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 INTRODUCTION Chapter 1

 

Underwater sound is a critical tool for aquatic animals that communicate acoustically or exploit 

environmental sounds to find prey, avoid predators, or for orientation [Slabbekoorn et al. 2010; 

Fay 2009]. The interference of various anthopogenic and natural sound sources can make it 

difficult to distinguish biologically relevant sounds and can even cause physical damage to these 

animals. This has given rise to international concern about possible effects of anthropogenic sound 

sources on marine life due to increasing shipping traffic, exploitation of oil and gas reserves and 

the development of new offshore energy sources. For instance, the European Union’s Marine 

Strategy Framework Directive (MSFD) [EU 2008] requires EU Member States to achieve or maintain 

Good Environmental Status (GES) by the year 2020. Specifically, GES Descriptor 11 requires 

underwater noise to be “at levels that do not adversely affect the marine environment”. 

Calculating the sound distribution and estimating the associated environmental risk requires a 

multidisciplinary collaboration between acousticians, biologists and decision-makers. 

Understanding the spatial, spectral and temporal distribution of various sound sources and the 

characterisation of the acoustic environment are critical components to estimate the possible 

impact of sound on the marine life. 

The MSFD requirement to investigate the potential impact of sound on marine life in the Dutch 

North Sea provided the background and motivation for a large scale project on “The effects of 

underwater noise on fish and marine mammals in the North Sea”, funded by the NWO-ZKO 

programme. Within this project, three subprojects dealt with complementary topics including 

behavioural impact of sound on fish and sound exposure estimates for marine mammals. The aim 

of my project was to understand the distribution and composition of the sound in the North Sea. 

This aim is achieved by generating sound maps and calculating total acoustic energies for the 

various sound sources in the North Sea. The output of this project can serve in the impact 

assessment of underwater sound on environmental status.   

In this thesis, the spatial, temporal and spectral distributions of sound generated by anthropogenic 

and natural sources in the Dutch North Sea are investigated. In order to achieve this aim, the 

acoustic propagation is calculated; source characteristics are modelled; and the resulting sound 

distribution is mapped for each source type. An aria is a piece of music sung by one person, 

normally as part of a larger performance. The sound maps for each type of source are created by 
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assuming all other sources are quiet during the activities of the selected source. For example, the 

sound maps for shipping only contain the voice of ships. The title of my thesis “Aria of the Dutch 

North Sea” is chosen to indicate that each sound map is for a chosen type of source. In Chapter 2, I 

start with multi-model propagation loss comparisons to investigate the accuracy of well-known 

propagation models [Chapter 2.1]. The insight obtained from these comparisons was used for the 

derivation of a fast and accurate propagation model (SOPRANO) for shallow water test cases based 

on scenarios specified by the Weston Memorial Workshop, held at the University of Cambridge in 

2010 [Chapter 2.2 and 2.3]. This propagation model can calculate propagation loss without 

requiring a large computational load and complicated algorithms.  

Chapter 3 starts with the effect of the sound speed profile on shipping sound maps [Chapter 3.1], 

compares the shipping sound maps with actual measurements [Chapter 3.2]; and describes the 

airgun source model AGORA [Chapter 3.3]. Finally, combining source and propagation models as a 

tool for predicting sound fields, sound maps are generated for the Dutch North Sea and the total 

acoustic energies are calculated for weekly and yearly periods [Chapter 3.4]. In Chapter 4, some 

examples of studies are provided to illustrate the use of the simulated sound maps for 

understanding the biological impact. These maps are used to investigate the potential impact of 

sound on the marine life. The source models and sound maps which are included in this thesis are 

listed in Table I. Chapter 5 summarizes the findings and insights from all chapters and involves a 

general discussion based on the results of my thesis. 

Table I. Sound sources, source models and sound maps included in this thesis 

Source Sound Maps Source Model 

Ship + + 

Underwater Explosions + + 

Airguns + + 

Pile Driving - - 

Wind + + 

Rain - + 

Lightning - - 

Biological sounds (i.e. marine mammals, fish and 
invertebrates) - - 



 

 

 MODELING THE Chapter 2

UNDERWATER ACOUSTIC 

PROPAGATION IN THE DUTCH NORTH 

SEA 

 

This chapter explains the propagation model developed to generate shallow water sound maps. 

In Chapter 2.1, well-known propagation methods are compared for the selected test cases. It is 

shown that  

- mode theory can generate accurate results  

- flux theory can provide fast analytical solutions.  

These advantages are merged in the proposed hybrid propagation approach. First, this approach 

is derived for the range independent shallow water waveguides [Chapter 2.2]. Then, it is 

extended to range dependent waveguides and obtained results are investigated with multimodel 

comparisons [Chapter 2.3].  
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 OVERVIEW OF PROPAGATION METHODS AND 2.1

THEIR PERFORMANCE: PROPAGATION LOSS MODEL 

COMPARISONS ON SELECTED SCENARIOS FROM THE 

WESTON     MEMORIAL WORKSHOP 

 

This section is a modified version of “H.Ö. Sertlek and M.A. Ainslie, Propagation loss model 

comparisons on selected scenarios from the Weston Memorial Workshop, Proc. 1st International 

Conference on Underwater Acoustic (UAC), 441-448, Corfu, Greece, 2013” 

 

Abstract: The accurate and stable calculation of underwater acoustic propagation is needed for 

applications such as sonar performance prediction, noise mapping and acoustic communication. 

In this work, some widely used acoustic propagation models, based on different methods such as 

normal mode, ray tracing, parabolic equation and flux theory are tested on the scenarios specified 

for the Weston Memorial Workshop, held at the University of Cambridge in 2010. Incoherent, 

coherent and depth-averaged propagation losses are generated for range independent and 

range-dependent scenarios. The effects of each method's characteristic parameters (such as 

number of rays, stair-step size, Weston's approximations, range and depth resolution etc.) on 

propagation loss are investigated. Propagation loss results and run times of each model are 

compared at the different frequencies, ranges and receiver depths. An automated script has been 

developed to carry out systematic convergence tests from a single input file. Using this script, 

comparisons are made of propagation loss results generated by different methods. These 

comparisons provide insight to the optimal choice of running parameters and performance of 

each model.  
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2.1.1  Introduction 

Accurate estimation of propagation loss (PL) plays an important role in underwater acoustic 

simulations. An unstable and inaccurate propagation loss result may lead to undesirable errors in 

sonar performance simulations, environmental risk assessments etc. The propagation loss 

calculations should therefore be compared with available benchmark results. Test problems from 

the 2010 Weston Memorial workshop [Ainslie,2010b; Zampolli et al,2010] are considered. These 

are based on the test problems for the 2006 and 2008 Reverberation Modelling Workshops at 

the University of Texas at Austin [Thorsos and Perkins,2007]. In this section, some of these test 

cases are solved with different methods for different bathymetries, smooth sea surface and 

uniform sound speed. The detailed descriptions of each available algorithm have been 

investigated. The critical characteristic parameters of the methods used (such as number of rays, 

stair-step sizes, spatial resolution etc.) are analysed systematically by using convergence tests. 

Then, an automatic comparison script has been used in order to minimize user errors for the 

comparisons and estimate running parameters for an arbitrary problem. This program compares 

the propagation loss (PL) versus range, depth and frequency which is calculated by various 

methods such as Normal Mode, Ray Tracing, Parabolic Equation and Weston’s approach for the 

calculation of average intensity. The different running parameters are used and the sensitivity 

and stability of each method is tested. Well-known propagation models that are available in the 

Ocean Acoustic Library (OALIB) are used [oalib.hlsresearch.com]. The details of these test cases 

will be given in the next sections. the scenario naming convention follows [Ainslie et al,2013]. 

 

2.1.2  Used Methods 

There is no single standard method to estimate PL. Different methods can be preferred 

depending on the frequency range, problem size or calculation time. One may even need to 

develop a new propagation algorithm to solve the specific problem. In order to investigate the 

accuracy of any PL model, some benchmark tests can be done for the calibration of the model. In 

this section, the PL calculations with different methods such as normal modes, ray tracing, 

parabolic equation and Weston’s approximations are investigated. The use of the model with the 

inappropriate options may lead to errors. The possible effect of these options on PL accuracy is 

investigated in the following sections.  
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Normal Mode Theory 

The normal mode method can provide a full wave solution which may be used as a benchmark 

test. It is based on the solution of the Helmholtz equation by the separation of variables 

technique. A stair-step approximation of bathymetry is used for range-dependent problems. 

Selection of step size can affect the accuracy [de Groot-Hedlin,2004; Jensen and Ferla,1990]. In 

Figure 1, a comparison of incoherent PL with different step sizes is shown for Case 4 (see Fig. 5). 

These figures were generated with the adiabatic approximation option of Krakenc. It can be seen 

from this comparison that the effect of stair step size also depends on frequency and on other 

environmental changes. For high frequencies, the selection of stair-steps size can be more 

critical. The fluctuations in Figure 1 are related to the different mode cut-off frequencies for 

different water depths. In this section, minimum step length is selected as 20 m (after 

convergence tests) for all normal mode calculations. Normal mode comparisons are achieved by 

the well-known normal mode algorithm Kraken[Porter,1990] and another normal mode solution 

based on an analytical estimation of eigenvalues [Sertlek and Aksoy, 2010].  

 
Figure 1. Propagation loss vs range for Case 4 

(Effect of stair-step sizes on PL for 250 Hz and 3.5 kHz) 
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Ray Theory 

Ray based models are widely used in many underwater acoustic applications. A ray tracing 

algorithm traces a sound ray for each launch angle by using physical concepts. It is based on a 

high frequency approximation. For this reason, ray theory results may be inaccurate in shallow 

water and especially near the cut-off frequency of the waveguide. However, it can be a useful 

method where the running times are critical. Bellhop is a well-known ray tracing program 

[oalib.hlsresearch.com]. It can provide propagation loss, ray paths, arrival times, eigenrays etc. 

Different tracing options can be selected in Bellhop. In this work, the geometric ray option is 

used. The required number of rays depends on the range and geometry. A sufficient number of 

rays can be selected by convergence testing. Especially for long range problems, a large number 

of rays may be required. The effect of rays on the accuracy of incoherent PL for Case 9 (see Figure 

7) is shown in Figure 2. 

 

 

Figure 2. Propagation loss vs range for Case 9:  

Effect of number of rays for depth-averaged PL (f=3.5 kHz) 

 

Parabolic Equation Method 

The parabolic equation (PE) method is used in many different fields of wave propagation such as 

electromagnetism, optics, seismology and underwater acoustics. RAM is a well-known PE 

program [Collins,1999]. It can solve range-dependent ocean acoustics problems with the split-

step Padé algorithm [Collins,1993]. It is based on the paraxial approximation for the wave 

equation, providing a one-way solution to the wave-equation. It is especially used for range-

dependent propagation problems. The accuracy of a parabolic equation solution depends on its 

starter field, number of Padé terms, false bottom, the grid size (the choice of which depends on 

frequency). Selection of range and depth step sampling size is important in PE calculations. Using 

smaller steps may reduce the fluctuations in the calculated fields, but increases the computation 
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time [Robertson,1999]. In Figure 3, the effect of depth sampling size is shown for coherent PL. An 

optimum value of grid size should be selected. Beside the selection of grid sampling size, 

selection of the sediment layer thickness (which must be artificially truncated at a user-specified 

depth [Jensen et al,1994]) can be important for low frequencies.  

 

  
Figure 3. PL vs range for Case 1: effect of depth sampling sizes for 1 kHz at 1 m above sea bottom 

Weston’s Approximations 

According to Weston’s paper, propagation loss for range dependent media can be calculated 

using the effective depth concept [Weston,1971 ; Weston,1976]. For an arbitrary bathymetry, the 

depth profile can be divided into small segments. Then, variation of depth for each segment can 

be simplified in order to calculate the effective depth integral analytically. It can provide an 

analytical estimation of PL for range-dependent and lossy waveguides. The estimated PL is depth-

averaged.  

 

2.1.3 Comparisons 

PL versus range (up to 40 km) comparisons are obtained for coherent, incoherent and depth-

averaged (averaged over receiver depth) calculation of PL. However, only depth averaged results 

are shown for sake of simplicity. The depth averaged PL was computed over incoherent field 

except RAM’s results. This exception was made because RAM only generates coherent field. The 

characteristic parameters of each method (such as depth and range sampling size, number of 

rays etc.) are obtained by convergence tests. In all test cases, the sound speed in water is 1500 
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m/s. The sound speed in sediment is 1700 m/s and bottom absorption loss is 0.5 dB/wavelength 

[0.294 dB/ (m kHz)]. The Thorp model [Jensen et al,1994] is used for the volume absorption.The 

first scenario (“Case 1” [Ainslie et al,2013]) is a flat waveguide with 100 m depth. The model is 

run for 250 Hz, 1 kHz and 3.5 kHz for a fixed source depth at 30 m. PL versus range comparisons 

are shown for Case 1 in Figure 4. There is a good agreement between the solutions until 20 km. 

However, the RAM solution is different at longer ranges. This difference depends on the choice of 

spatial resolution. The RAM version used in these tests is based on single precision. Altough the 

choice of small spatial sampling size increases the agreement with normal mode results until 

around 20 km, floating point errors may arise at longer ranges. 

 

 

 

 
Figure 4. Depth-averaged (over receiver depth) PL vs range for Case 1 (f=250 Hz (top), f=1 kHz 

(middle), f=3.5 kHz (bottom)). Source depth = 30 m. 

 

The second scenario is “Case 4” [Ainslie et al,2013]. It has 100 m water depth up to 5 km. Then, it 

features an upslope from 5 km to 7 km up to water depth 30 m (see Figure 5). The bathymetry 

and depth-averaged (over receiver depth) PL comparisons are shown for Case 4 in Figure 6. 
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 Figure 5. The bathymetry of Case 4 

 

 

 

 
Figure 6. Depth-averaged (over receiver depth) PL vs range for Case 4. (f=250 Hz (top), f=1 kHz 

(middle), f=3.5 kHz (bottom)). Source depth = 30 m. 

 

For 250 Hz, Weston approximations and Bellhop result seem different after 20 km. This 

difference is related to propagation in the single mode region [Weston,1971; Weston,1976]. This 

error can be addressed by replacing the flux integral with a discrete mode sum in this region at 

long ranges. 
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The last scenario, “Case 9”, has 100 m water depth up to 5 km, followed by an upslope region 

from 5 km to 7 km up to water depth 30 m comparable to “Case 4”. A shallow water region 

(depth 30 m) is then followed by a downslope region from 8 km to 10 km down to water depth 

100 m, and uniform depth thereafter (see Figure 7). 

 
Figure 7. The bathymetry of Case 9 

 

 

 
Figure 8. Depth-averaged (over receiver depth) PL vs range for Case9. (f=250 Hz (top), f=1 kHz 

(middle), f=3.5 kHz (bottom)). Source depth = 30 m. 
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be different due to the sensitivity of environmental parameters and used different approaches 

for range dependency.  

2.1.4  Conclusion 

An automated script has been used to make the comparisons between selected methods with 

provided bathymetry, frequency, receiver and source depths with incoherent, coherent and 

depth-averaged options. Each method is based on different assumptions and numerical 

algorithms. Thus, the characteristic parameters of these methods should be selected with 

convenient convergence tests or comparisons with other models in the validity range of each 

model. Otherwise, it may lead inaccurate results especially for long range problems and range-

dependent bathymetries. The comparison results can provide an insight into the possible 

differences between these methods.  
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  DERIVATIONS FOR RANGE INDEPENDENT 2.2

WAVEGUIDES: A DEPTH-DEPENDENT FORMULA FOR 

SHALLOW WATER PROPAGATION 

 

This section is modified verison of “H.Ö. Sertlek and M.A. Ainslie, A depth-dependent formula for 

shallow water propagation, J. Acoust. Soc. Am. 136(2), 573-582, 2014”. 

 

Abstract: In shallow water propagation, the sound field depends on the proximity of the receiver 

to the sea surface, the seabed, the source depth and the complementary source depth. While 

normal mode theory can predict this depth dependence, it can be computationally intensive. In 

this work, an analytical solution is derived in terms of the Faddeeva function by converting a 

normal mode sum into an integral based on a hypothetical continuum of modes. For a Pekeris 

waveguide, this approach provides accurate depth dependent propagation results (especially for 

the surface decoupling) without requiring complex calculation methods for eigenvalues and 

corresponding eigenfunctions. 
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2.2.1. Introduction 

The accurate calculation of propagation loss (PL) is needed for many acoustic problems such as 

sonar performance modeling, underwater acoustic communication, environmental risk 

assessment and oceanography. These applications can require the simulation of propagation 

characteristics at different ranges and depths. Propagation loss can be defined as 

 

 PL = 10 log�� ����ref
� 			dB	re	1	m� (1) 

 

where	� is known as the “transmission factor” [Weston,1980] or “propagation factor” 

[Ainslie,2010a] and �ref is the reference distance, equal to 1 m. Propagation loss can be estimated 

with different methods such as normal modes, ray theory, parabolic equation, and flux theory. 

Variation of PL with range, water depth, frequency, source depth and receiver depth can be 

critical for determining detection ranges, isoclines for environmental risk assessment, etc. 

Weston introduced an energy flux approach for the calculation of depth-averaged propagation 

loss without tracing rays or summing normal modes, and thus applicable to large scale problems 

[Weston,1971]. Weston’s flux equation can be derived from ray and mode theories 

[Weston,1980]. In Weston’s approach, four propagation regions are described as the spherical, 

cylindrical spreading, mode-stripping and single mode regions. While permitting an analytical 

solution even for a range dependent environment [Weston,1976], Weston’s flux formulation may 

not provide satisfactory simulation results when the source or receiver depths are located close 

to each other, to the seabed or (especially) to the sea surface.  [Weston,1980] addressed this 

weakness by deriving depth dependence using wave theory concepts, applying these to a 

selection of predetermined functional forms for the distribution of energy with angle, making an 

implicit assumption that the frequency is sufficiently high for the various depth-dependent 

corrections not to overlap with one another. [Harrison,2013] derived a range- and depth-

correction to Weston’s flux theory that includes ray convergence terms, while neglecting the 

depth dependence close to source depth, complementary depth and boundaries. In the present 

section, a method is developed to calculate the depth dependence by deriving a generalisation of 

Weston’s approach that does not rely on prior knowledge of the angular energy distribution, and 
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is valid even when the correction terms overlap. The solution, in terms of the Faddeeva function, 

is derived from an incoherent normal mode sum by using some trigonometric transformations, 

and is valid for any angular distribution compatible with propagation from a point source in a 

Pekeris waveguide, and for any source-receiver depth combination. Results computed in this way 

for different frequencies and receiver depths are compared with results using the normal mode 

program KrakenC8. For the comparisons, a range independent test case (Scenario A2.I) from the 

Weston Memorial Workshop [Ainslie,2010b; Zampolli et al,2010] is used. The detailed description 

of this test case is given in the comparisons section. 

 

2.2.2. Depth Dependence of Propagation Loss  

The depth dependence of PL can have different characteristics due to the depth of the receiver 

relative to the sea surface, seabed, source depth and complementary source 

depth[Weston,1980]. The complementary source ��cs� or receiver depth ��cr� can be defined for 

source depth �s (or receiver depth �r) as 

 

 �cs,cr = � − �s,r (2)

where  

	
 � = ℎ + ∆� (3)

 

and ∆�= �2/���1����c
	is the vertical wave shift and described by [Weston,1960; Weston,1994], ℎ is 

water depth, �2 is the density of sediment, �1 is the density of sea water, �1 is the wavenumber 

in the water layer and �c is the sediment critical angle. When PL is plotted vs zs for a constant 

receiver depth, similar depth dependent properties is observed around the true receiver depth �r 

as the complementary receiver depth  � − �r.  
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2.2.2.1. Derivation 

By using the incoherent mode sum, the propagation factor F for an isovelocity and isodensity 

waveguide can be written as  

 

 ����, ��� = 2π� ������s������r��� exp�−2�����
���  (4)

 

Here ����� is the eigenfunction  

 

 	����� = ��sin������ (5)

 

where  �� is the amplitude of nth eigenfunction,	�� is vertical wavenumber, and �� the 

horizontal wavenumber. Defining the quantity of �� = � ������������ 	 �� = ������, the normalisation 

constant ���  can be written [Tindle and Weston,1980]  

 

 ��� = 2�� ���� − ������/� = 4cot�����   (6)

 

where ��� is the modal cycle distance, and �� is the nth mode grazing angle given be 

 

 �� = arcsin ���	2�� , � = 1,2,3,…			 (7)
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The relation between the modal cycle distance and geometric ray cycle distance (���) is [Tindle 

and Weston,1980] 

 

 ��� 	= ��� + 2∆�cot�, (8)

 

where ∆�= ����� ����� �������� ����������������������� is the vertical beam shift [Weston,1994] (converted from the 

corresponding horizontal shift stated by [Weston and Tindle,1979]) This relation can be written 

for isovelocity case by substituting for  ��� = 2ℎcot��� 
 

 ��� 	= 2�ℎ + ∆��cot�. (9)

 

If one uses the relations of  ���� = ��� sin� � and ���� = ��� − ���� − ���, the beam shift takes the 

form  

 

 ∆�= �������� − �������� cos� � − ���������� sin� � + ������ cos� � − ������� (10)

 

where �� = �/��. The attenuation term in the horizontal direction is added by a perturbation 

approach with the contribution of a small imaginary part �� to ��[Tindle,1979]. This small 

imaginary part leads to an exponential attenuation with range as exp�−2����, where �� can be 

related to the reflection coefficient of sea bottom ���� according to 
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 �� = Im��� cos����� = 	− ln�|V����|	����	  (11)

The following relations can be obtained with the relation of 	��� = ���  in Eq.(A4) and Eq.(A5) as 

shown in Appendix A. 

