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Assessing approaches for ship noise reduction within critical
whale habitat

Vanessa M. ZoBell,a) John A. Hildebrand, and Kaitlin E. Frasier
Scripps Institution of Oceanography, University of California San Diego, La Jolla, California 92037, USA

ABSTRACT:
Ship noise pollution significantly overlaps with critical habitats of endangered whales in the Santa Barbara Channel,

prompting the need for effective noise reduction strategies. Various ship noise reduction approaches were assessed

by simulating both source-centric (e.g., speed reduction or retrofit) and space-centric (e.g., routing changes) strate-

gies to determine which would most effectively minimize noise within important marine habitats. Reducing the

speeds of all ships achieved the highest noise reduction of the source-centric methods, although solely slowing cargo

ships led to similar reductions. Implementing a single-route approach on the southern side of the Channel Islands

achieved the greatest reduction of the space-centric strategies. For the multi-route approaches, some noise reduction

was achieved by creating a buffer zone between the proposed shipping lanes and the critical habitat boundary. This

simulation framework provides a mechanism for efficient exploration and assessment of noise reduction strategies

across time and space. The framework can be updated to consider new approaches to changing ocean conditions.
VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0034455

(Received 14 June 2024; revised 30 October 2024; accepted 4 November 2024; published online 22 November 2024)

[Editor: Shima Abadi] Pages: 3534–3544

I. INTRODUCTION

Reducing underwater radiated noise (URN) pollution

generated by ships has become an international priority for

ocean conservation (Chou et al., 2021; IMO, 2018, 2023;

IWC, 2014). URN reduction techniques are beginning to be

explored and implemented around the world (MacGillivray

et al., 2019; Malinka et al., 2023; ZoBell et al., 2021b;

ZoBell et al., 2023a). These efforts require a comprehensive

understanding of the vessel’s noise-generating mechanisms,

as well as broad engagement with the public, ship owners,

industry, maritime safety officials, naval architects, and

researchers, among many more participating parties and

groups. Financial resources are needed to support these

efforts including funding to redesign vessels, deploy acous-

tic monitoring equipment, and conduct ongoing measure-

ment, evaluation, and communication of noise reduction

outcomes.

Various methods have been proposed to reduce vessel

noise, both by targeting the sources and the spatial distribu-

tion of URN. Source-centric noise reduction efforts aim to

reduce URN at its primary sources, which include propeller

cavitation, machinery noise, and vibrations from the hull.

These efforts have been implemented through vessel speed

reduction (VSR) programs as well as engineering and design

efforts (Aktas et al., 2023; MacGillivray et al., 2019;

Malinka et al., 2023; Smith and Rigby, 2022; ZoBell et al.,
2021a; ZoBell et al., 2021b). Space-centric efforts to reduce

ship noise, using marine spatial planning, provide a

framework for diverse stakeholder activities within the

ocean (Crowder et al., 2006; Redfern et al., 2017).

Although noise reduction efforts have been discussed as a

potential method to reduce noise in certain areas of con-

cern, they can increase noise in other areas by increasing

vessel speeds outside of speed reduction zones, or moving

noise to other areas in marine spatial planning initiatives

(IMO, 2014).

Critical habitats, marine sanctuaries, and marine monu-

ments are of high priority for protection from noise pollu-

tion. The Santa Barbara Channel (SBC) and surrounding

areas are of significance for noise reduction due to the coex-

istence of intensive commercial shipping and abundant

wildlife (see Fig. 1; Haren, 2007; McKenna et al., 2009;

Redfern et al., 2017). The SBC region encompasses the

Channel Islands National Marine Sanctuary (CINMS),

which is home to a wide array of marine biodiversity and is

protected under the National Marine Sanctuaries Act

(Checkley and Barth, 2009; National Marine Sanctuaries,

2000). The region is seasonally occupied by marine mam-

mals, including blue, humpback, fin, and gray whales,

among many other species, all of which are protected under

the Marine Mammal Protection Act (Barlow and Forney,

2007; Marine Mammal Protection, 1972). Blue whales and

humpback whales have designated biologically important

feeding areas (BIAs), which are region- and time-dependent

areas in which cetaceans are known to concentrate for feed-

ing (Calambokidis et al., 2015). Intersecting the boundaries

of the CINMS and the BIAs is the traffic separation scheme

(TSS), commonly called shipping lanes, which supports

commercial vessel transits to and from the first and seconda)Email: vmzobell@ucsd.edu
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busiest ports in the Western Hemisphere, the Port of Los

Angeles and the Port of Long Beach, respectively

(UNCTAD, 2022). The volume of cargo at these ports is

increasing and predicted to scale up as demand grows

(Zhang et al., 2019).

