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Tuulen aiheuttamaa vedenalaista kohinaa tutkittiin Suomenlahden matalissa murtovesissé
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Preface

Even today, a substantial part of research on underwater acoustics world
wide takes place behind the curtain of secrecy. Environmentally oriented
studies, however, make an exception, where the results of naval research
can be shared with civilian applications without jeopardizing information
security. The present study deals with wind-driven underwater ambient
noise, which is of great importance both in naval and civilian applications.
The study behind this thesis was conducted in the Finnish Naval Research
Institute (FNRI) between 2006 and 2011. I express my warmest gratitude to
my colleague and co-author Mr. Seppo Madekivi for excellent collaboration,
and for his valuable comments in testing new ideas. I would also like to
thank my superiors Ph.D. Martti Kallioméki and Navy Capt. (Eng.) Pekka
Kannari for encouraging me to jump for a while from a day-to-day adminis-
trative treadmill back to the inspiring academic world, which I thought I

had left behind a long time ago. I have not regretted my choice.

When I for the first time brought my scientific material to School of Elec-
trical Engineering for initial evaluation, I got acquainted with Professor
Unto K. Laine, who later on became the supervisor of my thesis. I soon rec-
ognized that we share a multidisciplinary approach to problem solving,
which made it easy for us to discuss questions of a mixed discipline of un-
derwater acoustics. I am grateful to him for inspiring and fruitful discus-
sions during the preparation of the overview, and for coaching me back to
academia. I am also indebted to the preliminary examiners D.Sc.(Tech.)
Seppo Uosukainen and Prof. Pekka Heikkinen for their valuable comments

on the manuscript.

Finally, I thank the members of my family for their support and encour-
agement, and for their patience they showed during those numerous eve-
ning hours when their ‘Earth’s calling’ messages reverberated in the study

without reaching my conscious mind.

Helsinki, September 2011

Ari Poikonen
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1 Introduction

Major applications of acoustics in developed societies are related to music
and speech, as well as to noise reduction in industry and transportation. An
important but less spectacular aspect of acoustic research is the use of
sound and ultra sound technology in diverse branches of life and earth sci-
ences. Typical applications in medicine include biomedical imaging and the
effects of environmental noise on hearing, where acoustical engineering is a
key technology providing vital information for physicians. High-resolution
acoustic imaging of the seabed and more extensive seafloor mapping are the
primary applications of underwater acoustics in marine geophysics. In or-
der to illustrate the science of acoustics as a wide-ranging discipline, a

compilation of current applications is presented in Fig. 1.1 as a pie chart [1].

Earth Sciences Engineering

Sound jn the
atmosphere

physical acoustics!

Room ang
theatre
acoustics

Mechanical
radiation

aco\ls‘\cs

Phonons

BIO

sonsnoose

Life Sciences

Fig. 1.1: The science of acoustics (adapted from Lindsay [1]).

Underwater acoustics represents a mixed discipline sharing aspects of
physical acoustics, geophysics, and signal processing. It can also be consid-
ered as a branch of environmental acoustics if the focus is on underwater
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noise and its effects on marine life. Developments in the field of underwater
acoustics have been closely related to the requirements of naval forces,
where antisubmarine warfare has been the main impetus for research. Dis-
semination of results has accordingly been hampered by the fact that most
of the relevant research papers and reports are classified. The first edition
of the widely known text book on underwater acoustics by Robert Urick was
published in 1967 under the title “Principles of Underwater Sound for En-

gineers” [2].

Underwater ambient noise is a major environmental parameter in design-
ing underwater detection and communication systems. Probability of detec-
tion of an underwater passive sound source or an active sonar target is a
function of the underwater signal-to-noise (S/N) ratio [3]. Man-made un-
derwater ambient noise in the oceans is mainly generated by shipping,
where propeller cavitation is the most important source of underwater
noise [4]. Ross has reported that low frequency ambient noise levels have
increased by about 10 dB in the 25 year period since the early 1960s, and he
estimated that the increase over the next quarter century would be about 5
dB [4]. Increasing ocean noise pollution has led to growing concerns about
the effects of man-made noise on marine mammals [5]. This in turn has
launched intergovernmental actions on establishing regulations to control
oceanic noise pollution and to mitigate its effects on marine life [6]. In
2008 the members of the European Union signed the Marine Strategy
Framework Directive (MSFD), which states in its qualitative descriptor no.
11 as follows: “Introduction of energy, including underwater noise, is at lev-

els that do not adversely affect the marine environment”.

Major natural contributors to underwater ambient noise are breaking
waves where oscillating bubbles and bubble clouds emit sound at lower
frequencies, and combinations of bubble, spray, splash, and turbulence
dominate sound sources at higher frequencies [P III]. Most studies on
wind-driven underwater ambient noise are based on measurements carried
out in deep ocean environments, where water salinities are typically seven
times higher than those in the Gulf of Finland. The term “shallow” is his-
torically defined as water less than 100 fathoms (600 ft = 183 m) in depth,
which is in the metric system usually rounded up to 200 m. A persistent
problem in oceanic studies, however, is the difficulty in acquiring ambient
noise data below 500 Hz without the dominating influence of shipping

noise.
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Ambient noise, although it is most often considered a drawback limiting
system performance, contains information from which certain environ-
mental parameters can be extracted. Passive bottom profiling and seabed
imaging are enabled by cross-correlating vertically propagating ambient

noise obtained from beamforming on a vertical hydrophone array [7].

The objective of the study was to identify major differences in characteris-
tics of wind-driven underwater ambient noise between a shallow brackish
water environment and the oceans. Underwater acoustics of the oceans is
well documented in literature, but the existing knowledge of ambient noise
in shallow brackish water is scarce. The Navy needs the information for
underwater signal-to-noise ratio calculations in order to optimize sonar
performance in all weather conditions. The present ambient noise data pro-
vides also a baseline for future man-made underwater noise studies by set-
ting the limits of natural variation in ambient noise. Such studies are ex-
pected to grow in importance when the Marine Strategy Framework Direc-
tive is implemented within the European Union. This the reason why the
overview contains a separate chapter on underwater hearing presenting
thresholds levels for human ear and the variation of hearing thresholds

among fish and marine mammals.

The present study deals with ambient noise measurements in shallow
brackish water in an archipelago environment of the Gulf of Finland, con-
ducted between August 2006 and March 2009. The measurement site is
well shielded against low-frequency traffic noise from major sea lines.
Characteristic features of the shallow, brackish water spectra are compared
to those measured in oceanic areas using diverse spectral parameters fitted
to ambient noise data. The high-frequency behavior of brackish water spec-
tra is very likely controlled by both the bubble size distribution and the
sound attenuation in a bubbly mixture under breaking waves. The relative
importance of these physical processes in brackish water is modeled using
established dispersion and noise models [P VI]. Prior to the brackish water
calculations the bubble noise model is tested with oceanic bubble parame-
ters. It establishes for the first time numerically the relation between the
slope of -3/2 in oceanic bubble density and the high-frequency spectral
slope of 5 - 6 dB/octave. The -3/2 bubble density slope was proposed in
Nature in 2002 by Deane and Stokes [8]. They demonstrated the -3/2
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power-law scaling for bubbles smaller than 1 mm in radius experimentally,

and with the dimensional analysis of breaking wave jet entrainment.

The objectives set on the research were achieved, but interesting follow-
up themes came up during the course of the study. Spatial variability of
ambient noise in coastal areas is an important question, and the propaga-
tion of a broadband noise in a complex shallow water channel would be
worth careful modeling. For the time being there has not been much open
research in underwater acoustics in Finnish academic institutions due to a
small number of civilian applications and the multidisciplinary nature of
this branch of acoustics. The present study is presumably the first academic
dissertation in Finland on underwater acoustics. Therefore a brief history of
underwater sound and a restatement of some important acoustic equations
and parameters are presented prior to the review of underwater ambient

noise studies in oceanic areas and in the Baltic Sea.