 

 ��� − ��, ��� = ����, ��� = ����, � − ��� (12)

 

This property is useful because if ����, ���	is known for 0 < ��, �� < �/2, Eq.(30) permits 

straightforward evaluation of ����, ��� for �/2 < ��, �� < ℎ	. The discrete mode sum ��� can be 

approximated by the following integral which is denoted by ��,  

 

 �����, ��� = 2π� � �����s������r��� |�| �����	 d��
�  (13)

 

By this integral representation, the integer � is replaced by a continuous function of the grazing 

angle � as � ≈ ����. The variation of  ���� versus � can be written as  

 

 d����
d� = ���2π �� sin��� (14) 

 

However, the integrand is defined only at the discrete eigenvalues. In the following steps, this 

integrand will be interpolated between the eigenvalues as a continuous function of �, thus 

permitting evaluation of the integral 
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 �����, ��� = 1� � ���sin��������sin����������� tan��� |�| �����	 d����  (15) 

 

where A� and ��� are given by Eq.(6) and Eq.(9). The integral can be written in the different 

forms by using trigonometric identities. First, using the trigonometric identity sin������� ≡ �� −�� cos�2����� for eigenfunctions, this integral becomes   

 

 �����, ��� = 4� � �1 − cos�2����s���1 − cos�2����r�����tan��� |�| �����	 d����  (16) 

 

Then, changing the variable of integration to continuous grazing angle and using the 

trigonometric identity  

 

 cos�2���ssin��cos�2����sin�� = cos�2����s − ���sin�� + cos�2����s + ���sin��2  (17) 

 

results in the following integral form for the propagation factor, 

 

 �����, ��� = 4� � �1 −����, �s, ������ tan � |�| �����	 d����  (18)

 

where the term involving source and receiver depths can be written 
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����, �s, �� = cos�2���ssin�� + cos�2����sin��− cos�2��sin���s − ���� + cos�2��sin���s + ����2  
(19)

 

If ����, �s, �� were sufficiently close to zero on average, Eq. (18) would have the same form as 

the flux integral, which has an analytical solution in the form of an error function if the reflection 

loss increases linearly with angle[Ainslie,2010a; Macpherson and Daintith,1967 ]. This gives the 

depth-averaged propagation factor. 

 

2.2.2.2. Reflections from the seabed  

Eq.(18) can be evaluated numerically for any given seabed reflection coefficients. The possibility 

of analytical evaluation for special forms of the reflection coefficient is explored next. 

 

A. Exponential reflection coefficient 

One reflection coefficient assumption that permits an analytical evaluation of the integral is 

exponential reflection coefficient in the form 

 

 |�| = exp�−���/tan�� (20)

 

where � is the rate of increase with grazing angle of the sediment reflection loss[Ainslie,2010], in 

nepers per radian (Np/rad). This form of reflection coefficient simplifies the derivation without 

requiring small angle approximation. Specifically, the propagation factor becomes  
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 �����, ��� = 4� � �1 −����, ��, ������ tan � exp �− 2�����tan�	 ��� d���
�  (21)

 

This integral can be solved analytically for the isovelocity and isodensity case. For the isovelocity 

case, ray cycle distance is ��� = 2�ℎ + ∆��cot�. Then, the propagation factor becomes  

 

 �����, ��� = 2� � �1 −����, �s, ���ℎ + ∆� exp �− ���ℎ + ∆�� ��� d���
�  (22)

 

The vertical beam shift is important for low frequencies and is itself a function of angle 

[Weston,1994]. Eq. (22) can be used for low frequencies by evaluating the integral numerically. 

The beam shift can be ignored for higher frequencies, in which case the following equation 

results  

 

 �����, ��� = ��� � �1 −����, �s, ��� exp �− ��� 	��� d���� , (23)

 

where ����, �s, �� is the sum of cosine functions from Eq.(19). Thus, the analytical solution for 

the following type of integral leads an analytical solution for the propagation factor:  
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Φ��, �, ��� = � 	cos���	�exp�−�	���d���
�
= ��� exp �− �

�4��4 �w� �2√� − i√���� exp�� �2√� − i√������
− w� �2√� + i√���� exp�� �2√� + i√������� 

(24) 

 

where w�� + i�� is the Faddeeva function[Poppe and Wijers,1967; Abramowitz and 

Stegun,1972] which is defined as  

 

 w�� + ��� = exp�−�� + i���� �1 + 2i√�� exp���	�d�����
� � (25) 

 

and is related to the error function [Abramowitz and Stegun,1972] according to  

 

 w�� + i�� = exp�−�� + i���� �1 + erf	�i�� + i����. (26)

 

The analytic expression for the propagation factor for isovelocity case can be written in terms of 

the function Φ��, �, ��� as 
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�����, ��� = ����� ��ℎ erf ����ℎ ���
− � 2�ℎ ���2���s, ��ℎ , ��� + � �2����, ��ℎ , ���
− � �2����s − ���, ��ℎ , ��� + � �2����s + ���, ��ℎ , ���2 �� 

(27) 

 

where the first term is the error function based solution of the classic flux integral [Ainslie,2010a; 

Macpherson and Daintith,1967]. The term in curly parentheses describes the depth dependence 

for an isovelocity waveguide. In Figure 1, Φ��, �, ��� is plotted as a function of R, a dimensionless 

range variable equal to ��� , and a dimensionless depth variable Z that can be any one of  2����, 2����, 2����� + ��� and 2����� − ���. Specifically, the graph on the left shows the depth 

dependence of Φ��, �, ��� for selected constant values of R, as stated in the figure legend. 

Similarly, the lower graph shows the range dependence of	���, �, ��� for selected values of �. 

The 2D contour plot (upper right panel) shows the combined R and Z dependence in a single 

graph. In all three graphs, the value of �� = 	arccos�1500/1700� = 0.489957	rad is used for 

consistency with the parameters of the selected scenario (A2.I) from Weston Memorial 

Workshop 2010. More detailed description of the test cases are given in the comparisons section. 
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Figure 1.  ���, �, ��� function is plotted versus � (on the upper left) and versus R (on the bottom 

right ) for critical angle ��= 0.489957 rad, corresponding to the scenario described in Sec. 2.2.3. 

2D representation of  ���, �, ��� versus Z and R (on the upper right) 

 

According to these figures, we expect more significant variations at low values of � (low 

frequencies) and R (at small ranges or deeper water). The function Φ��, �, ���	asymptotically 

approaches ����� exp �− ����� for large R (by using Eq.(36)). For small R, lim�→� Φ��, �, ��� =
��������� .	For large Z, the asymptotic form is lim�→�Φ��, �, ��� = 0. For small Z, 

lim�→� Φ��, �, ��� = √� ����√�����√� . When they are both small, lim�,�→� Φ��, �, ��� ≈ �� . These 

approximate formulas can be helpful for simplifying the prediction of and increasing 

understanding of the dependence of the propagation on range, water depth and critical angle 
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B. Harrison’s approximation to Rayleigh reflection coefficient 

Use of an exponential reflection coefficient, as shown in the previous section, provides an 

analytical solution. This analytical solution (Eq.(27)) is based on a linear approximation to the 

seabed reflection loss. As it will be shown in Figure 2, the Rayleigh reflection coefficient can 

provide a better approximation for the decay rate [Harrison,2010]. Expressing the Rayleigh 

reflection coefficient in an exponential form can be computationally more efficient because of 

having less complicated equations in the final form. This exponential form also enables to 

facilitate comparisons with the previous derivations. A useful approximation to the Rayleigh 

reflection coefficient[Harrison,2010] that also leads to an analytical expression in a similar form 

to Eq.(18) is  

 

 |�| = exp�− �sin�√1 − � �1 + �������� − 1���� (28)

 

where � = � �����������, �� and �� are the densities of water and sediment. Thus, the propagation 

factor can be written as 

 

 �����, ��� = 2� � �1 −����, �s, ����ℎ + ∆�� exp �− ����ℎ + ∆��	 sin�tan������
�  (29) 

 

where � = �√1 − � �1 + �������� − 1������. In Section 2.2.3, propagation factors based on 

exponential and Rayleigh reflection coefficients are compared in Figure.2. 
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C. Symmetry of Depth Dependent Solution 

The approximation �� is based on a continuous angle assumption for the eigenvalues as ��� = ��sin���. For the continuous angle approximation, the symmetry properties of 

propagation loss are not satisfied (See Eq.(19) and Appendix B). Therefore, the derived solution 

can be used to model the features at the sea surface and source depth. This derivation gives poor 

results for the features at sea bottom and complementary source depth as it could be seen in 

Figure 2. By using these symmetry properties from Eq.(A4) and Eq.(A5), the features at sea 

bottom and complementary source depth can be obtained from the features at sea surface and 

source depth as 

 

 ���r, �s� 	= ������, �s�	, �� < 	�/2	����r, �s�	, �� > 	�/2		 (30) 

 

where �� and �� are defined as  

 

 �����, �s� = ������, �s�											, �� < 	�/2	���� − �r, �s�		, �� > 	�/2  (31)

 

and 

 

 �����, �s� = ������, � − �s�											, �� < �/2	���� − �r, � −	�s�	, �� > �/2  (32)

 

These terms give the propagation factor ��� by using the symmetry property of source, receiver, 

complementary source and complementary receiver depths.  
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2.2.3. Comparisons  

In this section, results obtained using the methods described in Sec. 2.2.2 are compared with 

KrakenC. In these comparisons, a range independent test case (Scenario A2.I) from the Weston 

Memorial Workshop [Zampolli et al,2010;Weston,1960] is used, based on Problem XI from the 

2006 Reverberation Modeling Workshop at Un.Texas at Austin [Thorsos and Perkins,2007]. For 

Scenario A2.I, the water depth (ℎ) is 100	m, source depth (��) is 30	m, sound speed in water (��) 

and sediment (��) are respectively are 1500	m �⁄  and 1700m �⁄ , corresponding to a critical 

angle �� = 0.489957 rad. The sediment-seawater density ratio (��/��) is 2 and resulting 

reflection loss gradient (η)	is 0.273777 Np/rad, evaluated using Eq.(8.86) of [Ainslie,2010a].  

[Weston,1980] derived the depth dependence for a number of specified distributions of energy 

with angle. For each angular distribution, which must be known in advance, four correction 

factors to the depth-averaged propagation factor are given of the form �1 − ������ (sea surface 

and seabed) and �1 + �� ������ (source depth and complementary source depth), where �� = �����	, d is the distance to the depth in question and �� is an angle that characterises the 

distribution, equal to the critical angle for Weston’s Case 2 (‘low pass’) and to the effective 

propagation angle �� ≈ � ���� for Cases 5 (Weston’s ‘Gaussian’) and 6 (‘dipole Gaussian’). In each 

case, the functional form f(x0) is given by Weston’s Table I. In contrast to Weston’s approach, use 

of Eq. (23) in terms of the Faddeeva function permits direct computation of the depth-dependent 

propagation factor without the need for prior knowledge of the angular distribution of energy. 

Instead, Eq.(23) and Eq.(29) automatically take into account all possible angular distribution cases 

for a Pekeris waveguide, dealing with transitions between different cases and combinations of 

multiple cases in a natural way, and permitting evaluation of all possible combinations of source 

or receiver depth. In Appendix C, relevant cases from Weston’s table (Gaussian and dipole 

Gaussian) are derived from Eq.(23).  

Figure 2 compares the result of evaluating expressions for Cases 2 (‘low pass’) and 5 (‘Gaussian’). 

In the cylindrical spreading region (e.g., 0.5 km), the low pass solution is applicable, whereas for 

mode stripping (e.g., 25 km), one expects a Gaussian distribution with angle, and these 

expectations are confirmed by Figure 2. Less obvious is what happens for intermediate ranges 

(e.g., 2 km) at which it is necessary to make a choice between the low pass and Gaussian 

distributions. By contrast, Eq. (23) from the present section is applicable to both cylindrical 

spreading and mode stripping regions, including any intermediate range. Further, if greater 
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accuracy is required, this can be achieved by means of Harrison’s approximation to the Rayleigh 

reflection coefficient, as implemented here in the form of our Eq. (29). For the purpose of Figure 

2 and Figure 3 , to combine the effects of multiple depth correction factors from Weston’s paper, 

we have multiplied these together in the form (denoted ��,� for Weston’s cases 2 and 5, 

applicable when the source is not close to the sea surface)  

 

��,� = ���� ��1 + ����,���� � �1 + ����,����� � �1 − ����,��� �1 − ����,����             (33) 

 

where the second subscript of the variable x0 indicates the depth relative to which d is measured, 

such that ��,� = ����� − ����. Here ���� is the analytical solution of Eq.(23) for ����, ��, �� = 0 

as   

 ���� = ����� π�ℎ erf ����ℎ ��� (34)

 

In Eq. (3) of [Weston, 1980] , the low pass and Gaussian cases correspond to an assumption that sin�������� may be replaced by its average value of 1/2. Consequently, Eq.(33) is not valid for 

source depths close to the sea surface or seabed on a wavelength scale. For small source depths, 

the depth corrections can be combined as (denoted �� , for Weston’s case 6, ‘dipole Gaussian’ – 

as used in Figure 3) 

 

�� = 2������������� ��1 − ����,��� �1 − ����,����      (35) 

 

A similar form of Eq. (35) for the large receiver depth is also shown by [Denham,1986]. 

 

In Figure 2, the propagation loss results obtained with Eq.(23), Eq.(29),Weston’s cases (Eq.(33)) 

and KrakenC are compared at different ranges. For these comparisons, Eq.(23) and Eq.(29) are 

evaluated numerically without applying the symmetry relations of Eqs. (30) to (32). The beam 
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shift is ignored in Figure 2. The classic form of the flux integral without depth dependent 

properties [Ainslie,2010a; Macpherson and Daintith,1967] is also plotted, as obtained by 

substituting ����, �s, ��� = 0 in Eq.(23) gives this classical form of flux equation (Eq.(34)). 

 

 
Figure 2. PL vs receiver depth calculated by Eq.(23), Weston’s approach (Eq.(33)) for the various 

energy distributions with angle(low pass and Gaussian) and Flux integral (Eq.(34)) for 250 Hz at 

0.5 km, 2 km, 25 km and 125 km.(upper graphs).PL vs receiver depth calculated by KrakenC, Eq. 

(23) and Eq.(29) for 250 Hz at 1 km, 5 km, 25 km and 125 km. Beam shift is neglected in these 

comparisons. For the dashed and dash-dotted lines, PL is approximated using F ≈ F0. (lower 

graphs) The source depth is 30 m. 
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The features at the complementary depth and seabed are not visible in the graphs of proposed 

solutions by Eq.(23) and Eq.(29) because the symmetry property of Eq.(30), Sec II.C, is not 

applied. They can be obtained, if desired, by applying the symmetry property described in Section 

2.2.2.2.C. In Figure 3, Eq.(33) and Eq.(35) are evaluated for the different angle distributions 

(Gaussian and dipole Gaussian) for different source depths at 250 Hz and 25 km. In these 

comparisons, the same parameters of Scenario A2.I (described above) are used. The benefit of 

the Faddeeva function is that it includes all relevant limiting cases in one formula. To illustrate 

this benefit, consider the large R limit� ��√� ≪ √�	��� in Eq.(26). In this limit, ���, �, ��� simplifies 

to  

 

 
���, �, ��� ≈ ��� exp �− �

�4��4 ��1 + erf�√�	���� − �1 − erf	�√�	�����
≈ 12��� exp�− ��4�� 

(36)

 

where erf�√�	��� ≈ 1 for large R. When Eq. (36) is substituted in Eq.(23), we obtain the 

following general-purpose formula for the mode stripping region (generalising Weston’s case 5 

and 6) 

 

 

 �����, ��� = ����	�1 − exp�−2���������� − exp�−2�����������1 − exp�−2���������� 
 

where �� = � ����, . The transition between Cases 5 and 6 is illustrated in Figure 3 by showing 

transition from 1 m (Case 6) to 30 m (Case 5) at 250 Hz . At the intermediate source depth of 10 

m, neither Case 1 nor Case 5 predicts the correct solution. 

 



MODELING THE UNDERWATER ACOUSTIC PROPAGATION IN THE DUTCH NORTH SEA 

39 

 
Figure 3. Propagation loss (PL) vs depth calculated by Eq.(23), Eq.(37) Weston’s approach 

(Eq.(33)) for the different energy distribution with angle (Gaussian dipole Gaussian, ) for different 

source depths (1 m, 3 m, 10 m and 30 m), Range is 25 km. Frequency is 250 Hz.  

 

Eq.(33) and Eq.(35) each satisfy the reciprocity principle for their respective regime of 

applicability. For instance, Eq.(33) satisfies reciprocity for large receiver depths because of the 

use of sin�������� ≈ 1/2 approximation. Eq.(35) satisfies reciprocity for sufficiently small source 

and receiver depth. 

We apply Eq. (23) next (Figure 4) to investigate the depth dependence for Scenario A2.I from the 

Weston Memorial Workshop, for frequencies in the range 50 Hz to 3500 Hz, at a range of 5 km. 

The symmetry approach described by Eq.(30) is used to obtain features close to the 

complementary depth and the seabed. The expressions for �� and �� from Eq.(31) and Eq.(32) 

are evaluated numerically by the Rayleigh reflection coefficient based solution from Eq.(29), with 

and without beam shifts. There is good agreement with KrakenC, especially when the source or 

receiver is close to the sea surface. Although the results with the effect of beam shift are closer 

to KrakenC predictions than without beam shift, the difference is small. The beam shift can lead 

to larger differences especialy for low frequencies.The proposed solution (Eq.(29)) can provide an 

accurate approximation to the incoherent normal mode sum, without the need to compute 

discrete eigenvalues. 
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Figure 4. PL vs receiver depth by KrakenC and Eq. (30) (	�� is calculated using Eq. (29)) for 50 Hz, 

250 Hz, 1 kHz and 3.5 kHz at a range of 5 km from the source. The source depth is 30 m. 

 

The classic flux integral without depth dependent properties (Eq. (34)) is selected as a reference 

PL		�PL��� = 10 log�� �������	�� 	dB	�, with ℎ = 100	m, � ≅	0.273777 Np/rad and �� = 0.489957	rad. 

The relative PL �PL�������� = PL − PL���� is shown in Figure 5. PL is calculated using Eq.(30) (with 

the Rayleigh reflection coefficient, without beam shift) and KrakenC. In Figure 5, the range 

variation of the relative PL versus range at receiver depths 1 m, 30 m and 50 m is shown for 250 

Hz. Good agreement between Kraken and Eq.(30) is observed. The largest differences between 

the proposed solution and Kraken at the different receiver depths considered are 0.19 dB (at 1 

m), 0.07 dB at (30 m) and 0.15 dB (at 50 m).   Figure 5 also shows the contribution of the 

proposed solution to Weston’s classical flux integral. For example, we see large effects due to the 

surface decoupling at 1 m receiver depth. 
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Figure 5. Relative Propagation loss (���������� = �� − �����) versus range at different receiver 

depths (1 m, 30 m and 50 m) for 250 Hz (upper graph). Relative Propagation loss versus depth and 

range for 250 Hz (lower graph). PL is calculated using Eq.(30) (without beam shift) and KrakenC 

(incoherent mode sum). ����� is the reference PL from Eq. (34).  

 

2.2.4. Conclusions  

In this section, the depth dependence of propagation loss (PL) is investigated by deriving a depth-

dependent correction term (as given by Eq.(19)) to the error function associated with the 

classical flux solution(Eq.(34)). This equation is derived from an incoherent normal mode sum, 

and provides a depth-dependent solution for a lossy Pekeris waveguide without the need for 

(computationally expensive) calculation of eigenvalues. Eq. (23) provides an analytical solution 

which includes all relevant depth corrections (Weston’s low pass, Gaussian, and dipole Gaussian 

cases) in one formula. the depth dependence of PL for long ranges can be estimated by a simpler 

formula Eq.(37). If it is desired, a numerical solution based on Rayleigh reflection coefficient 

(Eq.(29)) including beam shifts can be also used in order to increase the accuracy. The explicit 

form of the result provides insight into the behaviour of the sound field close to the source 

depth, complementary source depth, sea surface and seabed. 
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APPENDIX A: THE SYMMETRY OF PROPAGATION FACTOR BY MODE SUM 

The purpose of this appendix is to demonstrate that, if Weston’s vertical wave shift is assumed to 

be independent of angle, the propagation factor for a source at the complementary source depth 

is equal to that for a source at the true source depth, and similarly for the receiver (for the 

isovelocity and isodensity case ). Substituting ��� = ���  into 

 

����, ��� = 2π� ����sin��������sin������s�� exp�−2����	�
��� 																						��. 1� 

 

the propagation factor becomes  

 

����, ��� = 2π� ����sin� ��� �s�� sin� ��� ������ exp�−2����	�
��� 													��. 2� 

 

By using the periodicity property of trigonometric functions as sin� ��� ����� � = sin� ��� ����, the 

equation 

 

����, � − ��� = 2π� ����sin� ��� �s�� sin� ��� ������ exp�−2����	�
��� 					��. 3� 

 

is obtained for the complementary receiver depth . The right hand side of this equation is equal 

to the propagation factor for  ��  thus proving that the propagation factors at receiver and 

complementary receiver depths are equal. By repeating the same steps for the complementary 

source depth as � − ��, a similar identity can be obtained. The resulting identities can be written  

 

����, ��� = ����, � − ���																																																		��. 4� 
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����, ��� = ��� − ��, ���																																																				��5� 
and therefore 

����, ��� = ��� − ��, � − ���																																															��6� 
 

These symmetry properties can be exploited to avoid the need to calculate PL for all receiver and 

source depth combinations separately. For computational efficiency, PL for all receiver depths 

can be calculated by Eq.(30) which based on these properties. 

 

APPENDIX B: THE ASYMMETRY OF PROPAGATION FACTOR BY INTEGRAL SOLUTION 

In this section, the symmetry of the integral representation is investigated. Figure 2 

demonstrates that the integral over a continuum of modes fails to exhibit the symmetry property 

of the discrete mode sum characterised by Eq.(A4)-Eq.(A5). the purposes of this Appendix are to 

describe the conditions for which the integral solution breaks down and explain the reason for 

this failure. The differences between the discrete mode summand and continuous angle 

integrand are also shown. the ����, ��, �� term in the integral solution is derived from 

eigenfunctions, which lead to the symmetrical propagation factor as described in Appendix A. 

