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Offshore piling for wind farm construction has attracted a lot of attention in recent years due to the

extremely high noise emission levels associated with such operations. While underwater noise

levels were shown to be harmful for the marine biology, the propagation of airborne piling noise

over sea has not been studied in detail before. In this study, detailed numerical calculations have

been performed with the Green’s Function Parabolic Equation (GFPE) method to estimate noise

levels up to a distance of 10 km. Measured noise emission levels during piling of pinpiles for a

jacket-foundation wind turbine were assessed and used together with combinations of the sea

surface state and idealized vertical sound speed profiles (downwind sound propagation). Effective

impedances were found and used to represent non-flat sea surfaces at low-wind sea states 2, 3, and

4. Calculations show that scattering by a rough sea surface, which decreases sound pressure levels,

exceeds refractive effects, which increase sound pressure levels under downwind conditions.

This suggests that the presence of wind, even when blowing downwind to potential receivers, is

beneficial to increase the attenuation of piling sound over the sea. A fully flat sea surface therefore

represents a worst-case scenario. VC 2014 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4861244]

PACS number(s): 43.28.Fp, 43.50.Vt, 43.28.En, 43.28.Js [VEO] Pages: 599–609

I. INTRODUCTION

Offshore wind farms are being constructed all over the

world at a very high rate. This is not surprising since over

sea there is a beneficial combination of a large and constant

wind energy potential and space. Such conditions are not

always met over land. In between 2000 and 2009 there was

an average annual growth of 50% in offshore wind energy

production in the European Union as summarized in Ref. 1.

In Ref. 2, The European Wind Energy Association estimates

offshore wind energy to take a share of near 40% in the total

EU wind energy production by 2030.

The noise impact of offshore piling during wind farm

construction has attracted a lot of attention in recent years,

due to the extremely high noise emission levels associated

with such operations. Marine piling is one of the techniques

typically used in relatively shallow water, and involves a

hydraulic hammer driving a pile into the sea bed. Other com-

mon techniques are the use of floating foundations in deep

sea or gravity based seabed foundations.

Most scientific studies focus on the underwater impact

of such piling activities. Vibrations of impacted poles lead to

high sound pressure levels in the water column and sound

pulses reach very long distances.3 Numerical models have

been developed and measurements have been performed to

assess underwater noise levels during piling.4–8 Injury and

behavioral changes in marine animals have been reported,

even at large distances from the piling location.9–12 To miti-

gate such impairments, the use of an air bubble curtain has

recently shown to be an efficient noise reducing measure

during piling.13

The current study focuses on airborne sound propaga-

tion from piling activities. Similarly to underwater sound

generation, the noise emission levels above the sea surface

are extremely high. In addition, there are specific propaga-

tion effects that might lead to high sound pressure levels,

even at long distances. First, a flat water surface behaves as

a rigid plane for sound reflecting on it. In absence of meteor-

ological effects, pressure doubling is therefore expected at

low sound frequencies and at large distances, leading to a

6 dB increase in sound pressure level relative to free field

sound propagation conditions. In case of sound propagation

over land, in contrast, the interaction with natural and porous

soils can reduce sound levels significantly due to the

so-called ground effect.14 Second, downwind propagation

leads to downward refraction of sound, further increasing

sound pressure levels. The combination of a rigid surface

and downward refraction could lead to multiple-bounce

effects15 and consequently increased sound pressure levels.

However, windy periods will be accompanied by a

rough sea surface. Wind-induced sea surface waves will

have a noise mitigation effect and will counteract downward

refraction. Coupled analysis of sea state and wind conditions

is therefore needed for adequate predictions and to assess the

relative importance of both processes.

The effect of a rough sea surface on sound propagation

has been studied for both underwater sound16–19 and air-

borne sound. Approaches for the latter are discussed in more

detail in this paragraph. Sonic boom propagation predictions

were shown to be affected by the sea surface state, leading to

a decrease in peak overpressure and a rounding of sonic

boom wave profiles.20 Effective impedances were derived
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for rigid surfaces shaped as semi-cylindrical bosses, wedges

and intersecting parabolas. Based on numerical calculations,

Salomons21 proposed an engineering model for wave scatter-

ing in case of a surface profile constructed by a chain of

circle segments. Bolin et al.22 used a ground surface imped-

ance model with adapted parameters to fit his observations

of long-distance low-frequency tone (80 Hz and 200 Hz)

propagation over sea.

