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 a b s t r a c t

This paper proposes a pitch control strategy to mitigate the underwater acoustic footprint of offshore wind 
turbines, a measure that will soon become necessary to minimize impacts on marine life, which rely on sound 
for communication, navigation, and survival.
 First, we quantify the underwater acoustic signature of blade-generated aerodynamic noise from three ref-
erence offshore wind turbines–the NREL 5 MW, DTU 10 MW, and IEA 22 MW using coupling blade element 
momentum and coupled air–water acoustic propagation modeling. Second, we propose and implement an open-
loop individual pitch control (IPC) strategy that modulates the pitch of the blade at the blade passing frequency 
to attenuate the overall sound pressure level (OSPL) and the amplitude modulation (AM) of the transmitted un-
derwater noise. Third, we benchmark IPC performance against conventional pitch schemes. The results indicate 
that up to 3 dB reductions in OSPL and a decrease in AM depth of 20% can be achieved with a pitch variation 
Δ𝜃 ≈ 3◦, with limited losses (3-5%) in energy capture. Additionally, we show that the pitch-based noise mitigation 
strategy predominantly benefits low- and mid-frequency ranges, with limited effectiveness for high-frequency–
hearing species. These findings highlight a previously underappreciated noise pathway and demonstrate that 
targeted blade-pitch modulation can mitigate offshore wind turbine underwater noise impact.

1.  Introduction

Offshore wind energy is rapidly expanding as a cornerstone of the 
global transition to low-carbon power, with installed capacity projected 
to exceed 250 GW by 2040 (European Commission, 2023). Although the 
underwater soundscape of offshore wind farms has traditionally focused 
on the noise of the foundation installation and the emissions of mechan-
ical machinery (Tougaard et al., 2020), an important and underappreci-
ated path remains: the penetration of aerodynamic blade noise from the 
air into the marine environment. Wind turbine operational noise persists 
throughout the life cycle of the wind farm (20 to 30 years); therefore, 
marine life is exposed over the long term, potentially causing changes in 
behavior (e.g., communication and mating). Aerodynamic noise, gener-
ated by blade–airflow interactions, has been extensively characterized 
in terms of its far-field aerial propagation. However, when these sound 
waves impinge on the sea surface, a fraction of their energy can be trans-
mitted underwater (Chapman and Ward, 1990). This anthropogenic un-
derwater noise has the potential to cause a masking problem, interfering 
with the communication, navigation, and foraging behaviors of marine 
fauna (Erbe et al., 2016).
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Regarding wind turbine noise mitigation techniques, most of them 
are implemented in the design stage (Deshmukh et al., 2019). How-
ever, little research is devoted to wind control strategies designed to 
account for noise emissions. These silent control strategies could be ap-
plied to existing facilities. In our previous work, Frutos et al. (2025) we 
introduced reinforcement learning-based wind turbine control to bal-
ance power output and noise reduction in onshore environments. In 
this work, we will leverage individual pitch control (IPC) to specifically 
reduce the aerodynamic wind turbine noise that will penetrate the air-
water interface.

Individual pitch control came about as a method that focuses mainly 
on reducing blade loads (Bossanyi, 2003). However, with time, differ-
ent IPC strategies have been designed for different applications (Jiang 
et al., 2016). For example, reducing power fluctuations due to tower 
shadowing (Zhang et al., 2012) or wake manipulation as the recent He-
lix approaches (Frederik et al., 2020; Taschner et al., 2023; Moham-
madi et al., 2025). Regarding noise emissions, Mackowski and Carolus 
(2021) proposed an IPC scheme to reduce the depth of characteristic 
modulation of amplitude of near-field wind turbine noise. From a con-
trol perspective, load reduction strategies generally implement closed-
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loop conventional control methods for IPC, although recent reinforce-
ment learning approaches have been proposed, Coquelet et al. (2022). 
However, other approaches, such as Helix control, tend to design open-
loop analytical IPC schemes. However, to date, no IPC strategy has been 
explicitly designed to mitigate aerodynamic noise transmitted into the 
underwater environment, nor to exploit the physical mechanisms gov-
erning air–water acoustic transmission.

To the best of our knowledge, this study is the first to propose and 
systematically evaluate a wind turbine control strategy specifically tai-
lored to reduce underwater acoustic radiation originating from aero-
dynamic blade noise. The proposed open-loop IPC scheme introduces 
blade-passing-frequency pitch actuation designed to attenuate the por-
tion of the acoustic field that effectively penetrates the air–water inter-
face, thereby explicitly linking aerodynamic noise directivity, acoustic 
transmission physics, and control design. In this work, we quantify the 
underwater acoustic footprint attributable to aerodynamic blade sources 
of large offshore horizontal-axis wind turbines and evaluate the pro-
posed IPC approach in three reference turbines of increasing capacity: 
the NREL 5 MW, DTU 10 MW, and IEA 22 MW. To show the valid-
ity and generalization for turbines of increasing size, different metrics 
are addressed: power generation, overall sound pressure level (OSPL) 
and normal amplitude modulation (AM) depth. Amplitude modulation 
is recognized as a significant contributor to noise annoyance in humans 
(Lee et al., 2011). Furthermore, this study provides the first analysis of 
the impact of different wind turbine control strategies on marine mam-
mal acoustic exposure, thereby bridging wind turbine control design and 
ecological acoustic assessment within a unified framework.