First, the symmetry of ����, �s, �� is investigated by replacing �� with −�� : 
 

��� − ��, �s, ��= cos�2�s��sin�� + cos�2���sin� − 2����sin��− cos�2��s + �����sin� − 2���sin�� + cos�2��s − �����sin� + 2���sin��2 																																��1� 
 

The symmetry property shown by Eq.(A5) and Eq.(A6) comes from the periodicity of 

trigonometric functions. Thus, in order to ensure the symmetry property,  2���sin� must be 

equal to 2�π, which holds only for the discrete angles corresponding to the eigenvalues. 

However, this relation is not valid for the non-integer values of n (continuous angles). Thus, 

having continuous angles in the integration can cause an asymmetric solution. The following 

equality can only be written for the discrete angles ����, 
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�� = ��sin���� = �π� , � = 1,2,3, …																																						��2� 
 

Eq.(B1) and Eq.(18) for continuous angles are different. This means the symmetry relations 

formulated by Eq.(A4) to Eq.(A6) are not satisfied for the continuous angle approximation. For an 

illustration of symmetry properties for discrete and continuous angles, the argument of sin�������sin�����s� is plotted for discrete eigenvalues ��� = ��� � and continuous angles ��� = ��sin�� in Figure 6. The same comparison is also repeated for the complementary receiver 

depth as sin������ − ����sin�����s�. The symmetry property for the receiver (Eq.(A4)) requires sin������� sin�����s� = sin������ − ����sin�����s�. The validity of the continuous angle 

approach is investigated by the comparisons in Figure 6. For this comparison,	� = 250	Hz, �� = 10	m, � = 104.06	m and �� = 0.49	rad . 

 

 
Figure 6.  Variation of sin�������sin�����s� for discrete angles at eigenvalues (vertical bars) and 

continuous angles (solid and dashed lines). the source depth is 30 m. 

 

This comparison shows that the discrete mode solutions at receiver depth and complementary 

receiver depth are identical when calculated using Weston’s wave shift concept, if the vertical 

wave shift is assumed independent of grazing angle. According to Eq. (B2). the discrete angles are 

calculated as �� = arcsin ��������. The continuous angles can be any value between zero and ��, 
irrrespective of the eigenvalues. In order for the continuous angle integral to approximate the 

discrete mode sum, the area under the curves in Figure 6 must be equal to the sum of 

contributions from discrete eigenvalues, which is the case if the curve contains no energy above 
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the Nyquist frequency corresponding to the rate at which the curves are sampled by the series of 

eigenvalues. Writing 

sin ���� ��� sin ���� ��� = ��� �exp �i ��� ��� −exp �−i ��� ���� ��� �exp �i ��� ��� − exp �−i ��� ����	, 
the highest frequency component is the term proportional to exp�±i2�π��, where the highest 

frequency, F, is equal to ������� . According to the Nyquist-Shannon theorem, the continuous 

function is well sampled, in the sense that it can be reconstructed from these samples, by the 

discrete modes if F is less than the Nyquist frequency (half the sampling rate), which is equal to 

0.5.  While it does not follow directly from this theorem, it seems reasonable to assume that the 

integral of a continuous function will be a good approximation to a discrete sum if the maximum 

frequency is below the Nyquist frequency corresponding to the sampling rate, and not otherwise. 

If the continuous function is sufficiently well sampled in the same sense, one can therefore 

expect the integral to exhibit the same symmetry property as the discrete sum. Given that the 

maximum frequency is � = �������  and the Nyquist frequency is 0.5, it follows that the condition 

for symmetry is ��+�� < �.This condition shows that the proposed solution is valid up to the 

complementary source depth ��� < ����. Thus, the proposed solution by the continuum 

approach is valid for �� < ��� − 2� , where � is the width of the peak at the complementary 

source depth. In the mode stripping, this width is given by the simple formula as � = ������. In the 

cylindrical spreading region, the width is less well defined. 

Even though the symmetry properties are not satisfied for the integral representation at the 

complementary source and receiver depths, the correct propagation factor can be obtained by 

exploiting the symmetry of Eq.(30) for �/2 < �� < �. 

 

APPENDIX C: DERIVATIONS OF WESTON’S CASES 5 AND 6 FROM THE PROPOSED 

SOLUTION 

In this Appendix, Weston’s Case 5 (Gaussian) and Case 6 (dipole Gaussian) are derived from 

Eq.(37). 
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Derivation of Case 5 

When �� is large enough and far from the waveguide’s boundaries (������ ≫ 1, such that exp�−2����������) may be neglected, the propagation factor can be written as  

 

�����, ��� ≈ �����1 − exp�−2�����������																													��1� 
 

consistent with Weston’s Case 5. Eq.(C1) can also be derived from [Denham,1986] by applying 

the reciprocity principle to Eq. (25) from that paper. 

Derivation of Case 6 

When �� is small and close to sea surface, the propagation factor can be written as  

 

�����, ��� = �����1 − ����−2���− exp�−2����������	�1 − exp�−2���cosh�4����������																				��2� 
 

Where � = ������. For small �, the exponential and hyperbolic cosine function can be replaced 

with ����−2��� ≈ 1 − 2��	�nd cosh�4�������� ≈ 1 + ������������ = 1 + 8����������,  

 

�����, ��� = �����2�� − exp�−2�����������1 − �1 − 2����1 + 8�������������					��3� 
 

Then, neglecting terms of order �� or higher 

 

�����, ��� = 2���1 − �1 − 4����������exp�−2���������������												��4� 
 

consistent with Weston’s Case 6. For large receiver depths, this expression may be approximated 

using exp�−2���������� ≈ 0, in which case Eq. (27) from [Denham,1986] is recovered. 
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 SOPRANO HYBRID PROPAGATION MODEL: RANGE-2.3

DEPENDENT PROPAGATION EQUATIONS AND RESULTS 

FOR THE SHALLOW WATER WAVEGUIDES 

 

This section is a modified version of [H.Ö Sertlek, M.A. Ainslie and K.L. Heaney, Range Dependent 

propagation equations and results for shallow water waveguides, under review by Journal of 

Acoustical Society of America] 

 

Abstract: The estimation of propagation loss for a range dependent shallow water waveguide is 

considered. Specifically, an analytical formulation for the calculation of the depth dependent 

propagation loss in isovelocity water with a gradually range dependent seabed is introduced. The 

range dependent bathymetry is handled with Weston’s ray invariant approach. The depth 

dependence of propagation loss is formulated using a transformation from an incoherent mode 

sum to an integral over angle, in the adiabatic approximation, and the results obtained in this 

way are tested by comparison with a full adiabatic normal mode sum. The validity of the 

adiabatic approximation itself is then investigated by means of a comparison with parabolic 

equation and coupled normal mode results for selected test cases from the Weston Memorial 

Workshop held at the University of Cambridge in April 2010. The proposed approach provides 

practical, fast and accurate results. 
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2.3.1. INTRODUCTION 

The estimation of propagation loss (PL) [Ainslie,2010a; ISO/DIS 18405] for a range dependent 

shallow water isovelocity waveguide is relevant to various applications of underwater acoustics 

such as environmental impact assessment, underwater communications and sonar performance 

modelling. The present section introduces a method that combines the accuracy of an incoherent 

adiabatic normal mode sum with the speed of Weston’s flux integral approach. To solve range 

dependent propagation problems, normal mode methods apply various approaches such as 

mode coupling, mode-matching or adiabatic approaches [Jensen et al, 1994]. These approaches 

are based on a stair-step approximation for the bathymetry and the calculation of normal mode 

eigenvalues for each stair step. Range dependent normal mode solutions can be computationally 

expensive for high frequencies or deep water where many modes propagate, and analytical 

solutions offer a practical alternative that avoids long computational times[Harrison,2005 ; 

Harrison,2013; Holland,2010]. Weston introduced the flux integral method for evaluation of PL 

for a variable water depth and arbitrary sound speed profile[Weston,1959]. By using the effective 

depth approach, Weston [Weston,1976] provided analytical expressions for the depth-averaged 

propagation factor (F) for various depth profiles. An arbitrary bathymetry can be constructed as a 

combination of these depth profiles. However, the dependence of the propagation factor on 

receiver and source depths is not visible in this approach.  

In the present section, the method of [Weston,1976] is combined with the depth dependent 

propagation formula of [Sertlek and Ainslie,2013] to derive a formulation for depth-dependent 

propagation loss in a range dependent waveguide. Discrete and leaky mode effects are also 

considered, increasing the accuracy of this approach at low frequencies and long ranges. This 

proposed solution can provide fast and accurate propagation loss predictions for range 

dependent water depth and sediment type across a wide range of frequencies without summing 

a large number of normal modes. The results obtained in this way are validated with adiabatic 

mode theory. Then, the accuracy of the adiabatic mode theory is tested by comparison with 

coupled mode and parabolic equation model’s results. Selected cases from the 2010 Weston 

Memorial Workshop [Ainslie,2010b] are used, providing insights into the performance of widely 

used propagation models in a shallow water environment.  

This work is motivated by the need for sound mapping across a wide frequency range, namely 10 

Hz to 100 kHz, roughly corresponding to the hearing range of marine animals. The proposed 
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approach enables the calculation of shallow water sound maps in an efficient way without 

requiring long computation times or advanced computer systems.  

 

2.3.2. DEPTH DEPENDENCE OF PROPAGATION LOSS IN RANGE DEPENDENT 

WAVEGUIDE 

A. Derivation 

Propagation loss can be defined in terms of the propagation factor, F, as PL = 10 log�� ����	�� 			dB 

where � is the propagation factor [Ainslie,2010a; ISO/DIS 18405]. For range independent 

waveguides, Weston’s flux integral can be modified to take into account the depth dependence 

of the propagation factor [See Section 2.2]. This approach is generalised here for range 

dependent media. The derivation starts by applying the adiabatic approximation to the 

incoherent mode sum  

 

���, ��; 	��� = �������, 0�������, ���������
��� 																																														�1� 

 

where the eigenfunction (for isovelocity water) is 	����, �� = ��sin�������� and ����� = ���	����� 	exp�−2� �����d���� �. Here �� is the amplitude of the nth eigenfunction,		�� is 

the vertical wavenumber, and �� the horizontal wavenumber. The mode decay rate ����� =− ���|�����|	����	  is the mode attenuation term in the horizontal direction which adds a small 

imaginary part to ��, ��� = 2ℎcot� is the modal cycle distance for isovelocity water, and ����� 
is the reflection coefficient of the seabed. The integral in the exponential term for ����� can be 

written  

 

� ���� ����d�� = −���0� sin� �� � ln�|�����|	�2ℎ����cot�������� sin� ���
� d��																											�2� 
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where  

���� = ℎ��� + ∆�																																																																			�3� 
 

is the wave-shifted water depth, ∆�= �2/���1����c
	is the corresponding vertical wave 

shift[Weston,1994; Weston,1960] and �c is the critical angle. Eigenvalues for the discrete sum 

can be approximated using ����� = ������ , and 	��0� and ���� are wave-shifted water depths at 

source and receiver range. Thus, the propagation factor becomes 

 

���, ��; ���
= 2π� �A��� A��� sin����������sin����������	������ 	exp����0� sin� �� � ln�|���′�|	�ℎ��′�	����′� cos �′ sin �′�

� d����
��� �4� 

 

where ���,��� = �������,�������.� . Further, ��,� shows the mode grazing angles at source and 

receiver ranges and ��denotes the grazing angle at range �′. Using the trigonometric identity sin��������� = �� − �� cos�2�������, and approximating the discrete sum by a continuous angle 

integral [Sertlek and Ainslie, 2014a] it follows that  

 

����, ��; ���= 2� � ��0�cos��	ℎ�0�����cos�� �1 −W���, ��, ���� exp ����0� sin� �� � ln�|V��′�|	�	ℎ��′�����′�cos�′ sin �′�
� d��� d������

� 	�5� 
 

where ���� = arcsin ���������,�������������� 	�. The function W���, ��, ��� is  

 

W���, ��, ��� = cos�2����sin��� + cos �2���� ��0����� sin���
− cos�2����sin��� + cos�2����sin���2 																																																				�6� 
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where �± = ��±	�� ��������, and Weston’s ray invariant relation [Weston,1994]  

���′�sin�′ = ��0�sin�� = ����sin��																																																	�7� 
 

is used to relate angles at the source and receiver ranges. Eq.(5) can provide an analytical 

formulation for range dependent propagation problems. The factor�1 −W���, ��, ���� results 

from the product of the source and receiver eigenfunctions. A more detailed physical description 

of the range independent version of this term and its relation with Weston’s solution in 

[Weston,1980] are provided in Section 2.2. 

 

B. Analytical solution for exponential reflection coefficient  

In Eq.(5), different forms for the reflection coefficient can be used. For an exponential reflection 

coefficient in the form  

 

|��| = exp�−���� sin�2��2 �																																																								�8� 
 

the propagation factor can be written  

 

��= 2� � D�0�cos��	ℎ�0�����cos�� �1 −W���, ��, ���� exp �−���0�sin� �� � ����ℎ��′�����′�	�
� d��� d������

� 	�9� 
 

 

This integral gives the propagation factor for range dependent media. If one ignores the wave 

and beam [Sertlek and Ainslie, 2014a;Weston,1994] shifts for high-order modes and 

assumes	cos��,� ≈ 1 (consistent with the small angle approximation), it follows that 
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�� = 2�ℎ���� �1 −W���, ��, ���� exp �−ℎ��0� ��� 〈 �ℎ�〉 ��d������
� 																�10� 

 

where 〈 ���〉 is the average value of ��� from the source (at range zero) to range �. In Appendix A 

this quantity is evaluated analytically using Weston’s effective depth approach [Weston,1976]. 

Eq.(10) can be solved analytically in the terms of Faddeeva functions as described by SA-25 (using 

SA-n here and throughout to denote Eq. (n) from Section 2.2.). In this way, the analytical solution 

for Eq.(10) can be obtained as 

 

����, ��; ���
= ����� ��ℎ���	 erf ��ℎ��0� 〈 �ℎ�〉 � �����
− � 2�ℎ� �� �2���0, ℎ��0� 〈 �ℎ�〉 � , ����� + � �2��0����� ����, ℎ��0� 〈 �ℎ�〉 � , �����
− � �2����, ℎ��0� 〈 �ℎ�〉 � , ����� +� �2����, ℎ� �0� 〈 �ℎ�〉 � , �����2 ��																																				�11� 
 

where  

 

Φ��, �, ����� = � 	cos���	�exp�−�	���d�����
�
= �π� exp �− �

�4��4 	�w� �2√� − i√������ exp�� �2√� − i√��������
− w� �2√� + i√������ exp�� �2√� + i√���������																																�12� 
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and w�� + i�� is the Faddeeva function[Abramowitz and Stegun,1972]. For the large R limit 

� ��√� ≪ √�	�����, ���, �, ��� ≈ ����� exp �− ����� and erf ��ℎ��0� 〈 ���〉 � ����� ≈ 1. In this limit, 

the solution simplifies to  

 

����, ��; 	��� = ����� ��ℎ���	 �1 − exp�−2������ ���� − exp�−2������ ��� ���0�������
+ exp�−2������ ������ + exp�−2������ ������2 �																																					�13� 

 

where �� = � ��������� , 〈 ���〉 = ��������������� for a constant �, and Eq.(13) is a generalisation of SA-37 

to the range dependent situation (SA-37 is identical to Eq (9) of [Weston,1991], which was not 

cited by [Sertlek and Ainslie,2014a] because they were unaware of the existence of 

[Weston,1991] at that time). Equation (13) is valid for constant  � and in the limit of large R. 

 

2.3.3. DISCRETE MODE EFFECTS FOR RANGE DEPENDENT MEDIA 

At short ranges, where many modes are present, the discrete mode sum may be approximated 

by an integral over a continuum of modes [Harrison and Ainslie,2010]. In the mode stripping 

region, the number of modes that contribute to the sound pressure field decreases with 

increasing range, until at some point there remains only a handful, so that the integral ceases to 

provide a good approximation to the discrete sum. This point is the end of the mode stripping 

region and the beginning of a region in which the discreteness of the mode sum becomes 

important [Ainslie,2010a]. In order to retain accuracy in this discrete mode region, a few low-

order modes can be separated from the integral solution. In other words 

 

� = ��������������, ���������
����������������������	

+ � �������������, ���������
��������������������������

																	�14� 
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Replacing �� by an integral approximation for a continuum of modes, and applying the 

symmetry property identified by SA-30, we obtain  

 

����r, �0� 	= ������, �0�	, �� < 	�/2	����r, �0�	, �� > 	�/2 																																												�15� 
 

where �� = �������, �0�									, �� < 	�/2	����� − �r, �0�	, �� > 	�/2	and �� = �������, � − �0�														, �� < �/2	����� − �r, � −	�0�	, �� > �/2 	.  ��� is the continuous angle representation of the propagation factor  

 

G��
= 2� � ��0�cos��		ℎ�0�����cos�� �1 −W���, ��, ���� exp�����0� sin� ��� ln�|���′�|	�	ℎ��′�����′�����′ ��� �′�

� d����d������
����/� 	�16� 

 

The lower integration limit is ����/� ≡ ��������  because the first � modes are summed 

separately. Eq.(15) helps to obtain the properties at the sea surface (or seabed) and source (or 

complementary source) depths. The mode attenuation is calculated with the Kornhauser and 

Raney approximation [Kornhauser and Raney,1955] and adiabatic approach. The resulting modal 

decay rate[Ainslie et al,1993] is 

 

������ = ���������/��� cot� ��sec��ℎ������ − ��� ��1 − ������ sin� ����/�	 + ����� ������ ��� sin� �� + ��������ℎsin���									�17� 
 

where ���� and	�� are the densities of seawater and sediment, respectively, and � is the 

fractional imaginary part of the sediment wavenumber. This equation was derived from mode 

theory formulas that implicitly take into account wave and beam shifts [Weston,1994]. In Eq. (17) 

we choose not to neglect such wave and beam shifts because the presence of these terms in the 

exponent leads to important corrections that are needed to maintain accuracy at long range. The 

contribution to the propagation factor from the first M discrete modes can be written as 



MODELING THE UNDERWATER ACOUSTIC PROPAGATION IN THE DUTCH NORTH SEA 

55 

 

�� = 8π���0������ sin�������sin�������	���� − ��� 	exp �−2� �����d���
� ��

��� 																�18� 
 

Finally, the hybrid formulation of the propagation factor in range dependent media can be 

written analytically by ignoring the wave shifts for high-order of modes and using the small angle 

approximation (by assuming	cos��,� ≈ 1),   

 

�= ��
+ 2�ℎ���� �1 −W���, ��, ���� exp��ℎ��0� sin� �� � ln�|V���|	�ℎ���′� sin ��

� d����d���/�
����/� 									�19� 

 

Any form for the reflection coefficient, including both exact or approximate forms of the Rayleigh 

refection coefficient [Harrison,2010] can be used for ����, depending on the desired accuracy. 

Use of the exact form in the numerical solutions increases accuracy and permits calculations 

above the critical angle [Harrison,2010], by extending the upper integration limit to ��, thus taking 

into account the contribution from leaky modes. Including leaky mode terms in the integrand of 

the adiabatic approach (exponential term in Eq.(18)) provides a smoother transition in the 

upslope region in the examples that follow, in which ray paths are continually steepened, and the 

corresponding modes pass from the discrete spectrum to the continuous spectrum. In the 

downslope region after the ridge, the same effect happens in reverse, with the discrete mode 

spectrum continually re-populated by a process of downslope conversion. 
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2.3.4. COMPARISONS 

A. Comparison Procedure:  

Description of Test Cases 

In these comparisons, test cases derived from Scenarios A2.I and A2.IV from the Weston 

Memorial Workshop (WMW) are used [Zampolli et al,2010]. The purpose of the WMW, held at 

the University of Cambridge in April 2010[Ainslie,2010b], was to improve understanding of signal 

to noise ratio and signal to reverberation ratio for simple sonar performance problems based on 

the 2006 ONR workshop[Thorsos and Perkins,2007]. Following [Sertlek and Ainslie,2013] and 

[Ainslie et al,2013], the selected test cases are referred to as “Case 1”, “Case 4” and “Case 9”. 

Cases 1 and 4 are identical to Scenarios A2.I and A2.IV, respectively, except that absorption in 

water and seabed roughness are both set to zero. Case 9 is a modified form of Case 4 suggested 

by Preston[Preston and Ellis,2012; Ellis and Pecknold,2012]. In all comparisons, the source depth 

(��) is 30	m, sound speed in water (��) and sediment (��) are, respectively, 1500	m s⁄  and 1700m s⁄ . The sediment-seawater density ratio is 2 and the sediment absorption coefficient (�), 

in units of decibels per wavelength, is 0.5, corresponding to an absorption coefficient per unit 

frequency of 0.294118 dB/(m kHz). (The sediment absorption coefficient is related to fractional 

imaginary part of complex sediment wavenumber by means of � = � ln�10� /40π). The 

comparisons start with the range independent case (Case 1), which has 100 m water depth. More 

detailed comparisons were done for this range-independent case in [Section 2.2]. Case 4 has 100 

m water depth up to 5 km from the source. Then, it features an upslope region from 5 km to 7 

km up to water depth 30 m, with uniform water depth thereafter. Case 9 follows Case 4 to 8 km. 

The shallow water region (depth 30 m) is then followed by a downslope region from 8 km to 10 

km down to water depth 100 m, and uniform depth thereafter (Fig. 1). Case 9 is identical to Case 

4 in all respects other than these differences in bathymetry. 

 



MODELING THE UNDERWATER ACOUSTIC PROPAGATION IN THE DUTCH NORTH SEA 

57 

 
Figure 1. The bathymetry of Cases 1,4 and 9 

 

Comparisons are made for the frequencies 250 Hz, 1 kHz and 3.5 kHz. For normal mode solutions, 

KrakenC and Couple are used. KrakenC is a normal mode algorithm that can handle range 

dependent problems with adiabatic and coupled mode approaches [Porter,1990]. For KrakenC’s 

solution, we select the incoherent adiabatic option, which is based on complex eigenvalues and a 

stair-step approximation of the bathymetry. Couple is also a normal mode program, developed 

for obtaining normal mode solutions with various coupled mode approaches [Evans,1983]. 