2 Brief history of underwater sound

If you cause your ship to stop and place the head of a long tube in the
water and place the outer extremity to your ear, you will hear ships at a

great distance from you.
Leonardo da Vinci, 1490
2.1 General development

Perhaps the first scientific attempt to measure the speed of sound in water
was the experiment in Lake Geneva in 1826 by the Swiss physicist Charles
Sturm and French mathematician Daniel Colladon. They conducted a set of
measurements to determine the travel time of the sound from a submerged
bell to an underwater listening horn located at a distance of 13-14 km from
the transmitting boat. The stroke of the bell was signaled to the receiving
boat by a flash of light from burning powder [1]. Their experimental result
for the speed of sound in water at 8 °C was c=1435 m/s, which is surpris-
ingly close to the value of 1439 m/s obtained from today’s approximate
formulae for the corresponding conditions.
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Until the outbreak of World War I underwater acoustics was almost en-
tirely used as a navigational aid. Underwater bells were used in U.S. light-
houses and lightships as a sound source to signal their bearings to the ships
equipped with the receiving system consisting of two “hydrophones”, i.e.
two carbon-button microphones in a waterproof case. The system was used
in conditions of bad visibility to replace lighthouse sirens, horns and whis-
tles, whose sounds were easily masked by wind noise. In 1913 the pneu-
matically driven underwater bell was replaced by a more advanced under-
water sound source developed by Reginald Fessenden. His electrodynamic
transducer was able to transmit Morse code signals up to a distance of 50
km [9]. Underwater direction finding to lighthouses and lightships, how-
ever, was soon replaced by rapidly developing radio technology.

Shortly after the Titanic tragedy in 1912, Lewis Richardson filed patent
applications in Britain for echo ranging with both airborne and underwater
sound. Meanwhile in the U.S., Fessenden applied his transducer technology
to echo ranging, and by 1914 he was able to detect an iceberg at a distance
of about 3 km. The first experiments on depth sounding were carried out by
a French research group led by Paul Langevin. Using an electrostatic trans-
ducer the group received echoes from the sea bottom in 1916. A year later in
1917, Langevin applied the piezoelectric effect to his new transducer which
had a quartz-steel sandwich structure [2]. At the end of World War I, how-
ever, the echo ranging technology was not yet ready for operational use to
counter the German submarine threat to the Allies. Instead, U.S. ships and
submarines were equipped with a simple listening device, known as the SC
tube, which was a mechanically rotated rubber bulb stethoscope. The two
rubber detectors were spaced about 1.5 m apart, and they were connected to
a stethoscope-like binaural headset by means of air tubes [10]. Parallel se-
cret research work on transducer technology in Britain, led by Robert Boyle
with Albert Wood, produced the first practical active sound detection
equipment called ASDIC, which used the Langevin quartz apparatus as a
transducer [9,11].

Between the two world wars the development of underwater acoustics was
mainly focused on military applications, although the first echo sounders
for ships became commercially available in 1925 both in the U.S. and in
Great Britain. Quartz as a piezoelectric material was superseded by a syn-
thetic Rochelle salt crystal and a magnetostrictive nickel tube structure [9].
The first Rochelle salt crystal hydrophones replaced obsolete carbon-button
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microphones in American echo ranging equipment in the late 1920s [12].
Passive listening was soon abandoned in the U.S., and instead, the devel-
opment was focused on high-frequency active sound detection, because it
provided sharper beam patterns and therefore better bearing accuracy. In
Germany, however, passive listening was still preferred, due to the lower
attenuation of sound waves at audio frequencies, and due to the fact that
the bulk of sound energy generated by ships is concentrated within the

same frequency range.

Scientific knowledge of underwater acoustics made substantial progress
in the period leading up to World War II. In the early 1930s the influence of
bubbles on underwater sound was explained by Minnaert [13], who deter-
mined the resonance frequency of an air bubble radiating sound as a mono-
pole source. The importance of a vertical temperature profile in refracting
sound waves became understood as modeling of sound propagation in the
sea made further progress. The first bathythermographs (BT) were con-
structed in the late 1930s, and by the outbreak of Word War II, every U.S.
Navy ASW (Anti Submarine Warfare) vessel was equipped with the BT de-
vice [2].

A hydrophone array for passive listening in submarines and surface ships
had also been developed by Germany. This GHG (Gruppenhorchgerit)
group listening apparatus was the main underwater detection system used
by the German Navy during World War II. The Allies gained possession of
the system specifications after the capture of U-570 by the British in the
summer of 1941. The GHC system had two 24 Rochelle Salt Crystal hydro-
phone arrays on either side of the boat. The hydrophone signals from pre-
amplifiers were fed to an analog compensator and delay line circuitry to
obtain acoustic beamforming to the bearing selected by the operator. The
upper cutoff frequency of the audio bandwidth in the output to the head-
phones was 20 kHz, and the lower cutoff frequency was adjustable between
200 and 10.000 Hz [12,14]. The outstanding performance of the GHC
prompted the Allies to try harder to bridge the capability gap in passive
detection, but it was not until 1944, when the active sonar used by the U.S.

Navy was augmented by the JP passive listening array [12].
Systematic studies on ambient noise in oceanic waters began in the 1940s.

The high sonic band (20-50 000 Hz) in particular was extensively studied
during the war by a group led by Vern Knudsen. The ambient noise results
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of the wartime studies were summarized and published in a series of
straight lines on a logarithmic scale ranging from 100 Hz to 20 kHz, known

afterwards as the “Knudsen curves” [15].

After World War II civilian applications of underwater acoustics began to
develop in parallel with military developments. Acoustic imaging of the
seabed became possible with the emergence of sidescan sonars in the early
1960s, and multibeam echo sounders in 1970s. Echo sounding applications
extended to the fishing industry for detection and localization of fish shoals,
and to marine geology, where acoustic sediment (or sub-bottom) profilers
were developed for seabed surveys. Underwater acoustic communication
links and positioning systems are intensively utilized in today’s maritime
industries and other offshore activities. Acoustic Doppler systems have
been standard tools in physical oceanography since the late 1980s for

measuring vertical current profiles from the bottom to the surface [16].

Concerns about the effects of man-made underwater noise on marine
mammals emerged in the U.S. in the late 1970s after the studies on the dis-
turbance reactions of arctic marine mammals to noise emissions related to
oil and gas field developments [5]. The effects of low frequency active
sonars (LFAS) on marine mammals have been studied since the mid-1990s
when the first mass strandings of whales were reported and associated with
the use of military sonar [17]. Underwater applications related to sound
production, auditory capabilities, and communications of marine animals
have formed a new multidisciplinary field of science called marine bio-
acoustics [18].

2.2 Early activities in the Gulf of Finland

The first documented underwater acoustic measurements in the Gulf of
Finland were conducted during World War II for underwater surveillance.
A coastal surveillance variant of the GHC apparatus manufactured by Atlas-
Werke (Unterwasserschall-Gruppenhorchanlagen fiir Kustenhorchsta-
tionen) was installed at three locations in the central and eastern parts of
the Gulf of Finland, on the islands of Kallbddan (Porkkala), Gogland (Suur-
saari), and Vaindlo [14,19,20]. The surveillance system had two circular
arrays with 10 hydrophones in each array. The sensor units were deployed

on the seabed about 8 - 12 km off shore, and the spacing between the arrays
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was 3 - 6 km [14]. A block diagram of the coastal surveillance system is

shown in Fig. 2.1.