A main goal of this research is to estimate the relevant

propagation distances for airborne piling noise, and whether

this aspect should be taken into account in future environ-

mental impact assessments. In addition, better knowledge of

the propagation effects mentioned before could lead to a

selection of suitable meteorological conditions for piling

activities if problems are to be expected with noise reaching

the coastline.

This study combines sound measurements during off-

shore piling to use realistic source emission spectra, and

detailed numerical propagation calculations under different

low-wind sea conditions. The paper is organized as follows.

First, the measurement of a piling emission spectrum is

described. In a next section, the sound propagation model is

discussed briefly, with emphasis on the derivation of effec-

tive impedance spectra for low-wind sea surfaces, and

coupled to idealized sound speed profiles in the marine

atmospheric boundary layer. In a next section, numerical

results for sound propagation up to 10 km are presented in

presence and absence of a refracting atmosphere. Finally,

conclusions are drawn.

II. SOURCE POWER ESTIMATION DURING PILING

Noise measurements to allow estimating the airborne

source power spectrum were performed on board of a float-

ing Zodiac, positioned at about 280 m from the piling loca-

tion. The case studied concerns a jacket foundation,

involving the piling of four steel pinpiles per jacket, to carry

a 6.15 MW-wind turbine. The driving of a single pinpile was

monitored. The pile has a diameter of 1.829 m and a length

of 48 m and was driven in the Thornton sand bank, at about

28 km off the Belgium North Sea coast (C-power project,

phase 2–3). The water depth in the area varies approximately

from 12 to 24 m. More details on the constructional aspects

of this specific piling operation can be found in Ref. 8.

The pinpiles were driven from a jack-up platform

equipped with a re-useable piling template. After the pile

was positioned correctly, a soft start procedure was initiated,

where the hammer operated at about 20% of its maximum

impact power. In a next phase, the full hammer energy was

used. During this phase, about 7 min of undisturbed measure-

ments could be made, representing the period of maximum

airborne noise emission.

The measurements were performed with a 1
2

in. electret

microphone (type MK 250 B, Microtech Gefell) with a sen-

sitivity of 44 mV/Pa, connected to a pre-amplifier (type SV

12, Svantek). The microphone capsule has a flat frequency

response over the full audible frequency range, and devia-

tions are less than 1 dB up to 15 kHz for normal incident

sound. The saturation level exceeds 140 dB (at 1 kHz). The

logging of the measurements was done with a Svantek 959

handheld device. The measurement chain was certified as

class 1 equipment. The measurement chain was calibrated

with a 94-dB class-1 acoustic calibrator (type SV 30 A,

Svantek), producing a pure tone at a sound frequency of 1

kHz. A professional weather proof outdoor unit (WME 950,

Microtech Gefell) was used, including a wind screen to limit

wind-induced microphone noise. Piling was performed under

calm wind conditions.

The hammer performed about 48 impacts per minute

during that phase. The airborne impact peaks were antici-

pated by an underwater generated shockwave radiating from

the Zodiac floor, reaching the microphone membrane.

In a simple approximation, source power levels are esti-

mated, by calculating back from the measured sound pres-

sure level spectrum to the hammer impact spot at the piling

platform, accounting for geometrical divergence (assuming a

point source), atmospheric absorption according to

ISO9613-1 (see Ref. 23), and a reflection on a (flat) rigid

plane, using the ISO9613-2 (see Ref. 24) ground reflection

term. The height of the impact spot during piling was esti-

mated at 15 m. Reflections from the body of the person hold-

ing the sound level meter, reflections on the surfaces of the

boat, or scattering by a non-flat sea surface were not consid-

ered here.

Figure 1 shows the equivalent source power level spec-

trum in between the end of the soft start procedure and the

moment when the impact location becomes submersed. In

addition, the peak level spectrum, defined as the level

exceeded only 1% of the time (based on the total A weighted

level) during this same period, is depicted.

During piling, the impact location shifts from above

water to below water. Impacts under the sea surface also

generate airborne noise, however, leading to a drop in level

of at least 10 dBA (not shown). Although piling typically

lasts longer than could be measured in this specific case, all

relevant acoustical power is captured in this time frame. The

total A-weighted spectra have their maxima at the 1
3

octave

band of 1 kHz, while the total A-weighted peak level is near

145 dBA. Both the equivalent source power level Lweq and

the Lw1 level will be considered when assessing sound pres-

sure levels in case of long-distance sound propagation over

the sea.