The paper is organized as follows. In Section 2 a metric is defined to 
quantify the underwater acoustic footprint and the IPC scheme. Then, 
in Section 3, this IPC is validated for the three different wind turbines, 
considering its effect on different species of marine mammals. Finally, 
in Section 4 we come to conclusions and perspectives.

2.  Methodology

An IPC control strategy to reduce the underwater acoustic foot-
print of wind turbines with minimal impact on power performance is 
presented in this section. First, how the wind turbine is modeled in 
both power and noise prediction is described in Section 2.1. Next, in
Section 2.2 a metric is designed to assess the underwater acoustic 
footprint. Finally, the motivation for employing IPC is discussed in 
Section 2.3, and the IPC scheme is detailed in Section 2.4.

2.1.  Wind Turbine Modeling

To compute the power output and noise generation of the wind tur-
bine, OpenFAST (Laboratory, 2024) is used. OpenFAST is an open source 
wind turbine simulation tool based on blade element momentum theory 
with coupled multi-physics modules, including aeroacoustics, Bortolotti 
et al. (2020). The aeroacoustic model employed is the semi-empirical 
Brook Pope and Marcolini model (Brooks et al., 1989), BPM. There are 
several studies in the literature that validate the BPM methodology with 
experimental wind turbine noise measurements, for example, Leloudas 
et al. (2007), Zhu et al. (2005) or Dorrego et al. (2021) among others.

The two more significant noise sources modeled by the BPM model 
are the trailing edge (TE) noise mechanism and the leading edge (LE) 
inflow turbulence noise.  TE noise is widely recognized as the dominant 
aerodynamic noise source in wind turbines, Oerlemans (2011). More-
over, in offshore environments, characterized by low turbulence intensi-
ties (5% to 10%), LE noise will be typically low and TE noise dominates. 
LE noise scales with atmospheric turbulence and rotor speed and can-
not be controlled with our pitch-based controller (since our controller 
does not modify the rotational speed). In contrast, TE noise depends 
on the parameters of the boundary layer of the blade section, which 
makes it sensitive to operational conditions, such as the angle of the 
blade pitch, and shows a low dependency on atmospheric turbulence. 

In summary, offshore sites exhibit lower turbulence than onshore sites, 
making TE noise the dominant contribution. Therefore, in this work we 
only consider the TE noise mechanism in our proposed IPC strategy. The 
wind turbine controller is implemented from the DRC reference open 
source baseline controller (Mulders and Van Wingerden, 2018). It has 
been modified to include an IPC controller that follows the pitch law 
explained in Section 2.4.

2.2.  Wind turbine noise radiated underwater

In this section, we aim to establish a quantitative metric that char-
acterizes the extent to which wind turbine noise can propagate into the 
underwater environment. Plane wave theory is used to estimate the air-
water propagation of acoustic waves. Given the significant contrast in 
sound speed between air (𝑐𝑎) and water (𝑐𝑤), characterized by a speed 
ratio of 𝑛 = 𝑐𝑤

𝑐𝑎
≈ 4.37, the transmission of airborne noise into water is 

constrained by Snell’s law, given by:
𝑐𝑤 sin𝜙 = 𝑐𝑎 sin 𝛼, (1)

where 𝛼 and 𝜙 are the incident and refracted angles, respectively.

Snell Cone
Snell law explains how the acoustic waves are refracted when sur-

passing the air-water interface. Considering a plane interface and the 
air-water index of refraction 𝑛, only the acoustic energy radiated within 
a conical region, defined by a semi-angle of 𝜙lim = arcsin(𝑛−1) ≈ 13◦, is 
effectively transmitted to water (Chapman and Ward, 1990), and we 
denote that region as the “Snell Cone”.

Regarding wind turbine noise, most of the sound is generated at the 
tip of the blade (Oerlemans et al., 2007). Therefore, we consider one 
Snell Cone per blade located at 95% of the blade length. Each blade’s 
noise is propagated underwater only through its respective Snell Cone. 
Fig. 1a illustrates the Snell Cone generated by one wind turbine blade.

Additionally, as a consequence of Snell’s law refraction, the sound 
rays that are closer to the limit angle reach much farther in the ocean. In 
other words, underwater observers far away from the noise source are 
reached by almost the limit-angle sound rays. Fig. 1b shows how the 
angle of incidence 𝜙 approaches the limit angle 𝜙lim as the observer is 
further away from the noise source. Due to strong refraction at the air–
water interface, distant observers primarily receive sound rays near the 
limiting angle. This property will later be used to estimate the overall 
underwater sound pressure level.
Overall sound power level that penetrates the interface

To quantify the propagation of underwater noise, we consider how 
much noise irradiated by the wind turbine can exceed the interface. We 
can then compute the Overall Sound Power Level, OSWL, of the WT 
taking into account this Snell-cone propagation. We define the OSWL 
irradiated from the wind turbine that penetrates the air-water interface 
as follows:

OSWL(𝑡) = 10 log10

(

1
𝑝2ref

∫

𝐵
∑

𝑏=1
𝑆𝑏
𝑝𝑝(𝑥̄, 𝑡)𝜒

𝑏(𝑥̄, 𝑡)𝑑

)

, (2)

where  denotes the area of the air-water interface, 𝑆𝑏
𝑝𝑝(𝑥̄, 𝑡) is the total 

noise produced by the blade 𝑏 at the observer location 𝑥̄ and at instant 
𝑡, calculated in Pa2 and integrated over all frequencies. The reference 
pressure used is 𝑝ref = 20𝜇Pa. The function 𝜒𝑏(𝑥̄, 𝑡) acts as a mask for the 
Snell Cone of each blade, whose area is 𝑏

SC(𝑡). So, at each instant and 
for each observer, we only consider the noise generated by the blades 
whose Snell cone contains the observer. This masking function is defined 
as follows.

