperature also affected by the predicted decrease of surface salinity in mid- and high-latitudes and an increase at low latitudes. These salinity changes will be driven by a shift in global evaporation and precipitation patterns (Solomon et al., 2007). The magnitude of these changes is uncertain but the effect on α is expected to be minor. At 3 kHz a change of surface salinity by ±0.1 would contribute to a change in α of ±0.5% (Ilyina et al., 2010).

Another process that might alter sound propagation is the decrease of sea-ice. Menze et al. (2017) hypothesized that the predicted reduction of sea-ice will increase ambient sound levels and the propagation of shipping noise in polar regions. Sea-ice effectively attenuates acoustic waves and decouples ambient sound from local wind speeds and distant sources. A polar region with less sea-ice will be largely dominated by distant sources, but local sources will increase because ships will be able to navigate in these currently ice-dominated regions (Duarte et al., 2021). Considering sea-ice melting, Roth et al. (2012) hypothesized in the next decades that ambient noise in the Arctic will increase between 5 to 20 dB.

The changes in temperature and salinity will lead to different sound speeds compared to today (Affatati et al., 2022). Considering a “business-as-usual” climate scenario (Representative Concentration Pathway 8.5) they found an increase in sound speed up to 1.5% (around 20 m s-1) and a larger seasonal variability in sound speed. The expected changes will be mostly limited to the upper 500 m, except for a few regions such as the north-west Atlantic Ocean. The only regions showing a decrease in sound speed are the Labrador Sea and the north Atlantic Ocean. Affatati et al. (2022) hypothesized a relationship between this decrease and a future shift in the Gulf Stream. Also, the future sound speed will increase and changes in stratification could lead to the formation of new ducts. Possenti et al. (2023) found that in the coming years a new surface duct will be present around a depth of 100 m in the north-west Atlantic Ocean. In general, the effect of temperature on the future soundscape has not been studied in detail and although the processes that will be altered by ocean warming have been identified, studies are needed to quantify the final contribution to the future soundscape.

Temperature and salinity may affect formation and the content of ocean bubbles altering propeller cavitation as discussed in Section 2.2. However, from the studies reported it is difficult to judge the impact of climate change on the noise emitted by a cavitating propeller. A final conclusion has not been reached because the mechanisms are not well understood. Some authors reported a decrease in air-bubble production with a temperature increase (Slauenwhite and Johnson, 1999; Salter et al., 2014), while others showed an increase in the entrained air due to the increasing number of large bubbles (Callaghan et al., 2014). The field study by Callaghan, Stokes and Deane (2014) found that the surface white foam coverage is a good indicator for the amount of air entrained in seas and oceans. This is in line with the study of Christiansen et al. (2019) showing that between 6 and 10°C sea spray aerosol production, and therefore whitecap foam coverage, is at minimum leading to the conclusion of Lewis et al. (2004) that the whitecap foam coverage is generally greater at higher temperatures.

Thorpe et al. (1992) modelled the transport of bubbles in combination with the bubbles gas exchange with the surrounding water and tested it for changing environmental factors. They observed that the number of bubbles at a depth of 4 m to roughly halved every 10°C increase, contradicting the earlier observation based on whitecap foam coverage. The lack of a changing bubble size distribution (BSD) with varying temperature and the omission of the air entrainment process in this modelling exercise could explain the different results of both studies. Applicability of these results with respect to bubble presence therefore remains limited. Generally speaking, more bubbles leads to more sound attenuation. Following the field observations, related to whitecap foam coverage, seas already warmer than the minimum whitecap coverage temperature might experience marginally more attenuation at the surface. However, the effect of environmental parameters on the amount and even more on the size of bubbles remains largely unknown. Therefore, this subject needs more research before a conclusion to its effect on the underwater soundscape can be made.





2.3.3 Changes in storminess and wind

Climate change is globally increasing wind speeds. Young et al. (2011) used 17 years (1991-2008) of satellite altimeter measurements and observed a wind speed increase of 0.25 to 0.5% per year. This increase in wind speed is affected by the rise in the number of extreme events by at least 0.75% per year. The increase in wind speed will be larger in the Southern than in the Northern Hemisphere. At the sea surface, the rise in wind speed will increase PL due to rough surface scattering loss and the interaction with near-surface bubble clouds (Ainslie, 2005). The bubbles produced by wind play an important role, not just by scattering or absorbing sound but also by refracting the sound upwards of the sea surface. This refraction enhances the scattering loss associated with the rough air-sea boundary. Therefore, an increase in wind speed will lead to an increase in ambient noise but the PL is also expected to increase. Driven by wind speed the largest increase in ambient noise is expected in the tropics (Duarte et al., 2021). Also, the increase in wind speed will enhance the generation of more bubbles due to breaking waves (Thorpe and Humphries, 1980) with consequences for propeller noise, sound speed and PL. The PL is expected to increase and the sound speed to decrease but the size of these changes has not been quantified yet. Hence, the effects of wind and storms on PL require further research. The effect has not been studied in detail, making it challenging to quantify the contribution to the future soundscape.






