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ABSTRACT
While noise emissions are an unintentional by-product of shipping operations, hydroacoustic
equipment such as multibeam sonars deliberately introduce high levels of noise into the subsea
environment. In this paper, we model the sound field around a ship operating two types of
hydroacoustic equipment, both in directions that are meant to be insonified and those that are
not. A concept has been developed to quantify the accumulated noise exposure to a receiver
in the water space around the ship. The paper describes the philosophy of the approach and
the calculated sound exposure around the transmitting sound source for two typical systems.
The results for noise exposure can be used to assess the effect on animal receivers with their
respective characteristics.
KEYWORDS
Environmental impact; Engineering; Mathematical models; Hydroacoustic equipment; High
frequency sound sources; Sonar

Copyright Journal of Ocean Technology 2020

The Journal of Ocean Technology, Vol. 15, No. 1, 2020 45

INTRODUCTION
The use of acoustic methods provides
information on the marine environment.
It is also increasingly used for subsea
communication and positioning of vessels
(and other infrastructure) at sea. Scientific
equipment emits high levels of sound to
determine bathymetry, sub-bottom structure,
physical and chemical properties of the water
column, and the abundance of marine life.
Also, the vocalization of marine mammals
covers a wide range of frequencies similar
to the range used by manmade underwater
equipment. Therefore, animal communication
may be susceptible to acoustic disturbance
or masking and manmade noise might
eventually impact animal fitness. Toothed
whales can produce signals of considerable
strength at high frequencies, depending on
species and signal character. For example
Møhl et al. [2000] report levels for sperm
whales from 170 to 220 dB re 1 µPa m at
frequencies 2 kHz to 16 kHz; and Kyhn et
al. [2009] report a level of around 200 dB
re 1 µPa m at approximately 130 kHz for an
hourglass dolphin. These peak levels of very
short duration clicks are close to the levels of
scientific hydroacoustic equipment. However,
the character of manmade sound emissions
is different from naturally generated sound.
Animals which are able to receive or react
to this sound may be susceptible to physical
damage due to high sound levels.
Here we scrutinize the sound levels emitted from
hydroacoustic equipment used during scientific
surveys. The results shall serve as a basis to
assess the sound exposure of scientific sound
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sources on animal receivers in comparison to
environmental and shipping noise.
This work was conducted for the German
Environment Agency which is the German
regulator for any activity in the Antarctic
carried out by German nationals or originating
from its territory. The Antarctic Treaty
prohibits the possible killing, injuring,
capturing, handling, and molesting of all native
marine mammals and therefore requires a
detailed environmental impact assessment of
any activities planned in the treaty area.
As sound travels far underwater without much
attenuation, it reaches and potentially affects
marine life far away. There is increasing
concern that manmade sound emissions have
the potential to cause various detrimental
effects in the marine environment: it may
cause auditory impairment and damage in
marine mammals as well as disturbance at
lower sound levels and may furthermore
mask important biological sounds such as the
vocalization of marine life.
The modelling approach used in this
theoretical study is described and predicted
results for two kinds of typical hydroacoustic
equipment are presented.
HYDROACOUSTIC EQUIPMENT AND
OTHER ANTHROPOGENIC NOISE
SOURCES
The increase in undersea noise level over
the past decades is attributed to increased
shipping [Andrew et al., 2002]. At larger
ranges, this increase manifests itself only at
low frequencies and is considered broad band
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in character. High frequency noise above 1
kHz is considered of less concern. As levels
are lower relative to natural background noise,
it decreases rapidly with frequency, and is
therefore masked by natural background noise.
Measurements of individual ships show the
relationship between speed and noise level
[Arveson and Vendittis, 2000]. The level at
low frequencies is understood to be mostly
generated from propeller cavitation which
is broad band in nature [Wittekind, 2014].
Sound emitted by hydroacoustic equipment
is different from shipping noise. It consists
of one or very few single tones at high levels
and high frequencies. The source levels have
to be high because the received echoes have
to exceed the self-noise of the ship which
can be in the order of 140 to 150 dB in the
15 kHz third octave re 1 µPa m for merchant
ships at service speed [Arveson and Vendittis,
2000; McDonald et al., 2006; Wittekind and
Schuster, 2016]. In terms of exposure, there
needs to be a different approach between the
two types of source, as we have to compare a
continuous and an impulsive source.
We compare the sound emitted by ships and
by hydroacoustic equipment within the third
octave covering the tonal of the considered
equipment. This third octave is close to the
critical bandwidth of the auditory systems of
mammals. As opposed to ship noise, sound from
hydroacoustic equipment is impulsive (1-50
milliseconds per emission) and tonal in character.
There are still considerable gaps in the
scientific understanding of effects of
manmade sound on marine life. There is a
known relationship between the operation
of military sonar (type SQS 53) working at
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around 3 kHz and indirect lethal effects on
Cuvier beaked whales [Tyack et al., 2011].
The hydroacoustic equipment considered
in our study mostly operates at frequencies
higher than 10 kHz and at similar peak levels
as naval sonar. However, these systems are
characterized by comparatively very short
pulses which leads to much lower sound
exposure. It can be expected that animal life
is strongly affected in direct vicinity of the
source in accordance with the limit criteria
[Southall et al., 2019; Finneran, 2016].
The effects of scientific hydroacoustic
equipment on the behavioural response of
whales are not well investigated but recent
research indicates such effects may occur. The
thorough investigation by Southall et al. [2013]
of a mass stranding of whales in Madagascar
points to the usage of a multibeam sonar as the
key factor. However, causal relationship was not
proven. Quick et al. [2016] reported behavioural
responses of pilot whales to a scientific echo
sounder. Stimpert et al. [2014] described the
impact of simulated sonar on the foraging
behaviour of beaked whales. The review of
Southall et al. [2016] demonstrates that a
diverse range of whale species clearly responds
to sonar, with a wide range of responses.
True measured radiate levels and directivity
patterns of some hydroacoustic equipment are
reported by Crocker et al. [2018].
Modelling and mapping of sonar emissions
have been reported in Zykov [2012], who
investigated a whale stranding. Lurton and
DeRuiter [2012] discussed insonification
ranges by sonar. Both consider maximum
sound exposure level (SEL) on a ship track.
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Figure 1: Geometry and parameters used in calculations.

