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Summary This study presents the preliminary results of combining underwater acoustic am- 
bient noise measurements with those of in-situ sea spray fluxes (SSF). Hydroacoustic measure- 
ments (in the frequency range 80 Hz —12.5 kHz) were made using an underwater noise recording 
system developed at the Institute of Oceanology of the Polish Academy of Sciences which was 
then deployed in the southern Baltic Sea. The simultaneous measurements of coarse sea spray 
fluxes (with particle diameters ranging from 0.5 to 47 μm) were made on board the r/v Ocea- 
nia using the gradient method. Observations were conducted for the duration of the passage 
of an atmospheric front that lasted 2.5 days (60 hours of measurements). There were signif- 
icant differences in the sound pressure level (SPL) and aerosol fluxes observed between the 
first part of measurements (developing wave state) and the second part (developed waves). 
Wave parameters, such as peak period , significant wave height, wave age, and mean wave 
slope acquired from the WAM (WAve Model), were used to investigate the impact of wave field 
properties on noise and aerosol flux measurements. We observed different behaviours in the 
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power spectrum density (PSD) levels of noise for these parameters depending on the wave state 
development. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Despite concerted efforts within the scientific community,
sea spray aerosol (SSA) is still one of the less understood
and parametrised components of the earth’s climatic sys-
tems ( de Leeuw et al., 2011 ; Lewis and Schwartz, 2004 ;
Veron, 2015 ). With a fairly large number of concepts and ap-
proaches notwithstanding in the effort to ascertain the rela-
tions between SSA emissions, a high level of uncertainty still
hovers over those estimations. According to IPCC (2013) , es-
timation of the amount of SSA mass transport across the
planet’s air-sea surface ranges from 1400 to 6800 [Tg/yr],
with an uncertainty level of 80% ( Tsigaridis et al., 2013 ).
Hence, different methodologies aimed at tightening this
range are to be expected. 

On the one hand, the most important source of the ma-
rine aerosol is the bursting of air bubbles produced for the
most part by the breaking waves (e.g. Blanchard, 1963 ). On
the other hand, it is generally accepted as fact that the
wind-driven component of underwater sea noise is mainly
emitted by newly-born bubbles in the whitecapping pro-
cess from wind-waves ( Loewen and Melville, 1991 ; Medwin
and Beaky, 1989 ). An attempt at assessing the relation-
ship between the origin of sea surface noise at frequen-
cies below 1 kHz and the whitecaps index has been made
by Wilson (1980) . Based on the historical data, he showed
qualitatively similar behaviour for both quantities on wind
speed. The idea of monitoring sea-salt production from the
sea surface to the atmosphere by measuring the underwa-
ter noise was first put forward some years ago by Wilson
and Makris (2008) but with no further development since
then. 

In the literature, we were able to find several attempts
to correlate aerosol emission with wave parameters. The
most commonly used were wave phase velocity c p and the
whitecap fraction of the sea surface (inter alia Bortkovskii
and Novak, 1993 ; Kraan et al., 1996 ). Stramska and Petel-
ski (2003) first suggested a strong correlation between sea
state development and whitecap fraction which points to
higher aerosol emission as well. In another study by Petelski
et al. (2005) based on aerosol flux measurements and the
WAM (WAve Model), sea spray aerosol flux is suggested to
be proportional to the rate of energy dissipation in a wave
field raised to the power of 2/3. They also observed an
increasing correlation between wind friction velocity ( u ∗)
and aerosol flux in case of increasing wave age (defined as
c p /u ∗). There is a wide range of parameters which can influ-
ence aerosol emission. Another very promising parameter
for future research can be the turbulent kinetic energy at
the sea surface interface which was investigated by Esters
et al. (2017) in terms of its relations to the Schmidt number,
among others. 
On the other hand, it is well recognized that at frequen-
cies above 500—800 Hz, and in the absence of anthropogenic
noise, the power spectrum of underwater natural noise
shows strong wind dependence. The envelopes’ spectra
have the same universal shape, and do not depend on salin-
ity; however, bubble size spectra created by wave breaking
differ in terms of salt and fresh water. For sea states from
3 to 7 (Beaufort), noise spectra above 1 kHz sloped within
a range of —5 to —6 dB per octave ( Wenz, 1962 ). There is
evidence that the sound pressure level (SPL) is better inter-
related with the wind speed than the wind waves’ energy
parameters ( Felizardo and Melville, 1995 ; Vakkayil et al.,
1996 ). Only recently, Dragan et al. (2011) have found evi-
dence that the wind-wave component of underwater noise
could be related to the wave’s age. 

Finding the connections between the wind-driven noise
and aerosol emission is not only thought-provoking but
would also open the way to monitoring aerosol fluxes from
the sea surface on the basis of underwater noise measure-
ments. Moreover, methods for measuring underwater noise
could be performed autonomously with a durable and stable
setup located near the sea surface without being disturbed
by weather conditions on that surface. In this paper, we pro-
pose to consider the relations between two different meth-
ods typical of their respective branch of the sciences: the
SSA gradient method for atmospheric science, and underwa-
ter measurements of the bubbles’ ambient noise spectrum
level for physical oceanography. Besides, as is well known,
the usefulness of the ambient sea noise for the monitoring
of aerosol fluxes is yet to be adequately studied. 

In this paper, we present the results of measurements of
SSA emission compared with simultaneous underwater noise
recordings. The data reported here were collected on board
the r/v Oceania during a single pass of a cyclonic weather
front over the area of the Baltic Proper. 