3 Discussion

In the next decades, the oceans might become noisier because of changes in anthropogenic activities and possibly in sound propagation related to climate change. To reduce the increase of anthropogenic impacts, policymakers and the shipping industry are trying to reduce the generated noise by considering new regulations and new technologies. In section 3 we discussed the effect of climate change on sound propagation. Considering the available literature we can conclude that when the sound is not trapped in a duct the effect of climate change will be <2 dB. This increase can still be considered as appreciable because it is close to doubling of energy, which is seen at 3 dB but more research need to be done to fully understand the impact of this change. In other cases when sound is trapped in a duct the impact can be more relevant with an expected sound increase of >5 dB (Duda, 2017). However, studies investigating the impact of climate change on sound propagation were characterized by large uncertainties. For example, the mechanisms responsible for sound absorption are not well understood, leading to uncertainties in the applied algorithm (Francois and Garrison, 1982b).

Stratification in the water column will be also altered by climate change. However, few studies investigated the changes in sound propagation due to changes in stratification related to the increase of storms and changes in ocean circulation. Changes in ocean circulation are already visible in the North Atlantic Ocean where the Atlantic Meridional Overturning Circulation (AMOC) is slowing down (Delworth and Dixon, 2000; Visbeck et al., 2001; Bryden et al., 2005; Lynch-Stieglitz, 2017; Boers, 2021) and its impact is expected to increase. This impact might be significant due to the formation of new ducts making absorption a relevant parameter in many regions (Possenti et al., 2023).

In the next decades, loss of ice melting will allow safe navigation in the Arctic for a large part of the year. At the moment the Northern Sea Route is used by a small number of ships only during the summer (46 in 2012 and 71 in 2013, Lasserre, 2014). This new route will shift this region’s ambient noise under 1 kHz from wind noise-dominated to shipping noise-dominated (Worley and Walker, 1982; Zakarauskas et al., 1990; Cato and McCauley, 2002; Hatch et al., 2008). However, sea-ice irregularity will pose significant problems for shipping and these routes will likely start to grow just in the mid to late century (Lasserre and Pelletier, 2011; Lasserre, 2014).

Globally, the effect of climate change will coincide with an expected increase in shipping traffic driven by population growth and increased global trading. The Organisation for Economic Co-operation and Development OECD (2016) expects a doubling of ocean-based economy contribution to the global gross domestic product by 2030. In general, global maritime traffic is expected to increase between 240 to 1209% by 2050, especially in middle-income countries and particularly in Northeast Asia (Sardain et al., 2019). In another study, International Civil Aviation Organization ICAO (2016) quantified the annual growth in global passenger and freight traffic between 2012 and 2042 by 4.5 and 4.2%, respectively. The largest changes are predicted for Central Southwest Asia (up to 10%). In addition to shipping as a source for underwater noise, other activities are expected to affect the soundscape, including offshore construction, decommissioning of oil and gas infrastructure, deep-sea mining, widespread use of autonomous vehicles and new acoustic communication systems (e.g. underwater Wi-Fi) (Figure 5, Duarte et al., 2021; Thomsen et al., 2021). In the future autonomous vehicles will replace ships in many ocean monitoring applications, which may contribute to reduce ambient noise because autonomous vehicles can operate substantially quieter than manned ships (Griffiths et al., 2001; Cauchy et al., 2023). In general, predictions should be taken as rough estimates because models cannot accurately quantify economic growths and they cannot predict adverse economic events such as wars, pandemics and economic crises. During the COVID-19 pandemic the marine shipping density decreased by 54.8% (March et al., 2021) and consequently resulted in a major decrease in SPL (Thomson and Barclay, 2020). However, despite the noted uncertainties an increase in anthropogenic impacts on the marine environment due to increasing human activities at sea is almost certain.