Potential solutions to reduce current and future noise

pollution in the SBC region are continually being explored

and analyzed. A VSR effort called the Protecting Blue

Whales and Blue Skies program has been shown to reduce

noise at the source of the vessel by 5 dB (ZoBell et al.,
2023b). Additionally, a vessel retrofitting (redesign) effort

conducted by Maersk, a major shipping company, reported

reductions in the monopole source levels of vessels post-

retrofitting for certain frequency bands (ZoBell et al.,
2023a). Most source-centric noise reduction studies to date

have focused on metrics such as radiated noise level (RNL),

sound exposure level (SEL), and monopole source level

(MSL), which quantify the noise generated by individual

vessels (Findlay et al., 2023; MacGillivray et al., 2019;

ZoBell et al., 2021b).

In addition to source-centric efforts, marine spatial

planning has been considered in this region through port

access route studies (PARS). Under the United States Ports

and Waterways Safety Act (PWSA), the U.S. Coast Guard

(USCG) is required to conduct a PARS before establishing

or modifying any fairway or TSS in the U.S. The PARS

process, which occurs regionally every 10–20 years, is a

transparent public process with broad stakeholder involve-

ment (United States Coast Guard, 2023). The 2011 U.S.

West Coast PARS recommended shifting a shipping lane

northward to divert traffic away from CINMS to protect

the marine environment (United States Coast Guard,

2011). Although the 2011 PARS was not explicitly

designed to reduce noise, the framework provides the

potential for noise reduction through marine spatial

planning.

Marine organisms are exposed to multiple noise sources

simultaneously, making biologically relevant analyses

important to understand the full spatiotemporal exposure of

animals to noise in a region (ZoBell, 2023). With the

understanding that noise reduction is achievable, it is impor-

tant to investigate which approaches are most effective in

reducing noise pollution in time and space. Our study simu-

lated source-centric and space-centric solutions for noise

reduction across the SBC region to identify the most effec-

tive solutions. Reducing vessel speeds and changing ship-

ping routes within the region were found to reduce noise

pollution in critical habitats. This study demonstrated that

simulating ship noise pollution under various mitigation sce-

narios is an effective and efficient approach to identifying

promising strategies for noise reduction.

II. METHODS

The study area covered a 220� 250 km grid encom-

passing latitude 33.26�N to 35.24�N and longitude

121.55�W to 118.83�W. This region includes three critical

habitats: Channel Islands National Marine Sanctuary, Blue

Whale BIA, and Humpback Whale BIA (Fig. 1). Sound

pressure levels (SPLs) across this region were modeled

using methods described in ZoBell et al. (2024), which are

briefly outlined in the following. SPLs were modeled for

pre-industrial and modern ocean noise as well as source-

centric and space-centric simulations (Secs. II A–II D). All

of the SPLs were modeled at 50 Hz, as the low-frequency

acoustic environment is more affected by shipping noise

than the high-frequency environment (ZoBell et al., 2024).

A depth of 30 m was used for modeling, both to align with

past studies in this region and because it represents the nom-

inal depth of a singing blue whale (Oleson et al., 2007;

Redfern et al., 2017). The SPLs were computed at a 4 km

spatial resolution and an hourly temporal resolution for

August 2017, since the summer months coincide with peak

baleen whale presence. Hourly SPLs were averaged over the

month to identify trends across the region for each simula-

tion. Changes in SPLs from the simulations were investi-

gated across the entire region, and the distributions of the

monthly SPLs from each simulation were compared across

the three critical habitats.

A. Pre-industrial ocean noise

Pre-industrial SPLs were used as a baseline to estimate

ocean noise levels in the region before the industrial revolu-

tion and the advent of container shipping (ZoBell et al.,
2024). This pre-industrial model was compared to modern

SPLs and noise reduction simulations to assess the impact of

anthropogenic activity. Pre-industrial SPLs were modeled

by converting wind speed to SPL across the study grid.

Wind speeds for August 2017 were collected from the cross

calibrated multi-platform (CCMP) wind vector analysis

product (Ricciardulli, 2022). The wind speed model has a

spatial resolution of 0.25 degrees and a temporal resolution

of 6 h. Wind speeds were interpolated to a 4 km spatial reso-

lution to be combined with the modern noise model. An

empirical model for wind-driven noise was then applied to

convert wind speeds (in m/s) to 50 Hz SPL (in dB re 1lPa2)

at 30 m depth for each grid cell (Hildebrand et al., 2021).