No publication clearly relates adverse
biological effects caused by sound from
commercial hydroacoustic equipment on
marine life. The objective of this study is to
fill part of the gap in knowledge by providing
absolute sound exposure levels at different
distances from the hydroacoustic transmitters.
METHODOLOGY
The aim of this study is the estimation of sound
exposure in the environment around a passing
source. Sound sources and receivers can be
either stationary or mobile. We mainly consider
the situation where the receiver is mobile and
the source stationary or vice versa. In this
situation, there is a defined relative velocity
between source and receiver, which results in
varying distances between the two and hence
continuously changing received levels.

•
•
•
•
•
•
•
•
•

Source level
Directivity of the source
Signal duration
Repetition rate
Relative velocity of source and receiver
Distance at closest point of approach (CPA)
Depth of receiver
Characteristics of the sea bottom
(bathymetry, geo-acoustic properties)
Characteristics of the water column

A possible receiving directivity of the receiver
is not taken into account. Figure 1 shows
geometry and parameters. Variation due to
ship motion, i.e. pitch, roll, and heave, is not
taken into account.
The sonar equation for the case considered is:
					
					 (1)

In this scenario, the time-variant sound levels
arriving at the receivers depend on:

					
					 (2)
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Where RLi is received level dB
re 1 µPa²s for each single signal;
SL is source level dB re 1 µPa;
TLi is geometry-dependent
transmission loss for each single
signal; RPi is radiation pattern
for respective direction; n is
number of transmissions; τ is
duration of single signal in seconds; T0
is reference time 1 second; and RLSEL is
accumulated received level.

Figure 2: Response of a single-degree-of-freedom system to an impulse.
The 3-DB points are marked.

