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Abstract The radiated noise from a high-speed jet propelled watercraft (the M/V Alakai, 1646 tons, length of 117 m) was measured at hydrophone depths of 3, 6 and 10 m while the ship passed by at speeds of 12, 24 and 37 knots. Noise spectra were similar for all speeds and hydrophone depths. The spectra peaked below 100 Hz and dropped off continuously at higher frequencies. The calculated source level noise was 10 to 20 dB lower than noise from propeller driven ships, and much lower than for ships of similar speed. Although exposure to noise radiating from the M/V Alakai over short time periods is unlikely to cause hearing damage to whales, the combination of low radiated noise levels and high transit speeds leads to a shorter closing time (defined as the time between when the source level of the ship at a stationary receiver is greater than ambient noise and the time that a ship traveling directly toward the receiver arrives at its location) between the ship and the whale. Compared to other types of ships traveling at similar speeds, closing time for the Alakai ranges from 20 seconds shorter (at 12 knots) to 22 minutes shorter (at 37 knots). The shortest closing time for the Alakai is 89.1 seconds at a speed of 12 knots. Shortened closing time might reduce successful detection and avoidance of high-speed jet propelled ships by whales, and increased speed shortens the time during which whales have the opportunity to respond to this detection. 
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INTRODUCTION 

Two main issues of concern for the impacts of high speed jet-propelled craft (HSC) to cetaceans 

are the impact of anthropogenic noise and the possibility of ship strikes. Jet-propelled craft 

(which use water jets) are fundamentally different from conventional craft in that they have no 

external propellers. Instead, an intake at the bottom of the hull allows water to pass underneath 

the vessel and into a pump. The water pressure inside the inlet is increased by the pump and 

forced backwards through a nozzle to propel the craft. As a result of this increased water 

pressure, jet-propelled craft have a higher cavitation inception speed than conventional craft with 

external propellers. Cavitation is the primary source of underwater noise from marine craft 

(Baldino et al. 2012). In 2009, measurements were taken of the radiated noise of a jet-propelled 

high speed craft (the M/V Alakai, International Maritime Organization # 9328912) at different 

speeds to estimate its acoustic impact and to determine its detectability and possible impact on 

whales.  

In addition to its influence on ship detectability and strikes, ship noise could also have 

other  adverse effects on whales. Hearing is an important sensory system for cetacean foraging 

and communication, as sight, touch, and chemoreception have limited ranges and signal speeds 

underwater. Anthropogenic noises, such as those produced by ships, can have deleterious 

physiological, acoustical, and behavioral effects on cetaceans. Physiological impacts include 

hearing damage (Southall 2007, Clark et al. 2009, Mooney et al. 2009) and increased stress 

hormone levels (Rolland et al. 2012). Sounds can result in acoustic masking of communication 

signals (Hatch et al. 2012, Jensen et al. 2009, Clark et al. 2009). Behavioral changes related to 

anthropogenic sound include avoidance (Moore & Clarke 2002, Dunlop et al. 2013), changes in 

call characteristics (Parks et al. 2007, Parks et al. 2011, Holt et al. 2009), changes in song length 

(Fristrup et al. 2003, Risch et al. 2012) and changes in dive behavior (Pirotta et al. 2012, 
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Nowacek et al. 2007). Humpback whales produce two types of signal: songs and social sounds. 

Songs are between 5 and 20 minutes long, and consist of repeating themes (Payne and McVay 

1971). Although the exact function of these songs is not fully understood, there is consensus that 

the songs play an important role in behavior and social interactions (Tyack & Whitehead 1983, 

Frankel et al. 1995, Au et al. 2000).In this study, we present measurements of underwater sound 

for a high speed craft and discuss the potential ability of cetaceans to acoustically detect this ship 

type from various distances in comparison to conventional ships with external propellers.  

 

METHODS 

Radiated noise was measured from the Alakai, an aluminum hull catamaran ferry 

designed by Austal USA. It is 117 m long and 24 m wide, with a displacement of 1646 tons. The 

ferry is powered by four MTU 20V 8000 M70 engines with two KaMeWa 125 s11 propulsion 

jets. The ferry’s maximum speed is 40 knots. Measurements of both speed and sound were made 

in three locations that were comparable in depth and bottom type in the vicinity of Honolulu 

Harbor to minimize alterations to the ferry’s normal route and operational procedures (Figure 1). 