III. MODELING APPROACH

The 2D axisymmetric Green’s Function Parabolic

Equation (GFPE)25,26 method has been used for the long-

distance propagation calculations over the sea surface.

GFPE, like any PE method, simulates one-way sound propa-

gation and this assumption strongly decreases the computa-

tional cost. The effective sound speed profile approach

allows taking into account vertical gradients in both air tem-

perature and (horizontal) wind speed. In addition, reflection

on finite-impedance planes can be accounted for. A major

advantage of the GFPE method is that using large steps in

the propagation direction does not reduce accuracy, thus ena-

bling calculations up to a distance of 10 km at sufficiently

high sound frequencies (in the current study up to 5 kHz).
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The limiting factor is rather the inhomogeneity of the propa-

gation medium than the sound wave length. During the cal-

culations, stepping is performed at 10 times the wavelength,

with a maximum step size of 10 m. The vertical discretisa-

tion, on the other hand, is much more demanding and 10

computational cells per wavelength were used.

Including the effect of a non-flat surface in the parabolic

equation method can be achieved in various ways. The con-

formal mapping method15 approaches the terrain profile by a

chain of circle segments, where convex and concave curva-

tures are transformed to an equivalent upward or downward

refracting sound speed profile. The General Terrain PE

(GTPE) is applicable to arbitrary terrain profiles and is based

on a coordinate transform. It produces accurate results as

long as local slopes do not exceed 30�. The rotated reference

frame GFPE (rGFPE) is a very efficient method to include

terrain undulations27,28 and has been validated, e.g., for

sound propagation in a valley-slope configuration in a moun-

tainous region.28 However, restrictions on the local slopes do

not make this method suitable for representing sea surfaces.

In the current study, the effective impedance approach will

be used. Reference 14 discusses that reflection on a rigid

rough surface can be approximated by replacing this surface

by an equivalent flat finite-impedance plane. This approach

is computationally highly efficient.

The GFPE was shown to be accurate for the specific case

of sound propagation over the sea surface, and was able to

capture the variations in transmission loss due to changing

meteorological conditions in between a controlled monochro-

matic source at sea and a receiver at 10 km near the coast.22

The airborne sound emitted by impacting on the cylin-

drical pole is approached as a point source at the average

height above the sea surface during the piling operation,

which was taken to be 15 m. Starting fields and top absorbing

boundary conditions, as described in detail in Ref. 15, were

used. The height of the PE grid, excluding the absorbing

layer at the top, is chosen to be at least 400 m. This height

was shown to be sufficient as taking a larger grid height

did not change the final results (namely the predicted total

A-weighted piling noise level) at all distances considered.

As clipping to the next power of 2 has been performed to

efficiently use the fast Fourier transforms on which the

GFPE implementation is based, the actual height depends on

sound frequency.

Numerical results are summarized per 1
3
-octave bands,

and 10 sound frequencies were used to constitute each band

IV. REFRACTION IN THE MARINE BOUNDARY LAYER

The Monin-Obukhov similarity theory (MOST),29,30

previously shown to be applicable above seas,31 has been

used to estimate the vertical temperature and wind speed

profiles in the marine atmospheric boundary layer:

uz ¼
u�
j

In
z

z0

� �
�Wm

z

LMO

� �" #
; (1)

hz ¼ hs þ
T�
j

In
z

z0

� �
�Wh

z

LMO

� �" #
; (2)

where uz is the wind speed at height z above the sea surface,

j is the Von Karman constant (¼0.4, e.g., see Ref. 32), u* is

the friction velocity, z0 is the aerodynamic roughness length,

LMO is the Monin-Obukhov length, hz is the potential air

temperature at height z, T* is the temperature scale, and hs is

the air temperature at sea level.

In an unstable atmosphere, the functions wm and wh can

be parameterized as follows:33

Wm ¼ 2In
1þ x

2

� �
þ In

1þ x2

2

� �
� 2tan�1 xð Þþp

2
; (3)

Wh ¼ 2 ln
1þ x2

2

� �
; (4)

with

x ¼ 1� c1

z

LMO

� �1=4

and c1 ¼ 16; (5)

see Ref. 33. In a stable atmosphere, following parameteriza-

tion can be used:34

FIG. 1. The estimated source power

level spectrum during piling. LWeq is

the equivalent source power level, LW1

is the source power level exceeded

only 1% of the time.
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Wm ¼ Wh ¼ �c2

z

LMO
; (6)

with c2¼ 5 (see Ref. 34).

