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Abstract. In renewable energy, offshore wind turbines are increasingly 
recognized as signi�icant sources of underwater noise, with growing concerns 
about their impact on marine life. A key noise contributor is the structural 
vibration from the turbine's gearbox, transmitted through the tower to the water. 
This study re-analyzes the underwater noise of a single turbine using �ield 
measurements from the Utgrunden wind farm. Turbines are modeled as idealized 
Euler-Bernoulli beams with a lumped mass at the top, and the analytical response 
serves as a boundary condition for the employed Combined Helmholtz Integral 
Equation Formula (CHIEF) underwater noise simulation implementation. By 
matching CHIEF's output to �ield data using gradient descent, the approach 
effectively approximates the noise measurements, despite some limitations like 
proximity, free surface, and bottom re�lection. The �indings suggest that 
cumulative noise from the Utgrunden wind farm is detectable several kilometers 
away, with in- and out-of-phase noise interactions causing �luctuating noise levels 
near the farm. This method can optimize wind farm layouts to avoid noise peaks 
in sensitive areas.

1. Introduction 

Predicting the underwater noise generated by the operation of a wind farm is a challenging task. 
Hydrophones are typically placed in several locations to obtain an accurate readout of the 
underwater noise. However, the amount of data points that one can obtain is highly restricted by 
the cost of hydrophones, research vessels, and other operational considerations. 

Offshore wind farms pose environmental challenges, including increased underwater noise, 
collision risks, and pollution from vessel traf�ic. While noise from a single turbine is comparable 
to typical marine operations and 20–30 dB lower than passing ships [1], [2]. the trend of larger, 
densely clustered farms will need reassessment. Simulations show noise levels amplify with more 
turbines [3], [4], highlighting the need to understand wind farms' overall underwater noise 
impact. 

This study proposes a methodology to estimate noise distribution in the vicinity of an 
operational wind farm using only a single �ield point measurement. The proposed framework is 
illustrated in Figure 1. The �ield noise measurement is conducted based on a sequential shutdown 
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of the wind farm and analyzed to determine the appropriate mode contribution constant at a 
given structural vibration frequency. Subsequently, the surface velocity distribution is 
approximated from this information and then utilized as input for the CHIEF boundary element 
method. The boundary element method is frequently employed in the modeling of underwater 
acoustics, particularly in military defense research areas, where it is critical for submarines to 
remain undetected  [5]. The same principle is also used to predict noise from propellers, which 
ultimately contributes to understanding the noise generated by submarines [6]. 

 

2. Methodology 

2.1 Estimating the monopile modes of vibration [7] 
The monopile structure is approximated with an undamped Euler-Bernoulli beam with clamped-
free boundary condition and a rigid tip mass af�ixed to the free-top end with mass of 𝑀𝑀𝑡𝑡 and rotary 
inertia of 𝐼𝐼𝑡𝑡. The governing equation of motion for the monopile is presented in Equation 1. 

 

𝑌𝑌𝑌𝑌
𝜕𝜕4𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑧𝑧4

+ 𝑚𝑚
𝜕𝜕2𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑡𝑡2

= 0          (1) 
 

With 𝑤𝑤(𝑧𝑧, 𝑡𝑡) indicates the transverse displacement at point 𝑧𝑧 along the pile with respect to 
time 𝑡𝑡. 𝑌𝑌𝑌𝑌 is the bending stiffness, and m is the mass per unit length of the monopile. The clamped-
free boundary condition with a tip mass can be expressed by Equation 2 and 3. 