2. Background 

2.1. Aerosol generation mechanisms from bubbles 

Three main classes of droplets emitted from the sea sur-
face are usually recognized: the so-called film, jet, and
spume drops. The first two are closely associated with bub-
ble bursting processes entrained to the water when the
wind wave is collapsing. Film drops are emitted from the
bursting of a thin bubble coat, while jet drops are injected
into the air by the bubbles’ cavitation, and spume drops
are torn from the whitecaps’ crests under strong wind con-
ditions. All mentioned processes were originally described
by Andreas (1995) , Blanchard and Syzdek (1988) , MacIntyre
(1972) , Resch et al. (1986) , among others. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Using fast and precise photos of bursting bubbles 
 Lhuissier and Villermaux, 2012 ; Spiel, 1998 ), it was found
hat the size of film drops ranges from 20 nm ( Sellegri et
l., 2006 ) to hundreds of microns ( Afeti and Resch, 1990 ).
ost of these droplets are less than 1 μm. Film droplets are
esponsible for the transport of oceanic surface matter to 
he atmosphere ( Blanchard, 1964 ). 
Jet drops are emitted during the collapse of a bubble’s 

avern. They are injected as a narrow water stream with
igh acceleration. The size spectrum of such droplets is 
ighly dependent on the parent bubble’s size. It is estimated
hat droplet sizes are 0.13—0.15 times smaller than the bub-
le size ( Wu, 2002 ). The size spectrum of such droplets cov-
rs a range of 1 μm < r p < 50 μm, with a maximum at 10 μm
 Lewis and Schwartz, 2004 ). 
The process of spume drops torn from the waves crests 

as first investigated by Koga (1981) . Emission starts when 
he wind speed is higher than 7 m/s. The size range of par-
icles emitted via this mechanism is estimated to be radii
0—500 μm, with a peak at 100 μm ( Andreas, 1998 , 1992 ;
ndreas et al., 2010 ; Fairall et al., 1994 ; Smith et al., 1993 ;
u, 1981 , 1993 ). 
Another emission process is indissociably linked with 

plash drops ( Andreas, 1998 ). This kind of droplets is less
mportant for emission and its observation relatively diffi- 
ult. Wind waves collapsing during breaking hit the sea sur-
ace and can saltate as splash drop to air ( Kiger and Duncan,
012 ). Splash and spume drops’ emission can depend on the
ind or waves but the intensity of aerosol emission can also
e fortified by rainfall ( Marks, 1990 ). 

.2. Sea spray generation function for the Baltic 

ea 

he most reliable of the direct techniques for determining 
he marine aerosol fluxes are micrometeorological meth- 
ds. Through the micrometeorology approach, fluxes of the 
ffective SSA production are deduced from direct measure- 
ents of the fluctuation or gradient of SSA concentration 

n the near-water boundary layer (constant fluxes assump- 
ion). The most important techniques in this approach are 
he eddy covariance method (EC) and gradient method 
GM). 
The GM approach was first proposed by Petelski (2003) .

he first flux parameterisation, based on aerosol gradient 
easurements in the northern Atlantic Ocean using GM, was 
rovided by Petelski and Piskozub (2006) and later modi- 
ed by Andreas (2007) . In the more recent literature, the
sability of the GM method was confirmed repeatedly by 
avelyev et al. (2014) on board the Floating Instrument Plat-
orm (FLIP) in the Pacific Ocean or on board the r/v Ocea-
ia in the southern Baltic Sea region ( Markuszewski et al.,
017a ; Petelski et al., 2014 ). 
In order to make a parameterisation of the sea spray 

mission, the so-called sea spray generation function (SSGF) 
as used. A thorough review of the proposed SSGFs has been
onducted by de Leeuw et al. (2011) . All known parame-
erisations are highly scattered on account of the different 
pproaches, parameters, and methodologies used. 
The direct relation between aerosol flux, wind speed, 

nd aerosol size with respect to the Baltic Sea area was
iven by Petelski et al. (2014) in the form of: 

 p14 ( U 10 , D p ) = (1 . 83 · 10 4 · U 

2 
10 − 1 . 35 · 10 4 ) exp (−0 . 62 · D p ) , 

(1) 

here F p 14 is SSGF as given by Petelski (2014) , U 10 is the wind
peed at a height of 10 m above the sea surface, and D p is
he particle diameter with a particle range of 0.5 μm to 8
m. 
Another model of sea spray emission was proposed by

assel (2007) . Based on dimensional analysis and deep theo-
etical considerations, he combined sea spray emission with 
ave state properties using two approaches. The first ap-
roach is the limiting steepness (LS) criterion: 

 ls ( H s , ω p , D p ) = F prod ( D p ) 

⎡ 

⎣ −0 . 1933 a 0 

( 

H s ·
ω 

2 
p 

g 

) −2 
⎤ 

⎦ . (2)

The second is threshold vertical acceleration (TVA): 

 tva ( H s , ω p , D p ) = F prod ( D p ) 

⎧ ⎨ 

⎩ 

1 − ∅ 

⎡ 

⎣ 0 . 447 

( 

H s ·
ω 

2 
p 

g 

) −1 
⎤ 

⎦ 

⎫ ⎬ 

⎭ 

, 

(3) 

here , F ls , F tva are defined as the size-dependent SSGF ,
 prod ( D p ) is a single whitecap spray emission, a 0 is the con-
tant of spectral moment equalling 0.3048 ( Massel, 2007 ,
ppendix D), Ф is the probability integral ( Abramowitz and
tegun, 1975 ), and g is the gravitational acceleration. The
eak frequency ω p may be determined from the peak pe-
iod: ω p = 2 π/T p . 
The whitecap spray emission F prod was assumed as Woolf’s

unction (Woolf et al. 1988) determined from the Monahan 
odel (Monahan et al. 1986), which can be formulated as
ollows: 

 prod ( D p ) = exp 
[
16 . 1 − 3 . 43 log 

(
D p 

2 

)
− 2 . 49 log 2 

(
D p 

2 

)