In a neutral atmosphere, Wm and Wh are both zero. As a

result, purely logarithmical wind speed and temperature pro-

files are then obtained.

The aerodynamic roughness length z0 is a key parame-

ter, and determines the strength of the gradients near the

surface that are essential for refraction of sound waves when

emitted at low heights above the sea surface. Charnock35

related the sea surface aerodynamic roughness length to the

friction velocity by the following relation:

z0 ¼ zch
u2
�

g
; (7)

where g is the gravitational acceleration (¼9.806 65 m/s2)

and zch is commonly referred to as the “Charnock parame-

ter.” The latter depends on wave age. Experimental studies

yielded values of zch at open sea of typically 0.011 (see

Ref. 36) or 0.012 (see Ref. 37), while near coastal regions,

a value of 0.018 (see Ref. 38) or 0.0185 (see Refs. 39 and

40) was found to be appropriate. In the current study, an

average value of 0.014 has been used. Clearly, z0 will

increase with increasing wind speed, as stronger winds

induce sea surface waves with higher amplitudes. Although

somewhat counterintuitive, a fixed ratio between the

aerodynamic roughness length and the (average) obstacle

height over which the wind blows cannot be found, follow-

ing Lettau.41

Wind speed profiles will be identified by the wind speed

at the standard meteorological height of 10 m (¼u10m). The

friction velocity u* can then be calculated by combining

Eqs. (1) and (7).

The surface layer temperature scale T* is linked to u*

and LMO; the definition of the Monin-Obukhov length can be

used to calculate T*, as discussed, e.g., in Ref. 42:

LMO ¼
hsu

2
�

jgT�
: (8)

A standard environmental lapse rate Ce of 6.5� 10�3 K/m

has been used. The reference air temperature near the sea

surface hs is taken as 288 K (corresponding to a sound speed

equal to 340 m/s). Atmospheric stability classifications based

on long-term observations at the North Sea in Ref. 37

showed that neutral atmospheric conditions are most com-

monly encountered, occurring more than 50% of the time.

Based on the measurements and estimations in Ref. 37, an

unstable atmosphere in the current study will be character-

ized by a value LMO¼�100 m, while LMO¼ 100 m is used

to represent a stable atmosphere. The latter has a rather lim-

ited frequency of occurrence.37,43

The effective sound speed profile, as used in the GFPE

method, is the sum of the (downwind) horizontal wind veloc-

ity component in the sound propagation direction and the

adiabatic sound speed as influenced by the height-dependent

air temperature:

cz ¼ uz þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cp

cv
R hz � Cezð Þ;

r
(9)

where cp/cv is the ratio of the specific heat capacities at con-

stant pressure and constant volume of air (¼1.4), and R is

the specific gas constant of dry air (¼287 J/kg/K). Dry air

has been assumed when expressing the dependency between

air temperature and sound speed in Eq. (9); however, the

effect of the presence of water vapor in air on the sound

speed was shown to be very limited.15

Atmospheric absorption of sound depends on relative

humidity, air temperature and ambient atmospheric pressure

and is calculated by the engineering approach as presented

in ISO 9613-1 (see Ref. 23); the atmospheric pressure is cho-

sen to be 1013.25 hPa, and relative humidity at 80%.

V. SCATTERING BY A ROUGH SEA SURFACE

A. Wind-induced sea surface representation

A common open sea surface wave spectral density rep-

resentation F is given by the following analytical expression

proposed by Pierson and Moskowitz (PM):44

F fseað Þ ¼ ag2

2pð Þ4f 5
sea

e�1:25 fsea;m=fseað Þ4 (10)

where a¼ 8.1� 10�3 is the empirically determined equilib-

rium range level,45 fsea is the frequency of the sea surface

waves, and fsea,m is the peak frequency of the spectrum,

which can be approached by

fsea;m ¼ 0:13
g

u10m

: (11)

This spectral representation of the sea surface assumes that

sea waves are in full equilibrium with the wind. This needs

wind blowing steadily during a long period over a large area.

The merits of the PM model have been confirmed by Alves

and Banner,46 although some slight modifications were pro-

posed. Since the widespread use of this original model,

and its good fits with measured data, the original model is

employed in this study. Other models have been proposed

for non-fully developed wind waves at sea (like the

JONSWAP spectrum47), where additional parameters like,

e.g., the fetch are needed.