 

𝑤𝑤(0, 𝑡𝑡) = 0,
𝜕𝜕𝜕𝜕(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝜕𝜕

�
𝑥𝑥=0

= 0 (2) 

 

�𝑌𝑌𝑌𝑌
𝜕𝜕2𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑧𝑧2

+ 𝐼𝐼𝑡𝑡
𝜕𝜕3𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑡𝑡2𝜕𝜕𝜕𝜕

�
𝑥𝑥=𝐿𝐿

= 0, �𝑌𝑌𝑌𝑌
𝜕𝜕3𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑧𝑧3

+ 𝑀𝑀𝑡𝑡
𝜕𝜕2𝑤𝑤(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑡𝑡2

�
𝑥𝑥=𝐿𝐿

= 0 (3) 

 
The rotary inertia of the tip mass (𝐼𝐼𝑡𝑡) can be approximated using a one-mass model of a wind 

turbine can be calculated by Equation 4. The general response of the beam is the linear 
combination of all vibration modes as shown in E Equation 5. 

 
𝐼𝐼𝑡𝑡 = 𝐼𝐼𝑟𝑟 + 𝑛𝑛𝑔𝑔2𝐼𝐼𝑔𝑔 (4) 

 

 

Figure 1. Flow chart describing the framework for predicting 3D underwater noise field. 



ICPCO-2024
IOP Conf. Series: Earth and Environmental Science 1464 (2025) 012033

IOP Publishing
doi:10.1088/1755-1315/1464/1/012033

3

𝑤𝑤(𝑧𝑧, 𝑡𝑡) =  ��cos
𝜆𝜆𝑘𝑘
𝐿𝐿
𝑧𝑧 − cosh

𝜆𝜆𝑘𝑘
𝐿𝐿
𝑧𝑧 + 𝜁𝜁𝑘𝑘(sin

𝜆𝜆𝑘𝑘
𝐿𝐿
𝑧𝑧 − sinh

𝜆𝜆𝑘𝑘
𝐿𝐿
𝑧𝑧)� (𝐴𝐴𝑘𝑘 cos𝜔𝜔𝑘𝑘𝑡𝑡

∞

𝑘𝑘=1
+ 𝐵𝐵𝑟𝑟 sin𝜔𝜔𝑘𝑘𝑡𝑡) 

(5) 

 
Where 𝐴𝐴𝑟𝑟 and 𝐵𝐵𝑟𝑟 are the unknown constants that can be determined by �inding the response 

to initial conditions 𝑤𝑤(𝑧𝑧, 0) and 𝜕𝜕𝜕𝜕(𝑧𝑧, 𝑡𝑡)/𝜕𝜕𝜕𝜕|𝑡𝑡=0, and 𝜔𝜔𝑘𝑘 is the eigenfrequency of the k-th vibration 
mode. 

 

2.2 Combined helmholtz integral equation formulation (CHIEF) boundary element method 
2.2.1 CHIEF formulation 
An arbitrarily shaped geometry is submerged in an in�inite ideal homogeneous �luid that �ills the 
exterior region of the solid surfaces. The �luid has a density of ρ, and the speed of sound on the 
�luid is 𝑐𝑐. The �luid �ills region exterior to the surface region. Previous studies have indicated that 
the spatial pressure radiated from vibrating bodies and the normal velocity comply with the 
Helmholtz integral formulas, as shown in Equation 6, where 𝑝𝑝(𝑋𝑋) is the �ield pressure, 𝐺𝐺(𝜎𝜎,𝑋𝑋) is 
the green function, 𝜕𝜕𝜕𝜕(𝜎𝜎)/𝜕𝜕𝜕𝜕 is the pressure gradient normal to the body’s surface 𝑆𝑆 [10], [11]. 

 

� �𝐺𝐺(𝜎𝜎,𝑋𝑋)
𝜕𝜕𝜕𝜕(𝜎𝜎)
𝜕𝜕𝜕𝜕

− 𝑝𝑝(𝜎𝜎)
𝜕𝜕𝜕𝜕(𝜎𝜎,𝑋𝑋)

𝜕𝜕𝜕𝜕 �𝑑𝑑𝑑𝑑
𝑆𝑆

 =  �

−𝑝𝑝(𝑋𝑋)  𝑋𝑋 exterior to  S

−
1
2
𝑝𝑝(𝑋𝑋)   𝑋𝑋 on  S

0   𝑋𝑋 interior to  S

 (6) 

 
To evaluate the exterior acoustic pressure using Equation 6, one must provide the entire 

pressure and normal velocity distribution on the surface 𝑆𝑆. The pressure gradient may be 
calculated from the surface velocity distribution as can be found in the surface boundary 
condition shown in Equation 7, and the �ield pressure must satisfy the radiation condition [12]. 