+ 1 . 2 log 3 
(

D p 

2 

)]
. (4) 

In order to obtain the total aerosol emission, all functions
ere integrated by the size distribution within the range
 p = (0.5 — 47 μm). 
The majority of SSGFs are determined on the basis of

easurements in the open ocean area. Due to the fact that
he Baltic Sea is an inland-type sea with brackish water, the
pectral properties of the wind-waves and mass fluxes may
e different from those of the open ocean. A most pertinent
omparison between sea spray flux measurements and sev- 
ral SSGFs ( Callaghan, 2013 ; Massel, 2007 ; Petelski et al.,
014 ) has been provided by Markuszewski et al. (2017a) . 
However, the key question that remains is how to deal

ith the problem of the enormous spread of source function
alues as in the literature (some orders) and a more precise
dentification of the aerosols’ sources, which could provide 
 guideline towards achieving a desirable outcome. 

.3. Noise-wind relationships 

nderwater noise that is measured near the sea surface pro-
ides universal and, in principle, an ever flow of information
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about dynamic processes such as wind speed, wave energy
dissipation, and rain rate ( Felizardo et al., 1995 ; Nystuen,
2001 ; Vagle et al., 1990 ; Zedel et al., 1999 ). These results
from previous experiments have shown that the ambient
noise generated at the sea surface was better parametrised
by the local wind speed but not so well correlated with the
height of the wind wave. 

In many of the world’s oceans as well as in the Baltic Sea
( Klusek and Lisimenka, 2016 ), it was established that un-
derwater noise in the wind-dependent frequency range, i.e.
approximately above 1 kHz, shows a near-quadratic depen-
dency with wind velocity. Consequently, underwater noise
anemometers (for wind speed and air-sea fluxes estimation)
were proposed and put into practice ( Zedel et al., 1999 ,
SWADE anemometer). The objective of this work is to es-
tablish the degree of dependency between SPL and aerosol
fluxes for the possible implementation of monitoring by way
of the more difficult-to-accomplish measurable process of
aerosol production using simply measured ambient sea noise
from the sea surface. 

Our proposal is based on well-established facts: break-
ing waves entrain air bubbles under the sea surface which
are the sources of underwater noise. When these bubbles
return to the sea surface and burst, they emit a number of
tiny droplets. Thus, both processes are contingent upon the
bubble rate production so that there should be a functional
relation between the investigated parameters. 

In the same way, as in the source functions for aerosols,
it is generally accepted that the intensity of ambient sea
noise from natural sources has a broad frequency range. In
particular, a strong dependency on wind ranges from some
hundreds of Hz (400—800 Hz) all the way to tens of kilo-
hertz, where wind speed above 3—4 m/s and less than 14—
16 m/s grows as a power function of the wind speed ( Crouch
and Burt, 1972 ): 

p 

2 ( f ± df) ∝ u 

n ( f) 
10 , (5)

where p ( f ) is the acoustic pressure around frequency f in
frequency band f ±df , while the exponent of this relation
n ( f ) depends on the frequency. 

Given the presence of anthropogenic sources (mainly
nearby ships and traffic noise) for a relatively short time se-
ries of observations, determining the wind-dependent fac-
tor n ( f ) in the Baltic Sea is not so simple a task. This is due
to difficulties in separating and eliminating signals in which
the level of noise generated by passing ships is comparable
to the noise from natural sources. 

2.4. Underwater noise generation 

The contribution of natural noise created by bubbles in the
first phase of their formation is considered a major input to
sea noise with a broad frequency range. However, different
variations in bubble shape are responsible for sound emis-
sion, with the main mechanism being the radial oscillation
of bubbles wherein the size of the bubble determines the
frequency of the emitted sound. The classical Minnaert for-
mula ( Minnaert, 1933 ) for the resonance frequency of gas

bubbles in the fluid when the surface tension forces would  
be neglected is given in the form: 

f 0 = 

1 
2 π

√ 

r b 

√ 

3 γ p h 

ρ
, (6)

where, r b is the bubble radius, ρ is the water density, p h is
the hydrostatic pressure, and γ is the heat capacity ratio. 

At lower frequencies in a range of up to several hundreds
of Hz, the noise originating from bubble clouds oscillates
as a whole, and above 1 kHz at up to tens or even hun-
dreds of kHz from the oscillation of single bubbles mainly
at their resonance frequency. Theoretical explanations and
estimates of noise from different mechanisms have been es-
tablished in a couple of studies, both theoretical and experi-
mental ( Kerman, 1984 ; Medwin and Beaky, 1989 ; Prosperetti
et al., 1993 ; Prosperetti, 1988 ). The bubbles’ size distribu-
tion is determined by two main mechanisms. Smaller bub-
bles (smaller than 1 mm) are created by jet drop impact at
the wind waves while the bubbles’ density is proportional to
the power factor —3/2 of bubble radius. Bigger bubbles are
driven by turbulent fragmentation and can be described as
the power factor —10/3 of bubble radius ( Deane and Stokes,
2002 ). Thus, the spectrum of noise emitted by mechanically
excited single bubbles reflects bubble size spectra, range of
radii in a bubble population, and the size of bubble clouds. 