𝜒𝑏(𝑥̄, 𝑡) =

{

1, 𝑥̄ ∈ 𝑏
SC(𝑡)

0, 𝑥̄ ∉ 𝑏
SC(𝑡).

(3)

In practice, we use a BPM method to predict wind turbine noise. 
This semi-empirical methods require to be evaluated at some specific 
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Fig. 1. Illustration of air–water sound refraction effects. On the left, refraction of acoustic rays from a blade-tip noise source governed by Snell’s law. On the right, 
the effect of distance on the Snell incidence angle 𝜙.

Fig. 2. Observers configuration employed to estimate OSPL at certain time in-
stant for each wind turbine blade. 𝑁𝑐 = 20 observation points are uniformly 
distributed along the Snell Cone border. The wind direction is from −𝑥 to +𝑥, 
as indicated, and the vertical axis corresponds to 𝑧. The view is from above the 
rotor plane.

observer locations. Therefore, we need to discretize Eq. (2). At each in-
stant of time, we compute the noise of the wind turbine in the observers 
𝑁𝑐 at the intersection between each Snell Cone blade and the air-water 
interface; those coordinates are denominated as 𝑥̄𝑏𝑖 (𝑡), with 𝑖 from 1 to 
𝑁𝑐 . We only consider observers located at the limiting angle, near the 
intersection of the Snell cone with the sea surface, since these positions 
are the most relevant for far-field underwater acoustics (see Fig. 1b). 
Fig. 2 illustrates the observers used to estimate the overall sound power 
level integral. From the noise at the selected observer locations, we can 
compute OSPL(𝑡), defined as the overall sound pressure level averaged 
on the blade’s Snell Cone regions at each time instant,

OSPL(𝑡) ≈ 10 log10

(

1
𝑝2ref

𝐵
∑

𝑏=1

(

1
𝑁𝑐

𝑁𝑐
∑

𝑖=1
𝑆𝑏
𝑝𝑝(𝑥̄

𝑏
𝑖 (𝑡), 𝑡)

)

𝑏
SC(𝑡)

SC(𝑡)

)

, (4)

where SC(𝑡) is the sum of the three areas of the Snell cone. The 
𝑏
SC(𝑡)∕SC(𝑡) ratio serves to weight each blade contribution, as the 

number of observers is the same regardless of the Snell Cone area.
Notice that OSPL represents the overall pressure level that would be 

heard on average in the Snell cone region of the three blades. However, 
this sound pressure level is above the interface. We consider the region 

where the noise will propagate, but we do not employ any transmission 
loss modeling.

To later estimate the actual sound pressure level at an underwater re-
ceiver, the present framework would need to be coupled with an acous-
tic propagation model. A general formulation for such an estimate is 
obtained using the point source approximation by Salomons (2001),
SPL(𝑓 ) = ŜPL(𝑓 ) + Δ𝐿(𝑓 ) − 𝛼𝑤(𝑓 )𝑑, (5)

where SPL(𝑓 ), is the sound pressure level spectrum at a certain underwa-
ter receiver, ̂SPL(𝑓 ) is the sound pressure level spectrum averaged on the 
Snell Cone and over a rotation and Δ𝐿 considers the transmission loss 
associated with the air-water interface and the underwater reflections. 
Finally, 𝛼𝑤(𝑓 )𝑑 accounts for frequency-dependent acoustic attenuation 
in water, for a receiver at distance 𝑑.

Although not directly modeling underwater propagation, OSPL cap-
tures the phenomena that will be used in the proposed IPC strategy, that 
is, the near-field directivity of wind turbine noise and the influence of 
blade pitch on the generation of aerodynamic noise. Furthermore, the 
transmission loss Δ𝐿 does not depend on the acoustic source. Hence, 
the noise reduction at an observer due to our proposed IPC scheme is 
not influenced by the transmission modeling. Thus, OSPL is a suitable 
metric to validate the efficacy of IPC.

2.3.  Why Individual Pitch Control?

There are two different effects that can be leveraged by using IPC to 
reduce underwater noise propagation. First, due to the characteristics 
of air-water acoustic transmission, underwater noise perception is pri-
marily influenced by the near-field region, as wind turbine blade noise 
propagates only within its respective Snell Cone, located beneath the 
turbine. In this region, the noise fluctuations are higher due to the di-
rectivity of the source, as illustrated in Fig. 3a. There, the noise genera-
tion is dominated by the blade in the downward position, as reported by 
Oerlemans et al. (2007). Second, the blade pitch angle is known to sig-
nificantly affect both aerodynamic power output and noise generation. 
Generally, increasing the pitch angle leads to a lower angle of attack, 
and therefore, to decreased power. Consequently, the noise levels of the 
wind turbine are also reduced with increasing values of pitch angle, see 
(Maizi et al., 2017; Frutos et al., 2025). However, in the near-field re-
gion, these noise oscillations can overlap for different pitch angle values, 
as shown in Fig. 3b. Based on this observation, a potential strategy is 
to design an IPC scheme that increases the pitch angle exclusively for 
the downward-moving blade. This approach would reduce the overall 
noise by aligning it more closely with low-noise pitch settings, while 
maintaining high power output, as only one blade is modified at a time.
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Fig. 3. Wind turbine noise behavior for different observer positions and blade pitch angle values over two rotor revolutions. Results presented for the NREL 5 MW 
wind turbine.