The source levels are taken from information
of equipment manufacturers.
They use the root mean square (RMS) value of
the wave form of the transmitted signal as source
level. There is a defined working frequency but
every system will also radiate at frequencies
other than the working frequency. This is
because the transmitting element is a resonator
which is excited by an impulse and will therefore
respond with a classical transfer function of a
single-degree-of-freedom system, Figure 2.
However, for simplicity, we assume that there
is only one frequency with one directivity
pattern which carries all transmitted power.
This is justified because the radiated energy is
still concentrated around the centre frequency.
At 2.5% off the centre, frequency levels have
already dropped by 15 dB. Deng et al. [2014]
provide examples for the levels measured at sea
and the spectral shape of a sonar transmission.
They report that there are also harmonics of the
basic frequency that have lower sound levels.
The radiation pattern of the source (RP) is not
typically considered in the sonar Equation (1).
We use it to express the variation of the source
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level in directions other than that of the main
transmitting direction.
The source levels of commercial hydroacoustic
equipment are given in their data sheets. Exact
directivity is not known for all systems but
can sometimes be inferred from the geometry
of the transmitter. This is not trivial, however,
because the manufacturers sometimes alter the
directivity pattern to improve the performance
of the systems. For a linear array and array
geometries with rotational symmetry, the
respective functions are determined according
to Sherman and Butler [2007] and Zielinski
and Wu [1991], respectively. Results for a
linear array are shown in Figure 7 and for
rotational symmetry in Figure 13.
The parameters used for modelling the source
signal in terms of frequency, signal length, and
repetition rate are adapted to reflect appropriate
settings for scientific marine research projects,
especially within the area covered by the
Antarctic Treaty south of 60°S.
Sound from these sources can be described
in several metrics of sound levels. The ones
chosen here are the metrics for sound exposure
level and sound pressure level. The sound
exposure is defined as:
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					 (3)

This value multiplied by the acoustic
impedance of the medium is essentially the
sound power integrated over time T and
normalized by T0 = 1 second.
The pressure level at each given time or time
period is:

					 (4)

The reference value p0 in water is 1 µPa.
When a source is passing a stationary receiver
while transmitting with constant rate and level,
the received level will vary with the power
radiated along the line-of-sight to the receiver
and distance. The radiated level SPLRMS for
the duration of the transmission and for each
geometry is taken as source level SL reduced
by the value of RP for the direction to the
receiver. The received power over time is
then accumulated during the passage to yield
a sound exposure level for each stationary
position in space.
We assume a spherical transmission loss along
each line with distance r to the receiver i. With
increasing frequency and longer distance,
absorption may have a non-negligible effect,
i.e.:
					 (5)
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α is the absorption coefficient in dB/km.
The model for the absorption coefficient as
a function of frequency and distance is taken
from Ainslie and McColm [1998].
In the scenario illustrated in Figure 1, the
speed of the source was assumed to be 5 m/s
(approximately 10 knots) which is a typical
working speed of a ship during scientific
surveys and 2 m/s which is taken as the
swimming speed of an animal receiver. Within
the chosen exposure time of two hours, source
and receiver would travel 36,000 m and 14,400
m, respectively. When looking from a distance
of 10,000 m, the aspect angle off beam would
be ±61 and ±36°.
We consider the water column as homogenous,
i.e., that sound velocity does not vary with
depth. A vertical gradient of sound velocity
would lead to refraction of sound waves
towards lower sound velocities. Horizontal
radiation is more susceptible to refraction
compared to vertical radiation. In sea areas
with low surface water temperatures, the
gradient is positive which means sound waves
are refracted towards the surface resulting
in higher levels close to the surface than for
the homogenous model. The effect is small at
small distances but increases with distance.
Here we consider distances between 1,000 m
and 10,000 m. To assess the effects of sound
velocity heterogeneities, we have compared
the constant sound velocity profile that we
have used as a standard case with a profile
from the Antarctic taken from Boebel et al.
[2009], Figure 3.
For the propagation calculation, the BELLHOP
beam tracing model was used [Duncan and
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Figure 3: Sound velocity profile observed in the
Antarctic Ocean (extract). The gradient is constant
below 500 m, shallow sound channel.

Figure 4: Transmission loss
for constant sound speed
(top) and profile according
to Figure 3 (bottom).