3. Materials 

3.1. Measurements sites 

The most representative and least contaminated areas for
estimating marine aerosol fluxes are the central basins of
the sea. From an acoustic point of view, underwater sea
noise in the Baltic Sea is highly contaminated due to the in-
put of sounds from anthropogenic sources, mainly the high-
intensity noise of marine traffic. Underwater ambient noise
from wind-driven sources could be considered ‘normal’ or
‘typical’ for a given area where the influence of ship noise
is observed to be minimal. Furthermore, the choice of the
point of observation depends to some degree on the wind
direction, research vessel’s time, and the ability to recover
the submersible acoustic buoy after observations in a man-
ner that is safe. In particular, aerosol measurements must
fulfil the stricter requirements of quality rather than the
ones from noise. This is because it is easier to make a se-
lection of the noise data time series during reprocessing to
remove contamination by ship noise. 

The data collection is carried out at a site located in the
vicinity of the Słupsk Bank (55 °31 ′ N, 17 °18 ′ E). The analysed
data were retrieved from deployments of the IO PAN acous-
tic buoy system between 21—24 October 2015. The ship was
anchored at 1 NM east of the buoy’s position. This distance
was previously tested and found satisfactory save the un-
contaminated measurements of noise from natural sources.

4. Methods 

4.1. Meteorological conditions 

The main measurements were conducted during 22—23 Oc-
tober 2015. On October 22, the region of measurements
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Figure 1 Synoptic charts: (a) 00 UTC on the 22nd, (b) 12 UTC on the 22nd, (c) 00 UTC on the 23rd, and (d) 12 UTC on the 23rd 
October. The asterisk shows the location of the measurement area (55 °31 ′ N, 17 °18 ′ E). Charts were prepared in IMGW-PIB, CBPM in 
Kraków ( http://www.pogodynka.pl/polska/mapa _ synoptyczna ). 
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as under the influence of a weakening low-pressure sys- 
em from Belarus ( Figure 1 a). The deep low-pressure area
rom Faroe Islands (973 hPa) determined the air mass os- 
illation in the region of measurements during the days of
easurement that followed. From the west of the Baltic 
ea, warm and cold fronts were approaching ( Figure 1 a—
) towards the ship’s position. As a result, in the middle of
he measurements, an occlusion front occurred. During the 
assage of this occlusion, there was only minor rainfall (up
o 2 mm/h) observed. For the duration of the rainfall, the
esults of aerosol flux measurements were rejected. 
During the second day of observations ( Figure 1 c—d),

he low-pressure system moved eastward and into Scandi- 
avia. At the same time, the occlusion front passed over the
altic Sea. These dynamic synoptic situations determined 
he fresh polar-marine air masses in the measurement area. 
The results of aerosol gradient flux measurements were 

ivided into two parts, i.e. before and after the passage 
f the front. For safety reasons (the weather forecast pre-
icted high winds and waves), measurements were halted 
ust after the front had passed. 

.2. Wave and atmospheric data source 

ave parameters (wave peak period T p , significant wave 
eight H s ) used in this work were retrieved from the Baltic
ottom Base (BBB) database developed by the Maritime In- 
titute in Gda ńsk. The database offers a wide spectrum
f parameters calculated using the third generation WAve 
cean Model (WAM). The detailed physics of the model is
rovided in the literature ( WAMDI Group 1988 ; Hasselmann
t al., 1973 ; Komen, 1994 ). The wind data in the WAM
odel is taken from the Mesoscale Prediction Model COAMPS 
Coupled Ocean/ Atmosphere Mesoscale Prediction System), 
hich was provided by the Interdisciplinary Centre for Math-
matical and Computational Modelling in Warsaw. Its ap- 
lication, discussion and comparison with measurements of 
uch databases have been presented by Markuszewski et al.
2017a) . The temporal resolution of the available data was
 hour. The spatial resolution was 1 nm ( ∼1.85 km). 
The acoustic anemometer (OMC-118 Ultrasonic Wind Sen- 

or of the Observator Instruments) used in measurements 
as placed on the bow of the ship at 10 m above the sea
urface. An average of over 10-minute values of wind speed
as used for further analysis. The maximum value of mea-
ured wind speed was 14.9 m/s with gusts of up to 17.5 m/s.
he minimum value of the wind speed was 6 m/s. The mea-
ured air temperature and pressure during measurements 
scillated from 10.2 °C to 12.4 °C and from 1003.9 hPa to
017.4 hPa, respectively. 

.3. Aerosol measurements 

easurements of the sea spray concentration were taken us-
ng the classical aerosol spectrometer CSASP-100-HV of the 
article Measuring Systems. This device allows for measur- 
ng the aerosol size distribution in the range D p = (0.5 μm, 47
m). This type of spectrometers was widely used in many

http://www.pogodynka.pl/polska/mapa_synoptyczna
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Figure 2 The acoustic recording system with four hy- 
drophones (left panel) and its schematic underwater diagram 

(right panel). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

campaigns ( de Leeuw et al., 2000 ; Hoppel et al., 1994 ;
Jensen et al., 2001 ; Markuszewski et al., 2017b ; Petelski,
2005 ). In order to eliminate the impact of humidity on the
sizes of particles, all gathered aerosol data were reduced
to 80% of the relative humidity wet radius using the formula
provided by Petelski (2005) . 