 
𝜕𝜕𝜕𝜕(𝑋𝑋)
𝜕𝜕𝜕𝜕

= 𝑛𝑛�𝑠𝑠 ∙ ∇𝑝𝑝(𝑋𝑋) = −𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑋𝑋),    𝑋𝑋 ∈ 𝑆𝑆 (7) 

 
Upon substituting Equation 7  into Equation 6, the external Helmholtz equation can be 

transformed into Equation 8. Furthermore, an interior Helmholtz relation is also obtained which 
can  offers a supplementary means to compute the surface pressure, this relation is presented in 
Equation 9 [13]. In this work, the surface velocity distribution is derived by summing the modes 
while taking into account the forcing to stiffness term factor obtained through the use of gradient 
descent, which will be elaborated in Section 2.3. 

 

1
2
𝑝𝑝𝑚𝑚 −��𝑝𝑝𝑛𝑛 �

𝜕𝜕𝜕𝜕(𝜎𝜎,𝑋𝑋𝑚𝑚)
𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑(𝜎𝜎)
𝑆𝑆𝑛𝑛

�
𝑁𝑁𝑠𝑠

𝑛𝑛=1

= 𝑖𝑖𝑖𝑖𝑖𝑖��𝑣𝑣𝑛𝑛 � 𝐺𝐺(𝜎𝜎,𝑋𝑋𝑚𝑚) 𝑑𝑑𝑑𝑑(𝜎𝜎)
𝑆𝑆𝑛𝑛

�
𝑁𝑁𝑠𝑠

𝑛𝑛=1

 (8) 

 

0 −� 𝑝𝑝(𝜎𝜎)
𝜕𝜕𝜕𝜕(𝜎𝜎,𝑋𝑋)

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑(𝜎𝜎)

𝑆𝑆𝑛𝑛
= 𝑖𝑖𝑖𝑖𝑖𝑖� 𝑣𝑣(𝜎𝜎)𝐺𝐺(𝜎𝜎,𝑋𝑋) 𝑑𝑑𝑑𝑑(𝜎𝜎)

𝑆𝑆𝑛𝑛
 (9) 

 
A study have established that the surface Helmholtz integral equation in Equation 8 lacks a 

unique solution when the wavenumber 𝑘𝑘 coincides or is in proximity to the characteristic 



ICPCO-2024
IOP Conf. Series: Earth and Environmental Science 1464 (2025) 012033

IOP Publishing
doi:10.1088/1755-1315/1464/1/012033

4

wavenumber 𝑘𝑘′ [11]. However, this limitation does not apply to the interior Helmholtz relation in 
Equation 9. The CHIEF Method resolves this by combining the surface and interior Helmholtz 
equations, creating an overdetermined system. The interior equation serves as an additional 
constraint when k is near the characteristic wave number [14]. The overdetermined system of 
equations mentioned can be written in matrix form  equation Equation 10 with matrices A and B 
de�ined in Equation 11 and 12 [15]. The overdetermined system of equations is solved by 
Householder reduction [16].  

 
[𝐴𝐴]{𝑃𝑃} = [𝐵𝐵]{𝑉𝑉} (10) 

 

𝐴𝐴𝑚𝑚𝑚𝑚 =

⎩
⎪
⎨

⎪
⎧ 1

2
𝛿𝛿𝑚𝑚𝑚𝑚 −�

𝜕𝜕𝜕𝜕(𝜎𝜎,𝑋𝑋𝑚𝑚)
𝜕𝜕𝜕𝜕𝑆𝑆𝑛𝑛

𝑑𝑑𝑑𝑑(𝜎𝜎);    𝑚𝑚 = 1;𝑁𝑁𝑠𝑠

−�
𝜕𝜕𝜕𝜕(𝜎𝜎,𝑋𝑋𝑚𝑚)