Maggi, 2006; Porter and Bucker, 1987].
Figure 4 shows the resulting transmission
loss over range and depth for a frequency of
15 kHz and a source depth of 11 m. Due to
upward refraction of sound waves, there is a
pronounced surface channel for the Antarctic
sound speed profile which will result in higher
levels close to the surface. This is further
quantified in Figure 5 showing a comparison of
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the transmission loss along the 50 m depth line.
There is a change in the interference pattern
at all ranges but levels start to be higher only
beyond 5 km. At ranges up to 10 km, the level
for the Antarctic profile is about 10 dB higher.
In warmer regions of the ocean, the gradient
of the sound speed is usually negative [Urick,
1982] which would result in lower levels close
to the surface. With the sound channel at the
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Figure 5: Transmission loss
along the 50 m depth line
for iso-velocity condition
(black) and Antarctic sound
speed profile (red).

Figure 6: Reflection coefficient
for sea bottom.

surface, the range for the same received levels
is several times longer if no other effects are
taken into account such as scattering at surface
reflections. Figure 4 shows that at greater
depths the difference in insonification for the
two different sound velocity profiles becomes
less pronounced.
The received level will also depend on the
type of seafloor and water depth. The bottom
will reflect incoming sound waves according
to their speed of sound, the seafloor’s
characteristic impedance, and angle of
incidence. In this study, we assume a P-wave
velocity of 1,600 m/s and a density of 1,450
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kg/m3 for the surface sediments. These are
values typically encountered in the Southern
Ocean [Breitzke and Bohlen, 2010], but there
is of course great variability depending on the
geological setting. The reflection coefficient
is taken from the BELLHOP model, Figure 6.
The angle of total internal reflection is such
that below 60° off vertical the reflected wave is
attenuated by 7 dB compared to the incoming
wave. Above 73° there is total reflection.
The sound level observed at the receiver
is also influenced by background noise.
Background noise can also be expressed
as exposure level and can be compared
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to the exposure of the source for a given
time period. However, in this study, the
accumulation of sound power was limited
by an arbitrary period of source passage
of two hours without consideration of the
influence of background noise. To compare
to background noise, the exposure level
of the background noise of interest within
the considered frequency range, e.g., the
one third octave, has to be accumulated
for the exposure duration respectively (see
corresponding paragraph in “Deep-Sea
Multibeam Echo Sounder”).
We solve the sonar equation for each individual
geometry. The sum of all sound pressure levels
(SPL) is integrated over time to yield SELcum.
We plot the resulting SEL as contour plots for
distance and depth. For SELcum we calculate
up to the 100 dB contour which is expected
to cover all future regulation limits although
today’s limits are much higher, e.g., the
threshold shift values of the U.S. National
Marine Fishery Service [NMFS, 2018].
With the procedure described above, we have
investigated seven hydroacoustic systems
that are regularly used on research vessels.
Below we describe the results for two of these
systems – a multibeam echo sounder and a
scientific echo sounder.

of two linear arrays, a transmitter mounted
under the keel of the ship extending parallel to
the ship’s axis, and a receiver array mounted
perpendicular to it (Mills cross arrangement).
This sonar is representative for similar systems
featuring a linear array as a projector. The
properties of the system are shown in Table 1.
Sound exposure and peak levels for multibeam
echo sounders in water with constant sound
speed has been calculated with similar
methodology in Lurton [2015]. Also further
details on radiation patterns of these systems
can be found there.
The projector produces a fan of high level
sound concentrated in the main lobe which
varies only slightly in the transverse plane.
The hydrophone array has a receiving response
which is rotated by 90° to the pattern of
the projector. The combination yields high
resolution maps of the seafloor.
Due to the projector geometry, the horizontal
radiation of the Hydrosweep DS3 is
significant. At 30° down from horizontal,
the level is only 8 dB lower than the level
in a vertical direction. Exposure will be
determined mainly by the main beam in the
plane vertical to ship’s course at the closest
point of approach while other directions only
contribute to a lesser extent.