Due to the concern about the impact of shipping noise on marine life, several studies have reviewed mitigation measures (Renilson et al., 2013; Williams et al., 2019; Burnham et al., 2021; Smith and Rigby, 2022; Vard Marine Inc, 2023). New technologies can be implemented in new and existing vessels for example by changing the propeller/propulsor design, modification of the wake flow, reduction of machinery noise and modification of the hull. The impact on fuel consumption is also an important aspect to consider in view of International Maritime Organization (IMO) regulations on the energy efficiency of existing and new ships. Vard Marine Inc. (2023) emphasizes that the shipping industry has not yet identified optimal solutions for this task and that new technologies are still under development. Various technologies are available to reduce machinery noise characterized by different costs, impact on frequency ranges and noise reductions. For example, resilient mounts can significantly reduce machinery noise in all vessels. A more costly option is the use of an electric power plant that efficiently reduces machinery noise. This is an effective solution to reduce noise emissions when propeller cavitation is not the dominant source. Measurements on small electric vessels show that these emit less noise than traditional vessels (Parsons et al., 2020, 2021) by 10 to 25 dB below 500 Hz (Parsons et al., 2020). However, at the moment this option is only feasible for short voyages such as short distance ferries. Other systems still under development for commercial shipping are air bubble systems that can reduce either machinery noise or propeller cavitation noise (Lloyd et al., 2024). The effectiveness of these systems depends on the location where the bubbles are injected in the flow. Overall, there is a lack of quantitative sea-trial data to quantify the effectiveness of mitigation measures for commercial vessels, especially for propeller cavitation.

Along with technological advancements policymakers are implementing new regulations and recommendations to reduce and monitor shipping noise. The first action was taken in 2008 by the IMO which set up a group to develop non-mandatory technical guidelines on ship noise control strategies. This resulted in the “IMO Guidelines for the reduction of underwater noise from commercial shipping to address the adverse impact on marine life” (IMO, 2014). These guidelines were revised in 2023 (IMO, 2023). In particular, the Scientific Committee of the International Whaling Commission (IWC) has endorsed the goal of reducing ambient noise by 3 dB in the next decade and 10 dB over the next 30 years.

The European Commission recognized noise as an ocean pollutant and produced a set of detailed criteria and indicators to help member states to monitor trends in ambient noise (63 and 125 Hz) (Van der Graaf et al., 2012). Over the past 10 years, ship classification societies such as Det Norske Veritas, Bureau Veritas, Registro Navale Italiano (RINA), American Bureau of Shipping and Lloyd’s Register have developed specific class rules to encourage the reduction of underwater radiated noise.

Together with the ongoing political discussion to reduce shipping noise, some regions are enforcing mitigation measures to protect key marine habitats. One of these ongoing measures consisting of a two-months voluntary vessel slowdown to 11 knots, during which the Vancouver Fraser Port Authority’s Enhancing Cetacean Habitat and Observation (ECHO) observed a decrease in SL up to 11.5 dB (Joy et al., 2019; MacGillivray et al., 2019). This maximum decrease of 11.5 dB was related to containerships, but smaller for cruise vessels (10.5 dB), vehicle carriers (9.3 dB), tankers (6.1 dB) and bulkers (5.9 dB). However, the final reduction in the received level was just 3.1 dB between 10 to 100 Hz and 0.3 dB between 10 to 100 kHz. Similar initiatives are only feasible for limited areas and requires the implementation of economic incentives. An enforced necessity to reduce speed to arrive in port, causing a possible delay, however might push ship owners to replace their fleet with quieter vessels. The main challenge will be the selections of critical regions and the required work to set site specific noise limits and enforce regulations.




4 Conclusions

In the coming decades, the ocean sound sources are expected to increase due to economic growth and the emerging of new ocean activities (e.g. deep-sea mining, offshore construction, etc.). However, the major source of anthropogenic noise is and will be shipping which is expected to double compared to 2014 before 2050 (Sardain et al., 2019). To reduce this impact, the shipping industry is evaluating the implementation of various technologies but the lack of international regulations and incentives is slowing the shift towards less noisy vessels. An immediate solution can be the application of speed reduction. This solution gave an effective result in reducing the single ship SL, though it led to a less satisfactory reduction of ambient noise (Joy et al., 2019).

At the same time, climate change is altering the marine environment and as a consequence sound propagation, ambient noise and sound absorption. Previous studies quantified the expected effect of climate on ambient sound as <2 dB however these studies did not fully elucidate the mechanisms behind the changes in sound propagation. For example, the mechanisms responsible for sound absorption are not well understood and very few studies looked in detail at the changes in ambient noise related to climate change. From the current knowledge, the climate change effect considering single mechanisms can be considered negligible even though the sum of all the mechanisms can become significant. These changes will be especially visible in remote regions (e.g., Arctic and Antarctica), where ice melting will alter the propagation of sound but also open new navigation routes increasing the anthropogenic noise in the region with potential changes larger than 20 dB. Therefore, more attention and research is necessary to fully understand the impact of climate change on the future soundscape. The additional research can help policymakers implementing new effective measures to reduce the impact of anthropogenic noise on the marine environment.
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