Couple’s solution (a coherent mode sum) is also based on a stair-step approximation. The 

proposed equations ((Eq.(11) ,Eq.(13) and Eq.(19))) in this section (incoherent mode sums) are 

based on a piecewise-linear bathymetry. For range dependent solutions, ∆�� equals 10 m as a 

stair-step length (in the mode theory solution) and piecewise-linear segment size (in the 

proposed integral solution) to have comparisons with the same resolution. Peregrine[Heaney and 

Campbell,2015] is an in-house version of RAM[Collins,1993] for parabolic equation calculations.  
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Reference and Relative PL  

The challenge addressed here is that of magnifying small differences in PL predictions, when the 

individual PL curves exhibit a large dynamic range. In this situation, the use of a reference 

propagation loss curve and plotting the relative propagation loss as 

 

PL����������� = PL��� − PL������																																																								�20� 
 

can help to zoom in on detailed features. If the reference PL������ is chosen to describe the 

general PL trend, PL�������� then describes the departure from that trend. In the following, 

Weston’s flux integral[Weston,1976] is chosen as the reference propagation factor 

 

���� = 2�ℎ���� exp�−��� ℎ���ℎ���� ��d������
� = ����� ��ℎ��� erf ����ℎ���ℎ���� �����																	�21� 

 

such that the reference propagation loss is PL��� = 10 log�� �������	�� 			dB. The value chosen for the 

reflection loss gradient (�)	is 0.273777 Np/rad [from page 454 of Ref.1], and the effective water 

depth is ℎ��� = ����������� � �������	�� d��, which is evaluated analytically by using piecewise linear 

approximation for the bathymetry, as described in the Appendix. Equation (21) also follows from 

Eq.(9) for a uniform sediment type and with W���, ��, ��� = 0. In Fig. 2, PL��� versus range is 

shown for Cases 4 and 9. The PL�������� curves plotted in subsequent graphs quantify the 

departures from the corresponding curves in Fig 2.  

 

 
Figure 2. Reference PL for the test cases (Eq. 21 is used) 
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B. Validations: Comparisons with adibatic mode theory 

Leaky mode contributions 

Eq. (19) and KrakenC results can be evaluated with or without the leaky mode contribution. In 

order to include the contribution from leaky modes, the continuum integral in Eq.(19) is 

extended to �/2, thus taking into account the eigenvalues whose grazing angles are beyond the 

critical angle. The contribution from leaky modes to the depth-averaged PL is shown in Fig. 3 for 

Cases 1, 4 and 9 at 250 Hz. All three are identical up to 5 km, after which the influence of the 

upslope region can be seen for Cases 4 and 9.  First, Fig. 3 shows the effect of leaky (supercritical) 

modes on relative PL at short range (up to 2 km) Most of the initially generated leaky modes lose 

their energy within a few kilometres of the source, thus explaining the rapid initial decay of the 

leaky mode contributions in Fig.3, especially during the first kilometre. The range-dependent test 

cases (4 and 9) are identical up to 8 km. In these, ray paths are steepened by the upslope 

propagation between 5 km and 7 km, resulting in the conversion of discrete (trapped) modes into 

leaky ones that then decay quickly at the top of the slope, from 7k m to 8 km. Beyond 8 km, the 

curves for Cases 4 and 9 differ because of the different bathymetry, but no new leaky modes are 

generated beyond this point. This figure also shows the agreement between KrakenC and Eq.(19) 

with and without leaky mode contribution. 
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Figure 3. Eq.(19) is integrated up to critical angle and �/2 (with 5 discrete modes) to exclude and 

include leaky modes. Solutions of Eq.19 are compared with KrakenC without (with) leaky mode 

contribution. The exact Rayleigh reflection coefficient is used for the seabed reflection coefficient 

in Eq.(19).  

 

Up to 500 m, the contribution of the leaky modes exceeds 1.2 dB. Then, the leaky mode 

contribution becomes less than 0.01 dB between 2 km and 5 km. The contribution from leaky 

modes is about 0.6 dB between 5 km and 8 km for the depth averaged PL, and is negligible at all 

other distances beyond 1 km. The proposed method agrees with the KrakenC adiabatic mode 

sum to within 0.2 dB when the upper limit of the angle integral is extended to ��. Eq.(19) can be 

implemented easily and generates a fast solution without requiring the estimation of 

eigenvalues, which is computationally expensive, especially for high frequencies.  

 

Validations for the relative PL field 

In this section, the relative PL field (i.e., PL relative to PL���) is investigated. Results for Cases 4 

and 9 are shown in Figs. 4 and 5, calculated using Eq.(19) and Eq.(13). The solutions based on 

Eq.(19) (left hand graphs), which include the contribution from leaky modes, replicate the 
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adiabatic form of KrakenC’s results  (not shown). The contribution from leaky modes can be 

significant over the slopes (as shown in Fig.4), and at low frequency Eq. (13) fails to capture the 

discrete nature of the mode sum. The solutions based on Eq.(13) (right hand graphs) use the 

exponential reflection coefficient and asymptotic form of Φ��, �, ����� for large R, which is 

described by Eq.(12). 

 

  
Figure 4. the relative propagation loss	��	 − ����� [dB] field for Case 4 at 250 Hz,1 kHz and 3.5 

kHz using Eq.(19) (left) and Eq.(13) (right). Eq.(19) is evaluated using the exact Rayleigh reflection 

coefficient for M = 5, and including leaky modes; Eq.(13) is an approximate continuous integral 

solution and excludes leaky modes. The source depth is 30 m. 
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Figure 5. The relative propagation loss 	�� − ����� [dB] field for Case 9 at 250 Hz,1 kHz and 3.5 

kHz using Eq.(19) (left) and Eq.(13) (right). Eq.(19) is evaluated by the exact Rayleigh reflection 

coefficient for M = 5, and including leaky modes; Eq.(13) is an approximate continuous integral 

solution and excludes leaky modes. The source depth is 30 m. 

 

Wave theory features of two kinds are visible in these graphs: near the boundaries, surface 

decoupling effects cause the reference PL function, given by Weston’s original flux integral 

(Eq.(21)) underestimates the propagation loss, and this region appears in red; and at the source 

and complementary depths there exist coherent enhancenments [Weston,1980] that appear as 
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parallel blue streaks. In the adiabatic approximation, these streaks follow the slopes in the 

bathymetry. Considering its simplicity, Eq.(13) provides a surprisingly accurate analytical 

formulation for PL, especially for long ranges. 

 

Comparisons between Proposed Approach and incoherent mode sum:  vs depth 

In Fig.6, PL vs depth comparisons are shown. Cases 4 and 9 have the same bathymetry up to 8 km 

from the source. Thus, the first and second comparisons are valid for both cases. The third 

comparison is for Case 4. The last comparison is for Case 9.  

 

    
Figure 6. Relative PL vs depth comparisons with discrete mode region effects (M=5, no leaky 

modes) for 250 Hz at 5 km, 7.5 km and 45 km. The Rayleigh reflection coefficient is used for 

Eq.(19).The source depth is 30 m. The bathymetries for Cases 4 and 9 are the same until 8 km. 

Thus, the first depth vs PL graph is the same for Cases 1, 4 and 9; similarly, the first two depth vs 

PL graphs are the same for Cases 4 and 9; The third graph (note the different y axis scale) is for 

Case 4. The last one is for Case 9, The reference solution is evaluated using Eq.(21).  
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Good agreement is obtained between Eq.(19) and KrakenC (adiabatic) for the depth dependent 

propagation loss. At low frequencies for which only a few modes propagate, the mode region 

effects must be considered when estimating PL especially at long ranges. Eq.(19) can provide a 

solution as accurate as that of KrakenC(Adiabatic), without requiring complex root finding 

algorithms. 

 

Comparisons for different number of discrete modes 

In principle, the accuracy of Eq.(19) at long range and low frequency can be improved by adding 

more modes, and eventually one can expect the result to converge. In practice it converges for a 

surprisingly small number of discrete modes, as shown below. In Fig, 7, the relative PL for Case 4 

is shown for different numbers of mode contributions at three frequencies.  

 

 
Figure 7. The effect of the number of discrete modes on the convergence of propagation loss. The 

mode sum incudes only discrete modes, thus excluding paths steeper than the critical angle. The 

range step size is chosen to be 100 m for these comparisons. Note the different y axis scale at 250 

Hz. 
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Convergence tests can provide insight into how many modes (M) can be enough. This therefore 

demonstrates that using M = 3 provides sufficient accuracy to provide a mode solution at low 

frequencies and long ranges (compared with M = 5 actually used). For low frequencies, the 

contribution from the integral part decreases. For high frequencies, such that many modes 

propagate, the continuum approach is more efficient than a discrete sum. Thus, adding more 

modes at high frequencies (1 and 3.5 kHz) does not make a significant contribution. Adding even 

only one mode at low frequency (250 Hz) helps convergence.  

 

Comparisons for the computation time 

In Fig 8, the running times of KrakenC and Eq.(19) are compared for Cases 1 and 9. For Case 9, the 

PL is calculated at every 50 m up to 45 km for frequencies between 30 Hz to 10 kHz. The adiabatic 

mode sum option is used in KrakenC. This comparison shows that similar accuracy with adiabatic 

mode theory can be obtained without requiring long calculation times. Eq.(19) is more than 1000 

times faster than KrakenC at 10 kHz for Case 9 because it does not require any numerical 

algorithms for the estimation of eigenvalues. For the range indepedent case, which only requires 

the calculation of one set of eigenvalues by KrakenC, Eq.(19) is still more than 100 times faster 

than KrakenC at frequencies above 3 kHz. 

 

 
Figure 8. The computation times for KrakenC and Eq.(19) (“Proposed”). The stair-step size is 50 m 

for KrakenC.  
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C. Multiple Model Comparisons for Depth Averaged PL 

In this section, depth-averaged PL�������� vs range results (obtained by averaging mean-square 

sound pressure over receiver depth between the sea surface and seabed) are compared for Cases 

1, 4 and 9, with the purpose of quantifying the accuracy of the solutions from different models. 

To achieve this we first establish a “baseline” solution that is trusted withing a specified 

tolerance. Specifically, a baseline for the depth-averaged propagation loss is established when 

the maximum difference of the solutions predicted by Peregrine and Couple, for Cases 4 and 9, is 

less than 0.5 dB. For Case 1, the same criterion applies except that KrakenC replaces Couple for 

this range-independent environment. The baseline is equal to the average in decibels of the two 

(equivalent to taking the geometric mean of the depth-averaged propagation factors) at each 

range. These two models are chosen because they rely on different approaches for solving the 

Helmholtz equation[Jensen et al, 1994], one applying a marching solution with the paraxial 

approximation[Collins,1993] and the other applying a discrete normal mode expansion, including 

leaky modes. Because of the radically different nature of the nature of the approximations made, 

if, for any specific test case, these different approaches result in essentially the same solution, we 

consider it reasonable to infer from this agreement that the errors are small for both models. 

While this approach falls short of providing proof of accuracy (see, e.g.[Collins and Evans,1992] 

and [Porter et al,1991] for counter-examples), it provides a strong indication that errors are 

small, and we argue, in the sense of Reference 3 that the burden of proof is on others to identify 

and correct any errors in the baseline solution. In the following paragraphs, we investigate the 

difference between the baseline solution and the adiabatic approximation for Cases 4 and 9. In 

Table 1, the differences between Peregrine and Couple solutions are shown, providing a measure 

of the uncertainty in the baseline solutions. The 0.5 dB criterion for establishing a baseline is met 

for all combinations except for Case 4 at 3.5 kHz. Cases 1, 4 and 9 are now considered in turn. 
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Table 1. Maximum difference between Peregrine and normal mode (Couple or Kraken) solutions 

(magnitude of difference, in dB). A baseline is established for all combinations except Case 4 at 

3.5 kHz, for which the maximum error exceeds 0.5 dB. 

 250 Hz 1 kHz 3.5 kHz 

Case 1 (Peregrine cf KrakenC) 0.1 dB 0.1 dB 0.1 dB 

Case 4 (Peregrine cf Couple) 0.2 dB 0.1 dB 0.7 dB 

Case 9 (Peregrine cf Couple) 0.2 dB 0.2 dB 0.3 dB 

 

For Case 1 (Fig 9), at short range, Eq.(19) agrees with the baseline solution because of taking into 

account leaky mode effects. At long range, the differences between Eq.(19) and the baseline 

solution less than 0.15 dB for all three frequencies.  

 
Figure 9. Comparisons for Case 1. Relative PL (��	�����ℎ	����� ��� 	− �����) results of 

KrakenC, Peregrine and Eq.(19). The exact Rayleigh reflection coefficient is used for Eq.(19). The 

source depth is 30 m. The squared sound pressure is averaged over receiver depths with 1 m 

resolution. 
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Results for Case 4 (Fig 10) and Case 9 (Fig 11) are identical to Case 1 up to 5 km and are not 

shown. For 250 Hz, the adiabatic approximation (KrakenC and Eq. (19)) replicate the baseline 

solution within 0.15 dB between 5 km and 10 km. At longer range, the adiabatic approximation 

overestimates the depth-averaged PL by up to 0.35 dB.  

 

 
Figure 10. Comparisons for Case 4. Relative PL (��	�����ℎ	����� ��� 	− �����) results of 

KrakenC-Adiabatic(incoherent), Couple(Coherent), Peregrine(coherent) and Eq.(19)(incoherent). 

Exact Rayleigh Reflection coefficient is used for Eq.(19). The source depth is 30 m. The squared 

sound pressure is averaged over receiver depths with 1 m resolution. Note the different y axis 

scales for these comparisons.  

 

For 1 kHz, the adiabatic approximation underestimates PL by an amount that increases with 

increasing range beyond 17 km. The difference between KrakenC and the baseline solution 

becomes 2.3 dB at 50 km.These comparisons show that the adiabatic approximation can replicate 

Peregrine solutions for 250 Hz and 3.5 kHz. At 250 Hz there is only one mode in the shallow water 

part, which is travelling at a steep angle, so there is no reason to expect a problem with the 

adiabatic approximation. Specifically, the steep ray path ensures a short cycle distance, and 

hence small changes in water depth for each ray cycle.  At 1 kHz there is a region in which there is 

only one mode left, and this mode is not steep. In turn this implies a long cycle distance, and the 

potential for large changes in water depth per ray cycle in the sloping regions.  This probably 
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causes the larger difference between adiabatic approximation and baseline solution at this 

frequency. 

For Case 9 (Fig 11), the differences between KrakenC and the baseline solution are less than 0.6 

dB for 250 Hz, 0.2 dB for 1 kHz and 0.4 dB for 3.5 kHz. 

 

 
Figure 11 . Comparisons for CASE 9. Relative PL (��	�����ℎ	����� ��� 	− �����) results of 

KrakenC-Adiabatic(incoherent), Couple(coherent), Peregrine (coherent) and Eq.(19)(incoherent). 

The exact Rayleigh Reflection coefficient is used for Eq.(19). The source depth is 30 m. The 

squared sound pressure is averaged over receiver depths with 1 m resolution. 

 

The differences between the baseline solution and adiabatic model solutions are summarized in 

the Table 2.  
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Table 2. Summary of multimodel comparisons for range dependent cases (magnitude of 

difference, in dB). 

 

Method 

250 Hz 1 kHz 3.5 kHz 

 

Maximum 

difference between 

baseline solution 

and adiabatic 

models 

Maximum 

difference between 

baseline solution 

and adiabatic 

models 

Maximum 

difference between 

baseline solution 

and adiabatic 

models 

Ca
se

 4
 KrakenC 0.35 dB 2.3 dB n/a 

Eq.(19) 0.25 dB 2.2 dB n/a 

Ca
se

 9
 KrakenC 0.6 dB 0.2 dB 0.4 dB 

Eq.(19) 0.4 dB 0.3 dB 0.6 dB 

 

A final comparison is made between KrakenC and Eq.(19) to test the accuracy of the 

approximations made by Eq (19), as summarized in Table 3. 

 

Table 3. Maximum difference between KrakenC and Eq.(19) (magnitude of difference, in dB). 

 250 Hz 1 kHz 3.5 kHz 

Case 1 0.1 dB 0.1 dB 0.1 dB 

Case 4 0.1 dB 0.1 dB 0.2 dB 

Case 9 0.1 dB 0.1 dB 0.1 dB 
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These comparisons and tables give an insight into the maximum average error of Eq.(19) for the 

three selected test cases.  

2.3.5. SUMMARY AND CONCLUSIONS 

In this section, practical approaches (Eq.(11) ,Eq.(13) and Eq.(19)) to calculate the propagation 

loss (PL) in range dependent waveguides are introduced. Eq.(11) is an analytical solution based 

on linear variation of reflection loss with angle. For long ranges, Eq.(11) asymptotically 

approaches to Eq.(13), which can be implemented without requiring a costly search for complex 

eigenvalues. Eq.(19) is a general form of solution which can be evaluated numerically by using the 

exact form of the Rayleigh reflection coefficient. The solutions based on Eq.(19) and exact 

Rayleigh reflection coefficient can take into account the leaky mode region. For selected test 

cases from the Weston Memorial Workshop, Eq.(19) achieves a similar accuracy to the adiabatic 

mode theory results (KrakenC) and is orders of magnitude faster at high frequency. The 

comparison with KrakenC results shows that Eq.(19) reproduces the depth and range dependent 

properties of incoherent mode theory without requiring long computational times.  

The accuracy of adiabatic mode theory is investigated for selected test cases. PL is calculated with 

the propagation models KrakenC (adiabatic modes), Couple (coupled modes with single scatter 

option) and Peregrine (parabolic equation). The performance of each model for the selected test 

cases is tested.  

For the range independent waveguide scenario (Case 1), the depth-averaged PL results of these 

models are very similar (the maximum diference is less than 0.15 dB). Given the entirely different 

nature of these methods[Ainslie,2010a], we interpret this difference as evidence that all models 

are providing the correct solution to Case 1, with an uncertainty of ± 0.15 dB.  

For the range dependent cases (Case 4 and 9), the performance of the each algorithm is 

different. Eq.(19) replicates KrakenC (adiabatic mode theory) results to within 0.2 dB without 

requiring long computational times. However, the agreement between Couple and Peregrine and 

disagreement between Couple and KrakenC show the adiabatic approximation is not valid for 

Case 4 at 1 kHz after 19 km. The difference between Eq.(19) and the baseline solution is less than 

0.6 dB for the selected test cases except 1 kHz result of Case 4. 
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APPENDIX A. EFFECTIVE DEPTH CONCEPT FOR THE RANGE DEPENDENT WAVEGUIDES 

This section shows analytical implementation of the effective depth solution. The effective water 

depth is defined as[Weston,1976] 

 

ℎ��� = ℎ��0�ℎ����� � 1ℎ���′�	�
� d��																																																						��1� 

 

where ℎ�0� and ℎ��� are the water depths at source and receiver ranges. An arbitrary depth 

profile can be separated into smaller segments as shown in Fig. A.1 

 

 

Figure A.1. Piecewise linear representation of bathymetry 

 

where ∆�  is the horizontal length of jth segment as shown in Fig. A.1. Each segment can have 

different length. An analytical solution can be obtained by solving and summing the integrals for 

each segment. Weston’s solution[Weston,1976] for upslope or downslope bathymetry can be 

generalized for arbitrary set of piecewise linear segments as  

 

ℎ��� = ℎ��0�ℎ����� �∆� ℎ + ℎ ��2�ℎ ℎ ������ 																																								��4� 
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where ℎ� is the water depth at the end of jth segment, ∆�� is the length of jth segment and N is 

the number of segments. In our calculation, a uniform segment length ∆�� = ∆� is used. For a 

range dependent sediment type, the integral can be evaluated as  

 

〈 �ℎ�〉 = 1� � �����ℎ�����	�
� d�� = 1� �� ��ℎ�	∆�

� d�� + � ��ℎ�	�∆�
∆� d�� + ⋯+� ��ℎ�	�∆�

�����∆� d���
= 1����∆�� ℎ� + ℎ���2�ℎ�ℎ�����

�
��� 																																																																																		��5� 

 

where � is assumed constant for each segment. [Holland,2010] has derived a similar equation to 

solve range dependent sediment problems. Specifically, Eq. (A5) above is closely related to 

Holland’s Eq. (4), which can be written ���� = exp	�−ℎ��0���� 〈 ���〉 ����� for isovelocity water. Where ���	corresponds to weighted cycle distance (see Eq.(5) of Reference 6) and ���� is the geometric 

mean of the range dependent reflection coefficient.  
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 SOURCE MODELS AND Chapter 3

SOUND MAPS 
 

In this chapter, the approaches for sound mapping are explained with the description of source 

models and the underwater acoustic environment. First, the effect of the sound speed profile on 

shallow water shipping sound maps is investigated in Section 3.1. The error caused by neglecting 

the sound speed gradient is calculated for the selected sound speed profiles for the Dutch North 

Sea. Then, the accuracy of the shipping sound mapping approach is tested by the comparisons 

between shallow water measurements and sound pressure level calculations which is based on 

SOPRANO model in Section 3.2. It is shown that the approach used can generate very similar 

results to the measurements, especially for the low frequencies. This comparison also shows that 

the neglect of surface scattering can lead errors at high frequencies. In Section 3.3, the airgun 

array source model which is used for the seismic survey sound maps is decribed. The calculated 

results are compared with the measurements. Finally, sound maps (averaged over two years) of 

the Dutch North Sea are introduced in Section 3.4. The annual and weekly energies of shipping, 

explosion, seismic survey and wind sounds are compared in order to understand which source is 

making the largest contribution at various time scales.  
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3.1. EFFECT ON SOUND SPEED PROFILE ON SHIPPING 

SOUND MAPS 

 

This section is submitted as [H.Ö Sertlek , B. Binnerts and M.A. Ainslie, The effect of sound speed profile on 

shallow water shipping sound maps, under review by JASA Express Letters] 

 

Abstract: Sound mapping over large areas can be computationally expensive because of the large 

number of sources and large source-receiver separations involved. In order to facilitate 

computation, a simplifying assumption sometimes made is to neglect the sound speed gradient in 

shallow water. The accuracy of this assumption is investigated for ship generated sound in the 

Dutch North Sea, for realistic ship and wind distributions. Sound maps are generated for zero, 

negative and positive gradients for selected frequency bands (56 Hz to 3.6 kHz). The effect of 

sound speed profile for the decidecade centred at 125 Hz is less than 1.7 dB. 
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3.1.1. INTRODUCTION 

Regulations in the USA [Marine Mammal Protection Act,1972; Endangered Species Act of 1973] the 

European Union (EU)[ Directive 2008/56/EC of the European Parliament and of the Council of 17 

June 2008; Commission Decision of 1 September 2010], and worldwide [Lucke et al,2013] aim to 

protect and preserve the marine environment. The EU’s Marine Strategy Framework Directive 

(MSFD) requires member states to achieve or maintain Good Environmental Status (GES) by the 

year 2020. Specifically, the wording of Descriptor 11 of GES requires underwater noise to be at 

levels that do not adversely affect the marine environment. The MSFD further requires monitoring 

of trends in the ambient noise within the 1/3 octave bands 63 and 125 Hz (centre frequency) 

[Commission Decision of 1 September 2010; Dekeling et al,2014]. These regulations increase the 

interest in understanding both local and global soundscapes [Anon et al, 2014]. The EU’s expert 

group (TSG Noise) recommends the use of sound maps as a tool to monitor GES [Dekeling et 

al,2014]. While there is no standard procedure for sound mapping, the isovelocity assumption is 

sometimes used in shallow water simulations for simplicity. The errors resulting from neglecting 

the sound speed gradient are not self-evident. This paper focuses on assessing the validity of the 

isovelocity assumption for a realistic distribution of ships in shallow water. The aim of the present 

paper is to quantify the maximum relative error caused by the use of isovelocity assumption 

instead of realistic sound speed profile (SSP) for different frequencies for different locations with 

representative shipping density. In order to simulate a realistic distribution of ships in the North 

Sea, an Automatic Identification System (AIS) snapshot from January 2014 is used.  The Wales and 

Heitmeyer formula is used for the monopole source level of the ships [Wales and Heitmeyer,2002]. 