Different sea surface realizations were constructed by

multiplying the amplitude of the (normalized) Fourier trans-

form of a generated white noise surface with the PM spectral

density function. The random phase of the white noise was

retained. In a next step, the sea surface is obtained by calcu-

lating the inverse spatial Fourier transform. As a result, the

relative ratio of energy present at different sea wave frequen-

cies follows the PM model. The absolute amplitudes were

calculated based on the following relationship, linking the

significant wave height Hs (i.e., the wave height, trough to

crest, at the highest third of all waves present at the sea sur-

face) and wind speed:46,48

Hs ¼ 0:024 66u2
10m: (12)
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A correlation coefficient R¼ 0.99 was reported in Ref. 46

using Eq. (12). The maximum wave height is taken as 2

times the significant wave height, which is consistent with

the properties of the applicable Rayleigh spatial distribution

for sea wave height.49

B. Effective impedance of the sea surface

Calculations have been performed for sea states 2, 3,

and 4, for which the wind fields are described as a “light,”

“gentle,” and “moderate” breeze, respectively. Wind speeds

at a height of 10 m are then 3 m/s, 5 m/s, and 7 m/s. The sig-

nificant wave heights, averaged over the 15 realizations for

each wind speed, are 0.22, 0.53, and 1.00 m.

Effective impedances have been derived in a similar

way as discussed in detail in Ref. 20. Sound propagation

over many realizations of the sea surface is calculated with a

full-wave 2D numerical model. The main interest is sound

propagation at near-grazing incidence, as the source emis-

sion height during piling is low compared to the propagation

distances of interest. To limit the computational cost, source

and receiver are consequently positioned at limited height

above the undulating surface. The source and receiver are

separated by 5 m and were located at 0.5 m above the sea

surface which average water surface variation was in all

cases zero. The angle of incidence is therefore 0.199 rad

(11.42�). In case either the source or receiver would lie

below the sea surface because of waves, additional realiza-

tions were constructed. To prevent edge effects, a suffi-

ciently large undulating area in front of the source, and also

behind the receiver, is included in the sound propagation

domain.

The linear 2D finite-difference time-domain (FDTD)

method50 has been used, which is generally recognized as a

reference solution in case of such complex sound propagation

problems. The undulating sea surfaces are modeled using a

uniform Cartesian grid. As a result, synthetic staircase scat-

tering effects could be expected, the more the surfaces of

each cell are modeled as rigid. This is overcome by applying

a spatial discretisation of only 1 cm to better follow the undu-

lations of the sea surface, leading to 17 computational cells

per wavelength at the maximum sound frequency used in

deriving the effective impedances (which is 2 kHz). Such a

fine spatial mesh is beyond what is needed for accurate calcu-

lations in case of free field sound propagation to keep the

phase error limited.51 Computational efficiency is enhanced

by simulating a broadband acoustic pulse, allowing to find

the response over a wide frequency range with a single simu-

lation. In Fig. 2, sound scattering as a result of single realiza-

tions of the different sea states are depicted. Following the

PM sea surface wave model, with increasing sea state num-

ber, there is a shift to (dominant) low-frequency surface

waves. Compared to the rigid and flat sea case (sea state 0),

scattering of sound is clearly visible, strongly affecting sound

waves when reflecting at the sea surface.

In a next step, sound pressure levels, relative to free

field sound propagation, of each realization for a given sea

state, are linearly averaged to find the “ground effect.” As

the average height of the sea surface realizations is in all

cases zero, there is no need to raise the effective impedance

plane to enhance fits as was proposed in Ref. 20.

Next, the parameters of an analytical expression for the

frequency dependent impedance were looked for. An analyt-

ical point source model14 has been used for the latter. The

fitting has been performed directly on the sound pressure

level data expressed relative to free field propagation. To

increase physical soundness of these fittings, some a priori
conditions have been imposed, namely a decrease of the (rel-

ative) impedance Z with increasing sound frequency, real

and imaginary parts that are positive, and an absolute value

of the relative impedance (which means the absolute imped-

ance of the surface divided by the impedance of air) larger

than 1. The form of the curve has been kept deliberately sim-

ple, partly inspired on the work reported in Refs. 20 and 22:

Z ¼ ar

f mr
þ br þ

aj

f mj
þ bj

� �
j; (13)

where j is the imaginary unit and ar, br, aj, bj, mr, and mj are

model parameters to be fitted.