0.21.5/3 10 kHz
— /7 | D>

Connector unit

Bearing
compensator
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Anode
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A Hydrophone arrays

True wave front

| Slip rings
@)

Wave front direction
«—

Delay line

Fig. 2.1: Coastal underwater surveillance system (Unterwasserschall-
Gruppenhorchanlagen fiir Kiistenhorchstationen) by Atlas-Werke (1940)
used in the Gulf of Finland during WWIL. a) Block diagram of the system. b)
Detailed structure of the analog bearing compensator unit performing ana-

log beamforming (adapted from Knaapi [14]).
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The analog beamforming in the receiver was performed by a mechanical
strip-line compensator, which delayed the individual hydrophone signals by
time lags corresponding to the sound wave front propagating from a se-
lected bearing. The tapped analog delay line was accomplished as the ladder
of LC low-pass m filters, where the delay of a single section was normally 17
us, corresponding to approximately 2.5 cm of sound travel in water [12].
The number of strips in the compensator was typically 100, but it varied
from 40 to 160 during the system’s manufacturing history [21]. The sum of
delayed hydrophone signals was bandpass filtered and fed to the head-
phones, see Fig. 2.1. The bandpass response was obtained with the cascade
of high-pass and low-pass filters. The upper cutoff frequency was fixed at 10
kHz, and the lower cutoff frequency could be selected to 200, 1500, or 3000
Hz. [14].

3 Water as an acoustic medium

3.1 Sound waves in water

This section reviews some basic concepts in acoustics and compares their
use and notation in air and underwater acoustics communities. Sound lev-
els in acoustics are generally expressed as 10 times the logarithm of the
square of the ratio of the sound pressure (p) to a reference pressure (prep),

defining the sound pressure level (SPL or L,) as [22]

SPL =10 logio (p/Pre)? = 20 l0gio (p/Drep) (1)

The reference pressure in underwater acoustics is 1 pPa instead of 20 pPa
used in air acoustics. The relation between intensity and effective pressure

p (rms) for a plane wave in a physical medium i is defined as

I=p?/pici=p3/Z:, (2)

where p; is the density, and c; is the sound speed. The product pic; is the
characteristic impedance Z; , which is a medium dependent parameter. In
the case of a plane wave Z is the ratio of acoustic pressure to the associated
particle velocity v of a medium, according to “acoustic Ohm’s law” p = Zv.
Eq. (2) is valid also for spherical waves provided that the intensity is de-
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fined as a real valued quantity. The sound intensity level (IL) is defined as
10 times the logarithm of the ratio of the sound intensity (I) to a reference

intensity (), i.e.

IL = 10 logo (I/1rep) , (3

where the reference intensity now depends on the medium, unlike the ref-
erence value in the sound pressure level SPL. All relevant physical parame-

ters and reference values for air and water are summarized in Table 1.

Water is a “high-impedance” environment, where pressures need to be
multiplied by a factor of Zyawer/Zair in order to produce the same particle
velocity as in air. The behavior of acoustical quantities in different media is
outlined in Fig. 3.1 in terms of electronic circuit analogy. In an ideal “acous-
tic transformer” mechanical energy (intensity) is conserved in a lossless
transfer from “primary” environment to the “secondary” one. If sound en-
ergy of a plane wave normally incident on the interface is equal in both me-
dia the pressure level and the particle velocity follow the ideal transformer
equations, where V = p, I = v, and N = VZ, see Fig. 3.1. The pressure ratio
between water and air puater/Pair=V Zuwater/Zair) = 60 (35.5 dB). The pressure
levels of equal sound intensity for air (L,) and water (SPL) differ by 62 dB
due to the difference (26 dB) in reference pressures; L, = 0 dB re 20 pPa in
air corresponds to SPL = 62 dB re 1 puPa in water. The difference of 62 dB is
also obtained directly from the ratio of the reference intensities in Table 1.

Table 1: Physical and acoustical parameters for air and water [22].

Parameter Air Water Comment
Density p (kg/m3) @ 20°C 1.21 998 Dist. water, 1 atm
Sound speed ¢ (m/s) @ 20°C 343 1482 Dist. water, 1 atm
Characteristic impedance Z 415 1.48-10°

(Pa-s/m)

Reference pressure pr.r (uPa) 20 1

Reference intensity Ir.r (W/m2) 1012 6.8-1019

The atmosphere and the sea have also different sound absorption proper-
ties, absorption in the sea being substantially lower than in the atmosphere
at audio frequencies. Absorption coefficients for sound at 1 kHz in diverse
sea areas lie within the range 0.03 - 0.09 dB/km at 4°C [P I], while stan-
dard absorption coefficients (ISO 9613-1) for air at 1 kHz and at 10 °C are
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in the range 3.5 — 5.1 dB/km for relative humidities greater or equal than
40 %. The atmosphere is a hemispherical space in which the sound from a
confined 3-dimensional source propagates more or less as a spherical wave
which has a geometrical spreading loss of 6 dB per doubling of distance.
However, traffic noise from highways is modeled as a line source having a
spreading loss of 3 dB/oct in distance. Besides, atmospheric stratification
and wind may create conditions where propagation loss is less than pre-

dicted by the elementary theory.

Medium 1 o, Medium 2
v, I=p/Z v,

O > ™ < O

P Z1 ZQ p:

Pressure p/p=2Z/2Z,
Particle velocity v N=|2/Z,

Impedance scaling factor = Z,/Z,

Fig. 3.1: Normally incident plane wave at a boundary of two media pre-

sented in terms of ideal acoustic transformer.

In shallow water underwater sound propagates in a waveguide bounded
by the sea bottom and the surface, with the latter acting as a pressure re-
lease boundary with a high impedance mismatch. Under these conditions
sound waves typically spread in a cylindrical manner with a spreading loss
of 3 dB/oct in distance. Real propagation conditions are however governed
by a vertical sound speed (temperature) profile which can create various
forms of ducted propagation with complex loss patterns [23]. These charac-
teristics of underwater sound propagation largely explain why the sound
from a merchant ship is under favorable conditions audible over distances

of up to a few tens of kilometers.
3.2 On underwater hearing

Underwater environment changes sound transmission properties in the
human auditory system compared to those prevailing in normal listening

conditions in air. The outer ear and the auditory canal are filled with water
having the sound speed 4.4 times higher than that in air. Sound
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transmission from the ear canal through the eardrum up to the liquid filled
cochlea is affected by several medium boundaries where the characteristic
impedance changes. Somewhat surprisingly however, it has been found that
the presence or absence of an air bubble in the ear canal has no significant
effect on underwater hearing thresholds [24]. In water, sound waves reach
the cochlea without a significant loss of energy, because a human head is
acoustically more transparent in water than in air, due to good impedance
match between water and the head. It has been reported in many studies
[25,26] that underwater sound above 1 kHz is detected predominantly by
bone conduction rather than ear canal (tympanic) conduction, while in air,
bone-conducted thresholds are about 60 dB higher than those of ear
conduction [27]. Localization abilities in water, however, have been found
to degrade significantly if ear conduction is technically blocked off [25,28].

Underwater hearing thresholds for human ear, fish, and marine mammals
are compiled in Fig. 3.2. The thresholds are presented as the intensity level,
which is a medium-independent measure of the rate of energy flow to an
auditory system. The reference intensity level in all data sets is 102 W/m2.
The use of the equalized intensity scale enables better comparison of sound
levels measured in air or water, as demonstrated by Dahl et al.[31]. In terms
of the equalized intensity the human hearing thresholds in air and water
seem to be virtually identical at frequencies below 1 kHz, while at higher
frequencies the underwater threshold are substantially higher. The differ-
ence between the air and the underwater thresholds above 1 kHz is most
likely attributable to the increasing dominance of bone conduction in water
at higher frequencies [25,26].