Fig. 4. Pitch law for each blade depending on its phase.

2.4.  Pitch Law

We propose an IPC scheme that pitches the blade in the downward 
position. An analytical law is proposed to ensure smooth pitch variation, 
which defines each blade pitch angle 𝜃𝑏 depending on the local blade 
azimuth angle Ψ𝑏.

𝜃𝑏(Ψ𝑏) =

⎧

⎪

⎨

⎪

⎩

𝜃1 +
1
2 (𝜃2 − 𝜃1)(1 + tanh((Ψ𝑏 − Ψ1)𝑘)), if Ψ𝑏 ≤ Ψ𝑐

𝜃2 +
1
2 (𝜃1 − 𝜃2)(1 + tanh((Ψ𝑏 − Ψ2)𝑘)), if Ψ𝑏 > Ψ𝑐 .

(6)

This law sets a high-noise/power pitch value 𝜃1 and alternates to a 
low noise-power pitch value 𝜃2 between the local azimuth positions Ψ1
and Ψ2. We define the central phase azimuth position Ψ𝑐 =

1
2 (Ψ2 + Ψ1)

and the phase width ΔΨ = Ψ2 − Ψ1. The transition between the values 
is made using a hyperbolic tangent function with parameter 𝑘. The local 
origin of the azimuth position Ψ𝑏 = 0 is when the blade 𝑏 is vertically 
facing upward. Fig. 4 illustrates this analytical pitch law.

The parameters of Eq. (6) determine the power-noise trade-off of 
the IPC scheme. We can give some bounds to 𝑘 and ΔΨ to ensure that 
the pitch law is applicable to existing offshore wind turbines that can 
effectively alternate between pitch values.

Usually, wind turbine manufacturers set a maximum pitch rate. For 
example, in the NREL 5 MW turbine (Jonkman, 2009), the maximum 
pitch rate allowed in the control is 10◦/s. This constraint can be used 
to bound the maximum steepness of the hyperbolic tangent. Hence, a 
maximum value for 𝑘 can be obtained,

max 𝑑𝜃𝑏

𝑑𝑡
= Ω 𝑑𝜃𝑏

𝑑Ψ
|

|

|

|Ψ1

= Ω𝑘Δ𝜃 ≤ 𝜃̇max ⇒ 𝑘max =
𝜃̇max
ΩΔ𝜃

, (7)

where Δ𝜃 = 𝜃2 − 𝜃1 is the pitch jump and Ω is the speed of the wind tur-
bine rotor. Similarly, we can obtain the minimum phase width required 
to ensure that the pitch reaches 𝜃2. Since the transition is a hyperbolic 
tangent, the final pitch value is reached only asymptotically. We can 
define the minimum phase to reach at least 95% of 𝜃2,

tanh
(ΔΨ𝑘

2

)

≈ 1 ⇒ ΔΨmin =
2ΩΔ𝜃
𝜃̇max

atanh(0.95). (8)

Selecting appropriately the values of the phase width and the pitch 
jump will define the power-noise trade-off of the IPC scheme. Both ΔΨ
and Δ𝜃 reduce the power extraction and noise generation. Actually, the 
power generation as a function of these parameters can be estimated as 
follows

𝑃 (ΔΨ,Δ𝜃) ≈ 𝑃coll(𝜃1)
(

1 − ΔΨ
2𝜋

Δ𝑃 (Δ𝜃)
)

, (9)

where 𝑃coll(𝜃) denotes the power generation for a collective pitch 𝜃 and 
Δ𝑃 (Δ𝜃) = |𝑃coll(𝜃1) − 𝑃coll(𝜃2)| the power difference between collective 
pitch values.

Fig. 5 illustrates a sensitivity analysis of these parameters for the 
NREL 5 MW wind turbine. It can be seen how in Fig. 5a the approximate 
expression by Eq. (9) is recovered. Both phase width and pitch jump 
reduce power and noise monotonously.

From a manufacturer point of view, these curves could be used to 
determine ΔΨ and Δ𝜃 that get certain power losses or minimize specific 
power-noise metrics. For example, if one needs to comply with noise reg-
ulations to reduce 2 dB, one first chooses Δ𝜃 and ΔΨ that provides the 
desired noise reduction in Fig. 5b, in our example 3◦ and 160◦, respec-
tively. Then, one could find the power loss that the IPC scheme produces 
looking at Fig. 5a, in this case approximately 1 − 5.15∕5.38 ≈ 4%. 

3.  Results and discussion

The IPC scheme proposed in Section 2.4 is evaluated for three off-
shore wind turbines: the NREL 5 MW (Jonkman, 2009), the DTU 10 MW 
(Bak et al., 2013), and the IEA 22 MW (Zahle et al., 2024). These wind 
turbines span a wide range of geometric operational conditions; see Ta-
ble 1. All results presented are obtained using nominal wind speed and 
rotational speed conditions.

In Section 3.1, the power-noise trade-off for these three offshore 
wind turbines is discussed. Two different IPC schemes are proposed and 
tested. Finally, in Section 3.2, we quantify the effectiveness of the IPC 
strategy in different groups of marine animals.