FIG. 1. (Color online) Vessel traffic density [Automatic identification sys-

tem (AIS) pings / month] for August 2017. Critical habitats are delineated

by white lines including the Channel Islands NMS (dashed), the Blue

Whale BIA (solid), and the Humpback Whale BIA (dotted).
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B. Modern ocean noise

The modern ocean noise model combines wind noise

with ship noise and serves as the model for presently exist-

ing noise levels within the region. Ship noise was modeled

using vessel tracks from AIS data from an antenna on Santa

Cruz Island (34.99�N, 119.63�W) with an average detection

range of 300–400 nautical miles (Santa Barbara Amateur

Radio Club Inc., 2024). Stationary ships (with ship speed of

zero knots) were excluded from the model. Each ship track

was interpolated to one minute resolution, and the latitude,

longitude, and duration (in minutes) that a ship was in a

4� 4 km grid cell was recorded. Ships were classified by

ship type based on the groupings of Macgillivray and de

Jong (2021). If the ship type within the AIS data message

was empty, the ship type was deemed “Other.” MSLs, SPLs

modeled at a distance of 1 m from the source, were calcu-

lated based on vessel speed, length, and ship type using the

MSL model developed by Macgillivray and de Jong (2021).

The average ship length and speed from the original model

were changed to the average ship length and speed of a ves-

sel in the SBC (170.1 m, 12.6 knots) to account for the dif-

ferences in ships used to develop the model and the ships

within the SBC region (ZoBell et al., 2024).

A range-dependent parabolic equation method

(RAMGEO) was used to calculate propagation loss (PL) as

a function of range and depth at 10-degree intervals around

the center of each grid cell (Collins, 2001). The maximum

range of each radial reached 40 km with a maximum depth

of 900 m below the seafloor. Range-dependent temperature

and salinity profiles from the California State Estimation at

Scripps (CASE-STSE) were used to compute sound speed

profiles in 1/16 spatial resolution. Sediment properties from

ZoBell et al. (2024) as well as the Ocean Discovery Drilling

Program were used to include range-dependent acoustic sed-

iment properties in the model (ZoBell et al., 2024). PL was

subtracted from MSL for the grid cells activated by the pres-

ence of a ship. The duration of time (in seconds) each ship

was in the grid cell was converted to dB using 10*log10(du-

ration), resulting in cumulative SEL for all ships within the

grid cell for each hour. Hourly SPL was then calculated by

subtracting the duration of a full hour in seconds,

10*log10(60*60), from SEL, yielding SPL values in dB re

1lPa2 for each grid cell. Wind noise was incoherently

summed with ship noise (in pressure), to generate the cumu-

lative modern noise map for abiotic (wind-driven) noise

sources and human-made (ship) noise sources.

C. Source-centric simulations

Source-centric noise reduction was simulated for two

speed reduction approaches and one design approach. The

original (August 2017) AIS data were used to compare orig-

inal speeds from the modern ocean noise model to simulated

AIS data which incorporated the same vessels but with

reduced speeds and changes in design. For the first simula-

tion, vessel speeds of all ships were reduced to a target

speed of 10 knots. Vessels transiting at 10 knots or less from

the original AIS data were not changed. MSLs were recalcu-

lated for each ship at the 10 knot speed. The additional time

it took the vessel to transit at 10 knots was added to the

duration in each grid cell to account for increases in SELs

with increased time spent in the cell.

The next source-centric approach simulated the reduc-

tion in speed solely for cargo ships (AIS type 70-79). All

speeds from cargo ships in this simulation were reduced to

10 knots and MSLs were recalculated. Cargo ships transiting

at or below 10 knots were not changed. Subsequent

increases in time with the slowdown were added to each

grid cell. The original AIS data were used for ship types

other than cargo ships, and no speeds or durations were

altered.

Finally, source-centric noise reduction through ship

design modification was simulated across the region. A con-

tainer ship retrofitting effort undertaken by Maersk was

shown to reduce MSL at 50 Hz by 2.9 dB (ZoBell et al.,
2023a). To investigate how this design, and design efforts in

general, may affect the acoustic environment across space

and time, a design simulation was conducted by subtracting

2.9 dB from the MSL at 50 Hz for all cargo ships within the

region. Speeds and durations were not modified in this

approach, and ship types other than cargo ships did not

receive a simulated retrofit.

D. Space-centric simulations

A space-centric approach was investigated by analyzing

existing shipping lanes and prospective modifications in the

area. In 2023, the USCG initiated a PARS on the Pacific

West Coast (United States Coast Guard, 2023). In the pro-

posal, the USCG considers the addition of a fairway on the

southern side of CINMS, called the Pt. Mugu Fairway.

Seven space-centric simulations were performed to identify

changes in SPL with the addition of the Pt. Mugu Fairway

and several modifications to the lanes throughout the region.

SPLs were modeled with the implementation of the Pt.

Mugu Fairway to investigate the soundscape with this alter-

ation before it is potentially implemented. In addition to the

proposed Pt. Mugu Fairway, two alterations to the fairway

were simulated, both considering multi-routes and single-

route options, for a total of seven simulations. The multi-

route simulations allowed for 80% of the cargo transits to be

on the SBC TSS and 20% on one of the southern routing

options, to emulate the percentages found on these lanes in

the August 2017 AIS data. The single route option removed

all cargo ship transits from the SBC TSS and had 100% of

the cargo ship transits on the southern routing options.