The fits to the relative sound pressure levels, and the

corresponding impedance curves, are depicted in Figs. 3 and

4, respectively. An overview of the parameter values to be

used in Eq. (13) for different sea states is given in Table I.

Note that higher sea states were not considered as a

piling operation is typically conducted at calm sea for reasons

of safety. In addition, deriving an effective impedance is

likely to be unsuccessful when the surface undulation is

too high relative to the sound frequencies of interest.20

Agreement at sound frequencies above roughly 1 kHz

becomes already difficult at sea state 4 as illustrated in Fig. 3.

Below 1 kHz at sea state 4, and for frequencies up to 2 kHz

in the other cases, reasonably good agreement is found giving

confidence in the followed engineering approach. There was

FIG. 2. (Color online) Snapshots of sound pulse propagation in case of a

fully flat sea surface (sea state 0) and sea states 2, 3, and 4. These full-wave

time-domain calculations illustrate the scattering process for sound emitted

at grazing incidence above the sea surface. An arbitrary logarithmical scale

has been used.
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no interest in approaching the peaky behavior of these scat-

tering curves as this is caused by the random nature of the

problem. The effective impedance approach assumes that

during sound propagation the sea surface is static.

VI. CALCULATION OF SOUND PRESSURE LEVELS

Sound pressure levels are calculated using following en-

gineering formula:

Lp ¼ Lw � 10 log10 4pr2ð Þ � Aabs þ Lp;ff ; (14)

Lw is the airborne source power level by the piling, r is the

length of the straight line connecting source and receiver

position, Aabs is the atmospheric absorption, and Lp,ff is the

sound pressure level, relative to free field propagation, as

calculated with the axi-symmetric GFPE method. The latter

includes refraction effects, and rough sea surface reflection

and scattering.

VII. NUMERICAL RESULTS

A. Flat sea-surface in absence of wind

Numerical calculations in absence of wind are presented

in Fig. 5. In addition, calculation results are provided

employing a standardized engineering model for outdoor

sound propagation namely ISO9613-2 (see Ref. 24).

Refraction of sound is not included in this model, and

FIG. 3. Results of the fits on the surface interaction spectra as calculated by the full-wave calculations (FDTD), averaged over 15 realizations, and the best fit-

ted effective impedance plane approach using an analytical point source model. (a) Sea state 2; (b) sea state 3; and (c) sea state 4. The thin lines in each plot

indicate the averaged curve plus or minus the standard deviation as obtained from the different realizations.

FIG. 4. (Color online) Relative sea sur-

face impedances in function of sound

frequency, for sea states 2, 3 and 4

(indicated as subscripts). The real part

of the impedances and the (negative)

imaginary part are depicted separately.

In case of sea state 0, the relative im-

pedance is purely real and infinite.
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reflection on a non-porous plane (so fully rigid, factor G¼ 0

as proposed in Ref. 24) has been used. This model shows to

neglect some of the interferences at distances smaller than

1 km from the source but gives a very similar prediction as

GFPE at larger distances. The Lw1 spectrum is somewhat

stronger peaked at 1 kHz than Lweq. As a result, the differ-

ence in predicted level between the equivalent level and the

peak level at long distance is smaller than at close distance

due to atmospheric absorption.

B. Rough sea-surface including downwind effects

Figure 6 shows that the sea surface undulations in com-

bination with their accompanying wind profiles (downwind

sound propagation) generally lead to lower sound pressure

levels than in case of a still and perfectly flat sea surface.

However, in specific zones at close distance (less than 600 m

from the source) total A-weighted levels from piling could

be similar or even slightly enhanced relative to sound propa-

gation in absence of wind.

The sound speed profiles under downwind conditions

increase sound pressure levels relative to the absence of

wind, while the undulating sea surface decreases levels rela-

tive to a fully flat one. Sea surface scattering is the most im-

portant effect, especially when the atmosphere is neutral or

unstable. In case of a stable atmosphere, sea surface scatter-

ing is still more important, however, somewhat less pro-

nounced compared to neutral or unstable conditions. In case

there is wind, the different low-wind sea states give rather

similar sound pressure levels. A systematic increase or

decrease in level with increasing sea state is not predicted in

the range of distances considered.