For the sake of comparison, typical hearing thresholds for fish and marine
mammals are depicted together with the human thresholds. Fish lack both
the outer and the middle ear, as well as the cochlea. The inner ear consists
of semicircular canals and the otolithic organs, which are typically located
within the skull behind the eyes [18]. The hearing sensitivity of a fish
species is enhanced if its swim bladder and the inner ear have a structural
connection. This connection can be mechanical, through the Weberian
ossicles (e.g. carp), or else the swim bladder directly enters the skull (e.g.
herring). Fish are also able to sense low-frequency vibrations through the
lateral line system, which helps the fish in collision avoidance, self-
orientation, and prey location [30].
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Fig. 3.2: Human hearing thresholds in air (red) [22] and in water (black)
[290] compared to those of fish and marine mammals (adapted from
[18,29,30]). High and low underwater ambient noise levels represent
shallow brackish water [P V].

Marine mammals have the cochlea in their inner ear but external ears are
typically absent. Channeling of sound to the middle ear also differs
substantially from that of land mammals [30]. Hearing frequency bands for
marine mammals extend above 100 kHz, and are therefore about two
orders of magnitude higher than those of fish. The high and low underwater
ambient noise levels obtained from this study [P V] are depicted in the
same figure as power spectral densities.

4 Wind-driven underwater ambient noise

4.1 Wind characteristics above the air-sea boundary
Wind is the key physical factor generating waves at sea. Wind speed above

the sea surface is not uniform, but it varies as function of altitude within the

atmospheric (planetary) boundary layer (ABL). It is the interaction zone
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between the free atmosphere and the sea surface, where exchange of heat
and momentum occurs between sea and air causing turbulence in air flow.
The depth of the atmospheric boundary layer varies from few tens of meters
above cold Arctic seas to 1 - 2 km above warm tropical seas. The lowest
tenth of the ABL, in contact with the sea surface, is called the surface layer,
where turbulent mixing is intense [32].

The mechanical interaction that transfers momentum from air to sea is
the wind stress T (N/m?2), which is proportional to the square of the wind
speed u as T = p.Cpu2,, where p, is the density of air, Cp is the
dimensionless drag coefficient, and u;, is the wind speed at 10 meters. An
alternative quantity for the wind stress is the friction velocity u* = V(T/pa).
The drag coefficient may now be determined as the square of the ratio of
two velocities, i.e. Cp = (u*/ u0)?. The drag coefficients determined from u,,

range typically from 0.0005 to 0.0025 as wind speed increases from 3 to 25
m/s [32,33,34].

An approximate solution for wind speed above the sea surface is obtained
from the turbulent boundary layer theory applied to a smooth surface.
Turbulent air can be treated as a viscous medium where the coefficient of
eddy viscosity K, is defined as the ratio of u*? and the velocity shear
(velocity gradient du/9z). The eddy viscosity increases linearly with height
(2) due to growing size of air eddies. Theodore von Karméan formulated this
in functional form as K, = ku*z, where x is the von KArmén constant (k=0.4
for airflow over the sea surface). Substitution of this relation to the
definition of the eddy viscosity leads to a simple first-order differential
equation du/dz = u*/kz. Setting velocity to zero at the boundary surface,

u(zo)=0, the wind speed profile is solved as

u(z) = (u*/x)In(z/zo) , 4)

where z, is the roughness length of the sea surface. It is obtained from
Charnock’s relation z, = 0.0156 u*2/g , where g is the gravitational

acceleration [32].

All the wind speed measurements reported in this study are made at a
standard measurement height of 10 m using Vaisala WXT weather
transmitter station installed in the test site [P V]. Wind speeds in the study
are the average values over the time periods of sound recordings. Unstable
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and gusty wind conditions were avoided, but the measurements were
mostly conducted in steady winds where sea state conditions in the

confined test site were fully developed.

4.2 Oceanic and laboratory studies on noise mechanisms

The wind speed dependence of ambient noise in the wartime Knudsen
curves has proved to be valid and useful at frequencies greater than 1 kHz.
At lower frequencies, however, wind noise processes are more complex and
shipping noise may be considerable and difficult to distinguish from wind-
driven noise. A comprehensive review of the early oceanic studies was given
by Wenz [35]. Sources of ambient noise proposed in diverse oceanic studies
prior to the early 1980s were discussed by Urick [36], and the results were
summarized as a conceptual view of noise spectra over the frequency range
from 1 Hz to 100 kHz.. Wind noise generation processes are different at
high and low frequencies, and there is a flat region between them. Wenz
proposed that turbulent-pressure fluctuations could be the physical mecha-
nism behind the low frequency behavior, while bubbles and spray resulting
from surface agitation are the sources of wind noise at higher frequencies.
The latter assumption was partially based on the laboratory experiments
carried out by Franz in the late 1950s, in which two distinct noise mecha-
nisms for underwater sound were identified, namely the impact of a water
drop on the surface and bubble volume pulsations [37]. Oceanic underwater

ambient noise curves originally compiled by Wenz are depicted in Fig. 4.1.

Shipping noise dominates the ambient noise spectrum at frequencies
from 20 to 200 Hz. Wenz classified shipping noise into two types. Ship
noise is the short-term noise component from one or more ships passing
the hydrophone at close range. It is usually obvious and therefore easy to
remove from ambient noise data. Traffic noise is the cumulative effect of all
distant shipping in the surrounding sea area. It generates a stationary
maximum in ambient noise spectra, which easily masks the noise from

other sources.

Noise from the thermal excitation of the medium itself begins to dominate
the wind-driven noise at frequencies from 50 to 200 kHz depending on sea
state. Mellen derived an expression for underwater thermal noise using
classical statistical mechanics. The energy from compressional normal

modes of thermal vibration in a unit volume is determined as function of
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frequency. The higher the frequency, the more normal modes, i.e. degrees
of freedom of the system, are included in the volume. The final expression
is equivalent to the Rayleigh-Jeans law for blackbody radiation, where the
spectral radiance of electromagnetic radiation increases with increasing
frequency [38]. Mellen’s expression for the thermal noise (molecular agita-
tion) is depicted in Fig. 4.1 together with the extrapolated Knudsen (Wenz)

curves.

Research activity into natural mechanisms and physical sources of ambi-
ent noise increased in the 1980s and breaking waves became the subject of
intensive study [40]. A comprehensive review on low-frequency ambient
noise was given by Carey and Browning [41]. By the early 1990s it was gen-
erally recognized that the major contributors to low-frequency underwater
ambient noise are oscillating bubbles and bubble clouds generated by
breaking waves. At higher frequencies combinations of bubble, spray,
splash, and turbulence caused by breaking waves are the primary sources of
sound [42,43,44]. A persistent problem in the low-frequency studies, how-
ever, is the difficulty in acquiring ambient noise data below 500 Hz without
the dominating influence of traffic noise.

It is well established that bubble size distribution in sea water is con-
trolled by salinity although experimental results are quite variable depend-
ing on the method used. The effect of salinity on ambient noise caused by
breaking waves was simulated with a tipping trough experiment by Carey et
al. [45], who showed that salinity controls bubble size distribution such that
the proportion of small bubbles increases markedly with increasing salinity.
This phenomenon was seen as higher ambient noise levels above 4 kHz. The

level of acoustic radiation was also found to depend on salinity.