As an extension of this work, two appendices are included. In Ap-
pendix A we explore how to combine our proposed IPC strategy with 
closed-loop controllers and a small wind farm test case is evaluated. Fi-
nally, in Appendix B we perform a preliminary analysis of the fatigue 
damage that is produced by this control.
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Fig. 5. Sensitivity analysis for the pitch law parameters ΔΨ and Δ𝜃. Simulations computed for the NREL 5 MW wind turbine.

Table 1 
Geometrical and operational (rated) conditions of three large offshore 
wind turbines. 
 Characteristic  NREL 5 MW  DTU 10 MW  IEA 22 MW
 Hub height [m]  90.0  119.0  170.0
 Rotor diameter [m]  126.0  178.4  284.0
 Nominal wind velocity [m/s]  11.4  11.4  11.13
 Rotor angular velocity [rpm]  12.1  9.6  7.1
 Blade tip velocity [m/s]  79.0  90.0  102.0
 Blade Pitch [deg.]  0.0  0.0  4.12

3.1.  Power and noise balance for three offshore wind turbines

The trade-off between power extraction and wind turbine noise is 
primarily governed by the pitch angles defined by the pitch control law 
(see Eq. (6)), specifically 𝜃1 and 𝜃2. The selection of these values re-
flects the relative importance assigned to power generation versus noise 
reduction.

The high-noise/power angle 𝜃1 corresponds to the nominal setting of 
the pitch angle. This is typically optimized for maximum power output. 
From a control perspective, 𝜃1 would be the collective pitch angle im-
posed by a conventional variable-speed controller. In contrast, 𝜃2 serves 
as a tunable parameter to balance the power-noise trade-off. Increasing 
the pitch angle beyond nominal conditions generally results in a simul-
taneous reduction in both power and noise levels.

This section presents a brief discussion on the impact of pitch jump 
Δ𝜃 = 𝜃2 − 𝜃1 on power generation and noise emissions. Two different 
IPC schemes are studied, with pitch jumps of Δ𝜃1 = 3◦ and Δ𝜃2 = 5◦. A 
higher value of the pitch jump requires a larger phase width, so the pitch 
has enough time to transition. Hence, different phase widths are used, 
ΔΨ1 = 120◦ and ΔΨ2 = 150◦. Notice that both are larger than ΔΨmin de-
fined by Eq. (8) for each case. The value of both pitch laws 𝑘 is set as the 
maximum allowed pitch rate; see Eq. (7). The central phase selected for 
both strategies is Ψ𝑐 = 135◦, which corresponds to the middle azimuth 
position in the downward quarter.

For illustration, in Fig. 6 we present the average overall sound pres-
sure level on the Snell Cone (OSPL) produced by each IPC strategy ap-
plied to the DTU 10 MW wind turbine. The results corresponding to con-
stant pitch values–namely the nominal angle and increments of +3◦ and 
+5◦–are also included. Fig. 6a illustrates how the pitch law transitions 
from following the low noise OSPL curve when the blade is oriented 
downward to aligning with the high noise curve when the blade noise 
radiated in the Snell Cone region is minimal. This showcases the pitch 
law’s ability to reduce noise by targeting the most acoustically sensitive 
positions. Finally, the result OSPL for the entire wind turbine is shown 
in Fig. 6b. There are some phenomena to consider when analyzing the 
noise from the three blades. First, it is important to note that the lowest 
noise levels observed in the single-blade case (see Fig. 6a) are not fully 

recovered in the full rotor configuration (see Fig. 6b). This is due to the 
2𝜋∕3 phase difference between blades, when one blade is in a low-noise 
position, the other two occupy different angular positions. As a result, 
total wind turbine noise exhibits an overlap of high- and low-noise re-
gions, leading to a reduction in the depth of modulation of the amplitude 
of the signal, OSPL(𝑡). Another important remark is that the maximum 
value of OSPL(𝑡) for the entire rotor is lower than the maximum noise 
level observed for a single blade. This occurs because OSPL(𝑡) represents 
the average sound pressure level over the Snell Cone region. In the case 
of three blades, the averaging is performed over the union of the three 
Snell Cones, which covers a larger area. Since not all blades emit maxi-
mum noise simultaneously, spatial averaging across this extended region 
results in a lower overall peak level.

To evaluate the effectiveness of the two IPC schemes, four key per-
formance metrics are compared across the three wind turbines:

1. Power loss with respect to the nominal operating condition.

Power Loss = Power
Power nominal

⋅ 100%.

2. Noise generation. We denote ÔSPL to the overall sound pressure level 
averaged over the Snell Cone area and over one rotation. Notice that it 
is either integrating all frequencies of ŜPL(𝑓 ) or time averaging OSPL(𝑡), 
both previously introduced.

3. Power Loss Rate (PLR). This is defined as the power loss in % over the 
overall sound pressure level reduction compared to nominal conditions.

4. Normal amplitude modulation depth (AM) of OSPL(𝑡). Normal AM mea-
sures the amplitude of the overall sound pressure level oscillations 
caused by the directivity of the dominant trailing edge noise source 
combined with the time-varying position and orientation of the rotating 
blades. To compute the AM depth, the method proposed by Lee et al. 
(2011) is followed.

The results are summarized in Table 2. As expected, the low-pitch 
jump IPC scheme, denoted 𝜃1IPC, yields the smallest power losses rela-
tive to the nominal case. However, this scheme achieves a more modest 
reduction in ÔSPL compared to the higher pitch jump variant, 𝜃2IPC. In 
particular, both IPC strategies demonstrate the ability to reduce AM with 
respect to all constant pitch angle configurations.