Underwater sound recordings were made with the Alakai making passes by the recording ship at 

12, 24 and 37 knots. 

<<FIGURE 1 NEAR HERE>> 

The Alyce C, a 10 m sport fishing boat, was used as the recording platform. The water 

depth was 54 m for the 12-knot measurement, 215 m for the 24 knot and 250 m for the 37-knot 

measurements. 

The Alakai’s route was chosen so that the noise radiating from the bow, broadside, and 

stern aspects could be measured. A similar trajectory was used for all three runs at different 

speeds. Recordings were made continuously during each pass, and a subset of each pass was 
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used for analysis. GPS positions (accurate to 15 m) from both the Alakai and The Alyce C were 

used to calculate the distance for closest approach of the ship and to calculate the sound pressure 

levels (dB re 1 μPa at 1 m) for the three different aspects [bow, broadside, and stern of the 

Alakai]. 

Three hydrophones located at different depths (3 m, 6.5 m, and 10 m) recorded 

simultaneously on two synced digital recorders. Two calibrated spherical hydrophones were 

used, an International Transducer Corporation model 1032 (s=-192 dB re V/ µPa up to 45 kHz) 

and an Edo Western model (s=-194 dB re 1 V/μPa over a 40 kHz range]. The transducer at 10 m 

was custom built with a spherical piezoelectric ceramic element housed in a cylindrical package 

including pre-amplifiers (s= -185 dB re 1V/μPa and a flat response up to 200 kHz). Three 

different Microtrack digital recorders operated at a sample rate of 44.1 kHz with 16 bits. The 

recorders were turned on simultaneously and a calibration noise was made to provide a more 

precise sync signal to each hydrophone. 

The root mean square (RMS) sound pressure level at the receiving boat was calculated 

using the following equation: 

       (1) 

where p(t) is the acoustic pressure as a function of time. An integration time of 1 sec was used to 

determine the sound pressure level as a function of time for each second of recording for all three 

hydrophones. The radiated noise from the Alakai at different aspects (bow, broadside and stern 

aspects) was calculated in the lab, using time-synced video and the time-stamped GPS tracks 

from the Alakai to determine the time at which the ferry would have its bow directed (within 

10o) towards the hydrophone array, when it would be broadside, and when it would have its stern 

directed within 45o. Aspect was determined from both the video footage and the angle from the 
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Alyce C’s location to the Alakai’s route. Once the appropriate times were found, the distance 

between the two vessels was calculated and the received sound pressure level was referenced to 

1 m re 1 μPa using the following equation. 

  ( )RSPLSPL recm log201 +=     (2) 

Where SPL1m is the sound pressure level at 1 m, SPLrec is the recorded sound pressure 

level, and R is the distance between the hydrophone and the sound source. This equation 

assumes spherical spreading of the acoustic energy, which is an approximation of the sound 

propagation. Modeling based on simple propagation is sufficient due to the short ranges, and 

detailed modeling of the propagation is beyond the scope of this project. The range at which the 

Alakai noise from the bow aspect would be louder than ambient noise was found by calculating 

the spherical spreading (Equation 2 above), and determining at what distance R the SPL of ship 

noise was greater than the SPL of ambient humpack whale chorusing during peak season (at this 

time, ambient noise levels are determined by the level of whale chorusing, Au et al. 2000). 

Closing time, defined here as the difference between the time when the sound of the ship is 

louder than the ambient noise during peak chorusing and the time when the ship would arrive at 

that location, was determined using the following equation, which divides the range (or distance 

between the animal and the ship) by the speed of the ship: 

Time =
Range
Speed       (3) 

 

RESULTS 

Examples of the timeline of sound pressure levels before, during and after passage of the 

ferry are shown in Figure 2. At the closest approach, the ferry was nearly broadside to the 

hydrophone array and there is a peak in the recorded sound levels at 10 m depth as can be seen in 
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Figure 2. The sound pressure level at 1m, as a function of speed is shown in Figure 3 for the 

three different aspects of the Alakai with respect to the three hydrophones at depths of 3, 6.5 and 