In another laboratory experiment, breaking waves were simulated in a
wave tank, where the bubble size spectra were found to be ten times higher
in oceanic-like saltwater than in fresh tap water [46]. Other studies on the
effect of salinity on bubble size distribution have been reported by Winkel
et al. [47], Kolaini [48], and Orris and Nicholas [49]. A common trend in all
the experiments is, however, the tendency of a bubble to grow in size as
salinity decreases. This is because freshwater bubbles coalesce easily,
whereas saltwater bubbles repel each other due to their different surficial
physico-chemical properties [46].
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Fig. 4.1: Underwater ambient noise in oceanic environment. Redrawn
from Wenz [35] and OSB/NRC [39].
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Deane and Stokes [8] measured bubble size distributions inside breaking
waves in the laboratory and in the open ocean. They were able to demon-
strate two distinct physical mechanisms controlling bubble size distribution.
Bubbles less than about 1 mm in radius exhibit a bubble size distribution

-(3/2)

proportional to a as a result of jet and drop impact on the wave face.

Bubbles larger than about 1 mm are subject to fragmentation by turbulent

and sheared flow, and therefore exhibit steeper power law scaling a'*?.

Surface tension has an important influence on these mechanisms, and is
controlled both by the salinity and also by the amount of various chemical
agents or impurities in sea water. It has been reported that the surface ten-
sion values of bubbles in “clean” fresh water can be twice as great as those
in “dirty” ocean water. It is evident that bubbles in brackish water have
higher surface tension than those in the ocean, thus leading to differences in
bubble size distributions [49,50].

5 Measurements in the Baltic Sea area

The Baltic Sea is a confined shallow water basin where the salinity of wa-
ter is substantially lower than the typical value of 35 ppt in the oceans. The
maximum depth in the Baltic Sea is 459 m, the average depth being around
65 m. The corresponding water depths for the Gulf of Finland are 123 m
and 38 m, respectively. Salinities in the Baltic Sea vary from 6 to 9 ppt, and
in the Gulf Finland it decreases from 6 ppt in the west to 3 ppt in the east
[51]. The physical environment of the Gulf of Finland including bathymetric
features and seasonal sound speed profiles are discussed in more detail in
[P I]. A map of the Baltic Sea and the locations of the ambient noise meas-

urements referred in this study are compiled in Fig. 5.1.

Wille and Geyer [52] reported measurements relating to a study of the
variability of wind-dependent ambient noise in the North Sea and the Baltic
Sea. They concluded that wind stress caused by the wind speed at the sea
surface governs the noise production, the role of sea wave height being sec-
ondary. Seasonal variations observed in the dependence of ambient noise
level on wind speed at anemometer height were explained by a variation in
atmospheric stratification caused by a temperature difference between air

and water. The influence of propagation loss on wind-dependent ambient
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noise in shallow water appeared to be marginal. Wagstaff and Newcomb
[53] reported seasonal variations of about 12 dB in ambient noise levels
obtained from five sites in the southern Baltic Sea. The measurements were
conducted at frequencies from 20 Hz to 2 kHz using calibrated sonobuoys.
The elevated winter levels were explained by more intense shipping activity

and commercial fishing, and by lower acoustic propagation losses in winter.

Fig. 5.1: Map of the Baltic Sea. locations of the reported ambient noise
measurements: m Wille & Geyer [52], A Poikonen & Madekivi [P I], @ Pihl
et al. [55], (A...E) Wagstaff & Newcomb [53], A Klusek & Lisimenka.
[54], ¥ Poikonen & Madekivi [P III], Poikonen [P V].

Klusek and Lisimenka [54] performed ambient noise measurements in
the Gdansk Gulf Deep in summer conditions, and in the Bornholm Deep in
winter conditions. The data were collected at two depths using autonomic
acoustic buoys. Seasonal variations were observed in ambient noise, which
changed significantly as a function of depth, depending on the structure of a

seasonal waveguide.

The Swedish Defence Research Agency (FOI) conducted ambient noise
measurements in five locations in the Baltic Sea [55]. The results followed
the standard curves by Wenz [35] except at frequencies below 100 Hz,
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where the measured levels were lower. Subsequently, FOI reported wind-
driven ambient noise measurements from a shallow water environment in
the Stockholm archipelago. The ambient noise spectra developed a steep
spectral decline below 500 Hz with increasing wind speed [56].

The Finnish Navy conducted a series of ambient noise measurements in
the Gulf of Finland in the early 1990s. The data were collected with fixed
bottom-mounted hydrophone systems located in three sites, see Fig. 5.1.
Ambient noise samples of five minutes duration were recorded every four
hours. The ambient noise levels at moderate winds appeared to be 5 - 10 dB
lower in summer than in winter. A potential explanation for this is the
higher proportion of cumulative noise in winter due to a flat seasonal tem-
perature (i.e. sound speed) profile favouring long-range sound propagation
[P1].

Poikonen and Madekivi [P III] reported the underwater ambient noise
measurements in shallow (15-20 m) brackish water in the archipelago of the
Gulf of Finland covering an entire one year period, based on measurements
made between August, 2006 and August, 2007. The frequency range of the
measurements was from 20 Hz to 10 kHz. Follow-up measurements were
carried out a year later in the same area, where the frequency range was
extended up to 70 kHz. The second data set also covered a complete year.
Meteorological sensors were set up at 10 m above sea level on the top of the
station to provide temperature, pressure and wind conditions during the
measurements. A calibrated omnidirectional hydrophone (TC4032) was
deployed in a tripod on the seabed.

The hydrophone has a flat frequency response (2.5 dB) from 10 Hz to 80
kHz and a sensitivity of -170 dB re V/uPa. The hydrophone signal was
transferred to the shore in analog form. The calibrated analog signal from
the preamplifier was sampled with a 16-bit resolution at a rate of 44.1 kHz
in the first study, and at 176.4 kHz in the broadband measurements. The
transmission bandwidth (3 dB) of the analog hydrophone cable is around
200 kHz, and the attenuation in the whole measuring band is less than 0.5
dB. The noise level of the hydrophone was sufficiently low for all the condi-
tions where ambient noise was measured. Fig. 5.2 shows the hydrophone
(system) noise level together with the extreme spectrum levels measured in
the broadband study.
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Fig. 5.2: Hydrophone (system) noise level together with the extreme spec-

trum levels measured in the broadband study [P V].

Smoothed power spectral density (PSD) estimates were obtained using
the Bartlett’s procedure, where individual periodograms are averaged over
a number of independent samples. The variance of the Bartlett’s estimate is
inversely proportional to the number of periodograms averaged. The esti-
mate is consistent because the variance approaches zero as the number of

samples becomes large [57].

The procedure applies well to wind-driven noise signals because they are
fairly stationary in time domain and their spectral structure is smooth. All
the PSD estimates in the study were calculated as the average of 32 1-
second samples. Interfering frequency lines, such as power harmonics, were
removed from the spectra using the non-linear 9-point median filtering.
Further smoothing was obtained by calculating total power for 1/3-octave
bands and then normalizing the band power to a 1-Hz band [P II].

The effect of a sea bottom on underwater noise was estimated in [P III]
using a physical noise model which calculates the acoustic intensity from
the infinite acoustic dipole distribution at the sea surface. The intensity
element of integration in the model, based on Eq.(4.36) in [16], is however
incorrect. The only cumulative term in the integration is the vertical com-

ponent of intensity. The horizontal components from the elementary di-
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poles on the opposite sides of the annulus of integration point to opposite

directions thus canceling each other out.
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Fig. 5.3: (a) Corrected accumulation of noise intensity with increasing ze-
nith angle (0). (b) Corrected difference between noise level (NL) and source
level (SL) versus impedance contrast Z,/Z; for nine typical Baltic sediment
classes which are Rock (1), Till (2), Till formation (3), Sand and gravel (4),
Secondary sand (5), Glacial mixture (6), Silt and clay (7), Post glacial clay
(8), and Recent mud (9). See Fig. 2 in [P III].