The choice between 𝜃1IPC and 𝜃2IPC ultimately depends on the rela-
tive priority given to power production versus noise mitigation. The 
low pitch jump scheme 𝜃1IPC, incurs relatively minor power losses–
approximately 5% depending on the turbine–while achieving a ∼3 dB 
reduction in ̂OSPL. In contrast, the higher pitch jump scheme (𝜃2IPC) can 
reduce noise by up to 5 dB, but at the cost of power losses reaches ap-
proximately 10%.

Our proposed IPC scheme produces a power loss of 1-3 %/dB of noise 
reduction. Meanwhile, collective pitch offsets produce a much higher 
PLR. van den Berg et al. (2025) conducted a comparison between dif-
ferent Noise-Reduced Operation (NRO) strategies in industry, the study 
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Fig. 6. Comparison of different pitch strategies on the OSPL for the DTU 10 MW wind turbine for two rotor revolutions.

Table 2 
Comparison of four performance metrics for different pitch strategies 
across three offshore wind turbines. The evaluated pitch strategies are: 
the nominal pitch angle (𝜃nom), fixed pitch increments of 3◦ and 5◦, and 
two IPC schemes designed to alternate between the nominal condition 
and these respective increments. 
 WT  Metric 𝜃nom 3◦ 5◦ 𝜃1IPC 𝜃2IPC

NREL
 Power loss (%)  0.00  10.16  23.05  3.19  8.45
OSPL (dB)  55.97  53.68  52.82  54.36  53.45
 PLR(%/dB)  –  4.43  7.33  1.98  3.36
 AM (dB)  7.58  7.79  8.02  7.30  7.22

DTU
 Power loss (%)  0.00  4.89  15.39  1.36  5.21
OSPL (dB)  63.39  58.66  56.25  60.14  57.90
 PLR (%/dB)  –  1.03  2.16  0.42  0.95
 AM (dB)  6.42  6.62  7.10  5.97  5.00

IEA
 Power loss (%)  0.00  18.62  36.65  6.17  14.73
OSPL (dB)  64.34  59.15  56.96  60.81  58.58
 PLR (%/dB)  –  3.59  4.97  1.75  2.56
 AM (dB)  6.80  7.50  7.75  5.90  5.10

stated that the power loss in % per dB was approximately 5%. There-
fore, this IPC scheme is more efficient to reduce underwater noise than 
conventional NRO strategies.

It should be noted that these results were obtained using reference 
offshore wind turbine models, which are commonly employed in the 
literature for the evaluation of control strategies. Commercial wind tur-
bines may require retuning of the pitch law parameters to account for 
differences in turbine geometry and aerodynamic characteristics.

3.2.  Influence on marine life

Similarly to humans, marine animals do not hear equally along all 
frequencies. To characterize how different species of marine mammals 
perceive sound, Southall et al. (2019) grouped different species into 
functional hearing groups based on several experimental studies. In this 
study, we consider the following groups:

• LF-cetaceans: Mysticete whales, including minke whale.
• HF-cetaceans: Most odontocetes, including the white-beaked dolphin 
and the pilot whale.

• VHF-cetaceans: Narrow-band high-frequency odontocetes, including 
harbour porpoise

• PCW-phocid seals: True seals, including harbor seal and gray seal.

For humans, it is generally agreed that the most reliable way to predict 
injury risk is to apply a weighting to the SPL spectrum that approximates 
the inverse of the audiogram, commonly known as A-weighting (dBA). A 
similar procedure can be performed for the different functional hearing 
groups of marine mammals (Tougaard, 2021). National Marine Fish-

Table 3 
ÔSPL reduction (dB) using the proposed IPC strategy, 
𝜃2IPC, compared to nominal conditions for the three 
wind turbines studied and applying different marine 
animal filters. 
 WT  Unfiltered  LF  PCW  HF  VHF
 NREL  2.58  1.29 -0.46 -0.97 -0.81
 DTU  5.35  3.13  0.59  0.09  0.28
 IEA  5.60  3.63  0.84 -0.28 -0.29

eries Service (2016) proposed analytical expressions for these marine 
weights (or filters) for the different functional groups; see Fig. 7b.

These group filters are used to assess the reduction in sound pressure 
level experienced by different groups of marine mammals as a result of 
the implementation of the IPC scheme. Using the high-pitch jump IPC 
strategy 𝜃2IPC the 

1
3 -octave ŜPL spectrum is shown in Fig. 7a for the DTU 

10 MW wind turbine. As observed, the spectrum corresponding to the 
IPC scheme consistently falls between the spectra obtained with fixed 
pitch angles, illustrating the intermediate acoustic footprint of the IPC 
approach.

Table 3 presents the overall reduction in the sound pressure level 
Δ𝐶 due to the IPC scheme relative to the nominal conditions consider-
ing different filters for marine mammals. Note that the unfiltered OSPL 
reduction scales with the size of the wind turbine, which indicates that 
this IPC control strategy is particularly suitable for large wind turbines, 
where the wind turbine noise impact is more significant.