4.3.1. Gradient aerosol fluxes 
To determine the aerosol flux, the gradient method was
used ( Petelski, 2003 ). According to the Monin-Obukhov the-
ory ( Monin and Obukhov, 1954 ), particle concentration can
be considered a scalar property of the air. On that basis, we
can thus define the scale of particle concentration as: 

N ∗ = 

F N 
u ∗

, (7)

where F N is the aerosol flux. 
In order to determine N ∗, the atmospheric surface layer

over the sea for the aerosol composition can be expressed
as a logarithmic function of specific height z : 

N(z) = N ∗ ln (z) + C, (8)

where C is an integration constant, and N ∗ is determined
based on aerosol concentration measurements on five al-
titudes (from 8 m to 20 m above sea level). In that way,
we can calculate the gradient of aerosol flux from Eq. (7) .
The detector was mounted in a special lift which allowed
for moving it between these altitudes. The measurement
at each level lasted at least 2 minutes. The overall aver-
aging time for one aerosol flux estimation was 30 minutes.
Based on the measurement channels of the aerosol spec-
trometer, there were partial fluxes calculated using the gra-
dient method as well. 

The gradient method used in obtaining aerosol fluxes
was successfully used during several campaigns in differ-
ent marine regions such as the northern Atlantic Ocean
( Petelski, 2003 , 2005 ; Petelski and Piskozub, 2006 ), Baltic
Sea ( Petelski et al., 2014 ), and the northern Pacific
( Savelyev et al., 2014 ). The advantages of this method in-
clude a simple design set and the low cost of measurements
(no need for fast particle counters in contrast to the eddy
covariance method). 

4.3.2. Error propagation of aerosol measurements 
The absolute uncertainty over the particle counter can be
obtained from Poisson’s distribution properties which de-
note the standard deviation σp = 

√ 

μ, where μ is the av-
erage number of counts after multiple repetitions of mea-
surement. Based on that fact, the relative uncertainty can
be defined as ( μ1/2 / μ) ∗100% , hence inversely proportional
to the average number of counts. As such, for counts in the
range μ ∼10 3 , 1/(m 

2 s) (what was typical for particle size
ranging from 0.5 to 2.5 μm), the relative uncertainty is �μ

∼10%. For μ ∼10 3 , 1/(m 

2 s) (in particle size ranging from 2.5
to 7 μm), �μ rises to as much as 31%. For particles, a bigger
particle uncertainty has a range of 90%. 

4.4. Acoustic methods 

4.4.1. Setup 

The acoustic setup used in the experiments is the one man-
ufactured in the IO PAN acoustic recording systems, based
on an ADC (Analog to Digital Converter) microprocessor and
characterized by a low self-noise level and low power con-
sumption. The photo of the device just before deployment
along with a schematic presentation of the underwater ori-
entation is presented in Figure 2 . 

The buoy is equipped with four omnidirectional Reson
TC 4032-5 hydrophones placed horizontally and attached at
the ends of perpendicularly distributed poles. The distances
from the hydrophones to the vertically oriented cylindri-
cal container with electronic and power supplying batteries
amounted to 2 meters. So, the opposite hydrophones were
at a distance of 4.4 m. Hydrophones were deployed at a
depth of 15 m below the mean sea surface (the depth of
deployment is measured by a pressure recorder). The de-
ployment depth chosen was sufficiently deep so as to avoid
dynamic disturbances from surface waves and yet appropri-
ately shallow to be able to listen to single breakers. The
buoy was anchored at a depth of about 40 m with sandy
sediments in the area. When taking the compass sensor or
inclinometer readings, we did not observe any jerks, rapid
system tilts or turning. 

The main task of the measuring system is to register wind
or rain components of underwater noise. To avoid overdriv-
ing of preamplifiers by strong signals from marine traffic
noise, the bandwidth of the tract was reduced to a fre-
quency range of 80 Hz to 12.5 kHz. The recordings were per-
formed with a sampling frequency of 30 kHz in each chan-
nel, in a 16-bit dynamics range. Raw data were acquired in
periods of 20-second recordings with a 30-second pause. 

4.5. Acoustics data analysis 

The signals’ recorded time series were analysed offline in
a laboratory. The post-processing and statistics were per-
formed in the MATLAB environment. Voltage was recalcu-
lated to the acoustic pressure according to the hydrophone
manufacturer’s sensitivity specifications. The narrow band
spectra were computed from 16,384-size subsamples using
the FFT (Fast Fourier Transformation) procedures, first aver-
aging over time in 20-sec intervals and then after averaging
in one-third octave frequency bands. The power spectrum
density (PSD) levels of noise in each one-third octave band
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Figure 3 History of sound pressure level (SPL) observed in the entire frequency range (80 Hz—10,000 Hz) collected in subsequent 
20-sec. recordings. The x- axis shows the time of experiment, in hours, counted from the moment of the buoy’s deployment on 21 
October 2015, at 14:00. 
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Figure 4 The example presenting the outlier removal algo- 
rithm, in which the vessel’s noise exceeds the noise from nat- 
ural sources. The dashed (upper) line depicts the best-fit ap- 
proximation to a complete set of data. Red circles represent 
the data at a distance of 3 dB from the best fit line, which were 
removed. The process of fitting was repeated. (For the inter- 
pretation of references to colours, the reader is referred to the 
web version of this article.) 
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the best correlation with the wind is observed. At the first 
dB re 1 μPa 2 /Hz) were used as the measure of the underwa-
er sound due to its simplicity and general use in acoustics. 
Besides wind sources, commercial shipping and ferry 

raffic are found to be significant, however intermittent 
hey might have been as contributors to underwater SPLs 
n the deployment area. The automatic algorithms aimed at 
he vessels’ noise detection with a substantial addition to 
atural noise are either indefinite or time-consuming. The 
pectra parameters used as measures of similarity to distin- 
uish the noise emitted by natural sources from that of ships
ere the centre of gravity of the individual spectra, slope 
f spectrum level at frequencies above 630 Hz, and most 
seful SPL in the whole frequency range. The last one pre-
ented in Figure 3 (as the SPL in dB re 1 μPa 2 ) is calculated
y integrating the pressure spectral density curve in narrow 

ands over the whole recorded frequency bands. 
The time history of the broadband SPL in the analysed 

requency range (i.e. between 80 and 12,500 Hz) recorded 
t the Słupsk Bank and extended over 60 hours is given in
igure 3 . Measurements started at 14:00 21 October 2015. 
rom the behaviour of the SPL time series, the evidence of
 minimum of 14 passing ships is conspicuous, as indicated
n Figure 3 . 