The sound pressure level (SPL) is calculated for isovelocity, negative and positive sound speed 

profile gradients. SPL maps are shown for decidecade frequency bands (a decidecade is a 

logarithmic frequency interval equal to one tenth of a decade [ISO/DIS 18405]. This frequency 

interval is sometimes referred to as a “one-third octave” because it is approximately equal to one 

third of an octave) and compared with the isovelocity case results. The effect of the SSP for dense 

and sparse shipping is analysed. 

 

3.1.2. METHOD 

The effect of the SSP is quantified by comparing SPL relative to that for an isovelocity profile. The 

sound map for the isovelocity case is referred to henceforth as the “baseline map”. Next, the 
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relative difference between the baseline maps and the selected SSP cases are compared by 

calculating the relative SPL as SPL����������, �� ≡ SPL�����, �� − SPL�����, ��, where SPL���(the 

isovelocity baseline) and SPL��� (SPL for a specified SSP) both include contributions from wind and 

shipping, and no other sources. At each location, the mean-square sound pressure is computed at 

15 receiver depths and averaged over these receiver depths    

For shipping, SPL is calculated as SPL=SL-PL, where SL is calculated from Wales and Heitmeyer, 

extrapolated to higher frequencies by following the trend measured by [Arveson & Vendittis,2000], 

as illustrated by Figure 8.16 from [Ainslie,2010]. The PL is calculated using adiabatic normal mode 

theory[Jensen et al,1994]. The eigenvalues are pre-calculated using KrakenC[Porter,1990] for each 

sound speed profile. The assumed source depth is 5 m for all ships. The sea surface is assumed flat, 

neglecting the effect of surface losses and scattering. The resolution of the receiver grid is 0.02 

degrees. The propagation loss (PL) is calculated between each source and receiver separately. The 

contributions from each ship are then summed incoherently.   

The wind generated sound is computed using the method of [Ainslie et al,2011], which assumes an 

isovelocity water column and locally uniform water depth.The chosen wind speed corresponds to 

the lowest mean monthly value (around 5 m/s at 10 m height) in the Dutch North Sea [ERA40 

database from www.knmi.nl].  

 

3.1.3. SOURCE DISTRIBUTION AND ENVIRONMENT 

To investigate the effect of the SSP, a realistic ship distribution is used based on AIS data (available 

online at http://www.marinetraffic.com). The original AIS data had some gaps because of not 

receiving AIS signals for the northern part of the Dutch North Sea. The Maritime Mobile Service 

Identity (MMSI) number of each ship was tracked and the ship locations were interpolated over 

time for each ship separately. Next, a single time snapshot of AIS data is used in the simulation. In 

Figure 1 (right plot), a snapshot in time showing the shipping distribution as obtained from AIS 

data is shown. In the background of AIS distribution, the shipping density of the same day is 

plotted. The shipping density is plotted in gray tones, with the brightest tones (white) 

corresponding to the highest density. This shipping density graph suggests that the used points 

represent a representative ship distribution. The corresponding bathymetry (available online at 

http://www.emodnet-hydrography.eu) is plotted on the left. The two black markers in the 

bathymetry figure illustrate two locations, one southern and one northern, with dense and sparse 
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shipping activity, respectively. These locations are used later in the simulations to study the effect 

of the SSP in detail. The sediment type is assumed to be medium sand for the region considered.  

 

 
Figure 1. The bathymetry (left) and ship distribution (right) of an AIS snapshot from January 2014 

(red circles) over the Dutch North Sea (bounded by the green line). The background (in grey tones) 

shows the shipping density of the same day (the white tones correspond to the highest shipping 

density). The distant (sparse shipping) and nearby (dense shipping) receiver points are shown on 

the bathymetry map. 

 

The sound speed for the isovelocity case is 1500 m/s. Average winter and summer speed profiles 

are used from World Ocean Atlas (http://www.nodc.noaa.gov/OC5/woa13) between 2000 and 

2010. These profiles are shown in Fig. 2.  

 
Figure 2. Summer (left), winter (middle) and the selected (right) SSPs for the Dutch North Sea 
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Fig. 2 gives an insight into choice of the sound speed profile for the comparisons. In this section, 

sound speed gradients of ±0.03, ±0.125, ±1 s�� are used. The simulation is also repeated for a 

summer sound speed profile, representative for the deepest part of the Dutch North Sea to study 

the effect of this specific profile on propagation. 

3.1.4. COMPARISONS 

The baseline (isovelocity) maps are shown in Figure 3. Next, the sound maps for the relative SPL 

are generated for the different sound speed gradients. In Fig.4, the relative SPL maps for the 

negative and positive gradients are shown for two decidecade bands and a broadband map from 

56 Hz to 3.6 kHz.  

 
Figure 3. The sound maps for the isovelocity case �������	dB	re	1μPa��. The squared sound 

pressure is depth-averaged over 15 receiver depths. Ship source depth is 5 m. The sound maps are 

generated for 125 Hz, 1 kHz decidecade bands and broadband (56 Hz to 3.6 kHz). The wind 

generated sound is added to all maps (wind speed is 5 m/s at 10 m above sea surface).   

 

Fig. 4 shows that the effect of the sound speed profile is decreasing for nearby ranges 

(corresponding to dense shipping) and increasing when there is a larger relative contribution from 

distant sources (sparse shipping). Where the shipping density increases, the effect of SSP 

decreases, because the distance to the nearest ship decreases. In order to illustrate this effect, two 

locations are chosen on sound maps in regions of high and low shipping density. The receiver 

points’ latitude and longitude coordinates are (52.76o N, 4.14 oE) for dense shipping and (55.22o N, 

3.24o E) for sparse shipping. Then, relative SPL is plotted versus frequency for each sound speed 

gradient. The variation of relative SPL versus frequency is shown by Fig. 5. 
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Figure 4. Relative SPL ( �� ������� = �� − �� ) for negative(left) and positive (right) 

gradients (0.03 s-1, 0.125 s-1, 1 s-1 and the North Sea SSP). The sound maps are generated for 125 Hz 

and 1 kHz decidecade bands and a broadband map for the frequency range 56 Hz to 3.6 kHz (all 

decidecade bands from 63 Hz to 3.2 kHz). 
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Figure 5. Relative SPL in decidecade bands from 63 Hz to 3.2 kHz (with the wind noise contribution) 

is plotted versus decidecade centre frequency for each sound speed gradient at the receiver for the 

dense (upper figure – “nearby”) and sparse (lower figure – “distant”) shipping. The receiver points’ 

latitude and longitude coordinates are) (52.76oN, 4.14 o E) for dense shipping and (55.22oN, 3.24oE)  

for sparse shipping. 

 

These comparisons show that the relative SPL increases with increasing frequency at low 

frequencies because the effect of the SSP is enhanced if the associated surface duct (if the sound 

speed gradient is positive) or bottom duct (if it is negative) is cut on[Ainslie,2010a]. The effect of 

SSP starts to decrease at higher frequencies, as can be expected by the increasingly important 

influence of volume absorption and wind-related surface loss, both of which reduce the 

importance of long range propagation paths (See Chapter 3.2). The frequency of maximum effect is 

between 300 Hz and 1 kHz. The largest effect for the 125 Hz decidecade band, for the North Sea 

SSP, is -1.7 dB as seen from Fig.5 for the deep water SSP of the North Sea at nearby receiver (we 

exclude ±1 s-1 case as this gradient is unrealistically large). 

 

3.1.5. SUMMARY AND CONCLUSIONS 

Sound maps are generated for the decidecade frequencies between 63 Hz and 3.2 kHz. The 

spatially averaged SPL is used to estimate the average error due to the neglect of sound speed 

profile in the entire maps. Squared pressure is averaged over depth and area to calculate the 

spatially averaged SPL. These relative differences in the spatially averaged SPL are summarized in 
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Table 1 for the 125 Hz decidecade and 56 Hz-3.6 kHz bands. This table shows that the effect of the 

SSP on the spatially averaged SPL is less than 1.5 dB except 1 s-1 which is one of the extreme cases. 

This relative SPL is less than 1.2 dB for the 125 Hz decidecade band. 

 

Table 1. The relative differences in the spatially averaged SPL for the broadband and 125 Hz. 

SSP gradient [1/s] Relative Spatially averaged 

SPL for broadband (63 Hz to 3 

kHz) [dB] 

Relative spatially averaged 

SPL for 125Hz [dB] 

-1 1.5 dB -0.3 dB 

-0.125 0.3 dB 0.1 dB 

-0.03 0.2 dB -1.1 dB 

0.03 -0.1 dB -0.3 dB 

0.125 -0.4 dB -0.8 dB 

1 -3.4 dB -1.0 dB 

The North Sea SSP 0.7 dB 0.7 dB 

 

The comparisons for the dense and sparse shipping receiver locations help to understand effects of 

local shipping density. The effect of the sound speed profile on the shipping sound is larger for the 

distant receiver location than for the nearby receiver location. The relative SPL for the North Sea 

SSP becomes lower when the wind contribution is added to SPL. The realistic values should be 

similar to results obtained for 0.03 s-1 and 0.125 s-1 gradients which are much more similar to 

sound speed gradient of the shallow water according to Figure 2. The sound speed gradients are 

more similar to 0.03 s-1 and 0.125 s-1. The maximum error is around 5 dB at 500 Hz decidecade 

band for the sound speed gradient of 0.125 s-1. The increase in the wind speed decreases this 

error. For these gradients, the relative SPL is less than 2.5 dB for a winter profile and to up to 5 dB 

for a summer profile. 
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3.2. VALIDATION STUDY: COMPARISON OF 

SHIPPING SOUND MAP WITH THE MEASUREMENTS 

 

This section is a modified version of the Sections 2 and 3 of [M.A. Ainslie, K.L. Heaney, B. Binnerts, 

H.Ö. Sertlek, P.D. Theobald and T. Pangerc, Use of sound maps for monitoring GES: Examples and 

way ahead, TNO Report 2014 R11167, 2014] 

 

Abstract: The use of sound propagation models for generating sound maps has been the theme of 

three recent sound mapping workshops: The Cetaceans and Sound (‘Cetsound’) workshop in 

Washington, USA [cetsound (Washington)], a collaboration between the two EU-funded projects 

[AQUO] and [SONIC] in Madrid, Spain [AQUO-SONIC (Madrid)], and an international workshop held 

in Leiden, Netherlands, [Anon et al, 2014]. Application of sound propagation models was also 

discussed during the Noise Impact Workshop held in Brussels [Borsani, 2014]. This section first 

presents a range of sound maps. These have been generated with the aim of showing the predicted 

contribution from shipping on the Dutch North Sea, and were derived using the Aquarius sound 

mapping framework (which uses the propagation model described in Chapters 2.2 and 2.3). 

Further, a comparison of model predictions with measurements is presented.  
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3.2.1. INTRODUCTION 

In this section, maps are presented of annually averaged sound pressure level (SPL) due to shipping 

(using annually averaged shipping density from Automatic Identification System (AIS) data) in one 

decidecade band (a decidecade is a frequency ratio equal to one tenth of a decade). This quantity 

is referred to as a “one-third octave”, following widespread common practice, because it is 

approximately equal to one third of an octave [ISO 266, 1997], [IEC 61260, 1995]. In the remainder 

of this section, the more precise term decidecade is used [ISO/DIS 18405]. 

 

3.2.2. METHODOLOGY 

The sound maps presented in this section are based on an average distribution of ships in the 

exclusive economic zone (EEZ) of the Netherlands. The average shipping density map (see Figure 1) 

shows the average number of ships of a certain class within a grid cell for a specified time interval. 

This makes it possible to approximate the temporally averaged SPL in a computationally efficient 

way. The Aquarius sound mapping framework, originally developed using Weston’s flux theory 

[Weston, 1976] for a review of North Sea underwater sound sources in 2009 [Ainslie et al, 2009], 

has recently being enhanced to incorporate depth-dependent wave theory corrections using a 

hybrid propagation algorithm based on mode and flux theories [see Chapter 2.2 and 2.3]. It was 

used to compute the propagation loss. See [Wang et al, 2014] for an up-to-date review of 

propagation models for sound mapping. The number of discrete modes is chosen to provide 

accuracy at low frequency without a large computational overhead. This modelling approach is fast 

and accurate for broadband calculations in iso-velocity water. We do not expect large errors due to 

the neglect of sound speed gradient as investigated in Chapter 2.3. It also takes into account range 

dependent water-depth and sediment type. It calculates the incoherent propagation loss, including 

the depth dependent properties, using wave theory. Various other acoustic propagation models 

are included in the sound mapping framework. This makes it possible to compare different 

propagation models and numerically validate the selected modelling approach. This approach also 

allows the use of different models for different frequencies, optimizing both accuracy and 

computation time. As the propagation loss is calculated 2D (range versus depth), it is only possible 

to approximate a 3D distribution of the SPL by means of interpolation from 2D slices, referred to as 

the “N×2D” approach. 
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The modular character of the sound mapping tool allows fast computation of sound maps for a 

wide range of frequencies and on a large spatial scale, while maintaining the flexibility to study 

more complex, computationally expensive scenarios.  

 

Inputs 

Various inputs are required for the computation of the annual average shipping sound maps. Ships 

are modelled as point sources at a specified depth below the sea surface and a specified source 

level. The source level of each ship is calculated using the model by [Wales and Heitmeyer, 2002]. 

For the case study from the Dutch North sea presented here, the source depth consistent with use 

of the Wales-Heitmeyer source level was estimated as 5 m below the sea surface, based on 

information from [Gray & Greeley, 1980] and [Arveson & Vendittis, 2000]. The spatial distribution 

of the shipping traffic was computed using a density map for the year 2007 (generated by MARIN 

and provided via IMARES). Ships outside of the Dutch EEZ were not taken into account because the 

associated AIS dara were not available. The density grid with a resolution of 5 km by 5 km was 

used, obtained from a sequence of AIS snapshots separated by 2 minutes in time. An ‘AIS 

snapshot’ is a map displaying all locations off ships fitted with AIS transponders for an instant in 

time.) AIS is an automatic tracking system used on ships and by vessel traffic services for 

identifying and locating vessels by electronically exchanging data with other nearby ships, AIS base 

stations, and satellites. The International Maritime Organization's International Convention for the 

Safety of Life at Sea requires AIS to be fitted aboard international voyaging ships with gross 

tonnage of 300 or more, and all passenger ships regardless of size. All EU fishing boats over 16 m 

length are required to have AIS. Hence, an AIS snapshot gives a good, though not necessarily 

complete, indication of the instantaneous shipping density. Figure 1 illustrates the annually 

averaged shipping density map for the EEZ in 2007. 
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.  

Figure 1: Shipping density map with a resolution of 5 km x 5 km for the year 2007. The values in the 

legend indicate the annual average shipping density in ships/1000 km2) . The axes represent 

latitude and longitude (WGS84). 

The environment is defined by the bathymetry, the physical properties of the seabed and water, 

and the roughness of the sea surface. The bathymetry was obtained from the EMODnet portal for 

Bathymetry [EMODnet, 2014]. This dataset contains data from the local hydrography offices, 

improving the base GEBCO dataset with a resolution of 1/8 min. The effects of surface scattering 

and bubbles on sea surface reflection loss have been modelled using Eq. 8.22 of [Ainslie, 2010] and 

the fourth power averaged local wind speed, i.e., . The fourth power is used because 

reflection loss scales with the fourth power of wind speed [Weston & Ching, 1989, Ainslie 2005]. 

The water was modelled using a uniform sound speed of c0=1500 m/s and a density of 1000 kg/m3. 

The absorption loss α in dB/km was modelled using the equation of Thorp [Thorp, 1967]. The 

seabed was modelled as medium sand with a compressional sound speed c1=1797 m/s and density 

ρ1=2086 kg/m3 with an absorption given by αb=0.88 dB/λ [Ainslie, 2010]. 

 

Sound maps 

Maps are shown (see Figure 2) for SPL in decidecades with nominal centre frequencies 125 Hz, 1 

kHz and 8 kHz and for broadband SPL. Precise centre frequencies follow [IEC 61260, 1995]. 

Broadband SPL maps (all decidecades with centre frequencies between 32 Hz and 80 kHz) are 

given with and without M-weighting, for pinnipeds in water and cetaceans [Southall et al, 2007] 

(see Figure 3). In all cases the receiver depth is 2 m above the seabed.  This information can be 

used, for example, to determine the M-weighted sound exposure level, and hence whether an 

animal at a given location is at risk of a temporary permanent hearing threshold shift according to 

the criteria of Southall et al, 2007 (see Ainslie 2010, p562).   
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Figure 2: Shipping sound maps: unweighted SPL [dB re 1 μPa] in decidecades centred at 125 Hz 

(upper left), 1 kHz (upper right), and 8 kHz (lower left); unweighted broadband SPL (lower right). 

The green border indicates the land boundary and the white border the Exclusive Economic Zone 

(EEZ) of the Netherlands. 

 

 
Figure 3: Shipping sound maps. Broadband M-weighted SPL [dB re 1 μPa]: for low-frequency (LF) 

cetaceans (upper left), mid-frequency (MF) cetaceans (upper right), high-frequency (HF) cetaceans 
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(lower left), and pinnipeds in water (lower right). The green border indicates the land boundary and 

the white border the Exclusive Economic Zone (EEZ) of the Netherlands. 

 

3.2.3. VALIDATION 

Background 

Section 3.2.3 presents the work undertaken to quantify the accuracy of Aquarius (uses the same 

propagation model of SOPRANO as described in Chapter 2.3), and its sensitivity to uncertainties of 

the environment and the source models. This model validation was done using the underwater 

sound measurements done in 2009 by TNO for the construction of the “Tweede Maasvlakte”, 

(Second Maasvlakte, or ‘Maasvlakte 2’ [Maasvlakte2, 2014]) an expansion of the Port of Rotterdam 

port. Sound pressure was recorded by TNO’s autonomous acoustic measurement system ‘SESAME’ 

at a fixed location for a period of two weeks (26 September to 6 October 2009), at two depths (2 

and 7 m above the seabed) [Ainslie et al, 2012b]. Also, for the duration of this measurement, the 

wind speed and spatial distribution of the shipping traffic were logged. Source levels of the 

dredgers were taken from a separate set of measurements designed for that purpose [de Jong et 

al, 2010]. See also [Heinis et al, 2013(risk assessment during Port of Rotterdam construction)] for 

more information.Measurements presented are for 29 September 2009 between 6:32:08 and 

17:40:19 Rotterdam Local time (UTC +01:00), for the receiver at height 2 m from the seabed. 

 

Methodology 

In contrast to the shipping density maps used for Section 3.2.2, snapshots were computed for the 

validation. The advantage of using snapshots is that this allows studying the temporal variability 

and statistics of the sound, allowing the direct validation of the propagation loss if the source level 

is known. The disadvantage of introducing the temporal variability is the increased computational 

effort. The computational effort can be reduced by pre-computing the propagation loss (PL) in a 

lookup table. However, in order to keep the data size of the PL lookup table within bounds, 

compromises are required in the number of dimensions. The preferred modelling approach is 

therefore dependent on the application. 

Inputs 
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Various inputs are required for the computation of the snapshots. The source level spectra of the 

dredgers were reported in [de Jong et al, 2010]. Levels were measured for passing, dredging, direct 

sand dumping, rainbowing and pumping. Depending on the speed and location of the dredgers (in 

combination with a log describing the activities of the dredgers), the most appropriate source level 

was estimated. For ships for which no measured source level was available, the [Wales and 

Heitmeyer, 2002] spectrum was assumed. The chosen source depth is 4 m below the sea surface 

for all ships and dredgers [de Jong et al, 2010]. The choice of depth here is driven not by any 

consideration of the “depth” of a ship, or of any sound source within a ship, but of consistency 

with the choice of depth for the nominal point source chosen for the original measurement of 

source level, which in this case was 4 m [de Jong et al, 2010]. The spatial distribution of the 

shipping traffic was available from AIS data logged during the measurement campaign. Based on 

the AIS data it was possible to estimate the speed of the ships. The Wales and Heitmeyer source 

level model is independent of ship speed, but applies for ships at their regular cruising speed. At 

that speed the radiated sound is generally dominated by propeller cavitation noise. This sound is 

absent for stationary ships, unless they are operating propellers or thrusters to maintain their 

position. For lack of a general model for the radiated machinery noise of stationary ships, ships 

were assumed to be silent when moving slower than 2 knots. 