Although this option has not been proposed by the USCG in

the 2023 PARS, the simulation allows for this option to be

considered in future marine spatial planning efforts.

The routes and the percent of cargo ships per day are

displayed in Fig. 2. The first simulation reflects the original

AIS data and includes the USCG approved SBC TSS and

the voluntary western lanes (SBC TSS). The second multi-

route option includes the TSS and the proposed Pt. Mugu

3536 J. Acoust. Soc. Am. 156 (5), November 2024 ZoBell et al.
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Fairway (Multi-route: Pt. Mugu Fairway). The third multi-

route approach model includes the TSS and a slight modifica-

tion to the Pt. Mugu Fairway in which the lanes extend

straight, reducing the area in which the lanes are directly adja-

cent to the CINMS boundary (Multi-route: Modified Fairway).

The final multi-route technique includes the TSS and the pro-

posed Pt. Mugu Fairway with a 10 km buffer from the closest

lanes to the CINMS boundary (Multi-route: Buffer Fairway).

The three single route options included 100% of vessel transits

to be on the southern lanes for the Pt. Mugu Fairway, Modified

Fairway, and Buffer Fairway (Fig. 2).

Each space-centric model was developed using simu-

lated cargo ship AIS data that supported the same number of

cargo ships transiting at the same speeds to allow compari-

son across simulations. On average, 15 cargo ships per day

transited in the region during August 2017, traveling at an

average speed of 13.6 6 3.7 knots. These metrics were used

to space 15 cargo ships per day with randomly selected start

times along the routes. The coordinates of the routes were

modified to model transit variation by adding a value from a

random normal distribution [mean¼ 0�, standard deviation

(SD)¼ 0.003�]. The cargo ships were given a ship length

from a random normal distribution mirroring cargo ships in

this region (mean¼ 271.8 m, SD¼ 64.2 m). The original

AIS data from ships other than cargo ships were incorpo-

rated to gain a more holistic understanding of the sound-

scape since some ship types (such as pleasure crafts and

passenger vessels) will likely not be transiting on the ship-

ping lanes at all times. MSLs for both the non-cargo ships

from the original AIS data as well as the simulated cargo

FIG. 2. (Color online) Routes and percentage of vessel transits on northern and southern lanes modeled for space-centric noise reduction simulations. Multi-

route includes both the SBC TSS (80% of vessels) and the Pt. Mugu Fairway (20% of vessels), as well as two altered Pt. Mugu Fairway options. The single-

routes have the proposed and altered Pt. Mugu Fairways supporting 100% of vessels.
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ships were computed based on ship type, length, and speed,

and subtracted from the PL grid. The SPL was then com-

puted and extracted from within each habitat boundary.

E. Noise reduction summary statistics

PL was subtracted from MSLs for each of the source-

centric and space-centric simulations. The duration of each

ship’s presence in each grid cell, whether original or altered

based on the simulation, was then added in linear space to

calculate SEL, which was then used to compute SPL in dB

re 1lPa2. SPL was calculated for each simulation across the

full grid and extracted at each grid cell within the critical

habitats. The distribution of SPLs within the critical habitats

for each simulation was analyzed to identify differences in

SPLs across simulations.

To quantify differences between simulations, the SPLs

computed from the source-centric simulations were sub-

tracted from the modern SPLs that utilized the August 2017

AIS data. For the space-centric simulations, the SPL reduc-

tion was computed by subtracting the simulations from the

SBC TSS model, which emulates the same vessel distribu-

tion as the original AIS data. Larger negative values indi-

cated higher SPL reduction, while smaller negative values

indicated lower SPL reduction.

To evaluate the spatial extent of SPL reduction from

the simulations, excess noise (simulated noise–wind noise)

was calculated for each simulation. The percentage area

within each critical habitat where excess noise was greater

than 3, 6, and 9 dB was calculated. The percentage reduc-

tion in space with excess noise at each of the levels

was then compared between modern SPLs (SBC TSS

model for space-centric approach) and the SPL from each

simulation.

III. RESULTS

Simulated SPLs were evaluated in three habitats (blue

whale BIA, humpback whale BIA, and CINMS) using a pre-

viously developed model that was validated with local pas-

sive acoustic recording data (ZoBell et al., 2024). Three

source-centric and seven space-centric simulations were

investigated to identify the most effective techniques for

noise level reduction. Ship traffic speeds and routes from

August 2017 served as the modern baseline for the region.