When only accounting for refraction (over a flat and

rigid sea surface, so deliberately neglecting rough sea sur-

face scattering typical for a given wind speed), an increase

in level of 8–10 dBA is calculated at 10 km relative to sea

state 0 (no refraction and perfectly flat sea surface) as

depicted in Fig. 7. When analyzing the sea surface scattering

effect separately (see Fig. 8), deliberately neglecting refrac-

tion of sound, the differences between sea states 2, 3 and 4

are very small within 2 km from the source. At larger distan-

ces, these differences rapidly increase. At 10 km, the sea sur-

face representative for sea state 4 would potentially lead to a

decrease in level of 10 dBA relative to sea state 3, and to

more than 15 dBA relative to sea state 2. Atmospheric

absorption was included in the simulations that decouple

refraction and sea surface state. However, as discussed

before, combined analysis of sea state and wind profile is

needed to come to realistic predictions.

As an example, the predicted sound pressure level spec-

tra at various distances in case of sea state 3, under neutral

conditions, are depicted in Fig. 9. These calculations clearly

show that the piling noise becomes very low frequent after

long distance propagation, as both atmospheric absorption

and sea surface wave scattering strongly attenuates the high

frequency part of spectrum. Up to about 2 km, the 1 kHz 1
3
-

octave band dominates the spectrum.

VIII. CONCLUSIONS

Long-distance propagation over sea of (measured)

airborne noise emission from piling of pinpiles for jacket-

foundation offshore-wind turbines was numerically studied.

Simplified effective impedance spectra, representative for

sea states 2, 3 and 4, were derived in the current study. Full-

wave calculations over various realizations of wind-induced

undulating sea surfaces, corresponding to the Pierson and

Moskowitz surface wave spectral density relation, were used

as starting point. The effective impedance curves were then

FIG. 5. Predicted total sound pressure

level with distance in absence of

refraction, employing detailed numeri-

cal calculations (GFPE) and a standar-

dized engineering model for outdoor

sound propagation (ISO9613-2). The

sound pressure level predictions repre-

sented by the full lines start from the

equivalent source power level (Lweq),

the dashed lines use the 1% highest

source power levels (Lw1). A fixed re-

ceiver height of 2 m above a rigid and

perfectly flat sea surface is used, the

receptor points used in this plot are

spaced at 10 m.

TABLE I. Overview of best-fitted parameters to be used in Eq. (13) to rep-

resent a rough sea surface (for sea states 2, 3 and 4) in the effective imped-

ance plane approach.

Fitted parameters Sea state 2 Sea state 3 Sea state 4

ar 763000 9260 30000000

br 3.00 4.00 2.50

mr 2.20 1.30 3.50

aj 30862 80000 3000000

bj 2.03 2.00 3.00

mj 1.50 1.90 3.00
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FIG. 6. (Color online) Predicted total (equivalent) sound pressure level with distance as a result from the monitored piling operation for different sea states

(combined refraction and sea surface profiles). Sea sate 0 (no refraction, perfectly flat and rigid sea surface) is shown for comparison in each subplot. (a) A

neutral atmosphere is assumed; (b) a stable atmosphere is assumed; and (c) an unstable atmosphere is assumed.

FIG. 7. (Color online) Predicted total (equivalent) sound pressure level with distance as a result from the monitored piling operation for different sea states,

deliberately neglecting sea surface scattering (a rigid and flat sea surface is modeled in all cases). Sea sate 0 (no refraction, perfectly flat and rigid sea surface)

is shown for comparison in each subplot. (a) A neutral atmosphere is assumed; (b) a stable atmosphere is assumed; and (c) an unstable atmosphere is assumed.
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used in the GFPE method to account for sea surface scatter-

ing, in combination with refraction of sound by vertical

sound speed profiles in the marine atmospheric boundary

layer. The current numerical analysis stresses the need to

apply prevailing combinations of vertical refraction profiles

and sea surface states, especially at large distances from the

piling location.

The sea surface scattering effect exceeds the downwind

refraction effect when assessing the attenuation of piling

sound with distance. A flat sea surface in absence of refrac-

tion is most favorable for long-distance sound propagation

of piling noise, leading to maximum sound pressure levels.

Up to a few kilometers, piling noise is expected to be easily

hearable. At distances exceeding 10 km, the noise impact is

expected to be very low under the wind conditions consid-

ered. However, the predicted difference in equivalent

A-weighted total sound pressure level between different

(down)wind conditions may amount up to 25 dBA (unstable

atmosphere) or 15 dBA (neutral atmosphere) at 10 km from

the piling location (see Fig. 6). A stable atmosphere in com-

bination with downwind sound propagation only gives a ben-

efit of near 5 dBA relative to sound propagation over a flat

sea surface in absence of refraction as shown in Fig. 6.