The noise data was transformed from an internal format 
ecorded by the ADC system to the WAV (wave form audio)
ormat to confirm the type of source via sound checking. 
istening by an operator, together with further numerical 
rocessing, allows for detecting and verifying the presence 
f fragments of anthropogenic pollution of noise from natu- 
al sources at the sea surface. 
The most important effects of the ship’s noise on the

orm of spectra are the appearance of narrow peaks in the
igh-resolution spectra and relatively quick-rising SPL in the 
roadband range (the SPL and rate of its variation are de-
ermined by many factors such as the course of the ship in
elation to the buoy, the nearest range at which the ship had
assed the anchored buoy, the class of ship, sound propaga-
ion conditions, etc.). Recordings in which noise was recog- 
ised as having been emitted from ships passing by had
een removed from further analysis with a simple algorithm
hose design is based on the background SPL having been
xceeded ( Figure 4 ). 
The principle of the exclusion algorithm of recordings 

hen the ship’s noise prevails over the noise from natural
ources is presented, as an example, in Figure 4 . Data are
veraged in 10 minutes PSD in a one-third octave band with
 central frequency of 1 kHz, i.e. the frequency band where
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Figure 5 Examples of underwater noise spectra with no noise from ships (left panels (a) and (c)), and with a significant contribu- 
tion from the shipborne component (two right panels (b) and (d)). The numbers in the upper right corner represent the position of 
the examples on the time axis. Time series of spectral slopes ß of PSD for records collected in consecutive one-minute intervals is 
presented on panel e), where the asterisks indicate corresponding examples from the upper panels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

step, a best-fit approximation of Eq. (5) to an entire set
of data was applied (dashed line). Using this initial guess
regarding the fitting parameters, the data at a distance ex-
ceeding 3dB above the fitted curve (labelled with red open
circles) had been classified as the ship’s noise which was af-
terward removed from the database before the process of
fitting was repeated. Moreover, outliers at 3dB below the
first step fit line were eliminated. The presented data re-
fer to wind speeds exceeding 3.5 m/s, i.e. when the first
surface waves break. 

The characteristic results of spectral analysis for records
representing natural noise and with a significant contribu-
tion from ships are shown in Figure 5 . Each panel a—d con-
tains five consecutive spectra (averaged over 1 minute). The
numbers in the upper right corner represent the position
of examples on the noise recording timeline. Depending on
the type of the noise’s prevailing component, not only the
sound level but also the slope of the spectrum is modified.
For noise from natural surface sources at frequencies ex-
ceeding several hundred Hz, it is about a —5 dB/octave.
Whereas in the presence of noise from a ship when the
ship is far enough from the observation point, we can ob-
serve two ranges with different slopes of the spectrum en-
velope, contrary to a practically constant slope when the
ship is close. In addition, in a fairly continuous and smooth
noise spectrum, peaks from the ship’s machinery and pro-
peller appear. Spectral slopes ß for each 1-minute record
are given in Figure 5 e, where asterisks represent examples
from Figure 5 a—d. 

After removing data contaminations from the shipping
noise, the final parameters of ambient noise versus wind
relationships are calculated, while associations concerning
underwater SPLs, wind speed, aerosol fluxes and wave pa-
rameters are analysed using the ancillary datasets. 

The data were used to determine the coefficients n ( f ) of
the noise’s wind dependence in different frequency bands
for situations where u 10 > 5 m/s when the first whitecap ap-
pears. The results of computing the values of exponent n ( f )
in each of the 1/3-rd octave frequency bands are presented
in Figure 6 , wherein the x -axis is the frequency. 

We notice the proximate quadratic functional depen-
dence of the noise intensity on wind speed for frequencies
above 630 Hz during the period of observation. The largest
values of the set of n ( f ) coefficients and the strongest cor-
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Figure 6 Values of the wind speed dependency factor n ( f ), ( Eq. (5) ) in each analysed 1/3-rd octave band. 

Figure 7 Concurrent time series of the Power Spectral Density of underwater noise at 6.3 kHz (PSD@6.3 kHz) and wind speed 
(upper panel); with PSD as the measured total aerosol gradient flux F m 

and calculated fluxes based on Eq. 1 and integrated for 
particles’ diameters ranging from 0.5 μm to 47 μm (lower panel). The x -axis shows the time of noise measurements from the start. 
The vertical line on the upper panel demarcates developing wind wave conditions from developed ones. 
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elation of noise intensity with the wind are observed in 
he bands between 1000 and 4000 Hz. In a lower frequency
ange, the noise is less dependent on the local wind speed
ue in part to the profound influence/input of distant noise 
ources on the recorded data. 
The derived associations between the noise spectral den- 

ity level from wind-dependent sources and wind speed 
eem akin to the noise-wind relations presented earlier 
 Klusek, 2011 ; Klusek and Lisimenka, 2016 ) in the same fre-
uency range, with the wind speed of up to 14 m/s and
or acoustic frequencies at up to 12.5 kHz. With increasing 
requency, the n ( f ) values become fixed and diminish only
lightly when approaching 10 kHz. 
The steadily observed trend of diminishing n value with 

ncreasing frequency is insignificant, and might be explained 
y the rising frequency losses in sound intensity coming from
ore distant sources. Thus, the use of noise in a broad
requency band as the indicator of bubble production and 

erosol emission seems reasonable. 
. Results and discussion 

.1. Interconnection of noise—aerosol fluxes 

 concurrent time series of the underwater SPL’s power
pectral density level in the 1/3-rd octave at a central fre-
uency of 6.3 kHz, together with the wind speed, is shown
n the upper panel of Figure 7 , while the PSDs combined
ith the measured aerosol fluxes and SSGF approximation 