Results for all simulations were summarized as monthly

SPLs and noise reductions were assessed by calculating dif-

ferences in monthly SPLs per grid cell compared to the

modern ocean noise model. Within each critical habitat,

SPLs were extracted, and the distributions were compared

across simulations and baseline conditions (modern and pre-

industrial, Figs. 3–6). Further, excess noise levels—defined

as simulated noise levels that exceeded pre-industrial noise

levels within a grid cell—were compared across simulations

by calculating the change in percentage area experiencing

excess noise (Table I).

A. Source-centric: SPL analysis

Noise reduction across the full grid was evaluated for

three source-centric methods: speed reduction to 10 knots

for all ships, speed reduction of cargo ships only, and ret-

rofitting (redesign of propellers and bow) of cargo ships.

The difference in SPLs from the August 2017 AIS data

(modern) and the simulated techniques across the full grid

are shown in Fig. 3. The simulations predict a maximum

noise level reduction of 4.1 dB (speed reduction of all

ships), 3.5 dB (speed reduction of cargo ships), and 1.5 dB

(retrofit of cargo ships). All the simulations produced a

reduction in SPLs, despite an increase in the time ships

spent in the grid cells during the speed reduction

approaches.

Noise reduction within each habitat was investigated by

extracting the monthly SPL data within the boundaries of

the habitat for each simulation. All simulations demonstrated

reductions in noise compared to modern levels (Fig. 4). Among

FIG. 3. (Color online) The difference in monthly 50 Hz SPL between mod-

ern sound levels from August 2017 AIS data and source-centric simulations.

Blue shading indicates areas with greater reduction and white shading indi-

cates areas with no reduction. Speed reduction of all ships is predicted to

achieve the greatest reduction in SPL.
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the three habitats, the Blue Whale BIA had the highest

median modern noise levels, with the majority of its bound-

ary within the range of influence of ship noise emanating

from traffic in the shipping lanes. CINMS had the highest

maximum modern noise levels, due to a congested portion

of the TSS intersecting the sanctuary boundary and situated

atop narrow, steep-walled bathymetry that reflects sound,

causing constructive interference, the combined intensity of

coherent sound waves. In contrast, the Humpback Whale

BIA had the lowest minimum modern noise values, likely

FIG. 4. (Color online) Distributions of

modeled 50 Hz SPLs within each criti-

cal habitat for modern (August 2017),

pre-industrial, and simulated sound

levels. The speed reduction (all) simu-

lation allowed for the greatest reduc-

tion in SPL compared to modern ocean

noise levels.

FIG. 5. (Color online) The SPL difference in dB between the SBC TSS simulation and the altered route simulations. Blue shading indicates areas with a

reduction in SPLs and red shading indicates areas with increased SPLs.
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influenced by the portion of the area encompassing shallow,

nearshore regions that are shielded bathymetrically from

noise propagating from the shipping lanes and solely fre-

quented by small boats.

The implementation of a speed reduction for all ships

showed the greatest noise decrease across all three critical

habitats (Fig. 4). The maximum decrease in SPL was in

the Humpback Whale BIA with a 3.8 dB reduction. The

SPL decrease associated with speed reduction of cargo

ships was less than 1 dB different from the SPL decrease

estimated if all ships reduced their speeds. The cargo ret-

rofit approach had the smallest SPL reduction across the

critical habitats with less than a 2 dB reduction across all

habitats.

B. Source-centric: Excess noise analysis

Excess noise levels were defined as regions where

model-predicted SPLs exceeded pre-industrial noise.

Changes in the percentage area of excess noise where ship

þ wind noise was 3, 6, and 9 dB above pre-industrial noise

are given in Table I(a). Our discussion (see the following)

solely focuses on changes in excess noise of more than 3 dB.

The analysis reveals that reducing source noise for all ships,

or specifically for cargo ships, resulted in the most signifi-

cant spatial reduction of excess noise.

The Humpback Whale BIA had the greatest decrease in

area of excess noise, likely because the BIA boundary

encompasses the TSS, and extends nearshore where small

boats are present. The speed reduction for all ships simula-

tion decreased the area of excess noise in the Humpback

Whale BIA by up to 27% and the speed reduction for cargo

ships alone decreased the area of excess noise by up to 23%.

The cargo retrofit simulation resulted in the smallest

decrease in area of excess noise of only 8.5%.

FIG. 6. (Color online) Distribution of SPLs within each critical habitat for seven space-centric simulations, in addition to pre-industrial ocean noise. The

single-route techniques allowed for the greatest reduction in SPL compared to the multi-route techniques.

TABLE I. Change in the percentage area of excess noise (ship þ wind

noise 3, 6, and 9 dB above pre-industrial noise) for each simulation in

comparison to the modern ocean noise levels across the critical

habitats.