The correct expression for the total intensity is obtained by multiplying
the direct intensity element by cos6f, and the bottom-reflected intensity
element (Eq.(1) in [P III]) by cosg before numerical integration. The correct
relationship between noise level and source level in homogeneous deep wa-
ter takes now the form Ip = (2/3)nl,. The corrected results are depicted in
Fig. 5.3. together with the inaccurate curves from [P III]. The cumulative
noise curve in the upper panel becomes slightly steeper, so that the half-
power value is now reached at an angle of 41° instead of 49° obtained in [P
IIT]. The level of the intensity values in the lower panel is shifted down by
10log(2/3) = 1.8 dB, but the impedance contrast dependence, i.e. the sea
bottom effect, remains practically unchanged. Therefore the correction does

not much change the major conclusions drawn from the erroneous curves.
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Fig 5.5: Shallow and brackish water ambient noise curves (red) compared to

the average deep ocean curves (blue). Wind speeds for the curves are 14-16

m/s for A and 1, 6-8 m/s for B and 2, <3 m/s for C and 3, and < 0.5 m/s for

D and 4 [P I11].
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The shallow water curves of the present study were compared to the esti-

mate given by Wenz for the case with no traffic noise, see Fig. 14 in [35].

The shapes of the curves are surprisingly close to one another, but the level

of the present curves is slightly lower than that in Wenz’s estimate. Wind

speeds of 6 - 7 m/s (wind force 4 in Beaufort scale) in the present data are

required to reach the level obtained at wind force 3 in the Wenz curve, Fig.

5.4.
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Fig. 5.6: Set of ambient noise curves in the broadband data set exhibiting

steepening spectral slopes above 10 kHz at intermediate and high wind

speeds [P V].

The ambient noise levels in the first study [P III] were fairly close to the

average deep water levels for the highest wind speeds but the wind speed

dependences differed markedly from one another, as shown in Fig. 5.5.

Ambient noise of the broadband data set [P V] exhibited a dual-slope

spectral pattern at intermediate and high wind speeds, where high-frequency

spectral slopes were substantially steeper than those at medium frequencies,

see Fig. 5.6.
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6 Parameterizing ambient noise spectra

6.1 General principles

The objective of using parametric models in the interpretation of spectral
features is to reduce system complexity by relating model parameters to
principal physical processes that are behind measured ambient noise. Typi-
cal filter parameters, such as half-power frequencies and spectral slope fac-
tors (roll-offs), applied to ambient noise spectra, are related to the structure
of bubble size distribution in breaking waves. Low-pass filter parameters
above 1 kHz are measures of the slope factors of a bubble size distribution
[P VI]. The largest bubble size or the existence of bubble clouds can be es-
timated from high-pass filter parameters applied to low-frequency ambient

noise spectra [P IIT].

In the first data set the curve fitting was mostly performed by a visual es-
timation where the parameters were manually adjusted to obtain the best
fit [P III]. Although the visual fit performed well, a numerical curve fitting
routine using a least squares solution was applied to the second data set [P
IV-VI]. Uncertainty in fitting the model was estimated with a deviation cal-
culated from the residual sum of squares (RSS). The quality of fit between
measured and modeled spectra was generally high; residual deviations for

the fitted curves were typically less than 1 dB.

6.2 Frequency responses

The characteristic features of measured ambient noise spectra are param-
eterized using a multi-parameter logarithmic model. The ambient noise
spectrum level normalized to a 1-Hz band is approximated with a “fre-
quency response” type filter curve fitted to the measurements. The noise
model is made up of three segments of different type and slope. The seven-
parameter expression for the noise power spectral density S (dB//uPA/
VHz) may be written as [P III]
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T

where S, is constant spectral density level, fo, f; and f are the half-power (3

S(f)=S,+10log S (5)

dB) frequencies of the model segments 0-2 (filter blocks) , and m,, m; and
m, are the spectral slope factors. A pure bandpass model is obtained using
only the filter blocks 1 and 2.

The dual-slope pattern above 1 kHz in the broadband spectra is param-
eterized by means of a three-parameter logarithmic curve that fits two spec-
tral slopes to measured data. The noise power spectral density takes now
the form [P VI]

S(f)=S,-10 logﬂl + (]J;Jml }[1 + {]{2]"’2 H , (6)

where m, and m. are the spectral slope factors, and f. is the second half-
power frequency at which the spectral slope steepens. S, is the spectrum
level parameter, and f; is the first half-power frequency that is outside the

frequency band of interest.

6.3 Wind speed dependence

The wind speed dependence of ambient noise is estimated with the aid of
a two-parameter logarithmic curve [P I11]

S(w)=S,+10 logll + [uJ 1 , )
u

where S and S, are noise power spectral densities (dB//uPA/VHz), u is
wind speed (m/s), u. is the threshold wind speed, and n (=k in [P II-V]) is
the wind speed dependency factor. The curve describes the wind speed de-
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pendence in two wind speed regions separated by the threshold value of ..
In the lower noise-limited region no wave breaking occurs and the ambient
noise shows no dependency. In the higher region above the threshold wind
speed, wave breaking starts and the ambient noise rises with increasing
wind speed at a rate determined by the factor n. The model curve of Eq. (7)
was fitted to the spectral data as a function frequency and the results are
plotted in [P IIT and V]. Typical ranges for the threshold wind speed (u.)
and the wind speed dependency factor (1) are 2 - 10 m/s and 3 - 8, respec-
tively [P III-V].

In [P III] the wind speed dependence curve has an additional term to
model possible spectral saturation above a certain saturation wind speed us,
where sea state conditions become fully developed and the noise level starts
to saturate. In the published literature the wind speed dependence is often
expressed by the relationship S ~ u2", originally introduced by Piggott [58].
The wind speed dependence factor n in Eq. (7) is then twice the value of
Piggott’s factor n, i.e. n=n /2.

7 Modeling ambient noise

7.1 Bubble absorption

Underwater sound is modeled in terms of pressure fluctuations propagat-
ing as a plane wave. The propagation through a dispersive medium is gov-
erned by the complex wave number depending on angular frequency w, i.e
k = k(w) *. In a one-dimensional (x) situation a traveling plane wave for

pressure (p) may be written in complex form as
P = poeJ©kd, (8)
where j = V-1. Setting k = a - jB, the plane wave expression takes the form

P = poe e, (9)

* The standard (SFS-EN ISO 80000-8) definition for the complex wave number is
k = P -ja . In hydroacoustic in general [16], and in bubble absorption studies in

particular [59] the term £ has been used also as an absorption coefficient.
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The absorption coefficient 8 (nepers/m) determines the attenuation of a
plane wave while the coefficient a controls its phase speed. The attenuation
A in dB/m is obtained from f as A = 20log.o(e) B = 8.686 S. In electromag-
netism the inverse of § is defined as the skin depth () at which the wave
amplitude decays to 1/e of its initial value. Deane [59] has adopted the same
concept to hydroacoustics, defining the acoustical skin depth in a bubbly
medium as Lo(w) = 1/f(w). The complex wave number in a bubbly mixture
with volume fractions up to 1 - 2% is obtained from the dispersion relation

given by Commander and Prosperetti [60]

2

@ % an(a)da
ki =—+4n0° |——-—7——,
bt 4 ja)j—af+2jba)

(10)

o

where c is the speed of sound in pure sea water, a is the bubble radius, n(a)
is the bubble size distribution as a function of radius a, and w, is the natural
angular frequency, see Eq.(13). The complex damping constant b is of the

form

w’a

b= 24 + L‘;Im(@) + s (11)
2¢

2

pa®  2pa’w

where u is the kinematic viscosity, P, is the undisturbed pressure in the
bubble, p is the density of water. @ is the complex function of the ratio of
specific heats y, the thermal diffusivity D, the angular frequency w, and the
bubble radius a [49].