The environment is defined by the bathymetry, the physical properties of the seabed and water, 

and the roughness of the sea surface. The bathymetry was obtained from local survey data with a 

very high resolution. This allows to model blocking of acoustic energy from the sources 

disappearing behind the long thin curved island shaped like a boomerang (see Figure 4) [Ainslie et 

al, 2012b], which would not be represented in the coarser resolution bathymetry data, and which 

in any case predates the Maasvlakte 2 construction period. The water was modelled with a 

uniform sound speed of c0=1500 m/s and a density of 1000 kg/m3. The absorption loss in the water 

was modelled using the equation of Thorp [Thorp, 1967]. The seabed was modelled as medium 

sand c1=1797 m/s, ρ1=2086 kg/m3 with an absorption given by αb=0.88 dB/λ [Ainslie, 2010]. The 

effects of surface scattering and bubbles were modelled using Eq. 8.22 of [Ainslie, 2010], using the 

local wind speed from a nearby measurement station [Ainslie et al, 2012b]. Figure 4 illustrates the 

bathymetry and photographic images of the considered area.Wind generated sound was modelled 

using the areic dipole source factor spectrum from Eq. 8.206 of [Ainslie, 2010]. 
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Figure 4: Bathymetry (depth in metres) and distribution of sources and corresponding activities. The 

white boxes (dashed line) indicate the dredging (top left) and dumping (between the curved sand 

dunes) regions. The marker symbols indicate the dredger activity and the colour the dredger ID. The 

black colour indicates unknown ships for which the Wales and Heitmeyer spectrum was used. The 

white triangle indicated the location of the acoustic measurement system SESAME). The right 

figures are photographs of the area. 

 

Model data comparison 

Measurements were made at two heights (2 m and 7 m) above the seabed at the Sesame location 

illustrated in Figure 6. As the measured levels are very similar, the model predictions are only given 

for 2 m above the seabed, across the entire region, and for decidecade bands between 32 Hz and 

80 kHz. Figure 6 illustrates the modelled broadband SPL at 2 m above the seabed. The 

discontinuities result from the assumption that sound travels in straight horizontal lines, with no 

refraction or diffraction in the horizontal planes (the so-called “Nx2D” approximation). While 

computing snapshots helps understand the behaviour of the model, the direct model data 

comparison allows a more detailed understanding of the accuracy. Figure 7 and Figure 8 directly 

compare the modelled and measured decidecade bands SPLs at the measurement location. 
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Figure 5: Modelled (solid) and measured (dashed) SPL [dB re 1 µa] at 2 m above the seabed for the 

125 and 8000 Hz decidecade bands at the Sesame location illustrated in Figure 4.  Model 

predictions are for ship-generated sound only. Date is 29 September 2009 Rotterdam local time 

(UTC +01:00).  

 
Figure 6: Modelled (top) and measured (bottom) SPL [dB re 1 µPa] at 2 m above the seabed for all 

decidecade bands (32 Hz up to 80 kHz) at the Sesame location illustrated inFigure 4. Model 

predictions are for ship-generated sound only. Date is 29 September 2009 Rotterdam local time 

(UTC +01:00).  
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Comparison with other model(s) 

During the Madrid sound mapping workshop [Aquo-Sonic (Madrid)], comparisons were made 

between the depth average broadband SPL computed with the hybrid method of [Sertlek and 

Ainslie, 2014a] and other methods, such as the parabolic equation model RAM, for a synthetic 

shipping distribution in the Skagerrak Sea, north of Denmark for a set of synthetic scenarios with a 

defined set of environmental parameters. These comparisons will be reported on in the SONIC 

project. The computation time for generating the sound maps using the hybrid propagation 

algorithm was in the order of tens of minutes, while the computation time for the RAM model was 

in the order of days. For examples demonstrating the accuracy of the propagation model on some 

synthetic test cases designed to test sonar equation, see [Sertlek and Ainslie, 2013, 2014a, 2014b]. 

Accuracy 

When computing sound maps, many parameters are uncertain. Uncertainties and assumptions in 

the snapshot modelling presented in Figures 6 and 7 result in a discrepancy between modelled and 

measured levels. This section discusses accuracy of the modelling approach. 

Sound generated by shipping 

For the Maasvlakte 2 simulation, the source level of seven dredgers was measured for transit, 

dredging, direct sand dumping, rainbowing and pumping activities [de Jong et al, 2010]. Levels 

were extrapolated for frequencies where levels were not available using the trends of other 

dredgers if available. The source level (SL) for frequencies between 8 kHz and 80 kHz were 

extrapolated linearly in log (frequency) by assuming a constant gradient above 6.3 kHz. For some 

of the dredgers, the low frequency SL was estimated using the trend from other measured 

dredgers. The source level of the other ships was approximated using the model by Wales and 

Heitmeyer at all frequencies. Above 1 kHz, such an extrapolation leads to higher source level than 

an extrapolation based on the measurements of Arveson and Vendittis [Ainslie, 2010 (p423)]. The 

directional behaviour of the ship radiated sound was not taken into account, and the ships were all 

modelled as point sources at 4 m depth. Besides the uncertainty in the source level, also the 

activity of the ships was estimated based on AIS data. Some useful information can be extracted 

from AIS data, although the reliability of, for example, the navigation status parameter is 

dependent on the crew and may not always be accurate.  
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Hence, the uncertainty in the source level estimation for the individual ships in each snapshot is 

rather large. Concerning the ‘type A’ [ISO GUM] statistical uncertainty, [Wales & Heitmeyer, 2002] 

indicate that ‘the standard deviation of the measured spectra on which their model is based varies 

about a nominal value of about 5.3 dB for frequencies below about 150 Hz and then decreases to a 

nominal value of about 3.1 dB for frequencies greater than 400 Hz’. The standard deviation of the 

estimated dredger source levels [de Jong et al, 2010] is about 5 dB. No attempt has been made to 

quantify the additional ‘type B’ uncertainty associated with, for example, assumptions about the 

navigation status of the ships, the lack of speed dependence in the source level model and the 

extrapolation of the measured source level spectra to higher frequencies.  

Environment 

The acoustical parameters describing the environment were chosen as realistic as possible based 

on the available data. No adjustment was made to reduce the difference between the modelled 

and the measured levels. The surface loss was estimated using the measured local wind speed. The 

sediment was modelled as a fluid approximating a medium sand seabed, typical for this region 

[Ainslie et al, 2012b].  

Model applicability 

For frequency-depth combinations very close to cut off where just one mode propagates, it 

becomes more complicated to predict the propagation loss. At frequencies above 4 kHz, the 

dependence of propagation loss on surface roughness and wind-generated bubble population is 

not well understood and requires further investigation [Ainslie, 2005]. Besides the propagation loss 

applicability, a cause of bias is the absence of other sound sources (e.g., wind [Dreschler et al, 

2009]) in the model that contribute to the underwater sound in the measured data. There is 

evidence in Figure 7 that wind generated sound becomes important above about 10 kHz, especially 

for the 90 % exceedance level and the median. The effect of ship speed on radiated sound 

(presently approximated by a sharp cut off for an arbitrary ship speed of 2 knots) needs further 

investigation. 

 

Quantification of error 

Studying the differences between the model and the measurements, it is observed that the 

adopted modelling approach can accurately predict the sound pressure level at the hydrophone 

for the lower frequencies. Especially individual passages of dredgers for which the source level was 
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measured are accurately represented. Figure 7 shows the statistics of the measured and modelled 

levels illustrated earlier in Figure 5 and Figure 6 for an 11 hour period on 29 September 2009. The 

model tends to underestimate SPL by about 5 dB at low frequency (up to ca. 100 Hz) and 

overestimate SPL by a similar amount at frequencies above ca. 500 Hz. At higher frequencies still 

(above 30 kHz) the model underestimates SPL again, by an amount that increases with increasing 

frequency. The most likely reason for these high frequency errors is the omission of the 

contribution from wind, the likely magnitude of which is shown by the black line of Figure 7. 

 

 
Figure 7: Mean, median and exceedance levels for both the measured and modelled receiver SPL 

[dB re 1 µPa]. The black curve is the temporally averaged wind generated sound. The modelled 

results include ship generated sound only. Statistics are for 6 s snapshots, once per minute. The 

statistics are computed for the distribution of mean-square sound pressure in each 6-second time 

window. 
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The most likely explanation for the overestimation of the SPL between 1 kHz and 10 kHz is the 

treatment of surface reflection loss, which includes the effect of rough surface scattering 

enhanced by the presence of near-surface bubble clouds [Ainslie, 2005], but neglects the effect of 

absorption by the bubbles, which at 8000 Hz and above is expected to dominate [APL 1994, Ainslie 

2010] 

 

3.2.4. SUMMARY AND DISCUSSION 

In this section, an application of a propagation model (see Chapter 2.3) is applied to shipping 

sound maps for the annual ship distribution and AIS snapshots. The accuracy of sound maps are 

tested by comparison with actual measurements. Model results give similar accuracy as 

measurements at the MSFD indicator frequency of 125 Hz. However, the neglect of surface 

scattering seems to cause errors above 1 kHz. Consequently, the agreement between model and 

measurement results can probably still improve by adding a surface reflection term to the 

propagation model. 
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3.3. AGORA: AIRGUN SOURCE SIGNATURE MODEL 

 

This section is published as “H.Ö.Sertlek and M.A. Ainslie, AGORA: Airgun source signature model: 

its application for the Dutch seismic surveys, Conference Proceedings of UAC 2015, Crete, Greece.” 

 

Abstract: Seismic exploration has the potential to make a significant contribution to the 

soundscape of the North Sea. An airgun works by rapid release of air into water, forming a large 

bubble, which then pulsates, radiating sound as the bubble successively compresses and rarefies 

the surrounding water. An airgun array source signature model is described, following Gilmore’s 

equation of motion, incorporating liquid compressibility, mass diffusion, and thermal effects, and 

gas pressure laws. Predicted airgun signatures are compared with measurements. The proposed 

source model, coupled with a propagation model, can be used to generate anthropogenic and 

natural sound maps for. In this study we focus specifically on sound maps associated with seismic 

surveys in the Dutch North Sea. 
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3.3.1. INTRODUCTION 

Sound maps can provide a useful insight about the distribution of sound over large regions. Model 

predictions offer a practical means to fill gaps left where measurements are unavailable [Mennitt 

et al,2014]. Sound maps based on model predictions rely on the solution to two key problems: the 

reliable modelling of sound propagation and of source characteristics. For sound mapping, the 

solution of large scale broadband propagation problems is required. The modelling of source 

properties requires an additional effort by understanding its working principles and supporting the 

source level estimations by measurements. The sound generated by airguns can be estimated by 

the solution of bubble motion problems by including the effect of liquid compressibility, mass 

diffusion, thermal effects and momentum. This results in a set of differential equations from 

various branches of physics. In this section, the calculation of airgun array signatures is 

investigated. A simulation tool (AGORA) is developed. The calculated source signatures can be 

used to generate seismic survey sound maps for anthropogenic and natural sources in the Dutch 

North Sea. The model is an implementation of Ziolkowski’s approach [Ziolkowski,1970 ; Ziolkowski 

el al, 1982] including mass and heat transfer as described by [Laws et al,1990] and 

[MacGillivray,2006]. It solves a differential equation system iteratively. First, the bubble radius, 

bubble wall velocity, temperature and mass of the bubble are calculated. These quantities are then 

used for the estimation of the radiated pressure from the airguns. The signature of airgun array 

can be calculated as a sum of contributions from each single airgun, with bubble interactions 

treated as a perturbation [Ziolkowski et al, 1982]. Results so obtained are compared with 

measurements made available by the E&P Sound and Marine Life JIP (henceforth abbreviated 

“JIP”). After the validation of the source model, the calculated source signatures can be used as an 

input for seismic sound.  

 

3.3.2. CALCULATION OF PRESSURE FROM SINGLE AIRGUN  

The equation of motion can be represented by different equations from various approaches. 

Gilmore’s equation which is based on the Kirkwood-Bethe approximation is investigated in this 

section [MacGillivray,2006], 
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dd� = �1 + �� + �� �	1 − �� dd� − 32 � �1 − 3��	� �1 − ��  

 

where a is the bubble radius, = d�/d� is the bubble wall velocity, c is the sound speed in the 

disturbed liquid, which can be calculated from the equation of state as � = �� � ����������/��. 

Further, �� is the sound speed in water, and B and n are experimental constants: n = 7 and B = 304 

MPa for water. The parameter H is the specific enthalpy at the bubble wall, which can be 

calculated similarly by using the equation of state [Ziolkowski,1970] as	 = � �� =�� = �� ��������� �� ����������/� − 1�, where �� is the undisturbed hydrostatic pressure �� = p��� + �� � �	,  is the acceleration due to gravity, and � � is the depth of airgun. The 

pressure �� is that at the bubble wall, which can be estimated using the polytropic relation, 

ignoring the surface tension and the liquid viscosity, i.e., �� = ��� ���� ��� , where � is the 

experimentally determined polytropic index. However, the calculation of the pressure at bubble 

wall by a polytropic relation has several limitations for nonlinear oscillations [Prosperetti,1984; 

Prosperetti et al, 1988]. Instead of using the polytropic relation, �� can be written as �� =� ����� − �� − 4 � where � is the surface tension and  is the liquid’s shear viscosity, �� is the 

specific gas constant,  is the temperature of the air in the gas bubble,  is the mass of gas 

contained in the bubble and �  is the volume of the gas bubble. The time derivative of H can be 

written  

 

dd� = 1� �� �� � dd� +	 d	d� � − d�d�� � � + 2��� − 4 �� �	 −�� �  

 

where ��� , ���  and ���  should be found to include mass and heat transfer [Laws et al,1990; 

MacGillivray,2006]. The derivative of volume can be simply written as ��� = 4π ��. The efficiency 

of the airgun can be estimated by an empirical parameter ���, which characterises the remaining 
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air in the gun chamber after the airgun has fired [Li Guo-fa et al,2010]. The maximum value of the 

mass in the bubble can be �����. The time derivative of mass can  

 

d��d� = �τ������ − ������� ����� − ���,�� ≤ �����0,  

 

where 	� = ��������� is the port-throttling constant which is related to the airgun-port area (with 

dimension [L2]) , �� is the volume independent port-throttling constant (dimension [L2-3]), � is a 

dimensionless power law exponent which is empirically determined from the experiments, and ����, ���� and ���� are the pressure, mass and volume of remaining air in the gun chamber. The 

time derivative of temperature 

 

d��d� = ���� d��d� − d�d� − �� d��d�����  

 

where ����  is the rate of heat transfer into the air bubble [Laws et al, 1990; MacGillivray,2006]. This 

rate can be written as ���� = ��4π����� where �� = �� − �� is the temperature difference 

between the bubble and surrounding water. The parameter � is also an experimentally 

determined constant. The buoyancy of the air bubbles changes the hydrostatic pressure because 

of the rise of the sea surface. This affects the bubble period [MacGillivray,2006] and can be 

described by 
������� = ���� � ������ . The ideal gas law is not valid when the pressure in the gun 

chamber very high. For this situation, a modified form of temperature can be used [Laws et 

al,1990] to describe an effective temperature in the air-gun chamber, ����′ = ���� �1 + ������ �, 
where �� = 139	MPa for air. The relevant equations for the bubble motion, mass and heat 

transfer can be written as a differential equation system, which can be solved by iterative methods 

[MacGillivray,2006; Li Guo-Fa et al,2010] with the initial conditions: �� = ��������������, �� = ����	, 
�� = �������� ��/� and �� = 0. The optimized empirical parameters from [MacGillivray,2006] are 

used for the mass and heat transfer 
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coefficients	�� = 0.52, � = 0.8317, � = 22230	J	m��	s	and	�� = 0.5355	m���� =0.5355	m�.���.These parameters should be selected carefully to increase the accuracy of the 

model results depending on the environment and airgun properties. Then, the radiated pressure 

can be expressed as a function of enthalpy, bubble wall velocity and bubble radius [Laws et 

al,1990] as ����� = lim��→������ − ��� = ��� �� + ��� �. Where �� is the distance from the bubble 

centre to the far field point. Pressure can be estimated by various approaches [Ziolkowski,1970]. 

This equation is a first order approximation, in which higher order terms in 1/r are neglected by 

assuming r is large. Thus, this equation gives the pressure in the free field and is called the 

“notional signature”, without the surface reflection, or “ghost” [Ziolkowski,1970]. The reflections 

from sea surface and seabed can be added from propagation theories separately. The sound 

pressure, including the contribution from the surface ghost, is calculated using image theory as  

 

���������, �� = ��� ����, �� + ����, ��2 ��� + �� ��� ����, � + ��� + ����, � + ���2 ���  

 

where �� = −1 is the sea surface reflection coefficient, �� is the distance between gun and 

receiver, �� is the distance between the surface image and receiver as shown by Fig.1, and ��	is 

time delay, calculated as �� = �������  . The time domain source signature, ���; ��, is calculated as ���; �� = lim��→� ��p���������, �; ��	where � is the dip angle. For a single airgun, the source 

signature only varies with dip (�) angle and does not vary with the azimuth angle (�). However, 

the airgun array pattern may also vary with azimuth angle depending on the array geometry. The 

mean-square sound pressure spectral density level is  

 

�� = 10 log�� �2�	���������, ����1 μPa�sHz � 	dB 

 

and energy source spectral density level is 
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�� = 10 log�� �2|	���, ��|�1 μPa�m�sHz � 	dB	 
 

where ���������, �� = � ���������, ��exp�−i2π���d�	���		 is the Fourier transform of the sound 

pressure and ���, �� = � ���, ��exp�−i2π���d�	���		 is the frequency domain source signature. 

 

 
Figure 1. The contribution of surface ghost 

 

3.3.3. SOURCE SIGNATURE OF AIRGUN ARRAYS 

During a seismic survey, multiple airguns are used in an array to amplify the sound. Airguns arrays 

have horizontal and vertical directivity patterns. The effect of interference with the ghost is to 

direct the source energy more towards the seabed than in the horizontal direction. Before 

modelling the directivity, the interaction between the different airguns should also be taking into 

account. This can be done by adding a time dependent perturbation term to the source signature 

of each individual airgun[Ziolkowski el al,1982; MacGillivray,2006]. Hence, the bubble interactions 

can be estimated by an effective hydrostatic pressure for the mth airgun as 

 

�������� = �� +�∆���������  
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where ∆������ = ���������� �����′� + �������� � and t’ is the retarded time. This equation affects the 

enthalpy according to Tail’s equation. Thus, the bubble motion characteristic will be changed. In 

the next steps of derivation, perturbed airgun signatures are used for the calculation of directivity. 

 

 
Figure 2. Vertical variation of energy source spectral density level vs dip angle (angle from the 

vertical direction) at  0 degree (left) and 90 degree(right) azimuth angles. The frequency axis varies 

from 0 Hz to 150 Hz.  

 

For each individual airgun signature, the time delays between airgun location and centre point of 

array (described as origin point x = 0, y = 0, z = 0) are calculated. The distances between the gun 

and the ghosts are ��� = ���. �̂����� = ��cos�cos� + ��sin�cos� + ��sin� and ��� =���. �̂������� = ����cos�cos� + ����sin�cos� − ����sin�, where �� = 	 �cos�cos�, sin�cos�, sin�� is a unit vector, and � and � are the azimuth and grazing angles �� = �� − ��. The positions of airguns and their surface images are �̂���� = ���, ��, ���	and �̂������ = ���, ��,−���. The time delays are summed to obtain the frequency domain pressure 

with 3D directivity as [Duren,1988] 

 

���, �, �, �� = � ������ �exp�i��������� − exp�i��������� ��
���  

 

where � is the number of airguns in the airgun array, and ������ is the frequency domain 

notional source signature of the mth airgun. The exponential phase terms represent the time 
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delays in the horizontal plane In Figure 2, the vertical variation of energy source spectral density 

level is shown at different dip angles.  

 

3.3.4. COMPARISONS 

Some comparisons are done for JIP measurements for Svein Vaage broadband airgun study 

measurements. One selected as representative of the 30 available airgun shots is used in these 

comparisons. The positions of receivers and airgun are shown in Figure 3. Three receiver locations 

are (0 m, 0 m, 30 m), (0 m, 0 m, 100 m) and (10.8 m, 9.8 m, 15 m). The airgun location is nominally 

(0 m, 0 m, 6 m). In the original measurement set-up, there are many receiver points. However, 

these three positions are chosen for the comparisons. The model is sensitive to small changes in 

the source depth. To estimate the location of the source depth during the shot, the nulls in Lloyd 

mirror pattern are used as �� ≈ ��������� = 6.36	m	.	 
 

 

Figure 3. The geometry of the measurements 

In Figure 4, the comparisons between AGORA and JIP measurements are shown for ���� =1.31	L	�80	in�� and firing pressure 13.8	MPa	�2000	psi� . 
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Figure 4. Comparisons of sound pressure (left panels) and mean-square sound pressure spectral 

density level (right panels) ���� of 1.31	L	�80	in�� airgun at different distances (the distances 

between airgun and receiver location is 16.9 m, 23.6 m and 93.6 m) and elevations. The source 

depth is 6.36 m and the firing pressure is 13.8 MPa (2000 psi). 

 

On the other hand, the source signatures can be calculated from different long ranges. R0 denotes 

the distance between dipole centre (0 m, 0 m ,0 m) and measurement location. For these 

calculations, the measurements at (0 m, 0 m, 100 m) and (10.8 m, 9.8 m, 15 m) coordinates are 

used. The first measurement is at 100 m beneath of the airgun with 0 degree dip angle. The 

distance of second measurement at R0=20.9 m with 54.4	degree dip angle. The measurement and 

calculated results are shown in Figure 5. 
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Figure 5. The comparisons for the source signature and energy source spectral density level . 