10 m. The hydrophone at the 10 m depth always measured the loudest sounds for three speeds of 

the Alakai. This is probably a result of the fact that, at shallower depths, sound waves can be 

reflected off the surface, resulting in faster attenuation. The intensity of the ship sounds generally 

increased with speed except for two situations for the stern aspects involving the hydrophones at 

3 and 6.5 m depth. The radiated sound measured broadside to the Alakai had the highest intensity 

at all speeds, 12 to 15 dB higher than at the bow and stern aspects. The radiated sounds from the 

bow and stern had very similar intensity values. The loudest sound SPL (197.1  dB re 1 μPa) 

occurred at the broadside aspect with the Alakai traveling at a speed of 37 knots. 

<<FIGURE 2 AND FIGURE 3 NEAR HERE>> 

The frequency spectra of the radiated sounds with the ferry traveling at 37 knots are 

shown in Figure 4 for the 10 m hydrophone, the 6.5 m hydrophone, and the 3 m hydrophone. All 

of the spectra were similar and consisted of broadband noise between 0 and 22 kHz (the upper 

limit being determined by the Nyquist frequency). The levels were highest at lower frequencies 

(100 Hz and lower) and decayed continuously at higher frequencies. There were no tonal signals 

recorded during ship passes. Although most ships typically have distinguishing acoustic 

characteristics between 0 to 5 kHz, only broadband noise was evident in these lower frequencies. 

<<FIGURE 4 NEAR HERE>> 

 

DISCUSSION 

The effects of ship traffic on cetacean populations are of increasing concern. Total 

numbers of ships on the ocean have increased over the last 50 years, as has the speed at which 

these ships can travel. Reports of large-whale ship strikes have increased in parallel with an 
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increase in ship tonnage and speed (Vanderlaan et al. 2009, Laist et al 2001). Coincident to these 

changes has been a 10-12 dB increase in low-frequency ambient noise (Jensen et al. 2004, 

McDonald et al. 2006, Andrew 2002). As was shown in the current study, the radiation of sound 

from ships is dependent on both the angle from the beam (defined as perpendicular to the ship) 

and the depth (Allen et al. 2012). Mitigation of ship strikes for ships of the type in this study 

must be based on research on the effect of noise and approaching ships on whale behavior. 

The northern Pacific population of Humpback whales is a specific example of one 

species that could be impacted by this ship type. In Hawaii, the number of ship strikes has been 

increasing since 1975 (Lammers et al. 2013). Humpback whales (Megaptera novaeangliae), 

which migrate seasonally to Hawaii during their breeding and calving season, are of particular 

interest because of their growing population around the Hawaiian Islands (Barlow et al. 2011).. 

Historical records of whale strikes occur most frequently from January through March 

(Thompson & Friedl 1982, Mobley 2001), when whales are at their highest densities.  Ship 

strikes are primarily reported on the island of Maui. Of known age classes, 60% of the reported 

collisions were with juveniles or calves. The majority of reported ship speeds in collisions were 

over 10 knots, which is consistent with other research demonstrating a relationship between 

increased speed and higher ship strike frequency (Vanderlaan & Taggart 2007, Gende et al. 

2011).  

At the maximum legal approach distance, the radiated sound of the Alakai is not expected 

to cause threshold shifts in humpback whale hearing. Although there have been no hearing 

measurements to date for any of the large whales, modeling suggests that they can hear sounds 

between 100 Hz and 10 kHz (Houser et al. 2001). With the Alakai traveling at 37 knots at a 

range of 91 m (the closest legal distance that a ship can approach), the highest received level was 

calculated as 160 dB. At a speed of 37 knots, the Alakai would expose a whale to this level of 
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sound for ten seconds or less. However, singing humpback whales emit units in their songs that 

have intensities up to approximately 170 dB (Au et al. 2006), and humpback whales have been 

observed swimming within one body’s length of the singer (Darling & Berube 2001). Thus at 

least for short time periods, it is likely that such sound levels will not cause either temporary or 

permanent hearing damage (also known as threshold shifts) to humpbacks. However, the 

frequencies of the noise from the Alakai do correspond to those of humpback song, and could 

interfere with communication. The fundamental frequencies of humpback song can be as low as 

200 Hz, although harmonics can range up to 24 kHz (Au et al. 2006).  

<<FIGURE 5 NEAR HERE>> 

The noise from the bow at a speed of 37 knots had a maximum intensity of 184.5  dB. 