𝜕𝜕𝜕𝜕𝑆𝑆𝑛𝑛
𝑑𝑑𝑑𝑑(𝜎𝜎);    𝑚𝑚 = (𝑁𝑁𝑠𝑠 + 1); (𝑁𝑁𝑠𝑠 + 𝑁𝑁𝐼𝐼)

 (11) 

 

𝐵𝐵𝑚𝑚𝑚𝑚 =

⎩
⎪
⎨

⎪
⎧ 𝑖𝑖𝑖𝑖𝑖𝑖� 𝐺𝐺(𝜎𝜎,𝑋𝑋𝑚𝑚)

𝑆𝑆𝑛𝑛
𝑑𝑑𝑑𝑑(𝜎𝜎);   𝑆𝑆𝑆𝑆𝑆𝑆  𝑚𝑚 = 1;𝑁𝑁𝑠𝑠; 1

𝑖𝑖𝑖𝑖𝑖𝑖� 𝐺𝐺(𝜎𝜎,𝑋𝑋𝑚𝑚)
𝑆𝑆𝑛𝑛

𝑑𝑑𝑑𝑑(𝜎𝜎);   𝐼𝐼𝐼𝐼𝐼𝐼  𝑚𝑚 = (𝑁𝑁𝑠𝑠 + 1); (𝑁𝑁𝑠𝑠 + 𝑁𝑁𝐼𝐼); 1 
 (12) 

 
2.2.2 CHIEF numerical implementation 

The CHIEF algorithm is implemented in FORTRAN language [15]. The inputs of CHIEF are the 
geometry of the modeled structure, and the boundary condition in the form of surface velocity 
distribution. The output produced is the near-�ield pressure.The  validity of CHIEF 
implementation needs to be tested against an analytic formula, in this validation a uniformly 
vibrating sphere with radius 𝑎𝑎 and radial velocity of V generates �ield acoustic pressure that can 
be calculated using Equation 13  [17].  

 

𝑝𝑝(𝑟𝑟) =
𝑖𝑖ωρ𝑉𝑉𝑎𝑎2𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖

1 + 𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖

𝑟𝑟
, 𝑟𝑟 ≥ 𝑎𝑎 (13) 

 
In this validation, the radius set to be 1 𝑚𝑚, and the radial breathing velocity (𝑉𝑉) is 1𝑚𝑚/𝑠𝑠 

with wave number (𝑘𝑘) of π/3. The results shown in Figure 2 reveals an average error of 2.22% for 
various surface discretization size. This validation con�irms that the CHIEF numerical tools are 
suitable for addressing similar pressure radiation issues. 
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Figure 2. pressure validation for CHIEF implementation to analytical method. The analytical results are 
compared across various model meshing schemes, demonstrating a relatively consistent error across all 
schemes. 

 

2.3 Mode contribution determination using gradient descent 
In this paper, the problem of determining a hyperparameter of an environmental factor based can 
be framed as solving an overdetermined system discussed in Section 3.2. To address this issue, 
the gradient descent algorithm, a �irst-order optimization method, is proposed to iteratively 
update hyperparameters in the direction of the objective function's steepest descent.. Minimizing 
the error between sensor readings and predictions based on environmental factors allows for 
accurate estimation of the factors governing wind turbine vibrations. 

The underlying reason behind this method selection is gradient descent method applies to a 
wide range of penalty functions especially the non-smooth one [19]. Gradient descent can 
effectively navigate this challenging landscape by following the gradient direction towards the 
global minimum of the objective function. 

In the process of �inding the hyperparameter, the weights 𝑊𝑊∗ that minimized the loss 
function from Equation 14 needs to be determined. In this work, the weights serve as the forcing-
to-stiffness ratio elaborated in Section 3.2. 