Simulation

Excess

Noise

threshold

Change in the % area of excess noise

Blue

Whale BIA

Humpback

Whale BIA

Channel

Islands NMS

(a) Source-centric

Speed reduction (all) > 3 dB 24.8 27.3 12.1

> 6 dB 21.5 22.4 5.4

> 9 dB 12.4 12.7 5.8

Speed reduction (cargo) > 3 dB 20.7 23.0 8.8

> 6 dB 19.8 19.4 4.2

> 9 dB 11.6 12.1 4.2

Retrofit (cargo) > 3 dB 5.8 8.5 2.9

> 6 dB 9.1 10.9 2.1

> 9 dB 7.4 8.5 2.5

(b) Space-centric

Pt. Mugu (multi-route) > 3 dB 1.7 0.6 2.5

> 6 dB 2.5 1.2 2.1

> 9 dB 0.8 - -

Modified Mugu

(multi-route)

> 3 dB - 1.2 -

> 6 dB - - 0.4

> 9 dB 0.8 1.2 -

Buffer Mugu (multi-route) > 3 dB 0.8 - 0.4

> 6 dB 1.7 0.6 0.4

> 9 dB 1.8 0.6 -

Pt. Mugu (single-route) > 3 dB 53.7 58.2 7.9

> 6 dB 36.4 36.4 11.7

> 9 dB 17.4 18.2 11.7

Modified Mugu

(single-route)

> 3 dB 53.7 58.2 13.1

> 6 dB 36.4 36.4 15.4

> 9 dB 17.4 18.2 11.7

Buffer Mugu

(Single-route)

> 3 dB 52.1 57.0 17.9

> 6 dB 36.4 36.4 17.5

> 9 dB 17.4 18.2 11.7
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The CINMS had the least reduction in excess noise area

across all scenarios, likely due to its lower baseline levels.

This is attributable to its shallower bathymetry, which

attenuates ship noise faster, as well as the inclusion of the

backside of the Channel Islands, which is shielded from

much of the shipping noise generated in the channel. Speed

reduction for all ships resulted in a 12.1% decrease in the

area of excess noise, while speed reduction for cargo ships

alone reduced the area of excess noise by 4.2%. The cargo

ship retrofit simulation decreased the area of excess noise by

2.9%.

Within the Blue Whale BIA, SPL reductions were simi-

lar to those in the Humpback Whale BIA, with the area of

excess noise reduced by 24.8% (speed reduction of all

ships), 20.7% (speed reduction of cargo ships), and 5.8%

(retrofit of cargo ships). Overall, the speed reduction simula-

tions proved to be the most effective in reducing SPL inten-

sity and reducing the spatial extent of excess noise across

critical habitats.

C. Space-centric: Sound Pressure Level Analysis

Sound pressure levels were simulated for seven differ-

ent space-centric mitigation options. The difference in SPL

between the SBC TSS technique and the simulations across

the region is shown in Fig. 5. Unlike the source-centric

approaches, space-centric methods resulted in a mix of

reductions and increases in SPL within critical habitats, as

well as regions where SPL remained unchanged. The Pt.

Mugu Fairway (multi-route) approach resulted in an

increase in SPL on the southern side of Santa Rosa, Santa

Cruz, and Anacapa Islands, as noise generated from the pro-

posed fairway propagates into the CINMS boundary. The

Buffer Fairway (multi-route) approach exhibited the small-

est increase in SPL on the south side of the islands inside

CINMS.

The single-route techniques achieved maximum reduc-

tions (cell with the greatest decrease) of 11.6 dB for all sim-

ulations and a maximum increase (cell with the greatest

increase) of 7.3 dB in the Pt. Mugu Fairway simulation. The

SPLs on the north side of the island for all single-route tech-

niques were reduced by> 5 dB. With an increase in the per-

cent of traffic on the southern side of the islands in the

single-route techniques, there was an increase in SPL values

for all simulations.

The Modified Fairway and Buffer Fairway approaches

pushed some of the increases in SPL outside of the sanctu-

ary boundary. The Buffer Fairway option did not increase

SPLs on the south side of Santa Rosa Island as much as the

other scenarios. In general, the multi-route approach showed

minimal difference from the current TSS scheme when com-

pared to the single-route approaches which significantly

decreased SPLs north of the islands, at the expense of

increased SPLs south of the islands.

Within each critical habitat, the distribution of SPLs

was extracted for each space-centric technique (Fig. 6). The

multi-route SPL distributions largely mirrored the current

SBC TSS distribution, while the single-route distributions

were noticeably reduced. SPL distributions within each criti-

cal habitat shared the same patterns as the modern noise

approach that utilized the August 2017 AIS data, with the

highest median SPL occurring within the Blue Whale BIA,

the highest SPL regions occurring in CINMS, and the lowest

SPLs regions predicted in the Humpback Whale BIA.

Among the multi-route approaches, the modified fair-

way scenario achieved the greatest maximum noise level

reduction across all three habitats. However, the multi-route

techniques resulted in negligible changes in SPL distribu-

tions for the Blue Whale BIA and the Humpback Whale

BIA (increases <0.3 dB). CINMS experienced an increase

of 1.5 dB along its southern edge under the Pt. Mugu

Fairway and Modified Fairway scenarios. This was reduced

with the Buffer Fairway technique to an increase of 0.6 dB.