The Alakai is quieter than ships traveling at similar speeds (Figure 5, McKenna et al. 2012, 

Allen et al. 2012). Most ship noise comes from propeller cavitation (Badino et al. 2012), and the 

fact that water jet propulsion involves no external propellers may be reducing the amount of 

cavitation. Ship size and speed are correlated with higher noise levels (McKenna et al. 2013), but 

other metrics such as hull shape, propeller type, and ship loading probably play a part and 

warrant study. Figure 6 shows the detection range, which we define here as the distance at which 

the radiated sound of the ship is quieter than 120 dB, the ambient noise level during peak whale 

season (RMS sound pressure level from Au et al. 2000) for receivers at a depth of 3 m and 10 m. 

Detection range was calculated by inserting the SPL1m values determined from the recordings 

into Equation 2 and increasing the value of R until the SPLrec value was smaller than 120 dB. We 

chose this simple definition of detection range because there are currently no available studies of 

large whale hearing ability. The detection range assumes higher discrimination ability than is 

probably realistic for humpback whales, and thus is an overestimation of detection ranges. In 

addition, humpback whale abundance has been increasing since 2000 (Barlow et al. 2011), and 
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so ambient noise levels during chorusing have probably also increased, which would result in a 

smaller detection range and shorter closing time. The detection range calculated here is shortest 

at 12 knots and increases with increasing speed. Detection ranges are shorter for receivers at 3 m 

than at 10 m. Thus, a whale at 10 m depth would detect the ship from further than a whale at 3 

m. A whale at 3 m is more likely to be struck by the ship, because of its closer proximity to the 

surface. We define closing time as the time between when the source level of the Alakai at a 

stationary receiver is greater than ambient noise and the time that a ship traveling directly toward 

the receiver arrives at its location. In comparison with other ship types traveling at similar 

speeds, closing time for the Alakai at all speeds is between 20 seconds (at 12 knots) and 22 

minutes (at 37 knots) shorter. At the slowest speed of 12 knots, the shortest closing time for the 

Alakai ranged from 89.1 seconds at 10 m to just 13 seconds at 3 m (Table 1, Figure 7).  

<<TABLE 1 NEAR HERE>> 

<<FIGURES 6 & 7 NEAR HERE>> 

Reactions of marine mammals to the noise of approaching ships are poorly understood 

and variable by species (Southall 2007, Miksis-Olds et al. 2007, Nowacek et al. 2004b). 

Manatees show avoidance reactions to louder ships, reducing the risk of ship strikes (Miksis 

Olds et al. 2007), but north Atlantic right whales react to alert stimuli by surfacing or even 

approaching the ship, putting them at greater risk of ship strike (Nowacek et al. 2004a). Whale 

behavior on hearing the sound of an approaching ship could fall into one of three categories: no 

reaction, approaching the ship, and avoiding the ship. Considering the dearth of information on 

cetacean response to ship noise, we do not feel that we can make a prediction about how 

humpback whales will react to the sound of an incoming ship. More research is needed on this 

area, for more species. If a whale did show an avoidance response, it is uncertain whether the 

closing times at most speeds and depths are long enough for the whale to hear the ship, recognize 
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it as a threat, and move out of the way (Figure 7). The recognition and response time of human 

observers to whales in the path of a ship is beyond the scope of this paper, but merits further 

study. Slowing ship speed may give human operators more time to respond to whales in the path 

of the ship. Slower ships are involved in fewer ship strikes, and mitigation efforts in some parts 

of US waters include speed restrictions to protect vulnerable whale populations, such as the north 

Atlantic Right Whale (Kraus et al. 2005), showing that decreased speed reduces ship strikes even 

with a possible concurrent decrease in maneuverability.  
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Table 1: Comparison between Alakai Speed, SPL, Distance (m) at which the ship is audible 
above ambient noise, and Closure time (s, defined as the time between when the source level of 
the ship at a stationary receiver is greater than ambient noise and the time that a ship traveling 
directly toward the receiver arrives at its location) with ships traveling at similar speeds Speed 
and SPL data for other vessel types from Allen et al. 2012, McKenna et al. 2012 and distance 
and closure were calculated as part of this study. 
 