𝑊𝑊∗ = min
𝑊𝑊

�𝐿𝐿(𝑓𝑓(𝑥𝑥𝑖𝑖;𝑊𝑊),𝑦𝑦𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

 (14) 

 
With 𝑊𝑊 = 𝑤𝑤0,𝑤𝑤1,𝑤𝑤2, … ,𝑤𝑤𝑛𝑛 being the collection of weights/hyperparameters to be solved 

from the system of equation, 𝑓𝑓(𝑥𝑥𝑖𝑖;𝑊𝑊) is the predicted output of the model with respect to the 
initial weights, and 𝑦𝑦𝑖𝑖  is the actual output desired in this case taken from a real measurement 
campaign.  

In solving a system of equations in the form of Ax=b over�itting is a highly desired 
characteristic in order to obtain the parameter that best describes the environmental factors, 
hence no training datasets used. The formula is shown in Equation 15 [19]. 

 
𝐴𝐴𝐴𝐴 = 𝑏𝑏 + 𝑟𝑟 = 𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (15) 

  
With 𝐴𝐴 = �𝑎𝑎𝑖𝑖𝑖𝑖� ∈ 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 is the constant matrix model, in this work the matrix 𝐴𝐴 de�ined in 

Equation 11. 𝑏𝑏 ∈ 𝑅𝑅𝑚𝑚 is a vector containing model output or measurements, 𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∈ 𝑅𝑅𝑚𝑚 is a vector 
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of true values, and 𝑟𝑟 ∈ 𝑅𝑅𝑚𝑚 is vector of model error. An energy function that represents model 
error is de�ined in Equation 16 that serves as the objective equation that minimizes error with 𝑥𝑥: 

𝐸𝐸(𝑥𝑥) =  �𝜖𝜖𝑖𝑖(𝑟𝑟𝑖𝑖(𝑥𝑥))
𝑚𝑚

𝑖𝑖=1

 (16) 

 
To �ind 𝑥𝑥 that minimizes the energy function, the gradient 𝛻𝛻𝛻𝛻(𝑥𝑥) must be calculated as 

de�ined in Equation 17. In this study, a modi�ied version of gradient descent called Nesterov 
Accelerated Gradient Descent (NAG) is applied. NAG is known for accelerating the optimization 
process and reducing overshoot by incorporating a “lookahead” step in each iteration [20]. 

 

𝛻𝛻𝛻𝛻(𝑥𝑥) =  �
𝛿𝛿𝛿𝛿(𝑥𝑥)
𝛿𝛿𝑥𝑥1

,
𝛿𝛿𝛿𝛿(𝑥𝑥)
𝛿𝛿𝑥𝑥2

, … ,
𝛿𝛿𝛿𝛿(𝑥𝑥)
𝛿𝛿𝑥𝑥𝑛𝑛

 � = 𝐴𝐴𝑇𝑇(𝐴𝐴𝐴𝐴 − 𝑏𝑏) (17) 

3. Results and discussion

3.1 Case study
3.1.1 Wind turbine structure’s specification overview

This work involves the modeling of a monopile structure with the main source of vibration is 
originated from gearbox on wind turbine GE Wind Energy 1.5s Offshore with its speci�ication
shown in Table 1 [21]. The monopile structure surface discretization sketch is shown in Figure 7.

 
Figure 3. Monopile surface discretization: the structure is divided into 20 equal segments in the 
circumferential direction and 74 segments in the vertical direction. 

 
3.1.2 Scope of the model

In modeling underwater acoustics using CHIEF, this study imposes several simplifying 
assumptions to address numerical limitations. The focus is on the structure’s interaction with 
water, speci�ically the sound pressure transmitted directly to it, while other factors like 
compressional and shear waves in the sediment [22] are excluded. The model assumes a constant 
sound speed with depth and simpli�ies the sea�loor pro�ile to a �lat 12.9 meters, matching the
depth of Hydrophone 3 despite slight actual variation as summarized in Table 2. In this study, only 
the structure’s surface boundary condition is considered,  any other boundary conditions, such as 
bottom and surface re�lection, and multiple turbine conditions are disregarded. Additionally, sea
surface reverberation has been ignored, as sound waves interacting multiple times with the ocean 
surface and seabed is beyond the scope of this study.
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Table 1. GE wind energy 1.5s offshore wind turbine and monopile structure speci�ication. 