A bubble size distribution curve used in the study [P IV and VI] for brack-

ish water spectra is

n(a) = 0 (12)
a

where a; and a. are the lower and higher half-value limits (n=%2n,) of a
bubble size distribution, and k; and k. are the corresponding power law

dependencies on radius.
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Fig. 7.1: (a) Bubble densities for oceanic (blue) and brackish water (red)

environments, and (b) the corresponding absorption curves.

Absorption curves were calculated for bubble size distributions in diverse
environments from fresh water to ocean, and the results are presented in [P
VI]. The calculations demonstrate that absorption in brackish and fresh
water, unlike in ocean water, tends to decrease above a frequency of 10 kHz
due to the low proportion of small bubbles in a bubbly mixture created by
breaking waves. Fig. 7.1 shows typical bubble size distributions for oceanic
and brackish water environments [P VI]. The brackish water curve is ac-
cording to Eq.(12) with the parameters a;=0.1 mm, a.=0.4 mm k,= 2, and
ko= 3. The oceanic curve given by Medwin [61, p. 330] yields a rising trend
in absorption as frequency increases. The absorption of the brackish water
distribution, however, declines at higher frequencies due to the low propor-
tion of small bubbles resonating above 10 kHz. This leads to the conclusion
that the excess high-frequency attenuation in the brackish water spectra
shown in Fig. 5.6 cannot be attributed to absorption in a bubbly mixture.
Instead, the properties of the power spectrum caused by resonating bubbles
provide the most probable explanation for the steeper slopes.
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7.2 Resonating bubbles

It is well established that the primary source of ambient noise from less
than 1 kHz up to around 50 kHz is the cumulative sound from individual

bubbles oscillating at their linear resonant angular frequency [13,61]

0 =— [, (13)
a \ P

where a; is the radius of the bubble i, y is the ratio of the specific heats of
the bubble gas, p, is the ambient bubble pressure, and p is the density of
water. Loewen and Melville introduced a model for calculating the sound
from a bubble size distribution where individual bubbles are oscillating at
their lowest mode frequency and are sufficiently close to a pressure release
surface to radiate sound as a dipole [62]. The cumulative power spectrum of

a bubble size distribution is obtained by summing the power spectra of in-
dividual bubbles as

P(w) = [3,}?0)3 [/’ngjQ ZL { (5 - 2kR, )’ + 40° }

¢ ) &R kR F[6ar) +a(w, - o) [6a,F +a(w, + of ]

(14)

where d is the depth of the hydrophone, and R; is the distance between the
bubble source and the hydrophone. The dipole strength of a bubble is con-
trolled by the product €L, where ¢ is the fractional amplitude of bubble os-
cillation (e=da/a, where a is bubble radius) and L is the displacement in the
dipole moment. The dimensionless damping constant §(f) = 0.0025f "~ [61]
was used in the calculation because it takes into consideration both radia-
tion and thermal damping. The procedure of calculating the sound spectra
from bubble size distributions is described in detail in [P VI].

Prior to calculating brackish water spectra, the bubble noise model was
used to resolve the bubble size distribution behind a typical spectral slope
of 5 to 6 dB/octave, observed in oceanic spectra at frequencies above 1 kHz
[35]. Sound spectra were calculated for bubble densities with varying
power-law scaling. The synthetic bubble size distributions were propor-
tional to the bubble radius to the power of —q, i.e. n(a) ~ a4. A spectral
slope of = 5.7 dB/oct (19 dB/dec) was obtained with a bubble density n(a) ~
aG/2), see Fig. 7.2. This is a numerical verification of the discovery by Deane
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and Stokes [8], where bubbles less than about 1 mm in radius exhibit a
bubble density proportional to a-/2 as a result of jet and drop impact on

the wave face.
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Fig. 7.2: Modeled dependence of sound spectral slope on the slope factor g
of the bubble size distribution n(a) ~ a4.

The power-law scaling was varied around -3/2 in order to determine the
sensitivity of spectral slope to the slope factor g of the bubble size distribu-
tion. The exponent values g= 1.7 and 1.4 in the bubble size distribution cor-
respond to a spectral slope range of 5 to 6 dB/octave, see Fig. 7.2. The levels
of the spectra are normalized to intersect at a frequency of 1 kHz, which
means that the corresponding bubble size densities are of the same level at
larger bubble sizes. The steeper the bubble size distribution (the larger q),
the more small bubbles in the distribution, which decreases the spectral
slope above 1 kHz.

The measured and modeled spectra for oceanic and brackish water envi-
ronments are depicted in Fig. 7.3(a). The ocean spectrum corresponds to
sea state 6 [2], and the brackish water spectrum is that for 16 m/s, taken
from Fig. 5.6. The characteristic dual-slope pattern separates the brackish
water spectra from the steadily sloping oceanic spectrum. Relative bubble
densities fitted to the spectra are depicted in Fig. 7.3(b). The best fit to the
deep-water oceanic spectrum is obtained with n(a) ~ a3/2.
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Fig. 7.3: Measured and modelled spectra, and (b) corresponding relative
bubble densities. Curve fitting parameters for the brackish water curve at a
wind speed of 16 m/s are a,=0.1 mm, a.=0.4 mm k,= 2, and k.= 3. The
ocean spectrum in (a) is for sea state 6 [2].

The bubble size distribution in brackish water develops a distinctive
maximum at radii between 0.1 and 0.3 mm, together with a relative drop in
bubble density below a radius of 0.1 mm. The pronounced maximum in the
brackish water distribution seems to explain the modest spectral slopes at
frequencies between 1 - 10 kHz while the steep slopes above 10 kHz are due
to the relative scarcity of small bubbles at radii less than 0.1 mm. The com-

plete modeling of brackish water spectra is presented in [P VI].

8 Summary of publications

Publication I

The Finnish Naval Research Institute (FNRI) has conducted hydroacous-
tic measurements in the Gulf of Finland (GOF) mainly during sea trials of
new sonar systems. The physical environment of the Baltic sea area is de-
scribed: bathymetry, sediment classes, salinity and sea currents are dis-
cussed. Most of the measurements were done close to shipping lanes where
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the hydroacoustical environment is extremely variable. Long term ambient
noise data were collected from fixed bottom mounted hydrophone systems.
Ambient noise is presented as a function of wind speed for summer and
winter conditions. The results indicate that the ambient noise level with
moderate winds is 5 - 10 dB lower in summer than in winter. Averaged sea-
sonal sound speed profiles are also presented for the GOF. Bottom back-
scattering tests were carried out on two specific sites in the GOF using
broadband waveforms. The results show that bottom reverberation falls off
slower than predicted by Lambert’s law. The hydroacoustic results have
been used in optimizing active sonar performance in local environment.
According to the sonar equation modelling an optimum sonar should oper-
ate at 5 - 10 kHz with the pulse bandwidth of ca 2 kHz and the pulse length

between 1 — 2 s.