As shown in Fig. 7a, the spectral response of ŜPL to pitch modifica-
tions mainly affects the mid to low frequency range. The IPC-induced 
noise reduction is concentrated within this frequency band, whereas re-
ductions at higher frequencies are limited, and in some cases, a slight 
amplification may occur. This results in negative Δ𝐶 values (i.e., an 
increase in SPL) for hearing groups sensitive to high frequencies. The 
extent of this effect depends on the spectral characteristics of each 
wind turbine, as illustrated in Table 3. However, note that in the high-
frequency range where these species are most sensitive, the baseline 
wind turbine noise spectrum is already relatively low. Thus, even if the 
IPC strategy leads to minor increases in SPL at these frequencies, the 
absolute levels remain low and are unlikely to pose significant acoustic 
risk.

In general, the IPC strategy proves to be particularly effective for 
marine species sensitive to mid- and low-frequency noise. In particular, 
the LF hearing group exhibits the largest reduction, exceeding 3 dB for 
both the DTU and the IEA wind turbines.

As a final remark, note that the ̂OSPL reductions due to the control 
Δ𝐶, are computed above the sea surface. These reductions are still valid 
at underwater receivers, as all the propagation losses associated with 
that position do not depend on the control strategy followed; see Eq. (5).
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Fig. 7. Frequency-domain analysis of wind turbine noise considering IPC and its relevance to marine fauna.

4.  Conclusions

In this work, we have quantified how much aerodynamic noise gen-
erated by large horizontal-axis offshore wind turbines can penetrate the 
air–sea interface and contribute measurably to the underwater acoustic 
environment.

To mitigate this airborne-to-underwater noise, we developed and 
evaluated an open-loop IPC strategy. By modulating blade pitch at the 
blade passing frequency, this IPC approach substantially reduces over-
all sound pressure level and dampens amplitude modulation - a phe-
nomenon known to cause annoyance in humans and likely to affect ma-
rine animals similarly. By combining the analyzes of three representa-
tive turbines (NREL 5 MW, DTU 10 MW, and IEA 22 MW), we quantified 
the reductions in sound pressure level due to the proposed IPC method. 
Furthermore, we computed its effect on marine mammals considering 
their hearing sensibility.

Our method achieves noise reduction with minimal impact on power 
performance, confirming a variation in pitch Δ𝜃 ≈ 3◦ as an effective 
compromise between acoustic mitigation and power generation.

Furthermore, our results show that the greatest noise reduction is 
achieved in the low to mid-frequency range, where the wind turbine 
noise is most pronounced. They also indicate that pitch control may 
be ineffective as a mitigation strategy for marine mammals with high 
frequency hearing. Consequently, the real effect of the IPC strategy will 
depend on the specific local marine fauna. Therefore, a site-specific eco-
logical assessment should be performed prior to implementing wind tur-
bine noise control measures.

Looking ahead, integrating closed-loop feedback and reinforcement 
learning algorithms (Frutos et al., 2025; Coquelet et al., 2022) could 
further optimize pitch schedules in real time, taking into account 
the changing wind, sea state, and biological risk factors. Preliminary 
results obtained in Section A suggests that combining the proposed 
IPC strategy with a variable-speed controller yields to similar noise 
reductions.

Furthermore, the assumption of a flat sea surface should be revis-
ited, and the propagation model refined to account for the effects of 
realistic sea surface conditions on acoustic transmission and on the def-
inition of the “Snell Cone”. That being said, the proposed pitch control 
strategy is designed to reduce the generation of noise by the turbine 
(and not the propagation); therefore, a reduction in underwater impact 
should be expected under all sea conditions. Although the effectiveness 
of the control may vary, we believe that the overall concept remains
valid.

By embedding aerodynamic noise considerations in environmental 
impact assessments and turbine control design, this study paves the way 
for a more harmonious coexistence between offshore wind development 
and marine ecosystems.
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Appendix A.  Closed-loop integration and a wind farm application

As an extension of this study, we discuss how the proposed IPC 
scheme can be integrated with a collective pitch controller, enabling 
the wind turbine to adapt to dynamic environmental conditions, e.g., 
wind speed variations or other wind turbine wakes.

For simplicity, we assess the controller performance when imple-
mented on top of a conventional collective pitch controller. The total 
pitch angle of each wind turbine blade, 𝜃𝑏, is defined as
𝜃𝑏 = 𝜃col(Ω) + 𝜃𝑏IPC(Φ

𝑏), (A.1)

where 𝜃col(Ω) is the collective pitch of a classic Region II - Region III 
wind turbine controller, Burton et al. (2011). This controller aims to 
maintain the nominal generator speed under above-rated conditions 
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Fig. A.1. Evaluation of the proposed IPC scheme in a small wind farm.

while preserving the optimal collective pitch angle for maximum power 
capture in below-rated conditions. Meanwhile, the IPC contribution 
minimizes the underwater noise radiation.

The performance of the combined controller is evaluated on a small 
wind farm composed of a single row of three NREL 5 MW wind turbines. 
The wind farm layout used in this simulation is illustrated in Fig. A.1a, 
together with the corresponding wind velocity field. The simulation is 
computed using FAST.Farm, an OpenFAST extension for wind farms, 
Jonkman et al. (2020).