Parameter Value 
Rated Power 1.425 MW 
Number of blades 3 
Rotor Diameter 70.5 m 
Hub height  65 m 
Cut in speed 3 m/sec 
Cut out speed 25 m/sec 
Rotor operation speed 11 – 20 rpm 
Foundation type Monopile 
Nacelle weight 49,000 kg 
Rotor weight 28,000 kg 
Tower weight 76,000 kg 
Transition piece weight 22,000 kg 
Blade weight 5,216 kg 
Gearbox ratio 90:1 
Monopile dimension 3.65 𝑚𝑚 × 55 𝑚𝑚𝑚𝑚 × 33.7 𝑚𝑚 
Monopile weight 165,000 kg 

 
 

3.2 Mode contribution determination 
Three hydrophones are used during the measurement campaign in Utgrunden wind farms [24], 
the location of each hydrophone relative to turbine 4, and its water depth are shown in Table 2. 
Hydrophone 3, the closest to the wind farm, was selected for analysis as it captured the highest 
signal resolution. The pressure level reading from turbine 4 while operating at wind speed 14 
𝑚𝑚/𝑠𝑠 is shown in Figure 4. 

 
Table 2.  Location of hydrophones relative to turbine 4 and their depth. 

Hydrophone Distance to turbine #4 (m) Water depth (m) 
Hydrophone 1 463 18.0 
Hydrophone 2 160 15.2 
Hydrophone 3 83 12.9 

 
To calculate the excited vibration of the wind turbine, the dynamic contribution of the mode 

shape formula is utilized as shown in Equation 18. The term 𝜉𝜉𝑖𝑖/𝑘𝑘𝑖𝑖 is often named the forcing-to-
stiffness ratio. No information regarding the forcing of the environment is available in this study; 
therefore 𝜉𝜉𝑖𝑖/𝑘𝑘𝑖𝑖 is assgined as 𝑅𝑅𝑖𝑖Hence, the equation for the vibration velocity of the monopile 
surface can be expressed by Equation 19. The result of natural frequencies for the monopile 
structure are shown in Table 3. 

The force-to-stiffness ratio 𝜉𝜉𝑖𝑖/𝑘𝑘𝑖𝑖 obtained from the gradient descent results are summarized 
in Table 4 and applied to Equation (19) to compare deviations from the reference sound levels 
shown in Figure 4, the comparison presented in Figure 5 shows a similar sound levels, with the 
largest differences at low frequencies due to environmental noise captured alongside structural 
vibrations. To simulate the primary noise contributor at 177 Hz, the results show a slight 
frequency shift, with 188.7 Hz being used to capture the dominant term instead of the original 
frequency. 
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Figure 4. Hydrophone 3 recorded sound pressure levels from turbine 4 at 14 m/s wind speed, compared 
to background noise with no turbines operating. 

{𝑥𝑥} =  ��{𝛷𝛷}𝑖𝑖
𝜉𝜉𝑖𝑖
𝑘𝑘𝑖𝑖
𝐷𝐷𝐷𝐷𝐹𝐹𝑖𝑖 cos[𝜔𝜔𝑖𝑖𝑡𝑡]�

∞

𝑖𝑖=1

 (18) 

 

{𝑣𝑣} =  �(𝜔𝜔𝑖𝑖{𝛷𝛷}𝑖𝑖 𝑅𝑅𝑖𝑖𝐷𝐷𝐷𝐷𝐹𝐹𝑖𝑖 cos[𝜔𝜔𝑖𝑖𝑡𝑡])
∞

𝑖𝑖=1

 (19) 

 
Table 3. Wind turbine mode frequencies using Euler-Bernoulli beam theory. Frequencies ranging from 
1 up to 800 Hz following the basis of this study. 