For the single-route approaches, all three techniques

produced approximately a 10–12 dB reduction across habi-

tats. All three single-route simulations were similar for the

Humpback Whale BIA. The Buffer Fairway simulation had

the lowest SPLs for CINMS and the Blue Whale BIA.

D. Space-centric: Excess noise analysis

To evaluate the spatial extent of noise reduction within

the habitats, the percentage change in the area of excess

noise was analyzed [Table I(b)]. The changes in the percent-

age area of excess noise where ship þ wind noise was 3, 6,

and 9 dB above pre-industrial noise are shown in Table I(b).

Our discussion focuses on changes in the area of excess

noise of more than 3 dB.

The multi-route approaches resulted in a mix of small

increases, small decreases, and no changes in the percentage

area of excess noise (>3 dB). The Pt. Mugu (multi-route)

technique created increases in the percentage area with

excess noise in all critical habitats, ranging from 0.5% to

2.5%. The Modified Fairway (multi-route) technique

reduced the area of excess noise in the Humpback Whale

BIA by 1.2%, with no significant changes in the other criti-

cal habitats. The Buffer Fairway (multi-route) technique

slightly increased areas of excess noise in the Blue Whale

BIA and CINMS by less than 1%.

In contrast, the single-route approaches consistently

achieved greater reductions in percentage area of excess

noise compared to the multi-route options. Pt. Mugu (single-

route) reduced the excess noise area by over 50% in the

BIAs and approximately 8% in CINMS. The Modified

Mugu (singe-route) reduced excess noise area in CINMS to

13%. The Buffer Mugu (single-route) produced the greatest

reduction in excess noise area for CINMS of approximately

18%, and over 50% for the BIAs.

IV. DISCUSSION

This paper presents a framework for modeling present-

day anthropogenic noise levels and projecting future noise

reduction scenarios. Our simulations of ship noise mitiga-

tion strategies (source-centric and space-centric approaches)
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demonstrated reductions in noise within critical habitats of

endangered whale species and a protected national marine

sanctuary. Multiple metrics of noise reduction are provided

to include a comprehensive picture of changes in ship noise.

Incorporating these results into the planning process for

shipping activity in the region could benefit this important

coastal marine ecosystem, especially considering anticipated

increases in shipping (UNCTAD, 2022). Simulating scenar-

ios through modeling provides a method for evaluating

noise reduction strategies and tradeoffs before they are

implemented, saving time and resources.

A. Effectiveness of noise reduction strategies in
critical habitats

Among the source-centric options explored in this

study, reducing ship speeds to a target of 10 knots for all

vessels within the region resulted in the greatest reduction

of SPLs and excess noise area across the region, including

within the critical habitats. A speed reduction applied solely

to cargo ships achieved similar reductions, albeit slightly

less; cargo ships represent an average of approximately 39%

of vessel transits in this study, but have some of the highest

MSL measurements compared to other ship types.

Retrofitting was the least effective source-centric option for

reducing noise in this study. However, this strategy would

have noise reduction benefits throughout the entirety of a

ship’s route and avoid increases in other areas, potentially

contributing to more sustainable shipping at the global scale.

The retrofitting design evaluated in this study was focused

on increasing fuel efficiency, rather than reducing noise,

although noise reduction was a co-benefit of the initiative

(ZoBell et al., 2023a). Future investigations could explore

whether retrofitting and design changes aimed specifically at

noise mitigation could be more effective. It is also notewor-

thy that bathymetry and propagation played a role in which

areas of the critical habitat were exposed to higher levels of

noise. For instance, the area immediately surrounding the

Channel Islands showed lesser changes in SPL values due to

bathymetry-driven attenuation in shallow waters.

Conversely, constructive interference increased SPL values

in regions with steep-walled bathymetry. A nuanced

approach to noise reduction that considers local bathymetry

and propagation effects is essential for optimizing noise mit-

igation in marine environments.

Based on the findings of this study, we recommend that

speed-reduction programs, such as the Protecting Blue

Whales and Blue Skies program consider expanding to

include additional ship types into their programs to increase

noise reduction across critical habitats. However, particu-

larly targeting large ships, such as cargo ships and tankers,

may allow for similar reductions. While retrofitting all cargo

ships is unlikely, identifying exceptionally noisy designs for

retrofitting—especially combined with a speed reduction

program—could achieve greater noise reduction than either

method applied alone.