RESULTS
Deep-Sea Multibeam Echo Sounder
The Hydrosweep DS (Teledyne Reson,
formerly ATLAS HYDROGRAPHIC GmbH)
is a typical multibeam echo sounder for seabed
mapping in medium to deep waters and consists
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The system transmits three frequencies in three
directions, e.g., at 14.2 kHz in -30° off vertical,
15.8 kHz in vertical, and 15 kHz in +30°
direction. The three frequencies are transmitted
in succession. As the signal of the side beams
will have to travel a longer distance than the
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Table 1: Technical data for Hydrosweep DS3.

Table 2: Signal pattern for Hydrosweep DS3.

vertical beam, the signal of the side beams is
longer to make up for the higher transmission
loss. Table 2 shows the relationship between
depth and signal duration.
Figure 7 shows the radiation pattern in
the longitudinal plane (red line) and in the
transverse plane (blue line); for definition of
the directions see Figure 1. The accumulated
radiation pattern includes all three frequencies
and their respective radiation patterns. Figure
8 shows the SEL for the same situation.
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Because of the longer signal duration (30-1530 ms), the pattern shows higher levels in the
60° and 120° direction.
At the aspects angles at the beginning and
the end of the passage RP already shows a
reduction of more than 30 dB and any further
contribution to SELcum is negligible.
Results for Sound Exposure
Figure 9 and Figure 10 show the distribution of
SEL (the level of a single pulse) for 500 m and
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Figure 7: Radiation pattern of sound pressure level (SPL) for all three frequencies.

Figure 8: As Figure 7, but for sound exposure level (SEL). The longer duration of the off vertical beams leads to relatively higher levels for
these beams.
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Figure 9: Received sound exposure level (SEL) for 500 m depth for one transmitting sequence. The 30° line depicts the beam direction for the
off vertical beams.

Figure 10: Received sound exposure level (SEL) for 2,000 m depth for one transmitting sequence.
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Figure 11: Cumulated sound exposure level (SELcum) for 1,000 m depth and transit speed of 2 m/s (top) and 5 m/s (bottom).
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2,000 m water depth up to 2,000 m distance. At
500 m depth, the transmission sequence is 8-88 ms; for 2,000 m it is 30-15-30 ms. The effect
of longer signals in 60° and 120° direction
leads to higher level in the directions close to
horizontal. The beams directed in 60° and 120°
are indicated by the 30° line in Figures 9 and
10 to exemplify the beam pattern.
Figure 11 shows the cumulated exposure for
distances up to 10,000 m and a water depth
of 1,000 m. At larger distances, propagation
is similar to a vertical wave front due to the
even radiation pattern at angles beyond 45° off
horizontal. All further geometric propagation
loss will follow cylindrical propagation.
The case of 2 m/s can be considered academic
as it illustrates a stationary ship and a moving
receiver but the difference of SELcum is very
small for distances above 1,000 m, which
means that between relative speeds of 2 to
5 m/s SELcum is insensitive to speed as the
dominating contribution comes from the beam
direction at the closest point of approach (CPA).
A comparison to background noise yields
the following information. We assume
background noise according to standard sea
state noise curves according to e.g., Urick
[1983] of 45 dB re 1 µPa²/Hz at 15 kHz. This
is approximately equivalent to sea state 4. It
converts to 80 dB if corrected for one third
octave bandwidth (+10·log10(0.23 · 15,000).
The exposure from background noise over two
hours would then be:

					 (6)
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which is exceeded by the Hydrosweep DS3
at ranges up to 3 km. If the exposure time
due to the DS3 was increased beyond two
hours with the moving source, this would not
increase SELcum because the source radiates at
more than 30 dB lower levels due to low RP
values. Background noise would then mask
these levels. Or in other words, the by far
highest contribution to SELcum comes from the
direction of the main lobes, i.e., at CPA.
We calculate the Hydrosweep DS3 emission
to compare them with the noise of a ship
with a source level of 150 dB re 1 µPa m in
a third octave bandwidth, a source depth of 5
m, a speed of 5 m/s at a water depth of 1,000
m, Figure 12. The figure shows that the DS3
(Figure 11) exceeds the influence of the ship
by far.
Scientific Echo Sounder Simrad EK60
This system is a split-beam type echo
sounder produced by Simrad/Kongsberg.
It has five circular transducers used for
five different frequencies. There is single
channel operation mode with 18 kHz and
multi-channel operation mode with four
frequencies/four transducers simultaneously.
The beam pattern is axis-symmetric with a
primary vertical direction.
This echo sounder is typical for all transducers
with planar shape and axis-symmetric beam
patterns. Technical parameters for the multichannel mode are listed in Table 3. No seafloor
was considered in the following calculations.
In the following, we analyze the sound levels
around the transducer for the multi-channel
mode with four transducers.
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Figure 12: Cumulated sound exposure for a ship with a source level of 150 dB re 1 µPa m at 15 kHz.