However, stable conditions occur much less frequently based

on long-term meteorological observations.

IX. CONCLUDING REMARKS

The source power levels from piling employed in the

current study were measured in a realistic setting. However,

they cannot be easily generalized. The emitted noise strongly

depends on the size of the hammer, the dimensions of the

pole, and the properties of the sea floor. In addition, specific

operational choices during piling could have an important

influence on the produced airborne noise levels. In the cur-

rent engineering approach, point source emission was

assumed.

Using an equivalent impedance plane to represent a

rough sea surface was shown to be a computationally highly

efficient approach once its parameters are assessed. While

this method can be useful from an engineering point of view,

some limitations should be mentioned. First, the variation in

acoustic effect at different (random) realizations of a specific

sea surface is rather large, increasing uncertainty on the final

numerical results. Second, replacing sound scattered at the

sea surface by (equivalent) absorption does not fully hold in

FIG. 8. (Color online) Predicted total

(equivalent) sound pressure level with

distance as a result from the monitored

piling operation for different sea states,

deliberately neglecting refraction (a

homogeneous and still atmosphere is

modeled in all cases). Sea sate 0 (no

refraction, perfectly flat and rigid sea

surface) is shown for comparison.

FIG. 9. (Color online) Predicted

(equivalent) sound pressure level spec-

tra at different distances (500 m, 1 km,

2 km, 5 km, and 10 km; receiver height

2 m), relative to the piling location,

for sea state 3 (assuming a neutral

atmosphere). The measured equivalent

source power spectrum Lweq is shown

(dashed black line) as well; the fre-

quency range 50 Hz to 5 kHz (full

black line) has been considered for the

propagation calculations.
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case of downwind sound propagation. Upwardly scattered

sound waves can be bent downward again by wind, poten-

tially still reaching the receiver. However, such contributions

are expected to be of limited importance, as such sound

paths would typically involve multiple interactions with the

rough sea surface, making it unlikely that a specific sound

path is successively directed toward the receiver. In addition,

the low-wind conditions considered in this study lead to

rather limited wind speed gradients near the sea surface.

Another limitation of the effective impedance approach is

that only the coherent part of the sound field is accounted

for. Long-distance propagation over a rigid rough surface

might lead to a considerable transfer of sound energy to the

incoherent part of the sound field.14

In the current analysis, focus is on downwind sound

propagation as this gives rise to higher sound pressure levels

compared to cross-wind or upwind conditions. Turbulence is

not included here as downward refraction is typically domi-

nant over atmospheric scattering (e.g., see examples calcu-

lated in Ref. 15). The measurements described in Bolin

et al.22 were mainly made during upwind sound propagation

conditions. During such episodes, including turbulence scat-

tering was shown to be essential to come to realistic predic-

tions explaining the variability in level over time. However,

levels will be much lower than during downwind propaga-

tion and piling noise would most likely fully disappear in the

ambient background noise.

The Monin-Obukhov similarity theory has been used to

estimate vertical wind speed and temperature profiles in the

marine boundary layer. It is expected that the atmospheric

height of relevance exceeds the range of validity of this

model given the large propagation distance aimed at.

Consequently, care is needed when using the results for the

largest distances considered. Nevertheless, it can be reason-

ably expected that above the height of validity such profiles

only change slowly, therefore not strongly influencing sound

propagation anymore. To overcome this problem, measured

vertical profiles would be needed.

In the marine atmospheric boundary layer, also vertical

humidity profiles will appear, which could influence sound

propagation to some extent. The latter effect has not been

accounted for in the current study.

Additional sensitivity analyses showed that the specific

choice of the Charnock parameter zch in the typical range of

values observed at open sea and near coastal regions (see

Sec. IV) could lead to a level change of less than 0.4 dBA at

10 km (for sea state 3 and when assuming a stable atmos-

phere). Also the height of the source, relative to the sea

surface, might significantly change due to tides. Additional

calculations of source heights set at 10 m and 20 m (com-

pared to 15 m which was used as a default value in the calcu-

lations in this paper) showed variations of less than 0.5 dBA

at 10 km (for sea state 3 and when assuming a stable

atmosphere).
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