B. Communicating noise reduction in coastal
shipping planning processes

Routing options redistributed areas of high and low

SPL within the study region and delineated habitats, yield-

ing different net effects. The 2023 Port Access Route Study

is proposing a multi-route approach to the region, including

the SBC TSS and the Pt. Mugu Fairway (United States

Coast Guard, 2023). Among the alterations to the multi-

route techniques investigated in this study, the Modified

Fairway and the Buffer Fairway had the lowest SPL values,

depending on the critical habitat. These findings suggest that

allowing for more space between the fairway and the critical

habitat boundaries may be beneficial. The Modified Fairway

approach achieved the greatest reduction in the area of

excess noise among the multi-route options.

External protected area buffer zones have been reported

to be beneficial in protecting critical habitats from spreading

threats, such as noise (Kubacka et al., 2022; Palomo et al.,
2013; Shafer, 1999). In these areas, beyond-boundary

awareness was noted to be an important factor in deciding

where threats are delimited in proximity to these protected

areas. External buffers may be helpful when proposing ship-

ping lanes in this region, with overlapping protected areas

and threats (Kubacka et al., 2022; Palomo et al., 2013).

However, it is important to note that the noise reductions

achieved by the multi-route techniques were on the order of

1–2.5 dB, which was significantly less than the reductions

achieved by the single-route techniques.

Although not proposed in the 2023 PARS, the removal

of the SBC TSS resulted in the most significant reduction in

SPL and excess noise area for both the source-centric and

space-centric options. The Blue Whale BIA and CINMS

showed the greatest reduction in SPL with the Buffer

Fairway technique, while the Humpback Whale BIA had the

greatest reduction with the Modified Fairway technique. The

single-route fairway options led to reductions in excess

noise area of over 50% for both the Blue Whale BIA and

Humpback Whale BIA. Given these findings, we recom-

mend that future PARS consider the removal of the SBC

TSS, redirecting large commercial ship traffic exclusively to

the southern side of the Channel Islands.

The routing changes examined in this study are helpful

for the BIA and national marine sanctuary boundaries within

the SBC region as they were defined at the time of this anal-

ysis. However, as ocean conditions change and new bound-

aries are designated, we recommend revisiting and updating

these simulations to account for changes in species’ home

ranges and migration pathways resulting from global envi-

ronmental change.

C. Additional considerations and next steps

While we have outlined several proposed strategies

here, there are additional options that merit consideration.

As mentioned earlier, this study only included habitat

boundaries that were published at the time of analysis, how-

ever, many other species utilize this region during different
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times of the year. Eastern North Pacific gray whales migrate

from their breeding grounds off Baja California, Mexico, to

feeding grounds in Alaska, following the California coast-

line for much of their journey. Additionally, past studies

indicate a year-round presence of fin whales along the West

Coast. Future analyses could incorporate revised BIAs for

cetaceans in the West Coast region of the U.S., as well as

consider other species of concern, such as fish and inverte-

brates (Calambokidis et al., 2024).

In addition to considering alternative habitats, future

research would benefit from the investigation of additional

noise reduction strategies and techniques. For instance, the

current traffic patterns show that 80% of vessels utilize the

SBC TSS while 20% of vessels use the southern lanes.

Future forecasting analyses could investigate how varying

the percentage of usage between these two routes might

impact noise levels to identify the potential for reduction of

SPLs and areas of excess noise within habitats. There may

also be simulations in which a combination of source-

centric and space-centric options are employed. For exam-

ple, if vessels were required to slow down on the SBC TSS

while maintaining a slightly faster target speed for the south-

ern lanes, this might make the transit times for the two

routes equivalent, removing an incentive for vessel opera-

tors to choose the faster route.

Dynamic management could offer an additional strategy

for mitigating noise pollution in this region. The Blue Whale

and Humpback Whale BIAs are feeding regions that are only

occupied by these species for specific months of the year. The

Protecting Blue Whales and Blue Skies program incentivizes

vessels to slow down during the months of peak whale feeding

and migration (Morten et al., 2022). Another example of a

temporally dynamic management effort is the mandatory

North Atlantic Right whale seasonal management areas, where

vessels are required to transit at 10 knots or less during peak

whale season (Laist et al., 2014; Merrick et al., 2001). Spatial

dynamic management, such as routing efforts could be

employed in the same way, by employing the SBC TSS during

months out of the year when whales are not present and

employing the Pt. Mugu Fairway lanes when whales are utiliz-

ing the SBC. Considering the planning unit size, which is cur-

rently under discussion for conservation efforts addressing

whale entanglements, could be considered in spatial dynamic

management for routing as well (Welch et al., 2024).

Overall, this paper identifies an approach for modeling

current anthropogenic ocean noise and simulating future

scenarios. We propose actionable steps to reduce ship noise

in a heavily trafficked area overlapping with critical habi-

tats. To effectively address noise in this region, managers,

industry, and government agencies may begin to implement

strategies that are known to reduce anthropogenic noise and

minimize potential impacts on marine species.
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