Publication II

Ambient noise measurements were carried out in very shallow water in
the archipelago of The Gulf of Finland during 9 months. The period covered
all the seasons excluding the late spring and the early summer, and weather
conditions varied from calm sea to near gale winds. A calibrated measure-
ment system with a low-noise preamplifier was designed and optimized for
noise measurements. The effect of wind speed on the ambient spectrum is
significant at frequencies above 100 Hz and at wind speeds exceeding 2 - 3
m/s. The ambient spectral level around 2 kHz is increased by 11 dB as wind
speed is doubled. Any general tendency of the very shallow water levels be-
ing higher than those of the deep-water spectra was not found in this study.
However, the bandwidths of the measured ambient noise were broader than
those of the average deep-water noise. At moderate and high winds the am-
bient spectra showed the typical deep-water slope of 5 - 6 dB/oct at high
frequencies. At frequencies below the maximum level the steep decline of
up to 12 dB/oct was discovered. It is well known that the ambient noise
spectrum varies significantly from point to point in shallow water environ-
ment. This particular site was not corrupted by shipping noise which made
it possible to study the wind driven effects on the ambient noise also at

lower frequencies. No seasonal effect was observed in the measured spectra.
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Publication ITI

The full-year shallow water ambient noise measurements were carried out
in a brackish water environment where the depth of the hydrophone was 15
m. The measurement site was well isolated from traffic noise which made it
possible to study wind-generated effects at lower frequencies. Due to the
near field conditions the ambient noise levels were not significantly dis-
torted by propagation effects. The ambient noise spectrum levels develop a
bubble type bandpass structure above 100 Hz as the wind speed increases.
The observed sharp spectral declines below 500 Hz are most likely caused
by the resonances of oscillating bubble clouds created by breaking waves.
The low frequency range of the declines may be attributed to the larger
bubble sizes in fresh and brackish waters.

The ambient noise levels are in fairly good agreement with the average
deep water levels for the highest wind speeds but the wind speed depend-
ences differ markedly from each other. In shallow brackish water the wind
speed dependence factor at 200 Hz is ~ 2.4 which is significantly higher
than the typical factor of ~ 1.5 for the ocean environment. The observed
high frequency spectral slope m, ~ -5 dB/octave remains fairly constant at
all wind speeds but is about 1 dB/octave less than the typical deep water
slope of ~ -6 dB/octave. The measurements were carried out in all four sea-
sons of the year but no significant seasonal effects were found in any pa-
rameter calculated from the spectra. The preferred explanation for the dif-
ferent spectral characteristics observed in the present data is that the bub-
ble size distribution and sound generating mechanisms in breaking waves
differ in the archipelago and ocean environment.

Publication IV

The majority of reported studies on underwater ambient noise is focused
on frequencies below 20 kHz. The present ambient noise measurements
were carried out in a shallow brackish water environment at the frequency
range extending up to 70 kHz. The study is a follow-up to the previous
campaign which focused on the low-frequency characteristics of ambient
noise. The ambient noise spectra show a distinctive band-limited structure
where spectrum levels decline rapidly at both ends of the frequency band,
i.e. above 15 to 20 kHz and below 500 Hz. The high-frequency spectral de-
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cline above 1 kHz can be divided into two consecutive frequency ranges
that have different spectral slopes. The ambient noise spectrum was mod-
eled with a single oscillating bubble model. The transition from a single-
slope to a dual-slope pattern is modeled by varying the bubble size distribu-
tion, which is known to be different in a saline ocean environment and
brackish water. The steeper spectral slope in brackish water above 10 kHz is
obtained with the bubble size distribution where bubble densities below a

radius of 0.1 mm are markedly lower than those in an ocean environment.

Publication V

The ambient noise measurements were carried out in a shallow brackish
water environment over a frequency range extending up to 70 kHz. The
measurement site is well isolated against traffic noise and other man-made
interferences. The measured ambient noise spectra show a distinctive
bandpass structure characteristic of the dipolar source distribution formed
by bubbles in breaking waves. The broadband spectra reveal an unexpected
feature at frequencies above 10 kHz where the spectral slopes steepen
markedly at intermediate and high wind speeds. This is attributed mainly to
the threshold wind speed parameter, which increases rapidly at frequencies
above 13 kHz. A plausible physical explanation for the observation is that
fresh and brackish water are known to contain a lower proportion of small
bubbles than salty oceanic water. Bubble sizes required to radiate sound
above 10 kHz are less than 0.3 mm in radius. In brackish water it seems
that bubbles of this size do not start to develop until the highest wind
speeds are attained.

Publication VI

High-frequency ambient noise spectra measured in a shallow brackish
water environment exhibits a dual-slope spectral pattern above 1 kHz due
to increased attenuation above 10 kHz at intermediate and high wind
speeds. The study demonstrates with Commander and Prosperetti’s disper-
sion relation that absorption in brackish and fresh water, unlike in ocean
water, tends to decrease above a frequency of 10 kHz due to the low propor-
tion of small bubbles in a bubbly mixture created by breaking waves. The
excess high-frequency attenuation in the spectra cannot therefore be di-
rectly attributed to the effects of absorption in a bubbly mixture. Measured

ambient noise spectra were modeled as a cumulative power spectrum of
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individual resonating bubbles distributed in a radius range of 0.01 - 3.3 mm
using Loewen and Melville’s model for the sound generated by breaking
waves. The bubble density of a brackish water spectrum was coupled to that
of the average deep-water spectrum, the bubble density of which is well
documented in literature. The best fit to the average deep-water spectrum
having a spectral slope of 5.7 dB/octave (19 dB/dec) was obtained with a
bubble density that is proportional to the bubble radius to the power of -
3/2. The dual-slope pattern observed in the brackish water spectra is mostly
explained with a bubble size distribution that has a distinctive maximum at
radii between 0.1 and 0.3 mm, and a relative drop in bubble density below a
radius of 0.1 mm.

9 Conclusions

The shallow water ambient noise measurements were conducted in a
brackish water environment where hydrophones were located at depths of
15-20 m. The measurement site was well isolated from traffic noise which
made it possible to study wind-generated effects also at lower frequencies.
Due to the near-field conditions the ambient noise levels were not signifi-
cantly distorted by propagation effects. The measured ambient noise spec-
tra show a distinctive bandpass structure characteristic of the dipolar
source distribution formed by bubbles in breaking waves. The observed
sharp spectral declines below 500 Hz are most likely caused by the reso-
nances of oscillating bubble clouds created by breaking waves. The low fre-
quency range of the declines may be attributed to the larger bubble sizes in
fresh and brackish waters compared to saline water.

High-frequency ambient noise spectra exhibit a dual-slope spectral pat-
tern above 1 kHz due to increased attenuation above 10 kHz at intermediate
and high wind speeds. The study demonstrates with Commander and Pros-
peretti’s dispersion relation that absorption in brackish and fresh water,
unlike in ocean water, tends to decrease above a frequency of 10 kHz due to
the low proportion of small bubbles in a bubbly mixture created by breaking
waves. The excess high-frequency attenuation in the spectra cannot there-

fore be directly attributed to the effects of absorption in a bubbly mixture.

Measured ambient noise spectra were modeled as a cumulative power
spectrum of individual resonating bubbles distributed in a radius range of
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0.01 - 3.3 mm using Loewen and Melville’s model for the sound generated
by breaking waves. The dual-slope pattern observed in the brackish water
spectra is mostly explained with a bubble size distribution that has a dis-
tinctive maximum at radii between 0.1 and 0.3 mm, and a relative drop in
bubble density below a radius of 0.1 mm. A physical explanation for this is
the fact that small bubbles have a tendency to coalesce in fresh and brackish
water, while saltwater bubbles repel each other, thus preventing the loss of

small bubbles by coalescence.

The best fit to the average deep-water spectrum having a spectral slope of
5.7 dB/octave (19 dB/dec) was obtained with a bubble size distribution that
is proportional to the bubble radius to the power of —(3/2). A typical slope
range of 5 to 6 dB/octave, reported in literature for oceanic ambient noise
spectra, corresponds to the bubble size distribution power factors of -1.7

and -1.4, respectively.

One should, however, be careful not to generalize the present brackish
water results too much due to the inherent complexity of a coastal envi-
ronment. Bubble densities are known to have considerable spatial variabil-

ity depending on seasonal, biological, and even weather conditions.
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