Ship Type Speed (m/s) 

SPL at 1 m re 1 

mPa 

Distance 

(m) 

Closure 

(s) Source 

Fishing Vessel 5.4 179.0 890.0 164.8 Allen 

Fishing Vessel 5.8 192.0 3980.0 690.8 Allen 

Fishing Vessel 6.0 180.0 1000.0 167.6 Allen 

Alakai 6.2 174.9 550.0 89.1 This Study 

Tanker (Chemical) 6.2 176.6 670.0 108.1 McKenna 

Fishing Vessel 6.4 187.0 2230.0 349.6 Allen 

Container 11.0 184.2 1620.0 147.3 McKenna 

Container 11.2 188.1 2540.0 226.8 McKenna 

Cruise Ship 11.3 219.0 89120.0 7910.3 Allen 

Alakai 12.3 179.9 980.0 79.4 This Study 

Catamaran 13.9 201.0 11220 804.8 Allen 

High Speed Craft 18.4 210.0 31620 1716.9 Allen 

Alakai 19.0 197.1 7160.0 376.2 This Study 

______________________________________________________________________________ 
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Figure 1. Map showing the locations where the radiated noise from the Alakai was measured at 
speeds of 12 knots (54 m depth), 24 knots (215 m depth), and 37 knots (250 m depth). Inset map 
shows the island of Oahu. Specific geomorphology of the bottom is unavailable at these 
locations, but is probably sand or pavement (defined as low-relief, carbonate rock with coverage 
of algae, hard coral, gorgonians, zooanthids or other sessile vertebrates dense enough to partially 
obscure the underlying surface). 
 
 

Figure 2. Examples of received sound pressure levels as a function of time for the hydrophone at 
the 10 m depth. Recordings for depths of 3 m and 6.5 m were similar. The range between the 
Alakai and the Alyce C varied as a function of time according to the specific trajectory of the 
ferry. 
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Figure 3. The broadband (0-22 kHz) sound pressure levels of the ship noise as a function of 
speed and aspect of the Alakai. SPLs were calculated using Equation 2. GPS accuracy resulted in 
an uncertainty of ±23.5 dB. This type of uncertainty is inherent in any study which uses GPS 
locations to determine distance for SPL calculation. 
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Figure 4. The frequency spectra of the radiated noise from the Alakai traveling at 37 knots, 
integrated over 1 s, as measured by the hydrophone at a depth of 10 m for the bow aspect (front 
of the ship),the beam aspect (perpendicular to the ship), and the stern (back of the ship). 
Frequency is on the horizontal axis and the relative amplitude is on the vertical axis. Low 
frequency noise was also broadband with no distinguishing acoustic features. The spectra were 
computed with a Fast Fourier transform (FFT) algorithm within Matlab, using a rectangular 
window and 44,100 points. Hydrophone sensitivity was not included when creating these 
spectra.  
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Figure 5. Comparison of noise measurements from the Alakai and other ships of similar speeds 
and SPLs. All measurements are taken from the broadside of the ships. The Alakai is 
consistently quieter than other ships, especially at high speeds. Data from McKenna et al. (2012) 
is indicated by * and data from Allen et al. (2012) is indicated by **. 
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Figure 6. Estimated range in km at which the received sound of the Alakai would be louder than 
ambient noise of humpback whale song during whale chorusing in peak humpback season for 
whales located at a depth of 3 m and 10 m. This is the distance at which a ship could be 
potentially detected. SPL measurements from the bow aspect of the ship are used because this is 
the orientation in which a ship would be approaching the whale. 
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Figure 7. Closing time (defined as difference between the time when the time the sound of the 
ship is louder than the ambient noise during peak chorusing and the time when the ship would 
arrive at that location) for the Alakai at 12, 24, and 37 knots and at depths of 3 m and 10 m. This 
is the amount of time between when a whale could possibly hear an oncoming ship and have an 
opportunity to react to that ship. 
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