 Eq. (1) ) are presented in the lower panel of Figure 7 . 
The noise data are given over 5-minute periods as aver-

ge after removing recordings when the ship’s noise makes 
 significant contribution to the recorded noise. The noise 
ata are used for a relatively high-frequency band such as
.3 kHz for the reason that at higher frequencies, the back-
round ship component of underwater ambient noise makes 
maller contributions to the summary acoustic field. The 
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Figure 8 The averaged size distribution of particle fluxes in 
two emission regimes. I regime: before passing of the front, 
developing wave phase, wind rising up; II regime: conditions 
after the front, wave phase developed, decreasing wind con- 
dition. (For the interpretation of references to colour in this 
figure legend, the reader is referred to the web version of this 
article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

correlation between measured wind speed and PSD at 6.3
kHz was high (R = 0.97). 

Aerosol data measurements have been conducted in the
two regimes related to wave state development. The first
subset was collected during the growing wind phase, while
the second was performed after the occlusion front had
passed. There are quite different conditions for the gen-
eration of bubbles, with the consequence for both noise
and sea spray aerosols. During the first period of mea-
surements, the wave age was below 1, while the mean
wave slope was higher than a value of 0.03. In the second
regime of measurements, the wave age started to increase,
while the mean wave slope decreased below the 0.03 value
( Figure 9 b). The transition between regimes started chang-
ing after the 41 st hour of measurements. 

The atmospheric conditions allowed for calculating only
the mean values of partial fluxes in 36 size bins (subsec-
tion 4.1.1) for both regimes of wave field development. In
Figure 8 , we can see the difference in the SSF size distri-
bution. For the smaller particle diameters ( D p < 2.25 μm),
in the first observation regime, the aerosol flux was higher
than that for the second regime. For bigger particles, the
observed emission was similar. 

Additionally, when wind speeds exceed 9 m/s, spume
drops are produced by being torn from the wave crests
( Monahan et al., 1983 ), part of which ascends into the air
while the other part lands on the sea surface. It would be
expected that spume drops striking the water surface would
emit noise during the hydraulic jump or cause additional
bubble generation. Nevertheless, we do not observe any
growth in the SPL when wind exceeds this threshold. It in-
dicates that the main source of noise is bubbles generated
during wave breaking. It is obvious that variations in time
series (presented as logarithmic quantities) almost overlap

each other. 
5.2. Noise — interconnections of wave parameters 

There are two important parameters that inform the stage
of wave field development. One is wave age which is a di-
mensionless parameter defined as the ratio between wave
phase velocity and wind speed: c p /U ( Massel, 2018 ). The
wave phase is determined on account of the wave peak pe-
riod according to the formula: c p = gT p / (2 π). The other pa-
rameter that informs the development of a wave state is the
mean wave slope defined as: sl = 2 πH s / ( gT p 

2 ) . We assumed
that values sl > 0.03 represent an undeveloped wave state,
while lower values correspond to developed waves (after
Bourassa et al., 2001 ). 

Wave parameters, such as the peak period T p and signifi-
cant wave height H s during measurements, are presented in
Figure 9 (upper panel). In the analysed time series, the peak
period and significant wave height increased along with the
wind speed. The transition between regimes occurred when
the mean slope started to decrease near the boundary value
of 0.03, as shown in Figure 9 (lower panel). 

Because the temporal resolution of the modelled pa-
rameters was 1 hour, the PSD values were averaged to the
same resolution, with the results of the comparison shown
in Figure 10 . We can observe certain differences between
both selected wind regimes. In the period with increasing
wind conditions, significantly higher values of PSD were ob-
served than for the period with decreasing wind conditions
( Figure 10 , upper panel). 

5.3. Noise — comparison of sea spray models 

In Figure 11 , the total measured aerosol fluxes were com-
pared with the theoretical values obtained using three dif-
ferent generation functions. The first was the typical exper-
imental function and wind speed-dependent F p 14 (obtained
from Eq. (1) ), while the other two were wave properties
that depended only on two different wave regimes ( F ls —
Eq. (2) and F tva — Eq. (3) ). 

As can be seen in Figure 11 a, in the first stage of mea-
surements the regime of limiting steepness best describes
the total aerosol flux. In the second stage, the function
determined on the basis of wave regime and defined as
the threshold vertical acceleration best predicts the aerosol
emission. The last two outlier points (54 and 55 hours of
measurement) can be explained as the result of unsteady
dynamical wind-wave conditions. It could have been caused
by local wind gusts which can be observed in several up-
rising episodes of PSD and wind speed between 50 and 60
hours of measurements ( Figure 7 ). Such dynamical gusts
provided additional input to the turbulence energy and thus
increased the aerosol emission in this period. 