The measured and calculated source signatures for R0=20.92 m (dip angle is 54.4 degree) and 

R0=100 m (dip angle is 0 degree)  

 

The empirical calibration coefficients of mass and heat transfer are not optimized for this dataset. 

Thus, better agreement may be obtained by optimizing these parameters for JIP dataset. AGORA 

assumes that the surface is flat. Realistically, the sea surface is not flat, resulting in rough surface 

scattering. All these uncertainties can lead to differences between the model and measurement 

results. By using calculated signatures the seismic survey maps are generated for the North Sea in 

Figure 6. Propagation loss is calculated by a hybrid method based on normal modes and flux theory 

[described in Chapters 2.2. and 2.3] 

 

 
Figure 6. Annually averaged seismic survey sound maps of the North Sea for 2007. The receiver 

depth is 1 m. Frequency range for the broadband map is 30 Hz to 3 kHz. The green lines show the 
Dutch coastline and the Dutch EEZ outline 
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3.3.5. CONCLUSIONS 

Calculation of airgun source signatures and their comparisons with E&P Sound and Marine Life JIP 

measurements are shown in this section. A Matlab script (AGORA) is developed to solve the set of 

differential equations for the bubble motion and visualize airgun array signatures. Good 

agreement is obtained between the JIP measurements and the airgun model described in the 

present section. The choice of exact source and receiver locations, environmental parameters, 

mass and heat transfer coefficients can affect the accuracy of the calculated results. Thus, these 

parameters should be selected carefully. After these validation tests, the calculated source energy 

spectral densities can be used for the calculation of seismic survey sound maps. 
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3.4. SOURCE SPECIFIC SOUND MAPPING: SPATIAL, 

TEMPORAL AND SPECTRAL DISTRIBUTION OF SOUND IN 

A HEAVILY EXPLOITED SEA  

 

This section will be submitted as “H.Ӧ. Sertlek, H. Slabbekoorn, C. ten Cate and M.A. Ainslie, Source 

specific sound mapping: spatial, temporal and spectral distribution of sound in a heavily exploited 

sea ” 

 

Abstract: Effective measures for protecting and preserving the marine environment require an 

understanding of the potential effect of sound on marine life. This section focuses on modelling the 

spatial, temporal and spectral distribution of the sound from the main sound sources in the Dutch 

North Sea in various frequency bands between 100 Hz and 100 kHz. The selected sound sources 

(shipping, airguns, underwater explosions and wind) are ranked according to their contribution to 

the total acoustic energy in the Dutch North Sea. Of these sources, shipping is predicted to be 

responsible for the largest amount of acoustic energy, (~400 J), followed by seismic surveys (~90 J), 

explosions (~80 J), and wind (~20 J), in the 100 Hz to 100 kHz frequency band, averaged over a two 

year period. The potential impact of these sounds on aquatic animals depends not only on these 

temporally averaged and spatially integrated broadband energies, but also on the source-specific 

spatial, spectral and temporal variation. Shipping is dominant in the southern part and along the 

coast in the north, throughout the years and across the spectrum. Seismic surveys are relatively 

local and spatially and temporally dependent on exploration activities in any particular year and 

spectrally more biased to low frequencies than the other sources. Explosions occur mainly in the 

southern part of the North Sea and contribute energy across the spectrum, but for very short point 

events in time. Wind is ubiquitous and omnipresent, though more prominent in the winter months 

and in the high frequency range. This variation needs to be taken into account when assessing the 

sound impact on marine life.  

 

 



SOURCE MODELS AND SOUND MAPS 

112 

3.4.1. INTRODUCTION 

Sound is likely to play a dominant role in the life of aquatic animals in deep and dark oceans or 

shallow and murky waters, as well as in the bright and colourful world around coral reefs, 

[Myrberg and Fuiman 2002; Montgomery et al. 2006; Slabbekoorn et al. 2010]. Visibility in water is 

less than 40 meters even in the most optimal conditions, depending on depth, time of day and 

water turbidity [Mobly 1994; Trees et al. 2005]. Typically, water transparency is not optimal and 

available light can be weak in the deep, in shadows, or at night. Dissolved odours can provide 

information about habitat, presence of predators and prey or food in general, and may also serve a 

role in communication among conspecifics [McLennan 2003; Huijbers et al. 2008]. However, 

independent of conditions for vision and smell, but dependent on species-specific sensory abilities, 

sound often provides critical information about the environment to an organism, either by itself or 

in concert with other stimuli [Stevens 2013; Halfwerk and Slabbekoorn 2015]. 

Many aquatic animals rely on sound for various functions that are vital to survival and 

reproduction. Reasons for this are that sound propagates extremely well through water and that 

perception is independent of light conditions (e.g. in dark murky water or at night) or directional 

attention. Animals are known to communicate acoustically underwater or exploit environmental 

sounds to find prey, avoid predators, or for orientation [Slabbekoorn and Bouton,2008; Fay 2009]. 

However, biologically relevant sounds need to be extracted from a typically noisy background of 

many other sounds, which requires that animals are able to discriminate and recognize the 

relevant sounds. This ability will depend critically on suitable signal-to-noise ratios. Furthermore, 

the introduction of anthropogenic noise to the naturally present environmental sounds may not 

only increase the potential for masking problems, but also adds the possibly detrimental effects of 

distraction, disturbance, deterrence and injury [Popper and Hastings 2009; Slabbekoorn et al. 

2010; Radford et al. 2014].  

International concern about possible effects of anthropogenic sound sources on marine life has 

arisen due to increasing shipping traffic, exploitation of oil and gas reserves and the development 

of new offshore energy sources. This concern has led governments to introduce regulatory 

measures worldwide [Lucke et al 2014]. For example, the European Union’s Marine Strategy 

Framework Directive (MSFD) [EU 2008] requires EU member states to achieve or maintain Good 

Environmental Status (GES) by 2020. Specifically, GES Descriptor 11 requires underwater noise to 

be “at levels that do not adversely affect the marine environment”. The use of sound maps to 
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monitor and evaluate is the specific advice of a technical workgroup of the European Union on 

underwater noise (TSG Noise) [Dekeling et al,2014].  

Sound maps can provide insight into the distribution of sound and the contribution to the energy 

budget from anthropogenic and natural sound sources. Many countries have an interest to identify 

the components of sound in their local seas [Dekeling et al 2014, Tyack et al,2015 ;Sutton et al, 

2011; Folegot, 2012; Sertlek et al, 2015b, Cetsound; Hatch and Fristrup, 2009]. Sound maps can 

also provide insight and overview of the distribution and origins of sound for globally present 

sound sources such as shipping lanes [Porter and Henderson, 2013]. Erbe et al. (2012 and 2014) 

demonstrated the potential for applied value of sound maps by modelling shipping sound in 

Canada’s Pacific Region and combining the acoustic distribution with density estimates for marine 

mammals that are of conservation concern [Borja et al, 2010]. However, the applied value of 

sound mapping and comparisons among sound sources relies on adequate acoustic processing and 

propagation formulas that vary per sound source type and environmental conditions such as water 

depth.   

In the present section, we provide a case study that elucidates the state of the art and the 

potential for applications of marine sound maps worldwide. Sound maps are calculated for the 

shallow water environment of the Dutch Exclusive Economic Zone (henceforth abbreviated “Dutch 

North Sea”). This part of the North Sea is a heavily exploited area providing vessel entrance to the 

largest port in Europe (Rotterdam), and other activities adding to underwater acoustic load 

include: fisheries, several busy ferry lines between England and the Netherlands, the operation and 

construction of wind farms, seismic surveys and detonation of unexploded World War II ordnance. 

We here investigated the spatial, temporal (weekly) and spectral distribution (averaged over two 

years) of energy with a hybrid method [See sections 2.2 and 2.3], which enables the fast 

calculation of propagation loss across a wide range of frequencies. Because energy adds linearly, 

this approach permits the calculation of a sound energy budget per source. In this study, realistic 

source distributions are used to generate sound maps for each source and for the energy sum 

(incoherently) of all sources. Energy contributions of each sources are analysed for a wide 

frequency band 100 Hz to 100 kHz. The water depth in the Dutch part of the North Sea is mostly 

less than 50 m. This shallow water environment hosts various geophysical, biological and 

anthropogenic sources. Geophysical sources include wind, rain and lightning and can be 

prominent. Biological sources include communication and feeding sounds from invertebrates, 

crustaceans, fish and marine mammals, but are not thought to contribute significantly to the 

overall sound energy budget in the North Sea [Ainslie et al, 2009]. 



SOURCE MODELS AND SOUND MAPS 

114 

The purpose of our sound maps is to provide insight into the relative contribution of sound sources 

to the overall cumulative distribution of sound energy in space, time and spectrum. This will allow 

evaluation of potential environmental impact on different animal species living in the Dutch North 

Sea. The potential impact will vary per species depending on species-specific geographic 

distributions, the (seasonal) timing of critical activities and the absolute and spectral sensitivity to 

sound. Providing sound maps must be seen as a starting point for impact assessment and possible 

mitigation, as consequences of sound exposure are typically still unclear and there are more 

factors than source and propagation characteristics that will affect the sound exposure levels in 

marine animals. Pinnipeds are for example particularly common around the Wadden islands in the 

north, while many fish spawn in the southern part of the North Sea. The harbour porpoise is 

known to exhibit large fluctuations in density among different months of the year and some diving 

birds are present year-round, while others are only present in winter. Furthermore, the spectral 

range of auditory sensitivity varies per taxonomic group and can be broadly categorized: 

invertebrates (most likely < 300 Hz, some up to 3000 Hz) and fish (many < 500 Hz, most < 1000 Hz, 

all < 4000 Hz) and marine mammals: seals (0.3-60 kHz) and porpoises (1-125 kHz). 

The starting point for constructing sound maps is the assessment of the acoustic energy generated 

by various sources. [Ainslie et al., 2009] introduced the concept of the “free-field energy” of a 

sound source, defined as the total acoustic energy that would exist in the water if the same source 

were placed in an infinitely deep ocean, of uniform impedance, no boundaries other than the sea 

surface, and with the same sound speed, density and absorption coefficient as seawater. This 

quantity is proportional to the source power and inversely proportional to the absorption 

coefficient of seawater, and provides a convenient way of ranking the contribution to the sound 

field from qualitatively different natural and anthropogenic sources. By adding the contributions 

from individual sources [Ainslie et al, 2009] made order of magnitude estimates of the 

contributions of different sound sources to the annually averaged free-field energy. We here 

follow up with more precise calculations and more extensive visualizations of variation in space, 

time and spectrum for the sound energy distribution in a real-world case study for the Dutch North 

Sea. 

We calculate and compare the total energy contributions from four sound sources taking into 

account the environmental conditions in the Dutch North Sea. We do so by characterizing the 

spatial, temporal and spectral distributions of sound using previously developed source models 

[Weston 1960; Wales and Heitmeyer,2002; Sertlek and Ainslie,2015a; Kuperman and Ferla,1985; 

APL-UW,1994; Ainslie 2010; Arveson and Vendittis,2000] and propagation models [Ainslie et al 
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2011; see Section 2.3]. We included three anthropogenic sources: ships, airguns and explosions, 

and one geophysical source: wind.  While sophisticated pile driver source models exist [Reinhall 

and Dahl 2011; Zampolli et al 2013], the coupling of such source models with accurate propagation 

models is an active research topic in its own right [Schecklman et al 2015; Lippert et al,2015; 

Hall,2015] and is beyond the present scope. We have chosen to focus on wind as our geophysical 

sound source because of its ubiquitous nature, while rain and lightning can also contribute 

significantly to the acoustic energy budget. 

The aims of the present section are: 

- to quantify the contributions from ships, airguns, explosions and wind to the overall acoustic 

energy in the Dutch North Sea; 

- to develop and apply quantification methods for providing insight into the spatial, temporal 

and spectral distribution of that energy; 

- to provide an evaluation of the potential biological relevance. 

In Section 3.4.2, we describe the inputs needed to generate the sound maps (source levels, 

bathymetry, sediment properties) and propagation method. In Section 3.4.3, two-year average 

sound maps are presented for the Dutch North Sea. We provide histograms and cumulative 

distribution functions derived from the spatial distribution of SPL (the squared sound pressure is 

averaged over two years), followed by the temporal distribution of sound energy contribution 

from each source in Section 3.4.4. In the final section, the proposed approach and results are 

summarized and discussed in the context of biological relevance and as a tool for policy makers, 

offshore industry, and conservationists.  

3.4.2. TOWARDS SOUND MAPS 

A. Source Level  

We examined three anthropogenic sources (ships, seismic airguns and explosions) and one natural 

source (wind). These sound sources have a variety of different sound generation mechanisms. It is 

conventional to characterize underwater sound sources in terms of their “source level”. 

Unfortunately, this term has multiple different meanings, depending for example on the 

continuous [Wales and Heitmeyer,2002] or impulsive [MacGillivray,2006] nature of the source, or 

its proximity to the sea surface, whereby some sources are characterised in terms of the properties 

of the dipole formed in combination with their surface-reflected image, [Ziolowski,1970; Arveson 

and Vendittis,2000], while others are treated as a monopole regardless of their position relative to 
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the sea surface  [Weston,1960; Wales and Heitmeyer,2002]. Finally, some sources, like wind and 

rain are more naturally described as sheet sources than as point sources. These multiple 

differences make it difficult to make meaningful comparisons between the source levels of 

different types of sources. Since each source has a different sound generation mechanism, there 

are different frequency-dependent patterns of amplitude fluctuations (Figure 1). Consequently, 

the comparison between any pair of sources is facilitated by first converting them to a common 

metric (as described in Appendix A). 

 
Figure 1. Spectral density source level for a monopole source of ship (extrapolated Wales and 

Heitmeyer formula) at 5 m source depth (based on information from [Gray & Greeley, 1980] and 

[Arveson & Vendittis, 2000]), for an energy dipole source level of an airgun array [Sertlek and 

Ainslie, 2015] at 6 m source depth, a monopole source of an explosion [Weston,1960],and an areic 

dipole spectral density level of wind (merged [Kuperman and Ferla,1985] and [APL-UW,1994] 

models)  
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For ships, the source level is often characterised in terms of the radiated sound level [ISO 17208-1, 

Arveson and Vendittis]. The dipole source level description of ships is also possible although it is 

rarely used. We used the measurements of Wales and Heitmeyer, who measured the average 

monopole source level of different ships at different speeds [Wales and Heitmeyer,2002]. Their 

formula has been used here, extrapolated to high frequencies according to [Ainslie,2010 (p 423)]. 

An airgun operates by releasing a bubble of air under high pressure from the gun chamber into 

water. This creates a high pressure spherical pulse in the water that travels away from the bubble 

and is subsequently reflected from the sea surface.The oscillating bubble pulses are the main 

modulator of the spectrum. On the other hand, the interference between the airgun pulse and its 

surface reflection causes the oscillations in its energy source level. Depending on the positions of 

the airguns in the array, energy source level varies with elevation and azimuth angles. A numerical 

procedure has been used to quantify the airgun source signature based on bubble dynamics, mass 

and heat transfer and validated for frequencies up to 1 kHz [Sertlek and Ainslie,2015]. At higher 

frequencies, more advanced techniques are required to model nonlinear interactions between the 

bubbles. Consequently, we plotted the energy source level in Fig. 1 up to 5 kHz. The vertical 

variation in energy dipole source spectral density level for an airgun array is shown in Fig. 2.  

 

 

 
Figure 2. Vertical variation of energy dipole source spectral density level vs elevation angle (angle 

from the horizontal direction) of airgun array at azimuth angle=0 degree (left) and azimuth 

angle=90 degree (right). The source depth is 6 m. 

The waveform resulting from an underwater explosion consists of a rapidly rising and decaying 

shock wave followed by a series of bubble pulses [Cole, 1965]. The interference between the shock 
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wave and bubble pulses results in the oscillations seen in Figure 1, especially at low frequency. For 

the acoustical characterisation of explosions, we adopted Weston’s empirical formula 

[Weston,1960], which treats the explosion as a monopole source, without surface interaction. We 

convert Weston’s characterisation to an equivalent monopole source level by assuming linear 

propagation from a distance of 5000 charge radii [Von Benda-Beckmann et al, 2014]. Von Benda-

Beckmann et al, 2015]  describes the uncertainty in the predictions of the energy source level of 

explosions in the shallow water and introduces a correction term which is based on the 

measurements. According to their paper, it was found that the use of the Weston/Cole formula for 

source level overestimates the sound exposure level , suggesting that the energy source level 

should be reduced by this amount to compensate. This correction term is added to results to 

increase the accuracy of calculated results in this paper. For the frequencies above 10 kHz, a flat 

variation of this correction factor is assumed (after a personal communication with Von Benda-

Beckmann). 

The variation of sea state or wind speed affects the source level of wind. Because wind produces 

sound over the entire sea surface, wind is usually characterized as a dipole sheet source 

[Kuperman and Ferla,1985; APL-UW,1994; Ainslie 2010], with the source level associated with a 

unit area of an infinite plane sheet. The properties of the four types of sources are described in 

turn, and summarised in Table 1. 

Table 1. Source characteristics for the selected sources. The meaning of “source level" is different 

for each type of the sources. 

Source Quantity ISO/DIS 18405 Temporal Pattern 

ship power monopole SL source level(1) Continuous 

airgun energy dipole SL surface-affected energy source level(2) Impulsive 

explosion energy monopole SL energy source level(3) Impulsive 

wind power dipole SL 
(areic) surface-affected areic source level(4) Continuous 

(1)level of the source factor, (2)level of the surface-affected energy source factor, (3) level of the energy source factor and 

(4)level of the surface-affected areic source factor 
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B. Spatial and temporal Distribution of sources in the Dutch North Sea 

Our aim is to gain insights in the distribution of sound across the Dutch North Sea, and to achieve 

this goal we analyzed the spatial, temporal and spectral distribution from various sources over a 

nominal two-year period. Due to limitations in availability of source data it has not been possible 

to select the same two-year period for all sources. Instead we constructed a fictional two-year 

period by combining the years 2007-2008 (seismic surveys [www.nlog.nl]) with 2010-2011 

(explosions [KNMI] and wind [KNMI]) and 2013-2014 (shipping [www.marinetraffic.com]), (for 

shipping we have data for 2014 only, and these data are assumed representative for 2013 also). 

The resulting distributions of shipping, seismic surveys, explosions and wind speed are shown in 

Figure 3. The spatial distribution and timing of especially seismic surveys, and to a lesser extent 

explosions, will vary per year and depend on the particular localities and time periods of specific 

activities (more occurrence information can be found at the seismic survey data portal (see 

www.nlog.nl).  

 

 
 Figure 3.The distribution of areic shipping density (Number of ships per square kilometer) 

(left), seismic surveys (number of shots per square kilometer for 2007) (middle left), location of 

individual explosions between 2010 and 2011 (middle right) and Wind speed (m/s) for January 

(measured at 10 m above sea surface and extrapolated to the Dutch North Sea (right). Maps are 

based on the RD (Rijksdriehoek) coordinates 

[https://nl.wikipedia.org/wiki/Rijksdriehoekscoordinaten] 

 

Shipping density maps and airgun array shot density maps were calculated for 5 km x 5 km 

resolution. The source factor [described in Appendix A; Ainslie 2010; ISO/DIS 2015] was multiplied 
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by the number of ships or shots (by taking into account the directivity effects) in each source grid. 

The calculated notional signatures (far-field signatures of individual airguns, without the surface 

reflection) were coupled with a propagation model to estimate the horizontal and vertical 

directivity pattern [Eq.(4) from MacGillivray, 2012]. 

C. Environment : Spatial distribution of water depth and sediment properties  

The underwater propagation of sound depends on various geophysical factors such as water depth 

and sediment type. The bathymetry and sediment grain size maps for the Dutch North Sea are 

shown in Figure 4. For the bathymetry, the EMOD-NET database is used [Emodnet, 2014]. The 

sediment maps are provided by the Geological Survey of the Netherlands project 

[http://www.en.geologicalsurvey.nl/.]. Sediment data were not available outside the Dutch North 

Sea. These data are only required for the explosion maps, which include explosions outside the 

boundaries of the Dutch North Sea. For this case, it is assumed to consist of ‘medium sand’ [North 

Sea Atlas]. The sea surface is modelled as a flat pressure release surface (pi phase change in 

radians). The acoustic medium is assumed as two layered waveguide by neglecting the effects of 

sub-bottom material (even though this might be significant for the low frequency sound ).  The 

geoacoustic properties of the seabed material are inferred from the grain size using Table 4.17 of 

Ainslie 2010. The isovelocity approximation, which does not lead to large errors in the shallow 

water environment of the Dutch North Sea, is used [See Section 3.1]. Urick’s equation for volume 

absorption [Urick 1976, second edition; Fisher and Simmons,1977] is used, which includes the 

boric acid relaxation at low frequency [See Appendix A].  

 
Figure 4. Bathymetry (water depth, in metres) (left) and sediment grain size  

(-log2(Grain diameter/(1 mm))) (right) maps of the Dutch North Sea.  
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D. Underwater sound propagation 

While [Erbe et al. 2012 and 2014] illustrate the potential application for sound maps in localizing 

acoustic conflicts at ecological hot spots, their sound propagation modelling approach leaves room 

for improvement. First they approximate the dipole source created by the ship and its surface 

image at low frequency with a monopole with the same power as the dipole (personal 

communication C. Erbe, 11 February 2016) Second, they assume the  cylindrical spreading region 

extends indefinitely far from the source, which for a line source leads to an unphysical situation in 

which the sound pressure level becomes independent of distance from the source, a form of 

Olbers’ paradox [Olbers, 1826]. An improved approximation could be obtained, with no extra 

effort, by applying the simple geometric spreading rules described by [Ainslie et al, 2014], 

comprising a modified cylindrical spreading region (10 log 10	�) followed by a mode stripping 

region characterised by 25 log 10	� [Denham, 1986] for a dipole source instead of the usual 15 log10� for a monopole [Weston 1976].   