To estimate the overall sound pressure level at the underwater re-
ceiver, the transmission loss from the air–water interface to the under-
water location is modeled using wave theory (Young, 1973). The air-to-
water transmission loss is given by Δ𝐿a−w = 20 log10 2 + 20 log10

(

𝑟𝑤∕𝑟𝑎
)

, 
where the first term accounts for the transmission coefficient at the air–
water interface, and the second term represents underwater sound prop-
agation. Here, 𝑟𝑤 denotes the distance between the underwater observer 
and the interface, while 𝑟𝑎 represents the distance from the airborne 
source to the interface, which is approximated by the tower height. The 
total OSPL at the receiver generated by the wind farm is then estimated 
as

OSPL(𝑥̄, 𝑡) ≈ 10 log10

( 𝑁
∑

𝑖=1
10

(

OSPL𝑖(𝑡)+20 log10 2−20 log10(𝑟𝑖𝑎∕𝑟
𝑖
𝑤)

)

∕10
)

. (A.2)

Fig. A.1b shows the overall sound pressure level estimation at the 
underwater observer. Note that once the wake is fully developed, the 
OSPL produced employing the IPC strategy is consistently lower than 
the one obtained with just a standard collective control. The noise re-
duction obtained at the farm level is consistent with the single-turbine 
results reported in Table 2 from Section 3.1, around 2 dB for the NREL 
5 MW wind turbine. These preliminary results demonstrate the poten-
tial scalability of this IPC strategy to a farm level once coupled with a 
standard collective pitch controller.

Regarding power generation, Table A.1 reports the power distribu-
tion within the wind farm for both control strategies. Since the first tur-
bine operates in the above-rated region, both strategies yield identical 
power output, since the variable-speed controller employs a PID track-
ing nominal generator speed. Downstream turbines operate in Region II 
(underrated conditions). While the second turbine produces slightly less 
power when using the IPC strategy, it generates a weaker wake, enabling 
increased power extraction by the third turbine. As a result, the total 
wind farm power output remains nearly unchanged between the two 
strategies, with a marginally higher overall power production observed 
when employing the IPC.

These preliminary results indicate that the proposed IPC strategy 
may remain effective at the wind farm level. Nevertheless, higher-

Table A.1 
Power generation of a 3-wind-turbine wind farm 
under different pitching strategies. 
 Power (MW)  WT1  WT2  WT3  Farm
𝜃Col  5.30  3.36  2.10  10.76
𝜃IPC  5.28  3.23  2.35  10.86

fidelity modeling approaches are required in future work, as accurate 
wake characterization and detailed air–water interface modeling are 
critical for a comprehensive evaluation of the power–noise trade-off.

Appendix B.  Fatigue analysis of the IPC strategy

Imposing a pitch actuation of the blade-passing frequency increases 
the mechanical cost of the control. Fatigue loads on wind turbines are 
commonly measured using the damage equivalent loads metric (DEL). 

In the literature, one can find studies that quantify the damage equiv-
alent loads of different IPC strategies. Taschner et al. (2023) quantified 
the DELs that the Helix control generates for different pitch amplitudes. 
Following a similar methodology, we include a preliminary DEL analysis 
to assess the effect of our IPC strategy on the DEL of the wind turbine. 

The DEL metric is not directly interpretable in absolute terms and 
is therefore typically used for comparative purposes across operating 
scenarios. To provide context for the DEL variations induced by the IPC 
strategy, two levels of atmospheric turbulence are incorporated in the 
analysis. By doing so, we can compare if the DEL increase produced 
by our IPC strategy is comparable to the DEL that the will turbine will 
encounter naturally, e.g., turbulence effects on the loads. 

The study is performed using the DTU 10 MW wind turbine model. 
Fatigue damage associated with the blade root moments (flap-wise and 
edge-wise) is evaluated using the DEL formulation proposed by Madsen 
et al. (1990), which is based on the Wöhler curve. A rainflow count-
ing algorithm is employed to determine the number of load cycles as 
a function of their respective ranges. The Wöhler exponent is set to 10 
for the wind turbine blades. The reference frequency is set to 1 Hz and 
the simulation time is 10 min. All calculations are performed using the 
OpenFAST Toolbox, Branlard (2004). 

Three IPC configurations are analyzed, corresponding to pitch jumps 
of Δ𝜃 = 0◦, 3◦, and 5◦. Because the flow is turbulent, the IPC strategy is 
coupled with a standard variable-speed controller. The wind speed re-
mains below-rated; therefore, the controller adjusts only the generator 
torque to regulate the rotational speed according to wind speed varia-
tions. Additionally, three different Turbulence Intensity (TI) values are 
considered TI = 0%, 1% and 5%. The turbulence is computed using Turb-
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Fig. B.1. Damage Equivalent Loads (DELs) comparison between a standard variable-speed controller and including our proposed IPC strategy. The DEL are computed 
for different Turbulence Intensity (TI) inflows.

Sim, a stochastic, full-field, turbulent-wind simulator created by NREL, 
Jonkman and Kilcher (2012). 

Fig. B.1 depicts the influence of TI and our IPC strategy on the DEL 
for the flap-wise and edge-wise blade root moments. The edge-wise 
blade root moment is dominated by the gravitational loading (Burton 
et al., 2011), TI has a minor influence on it and our IPC strategy actu-
ally slightly reduces this load, see Fig. B.1b. In contrast, the IPC strategy 
considerably increases the DEL of the flap-wise blade root moment, as 
shown in Fig. B.1a. However, this increase is comparable with the one 
generated by turbulence. Moreover, as turbulence intensity increases, 
the relative impact of the IPC strategy on the DEL diminishes. 

This fatigue assessment indicates that, although the IPC strategy in-
creases the DEL, it is of the same order as that produced by the turbu-
lence that the wind turbine will encounter naturally, and this not signif-
icantly increasing fatigue damage. Nevertheless, a more comprehensive 
evaluation of the mechanical implications of the proposed IPC strategy 
could be beneficial, prior to real-world implementations. 
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