The wind speed-dependent function F p 14 was determined
based on several field campaigns in different atmospheric
and wave conditions ( Petelski et al., 2014 ), so it can be
treated as the average value of the measured fluxes. As can
be seen in Figure 11 , in the first stage of measurements, the
fluxes were higher than those predicted by this function. In
the case of the developed wave state, the measured fluxes
were lower than the theoretical values. Similar results were
also observed by Norris et al. (2012) when applying the eddy

covariance method. 
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Figure 9 The upper panel shows a time series of wave parameters obtained from the Baltic Bottom Base (BBB) calculated using 
the WAM3 model. In the lower panel, the calculated dimensionless numbers describing the properties of wave development are 
shown. 

Figure 10 Comparison of 1-hour averaged Power Spectral Density at 6.3 kHz (PSD@6.3kHz) with wave parameters. The results 
are divided into two groups according to the wind regimes ( Figure 8 a, upper panel). Circles represent increasing wind regime (I 
regime); diamonds represent decreasing wind regime (II regime). Dotted lines represent the best linear fit to I regime data; solid 
lines represent the best linear fit to II regime data. (For the interpretation of references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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Correlations between PSD and theoretical values of the 
otal aerosol emissions have been calculated ( Table 1 ).
hese correlations were calculated for the complete mea- 
urement time series and the two wind regimes defined 
arlier. For the function F p 14 ( U 10 ), the correlations, as
xpected, were high (0.92—0.95). For the wave state- 
ependent functions in the first regime of developing the 
ind wave conditions, the correlations were rather low 

 ∼0.42). In the second regime of the developed wind con-
itions, the correlations increased significantly (0.89 and 
.83). 
The lower correlations between PSD and SSF in the devel-

ping wind conditions may be explained by the fact that the
inetic energy flux mostly came from the wind turbulence
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Figure 11 Comparison between the total measured production flux F m 

and estimated SSF using sea spray generation functions: 
F p14 ( U 10 ) , F ls ( H s , ω p ), F tva ( H s , ω p ) ( Eq. (1 —3 )). We can observe that in the first regime, the limiting steepness approach (ls, Eq. (2) ) 
explains SSF better, while in the second regime the threshold vertical acceleration approach fits in better with the measured SSF. 

Table 1 Correlation coefficients between measured 
Power Spectral Density (PSD) and theoretical total aerosol 
flux, estimated based on the three theoretical functions of 
Petelski et al. (2014) : F p 14 ( U 10 ) , Massel (2007) — F ls ( H s , ω p ) , 
and F tva ( H s , ω p ) . The total fluxes were obtained by inte- 
grating the aerosol size distribution within a range of par- 
ticles D p = (0.5, 47 μm). 

PSD@6.3 kHz 

full time series I regime II regime 

F p 14 ( U 10 ) 0.92 0.95 0.94 
F ls ( H s , ω p ) 0.71 0.39 0.89 
F tva ( H s , ω p ) 0.69 0.42 0.83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the wave field. So the primary factor which influenced
the increase in SSF was wind speed. On the contrary, in the
second period when waves were fully developed, the wind
speed started decreasing, such that the SSF were more in-
fluenced by the inertia of the wave field and interference
between waves. According to this, the two wave criteria of
wave field description given by Massel (2007) predict quite
well the two different physical phenomena of whitecaping,
namely their impact on the SSF and noise of the bubbles. 

During the developing wave state with increasing wind
speed, there is generally an expected higher volume of air
entrained to the water ( Norris et al., 2013 ). The intensity
of underwater noise caused by bubble bursting was higher
as well ( Figure 10 ). This phenomenon has to do with dif-
ferent energy dissipation mechanisms during both phases.
That is why the increased population of bubbles influenced
the total SSF by one order of magnitude higher in the first
stage than in the second regime where the ambient noise
was lower as well. This effect also influenced the SSF size
distribution. As can be seen in Figure 8 , the main differ-
ence in SSF was observed only for the submicron particles
( D p < 2.5). 

6. Conclusions 

In this paper, we proposed and tested a method for pre-
dicting aerosol fluxes based on the underwater sound gen-
erated by local wind-dependent surface sources. The main
objective of this study is to investigate the extent to which
noise parameters can help estimate the aerosol sea spray
source function, and our goal is to demonstrate the use-
fulness of using underwater sound recordings in monitoring
local sources of aerosol generation. 

Our attempt to ascertain these relations was motivated
by the enormous progress in techniques, which allows un-
derwater sea noise measurements to be performed for a
long duration in a way that is affordable. Acoustic sensors
deployed under the turbulent sea surface are durable and
reliable. In contrast to the existing methods of aerosol flux
measurements, the proposed method only needs a single re-
ceiver, in addition to relatively simple processing of only
one-dimensional data. It would also seem promising to com-
bine different methodologies from the various branches of
marine sciences in the search for highly valuable results. 

We presented an analysis of the relations between under-
water noise and aerosol fluxes on the one hand, and differ-
ent parameters of the wind wave field on the other. These
new phenomena, explained by the limiting steepness and
threshold vertical acceleration criteria, describe the SSF
and bubbles noise behaviour fairly well. Compared with SSF
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easurements, the generation function, based on the limit- 
ng steepness criterion, predicted the SSF in the case of the
eveloping wave field much better. Based on the threshold 
ertical acceleration, the function was the best where it 
oncerned agreement with the SSF for the developed wave 
eld. 
On that basis, the results of this study clearly indicate

he possibility of being able to predict aerosol fluxes on ac-
ount of underwater noise measurements. In other words, 
here is still the need for a more detailed inspection of wave
eld properties combined with bubble concentration mon- 
toring. This study is further persuaded that for the latter
o be accomplished, the focus ought to be on echo sounders
nchored in areas with low-ship traffic. 
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