Mode 
Number 

Frequency 
(Hz) 

 Mode 
Number 

Frequency 
(Hz) 

1 3.4806  12 225.31801 
2 9.53077  13 265.23956 
3 17.91222  14 308.47101 
4 28.02358  15 355.00885 
5 40.39122  16 404.85245 
6 56.22984  17 457.99902 
7 75.79421  18 514.45022 
8 98.92243  19 574.20463 
9 125.4884  20 637.26413 

10 155.4292  21 703.62561 
11 188.7112  22 773.29378 

 
Table 4. The forcing-to-stiffness ratios acquired from the gradient descent algorithm described. 

Mode 
Number 

ξi
ki

  Mode 
Number 

ξi
ki

 

1 0.11350581  12 0.01095502 
2 0.04186815  13 0.00213889 
3 0.02525101  14 0.00183713 
4 0.02715436  15 0.00548724 
5 0.0020917  16 0.001278 
6 0.00293712  17 0.00044378 
7 0.00297696  18 -0.00118743 
8 0.00380076  19 -0.00039723 
9 0.00290444  20 -0.00031718 

10 0.02623104  21 0.00210283 
11 0.04467592  22 -0.00097174 
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3.3 Near-field pressure
3.3.1 Underwater acoustic attenuation per doubled distance comparison

Due to limitations previously described in Section 3.1.2, the outcomes of this study 
speci�ically concern  to the depth wherein the effect of these two factors is least signifcant, which
is in the mid-water depth. To approximate the attenuation rate in the same fashion as the actual 
measurement [24]. Figure 6 presents the distribution of modeled pressure level with distance. 
This spatial attenuation rate is applicable in all directions because of the symmetrical noise 
distribution. As shown in Table 5, the attenuation per doubled distance can be estimated to be 
around 3 dB to 6 dB which encompasses attenuation obtained from the actual measurement (4 
dB) and attenuation in the cylindrical propagation model (3 dB) [23].

 

 

Figure 5. Pressure magnitude and sound pressure level comparison of natural and dominant 
frequencies compared to reference value from �ield measurement. 

 
Table 5. Pressure level attenuation rate. Hyd3-Hyd2 denotes the attenuation that occurred between 
hydrophone 3 and hydrophone 2, and similarly for other pairs. 

Frequency (Hz) 
Attenuation per doubled distance (dB) 

Hyd3-Hyd2  Hyd3-Hyd1 Hyd2-Hyd1 
31.7  3.469 5.856 5.92 

188.7  3.349 6.6 6.341 
722.0 4.044 5.9 6 

Average (dB) 3.621 6.11 6.087 

4. Conclusions 

The proposed method has shown a good approximation for the prediction of underwater noise 
using limited amount of data. Proven by its ability to predict acoustic noise attenuation. However, 
the achieved result is still far from perfect, and achieving a detailed noise 3D distribution can be 
challenging due to multiple factors such as sound speed pro�ile, co-existing multiple frequency 
components, water surface and seabed re�lection, and multiple turbine interaction. Therefore, a 
more complex boundary element model may be needed to be developed to tackle the problem 
statement. The proposed model improvement aims to account for sound wave interactions among 
multiple bodies within wind farm clusters and complex sea�loor morphology, enhancing the 
understanding of wave patterns in the vicinity of wind farms. 
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Figure 6. The sound pressure level distribution caused by one turbine in excitation frequency of 
31.7, 188,7, and 722.0 Hz. The highlighted points correspond to the location of each hydrophone.

4.1 3D underwater acoustic distribution
The resulting offshore wind farms noise contour from the operation of the whole turbine is shown 
in Figure 7 [18] and its three dimensional plot is presented in Figure 8.

 
 
Figure 7. Mid-water depth sound pressure level distribution. (a) Actual wind farm layout, (b) Noise 
distribution at 31.7 Hz, (c) Noise distribution at 188.7 Hz, (d) Noise distribution at 722.0 Hz. 
 

 
Figure 8. Mid-water depth sound pressure level distribution in isometric view. a) Sound pressure level 
distribution for dominant frequency 722.0 Hz. 
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