Table 3: Technical data
for Simrad EK60.
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Figure 13: Beam pattern as indicated by manufacturer (left), beam width 7° [Simrad-Kongsberg, 2009C] and as modelled (right). Shown is the
38 kHz component only.

Figure 14: Sound exposure level (SEL) for the multi-channel mode.
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Figure 15: Sound exposure level (SEL) for the 38 kHz component only.

For the working frequencies, beam patterns
from manufacturers are available [SimradKongsberg, 2009C; 2006; 2009A; 2009B]
and can be compared to the ones modelled for
numerical calculations, Figure 13.
The modelled beams are considered close
enough to the measured ones for use in the
exposure calculations.
For all frequencies, these patterns enter into
the calculation to yield the exposure during
passage of the source. As the axis symmetric
echo sounder radiates the same sound levels in
all directions, the decay of the received level
is much less pronounced as that of a linear
source after the source has reached CPA.

Copyright Journal of Ocean Technology 2020

Results for Sound Exposure
Figure 14 shows SEL for a single pulse of all
four frequencies. Figure 15 is the same for the
38 kHz component only. It can be seen that there
are differences only at close range to the source
which we attribute to higher absorption at higher
frequencies which becomes increasingly effective
with distance and leaves the lower frequencies
as the dominating ones in overall level.
Figure 16 shows accumulated SEL for the low
relative speed.
As with the Hydrosweep DS3, a close to
vertical wave front is observed at greater
distance except for water depth smaller than
200 m. This appears to be a systematic result
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Figure 16: Cumulated sound exposure level (SELcum) for relative speed 2 m/s.

also for other systems mounted to ship bottom.
The higher operating frequencies lead to a
smaller distance where received levels of the
same value are observed.
If the sound exposure level due to the EK60
is compared to ship noise – which has a 4 dB
lower source level at 38 kHz than at 15 kHz –
the ship, Figure 12, would still clearly exceed
the contribution of the EK60 in all horizontal
directions. We explain this by the EK60’s
pronounced directivity that focuses the emitted
sound in vertical direction.
DISCUSSION
The peak source levels of the investigated
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scientific hydroacoustic equipment used
on research vessels are similar to those of
military sonars (which transmit with much
higher power due to long signal duration).
They are also much higher than ship noise in
the respective third octave band and up to 20
dB higher than a vocalizing toothed whale at
similar frequencies.
The addressed systems have a radiation pattern
directed vertically into the water column, the
multibeam echo sounder (line array) additionally
with high levels in the transverse plane in
athwartships direction. The functions of these
systems require preferably vertical directivity
but sound cannot be focused enough without
radiation in other than the direction of interest.
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The levels in the main direction are therefore
high as it is necessary for the intended
function but the levels close to horizontal
directions can still be substantial. The SELcum
for the multibeam echo sounder working with
lower frequencies shows levels of 155 dB
up to a range of 1,000 m and 100 dB up to
a range of 10,000 m. For scientific research
equipment like the considered axis-symmetric
echo sounder working with higher frequency,
the SELcum is already at 1,000 m attenuated to
about 115 dB and will be masked by the noise
of the carrier ship.

SEL of around 140 dB but also significantly
lower SEL of 94 dB [Miller et al., 2014] have
resulted in avoidance reactions. This level is
reached in an area with a diameter of more than
20,000 m for the low frequency system.
The method developed in this work is easily
automated with the frequency and beam
patterns of given equipment as input. It yields
the accumulated SEL for defined exposure
time, source speed, and level criteria, and can
be used in assessment of environmental impact.
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