In the current section, to simulate the propagation problem efficiently, we used a hybrid 

propagation model (called “SOPRANO”) based on normal mode and flux theories [Sections 2.2 and 

2.3]. The accuracy of this propagation model was investigated with multi-model comparisons 

[Sections 2.2 and 2.3]. SOPRANO can calculate the PL for a variable sediment type and bathymetry 

with an accuracy similar to the adiabatic mode theory (The differences between Soprano and 

KrakenC (adiabatic approximation) are less than 0.2 dB for the selected test cases in Section 2.3. 

The maximum difference is less than 2 dB for the realistic Dutch North Sea bathymetry (not 

shown). 

PL is calculated over radial slices with 1 degree resolution. For ranges up to 1 km, small range steps 

are used (25 m). For longer ranges, PL is calculated for each 250 m intervals. Mean-square sound 

pressure (���� ) is also spatially averaged over all receiver cells for the kth receiver depth as 

 

����� = ∑ ����������������∑ ������������ 	 
 

where ��� is the range steps and ���� is the number of the discrete point in the receiver cell. 

Then, mean square sound pressure at each receiver cell (����� ) is averaged over receiver depths in 

order to take into account the variability of PL at the different receiver depths as 
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���� = ∑ ����������  

 

where K=10 receiver depths which are equally spaced from 1 m below the sea surface to 1 m 

above the seabed.  

For natural sources, the approximations used are slightly different than the modelling approach of 

anthropogenic sound sources. Wind sound sources are described as a sheet dipole source 

[Kuperman and Ferla,1985; APL-UW,1994; Ainslie,2010]. The contribution from wind is calculated 

by an analytical approach [Ainslie et al, 2011], assuming a flat seabed. Thus, the calculations are 

done separately for each 5 km x 5 km grid cell by assuming a constant water depth in these source 

cells.  

 

3.4.3. SOUND MAPS OF THE DUTCH NORTH SEA 

Spatial, temporal and spectral analysis of the sound field 

In this section, sound maps of the Dutch North Sea are shown (in Figure 6), with attention to the 

spatial distribution of SPL and the temporal distribution of total sound energy from the four 

selected sources, as well as for all sources together (all based on two-year averages). We seek a 

measure of sound with which we can make a like with like comparison between qualitatively very 

different sources (ships, airguns, explosives and wind).  We wish to compare, for example, 

impulsive sounds with continuous ones, and sheet-like sources with point-like sources.  One way of 

achieving this in principle is to look at their impact: how many animals are affected and in what 

way?  In practice this would be a huge undertaking, partly because so little is known about the 

effects of underwater sound on most species, and partly because, even for the species for which 

such knowledge is partly available, it would require a multi-disciplinary activity involving 

acousticians, physiologists and ecologists that is beyond the scope of the present work.  An 

exception is made for the case of an explosion [See Chapter 4], for which the impact is assessed by 

each explosion using SEL for that explosion, and then the cumulative impact for all explosions in a 

two-year time period is estimated. It is reasonable to assume that the effect increases with SEL per 

explosion and with the number of explosions.  A natural physical measure that incorporates both is 

the total sound exposure accumulated over (say) a year, a quantity that is closely related to the 
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total energy, averaged over a year.  While not a direct measure of impact, it is a useful metric that 

one can calculate for all 4 sources, and for which one can assert with some confidence that the risk 

associated with any one source will increase with increasing (annually averaged) energy [Ainslie & 

Dekeling 2011]. 

Visualizations for both spatial and temporal variation in energy distribution are provided for 

different frequency ranges: the 125 Hz deci-decade band and three single-decade bands 100 Hz to 

1 kHz (referred to henceforth as the ‘low frequency’, or ‘LF’ band), 1 kHz to 10 kHz (‘mid-

frequency’, or ‘MF’ band) and 10 kHz to 100 kHz (‘high frequency’, or ‘HF’ band). (A deci-decade is 

a logarithmic frequency interval equal to one tenth of a decade [ISO/DIS 18405]. This frequency 

interval is sometimes referred to as a “one-third octave” because it is approximately equal to one 

third of an octave). The EU’s MSFD requires its member states to monitor ambient sound in 

decidecade bands centred at 63 Hz and 125 Hz, the latter frequency being within the LF band 

considered in the present study. In the Dutch North Sea, average water depth is around 40 m-50 

m, and 125 Hz sound is sufficiently above the cut-off frequency for the application of our 

propagation model. The frequency of 63 Hz is not included because as it is less than our minimum 

frequency (100 Hz). 
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Fıgure 6. Two year average sound maps (SPL) for shipping, seismic survey, explosions, wind and 

sum of four sources. Squared sound pressure is averaged over receiver depth. The maps are 

generated for the 125 Hz decidecade frequency band, LF (100 Hz to 1 kHz), MF (1 kHz to 10 kHz) 

and HF (10 kHz to 100 kHz). The RD (Rijks-Driehoek) coordinate system used for the presented 

sound maps.  
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In Figure 7, we depicted spatial and temporal distribution of SPL (versus area) for LF, MF and HF 

bands. This histograms reflect the occurance distrubition of SPL over the Dutch North Sea. This 

figure provides a tool to assess the areas affected by different exceedance levels. 

 

 

 
Figure 7. Histogram (blue bars) and cumulative distribution function(red lines) derived from the 

spatial distribution of the two-yearly averaged SPL for LF, MF, HF decade and 125 Hz decidecade 

bands in the Dutch North Sea. The area is divided by the total area of the Dutch North Sea 

(Normalized area). The 90%, 50% and 10% exceedance levels are indicated for each frequency 

band. 

 

3.4.4. TEMPORAL AND SPECTRAL DISTRIBUTION OF SOUND ENERGY 

Sound prediction tools can be used to estimate the contribution to the sound energy from each 

source. The benefit of quantifying contributions in terms of their energy is that the contributions 

can be added in a linear manner, making it possible to construct an energy-based sound budget. 

The total acoustic energy in the Dutch North Sea is calculated from spatial averages of the squared 

sound pressure which is based on the SPL sound maps in Figure 6 in order to understand what the 
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contribution is from each source to the total energy budget. The acoustic energies in the Dutch 

part of the North Sea are calculated at decidecade center frequencies by the following formula 

 

������ = 1���� �����, �, �, ����				 
 

This formula is approximated as  

 

������ ≈ 1���� ��������
���

��
��� ���	Δ�	Δ� 

 

where Δ�	Δ� are the dimensions of the receiver grid (the resolution of sound map),	�� and �� are 

the number of receiver cells in x and y directions, ��� is the water depth of the receiver cell, � is 

the density of the sea water,	�� is the sound speed in the water column and ���� is the reference 

pressure.  

The energy contributions from each source to the total acoustic energy are plotted in Fig. 8. The 

number of shots and the size of the weekly covered area by seismic surveys are estimated from 

the seismic survey reports. Then, the sound maps are scaled by this ratio. Figure 8 shows that 

shipping makes a dominant contribution in most weeks, with sporadic interruptions from 

explosions (e.g., week 8 for HF) and airgun surveys (e.g., week 51 for the 125 decidecade band and 

LF). Wind makes the largest contribution for HF. 
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Figure 8.  Weekly averaged total acoustic energy (in joules) vs time in LF, MF, HF decade bands and 

the 125 Hz decidecade band. The week numbers show time in weeks from 1 January of the first year  

 

In any one week, activitities of relatively short duration such as seismic surveys and (especially) 

explosions can make a larger contribution than shipping. For example, the explosions make a larger 

contribution than shipping in the 8th, 9th and 11th weeks in the HF band. The seismic surveys 

make a larger contribution than shipping in the 51st week as shown in Figure 8 in the LF band. The 

effect of averaging time for SPL is investigated in Appendix B.  

Figure 9 shows the spectral distribution of two year averages of total energy in decidecade 

frequency bands. Having calculated the contibution to the total sound energy from each type of 

source it was also possible to construct an energy budget, showing the proportion of the total for 

each. These comparisons for the total acoustic energy provide insight into the ranking of the 

sources according to their contributions to the total acoustic energy during the two year time 

period. At the low and medium frequency band (LF and MF), shipping activities have the largest 

contributions (920 J and 80 J). For the mid-frequency range, the contribution from wind increases, 

and dominates the energy budget at frequencies exceeding 5 kHz (2 J for HF). For HF, the energies 

of shipping and explosions are very similar (about 0.2 J). The contribution from seismic surveys is 

very low above 1 kHz.  
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Figure 9. Two year average of total acoustic energy in the Dutch North Sea, in deci-decade 

bands.The shipping is making the largest contribution up to 5 kHz. Wind is the largest contributor 

above 5 kHz. The seismic surveys are contributing at the low frequencies (up to 1kHz). 

 

The relative energy budgets for the different sound sources are summarised in Table 2 for the 

various frequency bands (125 Hz, LF, MF and HF). This table is based on the long-term average (2 

years) of the acoustic energy. The energy averaged over two years for 100 Hz to 100 kHz band is 

1346 J, of which 72.8 % is from shipping, 24.4 % from seismic surveys and 1.6 % from explosions. 

The estimated contribution from wind is 1.2 %. The mean SPL is dB re 1 uPa^2 for 100 Hz to 100 

kHz band. The total energy for 125 Hz band is 243 J, of which 64.3 % is from shipping, 34.8 % from 

seismic surveys and 0.8 % from explosions. The estimated contribution from wind is 0.1 %. The 

mean SPL is 114.2 dB re 1 uPa^2 for 125 Hz band.) 

Table 2.The average sound energies for 125 Hz decidecade, and LF, MF and HF decade bands.  

 Average sound energy in the Dutch North Sea  

 125 Hz decidecade  LF decade MF decade HF decade 100 Hz to 
100 kHz 

shipping 160 J 920 J 80 J 2 J 980 J 

seismic 
surveys 85 J 330 J 0.4 J - 330 J 

explosions 2 J 19 J 4 J 0.25 J 22 J 

wind 0.2 J 6 J 10 J 2 J 17 J 
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In Appendix A, the free-field energy associated with ships (3900 kJ), airguns (1000 kJ), explosions 

(110 kJ) and wind (15 kJ) are calculated for the same two-year period and for the same frequency 

band (100 Hz to 100 kHz) as the total sound energy in Table 2. It is expected to see larger energies 

in the free field because of the shallow water propagation leading to loss of energy into the 

seabed. This effect is especially pronounced for dipole-like sources (ships, airguns, wind), which 

direct their sound energy preferentially towards the seabed.  

 

3.4.5. BIOLOGICAL RELEVANCE 

The sound maps (shown in Figure 6) , the information on spatial variation (Figure 7) and the energy 

distributions (Figure 8 and 9) can all be used for biological impact studies for different fish and 

marine mammal species [MacGillivray 2006; Erbe et al 2012 and 2014; Bouton et al, 2015]. The 

relationship between the frequency band categories and animal hearing ranges is depicted in 

Figure 10. Fish are sensitive to the low-end of the spectrum, while marine mammals are sensitive 

to broad ranges, with baleen whales going very low and overlapping with fishes, toothed whales 

and dolphins going very high into the ultrasonic, and pinnipeds somewhere in between.  

 

 
Fıgure 10. The hearing ranges of fish and mammals in LF, MF and HF bands (adapted from 

Slabbekoorn et al,2010) 

 

The geographical distribution of sound energy conveyed by the sound maps can provide 

information of relevance to the ecology of the Dutch North Sea by comparing this distribution with 

that of local marine life [CetSound, Sutton et al, 2011 ; Porter and Henderson, 2013]. After 
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combining Figure 7 with animal density maps or species-specific habitat-quality maps, one can add 

species specific disturbance thresholds to estimate how many animals or how badly a specific 

species is affected in the Dutch North Sea. For example, the CetSound Project investigates 

cetecean distribution in U.S. Exclusive Economic Zone (EEZ) and develops regional sound maps for 

low frequencies(50 Hz to 1 kHz) for multiple sources. The merger of these cetecean density and 

sound maps gives insight into the impact of sound on the animal distribution for different regions 

(for Beaufort and Chukchi Seas, Gulf of Mexico and Atlantic Coast). Similar studies are also done to 

investigate the impact of the underwater explosions on the distribution of harbour porpoises in 

the Dutch North Sea [see Sections 4.1 and 4.2]. 

The temporal distribution of sound is also relevant, but the current temporal resolution that we 

used (one week) seems unlikely to be sufficient to make meaningful statements in this regard, 

because it is expected that animals respond to sound on a shorter timescale (order of seconds, 

minutes or hours, rather than weeks). For this reason, the averaging time of sound maps is critical 

for the transients. Appendix B shows the impact of using different averaging times for assessing 

the SPL. The smaller the averaging time the higher the maximum SPL and the higher the spread in 

the temporal distribution. The impact assessment studies for each individual event will thus 

require a careful choice of the averaging time [Madsen,2005; Sertlek et al, 2012]. Long averaging 

times lead to stable averages that make the results more comparable for different sources. The EU 

Noise expert group TSG Noise therefore recommends annually averaged sound maps for 

management purposes [Dekeling et al 2014], but it should be clear that assessing the biological 

impact of the various sources on specific communities or species requires to take the temporal 

dimension into account. Furthermore, it is important to realize that there are still a lot of 

uncertainties when it comes to acoustic thresholds for hearing across species and also little is 

known about impact of audible sounds on free-ranging animals in terms of individual fitness and 

population consequences [Popper et al. 2004; Slabbekoorn et al. 2010; Radford et al. 2014]. Sound 

maps may be helpful in guiding future research efforts towards most critical species or most critical 

areas as well as in site selection for sampling designs. 

 

3.4.6. SUMMARY AND CONCLUSIONS 

Our study aims to provide a calculation strategy for shallow water sound maps, which can be a 

useful tool for assessing the risks associated with anthropogenic sounds in the marine 

environment. This is achieved by developing a fast and accurate shallow water broadband 
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propagation method which enables the calculation of the results for a wide range of frequencies. 

The sound map analyses of the Dutch North Sea, based on realistic sound source levels and real 

events, revealed that most sound energy comes from ships, followed by airguns and explosions, 

with most energy at frequencies between 100 Hz and 1 kHz for all three anthropogenic sources. It 

should be noted, however, that this ranking is likely to vary from year to year depending on the 

agenda of human activities and will also be different for other marine areas. We therefore stress 

that our main message is not in the absolute values or specific source rankings or sound 

distribution details. We believe the main value of this work is the mapping approach using source 

specific and propagation-conditions dependent algorithms. Also interesting for extrapolation to 

other years or other areas is that all anthropogenic sources exhibited strong geographical 

signatures despite the relatively small scale of our case study.  

The call from society for more information about the distribution and impact of sound levels 

underwater is growing, as we know sound is likely to play a dominant role in the life of many 

aquatic animals [Myrberg and Fuiman 2002; Montgomery et al. 2006; Slabbekoorn et al. 2010] and 

a variety of human activities add considerable amounts of sound to the naturally present levels. 

We typically do not know whether the elevation of sound levels undermines the “Good 

Environmental Status” of a particular waterbody [Dekeling et al 2014], but potential impact 

includes masking of critical sounds and other detrimental effects of distraction, disturbance, 

deterrence and injury [Popper and Hastings 2009; Slabbekoorn et al. 2010; Radford et al. 2014]. 

International concern about these possible effects has already found its way into regulatory 

measures worldwide [Lucke et al. 2014] and we believe our mapping methodology provides a 

useful toolbox for example to meet specific monitoring requirements on particular frequency 

bands in the Marine Strategy Framework Directive (MSFD) of the European Union [EU 2008].  

Our approach of generating integrative maps for multiple sources can also give insight into the 

contribution of specific sources to an overall soundscape (acoustic footprint) and allows 

exploration of potential impact of individual sources or cumulative effects on specific areas, 

communities or species. Therefore, while sound may or may not turn out to significantly affect 

marine life in different cases, the current state of the art in underwater sound mapping allows us 

at least to adequately depict and investigate the temporal and spatial distribution of 

anthropogenic sound in the context of natural fluctuations in ambient noise. We hope our work 

will stimulate future applications and guide further impact studies with appropriate data on 

underwater acoustics.  
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APPENDIX A- CALCULATION OF FREE FIELD ENERGY 

In this appendix, the calculation of free field energy is described. The “free-field energy” of a sound 

source is calculated by following the approach from Ref [Ainslie et al 2009] . � is not the true 

acoustic energy associated with the source, but the energy that would exist in the sound field 

produced if the same source were placed in free space (an infinitely deep ocean, of uniform 

impedance, no boundaries other than the sea surface, and with the same sound speed, density 

and absorption coefficient as seawater) and operated at the same source level. The spectral 

density of the free-field energies � of these sources can be calculated from the average power ��  

[Ainslie et al, 2009] 

 

� = ��2 �� 

 

where �� is density of water, �� is sound speed in water and  (Np/m) is the volume absorption 

coefficient. 

Here, free field energy is proportional to the source power and inversely proportional to the 

absorption coefficient of seawater, and provides a convenient way of ranking the contribution to 

the sound field from qualitatively different natural and anthropogenic sources. The source power 

spectra tell us how much sound is radiated by monopole, dipole and sheet sources, but it falls 

short of a complete picture because the source power does not tell us how far the sound 

propagates, and in particular takes no account of the efficient propagation (low absorption) of 

sound at low frequency.  

The first step towards a quantitative comparison of free field energies is to estimate the source 

power spectra and compare those. To summarise, the average power spectral density, added over 

all sources of a given type, is shown in Table A1.  
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Table A1. The source powers for ship, explosions, airguns and wind. 

 

By using the free field energy formulation, the comparison in Figure A1 can be done. The free field 

energies of all explosions, ships and seismic surveys in two year time period are shown. The 

calculation of energy is very sensitive to choice of absorption formula at low frequencies. The 

Source 

Type  
��  (Source Power) 

Description 
Sh

ip
 �� = 2π�� � � ��,�dp cos � d�π/�

�
���������������

�  

For the ships the surface-affected 
(dipole) source factor is ���� =����	4 sin� ��� sin �. The total 
number of ships in the monthly 
averaged density maps for 2014 
varies between 500 and 950. 

Ex
pl

os
io

n �� = 1� 2π�� � � ��,�,�mp

π/�
�π/� cos � d����������������

�  

��,�,�mp = �ρ������ω, �� , ��ω, �� is 
the spectral density of the sound 
energy flux density (including the 
shock wave and the first two bubble 
pulses) and r is a distance beyond 
which the sound is assumed to 
behave linearly  (� ≈5000*radius of 
the explosive) [Ainslie, 2010]. t is the 
averaging time. Total number of 
explosions are 232. 

Ai
rg

un
 ��

= 1� 1�� � � � ��,�,�dp cos � d�dϕπ/�
�

��
�

���������������
�  

��,�,�dp = 2|��f, θ, ϕ�|� and ��f, θ, ϕ� 
is the frequency domain source 
signature as described in [Sertlek, 
Ainslie,2015]. T is the averaging 
time. 

W
in

d �� = 2�3�� ��� 

The areic source factor per unit area 
is described as [Ainslie et al, 2011] K� = ���.����/��	�/����.���.��� �����	����.��	 μPa�/Hz. 
The annually averaged wind speed is 

calculated as �����.������������ ��.�� =6.78 m/s 
from 12 months of wind speed data 
measured at 10 m above sea surface 
in the Dutch North Sea [KNMI]. 
where A is the total area. 
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volume absorption is calculated by Thorp formula which includes the low frequency effects [Fisher 

and Simmons,1977] 

 

���/� = 10��20 log�� � � 0.10.9144 ����1 + ���� + 400.9144 ����4100�.� +	���� + 2.7510��0.9144 ����� 
 

where � = �����	��.  
 

 
 Figure A1. Total free field energies in decidecade bands of different sources averaged over year 

and Dutch North Sea. Source power is calculated for the total number of sources included. Although 

the source level cannot be directly compared, free-field energies (and source powers) can be 

compared between sources. 

 

Table A2. Ranking of the sources for average radiated power per unit area and free-field energy. 

The source power is divided by the total area of Dutch North Sea (63687 km2) 

Source Type 

average power per unit area average free-field energy 

125 Hz 
decidecade 

band 

broadband 
(100 Hz to 
100 kHz) 

125 Hz 
decidecade 

band 

broadband 
(100 Hz to 
100 kHz) 

shipping 10.6 nW/m� 39.8 nW/m� 1060 kJ 3920 kJ 
seismic surveys 0.85 nW/m� 10.1 nW/m� 169 kJ 1960 kJ 

explosions 0.3 nW/m� 1.88 nW/m� 18.8 kJ 107 kJ 
wind 0.03 nW/m� 2.26 nW/m� 2.60 kJ 15.2 kJ 
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Appendix B- THE EFFECT OF AVERAGING TIME 

The choice of averaging time is critical, especially for transient sounds [Madsen,2005]. In the main 

section, we focus on long term (two years) and weekly averaged quantities. However, some of the 

biological problems related with the sound maps may need higher time resolutions such as a day, 

hour or second. The shipping and wind are ubiquitous sources, the sound of which is present 

throughout the year. By contrast, the sounds from explosions and seismic surveys are focused in 

time over a period of a few weeks (seismic surveys) or seconds (explosions). For instance, for the 

weekly averaged sound maps, the contribution from each explosion during the time the sound 

takes to spread away from the source immediately after an explosion would be about 10log10(1 

week/100 s) dB, i.e., 38 dB higher than the levels shown in this section. A sound map of a single 

explosion, averaged over various time windows as 1 minute, 1 hour, 1 day, 1 week, 1 month and 1 

year is compared in Figure A2 with the shipping sound map for January 2014. The purpose of this 

comparison is to demonstrate that the root mean squared (rms) sound pressure caused by the 

explosion, when averaged over a sufficiently short time window, exceeds that due to shipping over 

a large area.  While the (monthly averaged) shipping sound map for January is not strictly 

comparable with the averages over durations of an hour or less, it provides a useful indication for 

the expectation value. It is immediately clear that when averaged over a short time window, the 

transient intensity exceeds that of continuous shipping over a large area, even in the presence of a 

high shipping density.  

 

 

 



SOURCE MODELS AND SOUND MAPS 

136 

 
Figure A2. The effect of averaging time window is illustrated. In the upper maps, SPL maps of single 

explosion for the various time windows are shown. In the lower maps, these maps are summed 

with the shipping sound maps of January 2014. 

 

Although we are aiming to find out what is the average contributions of each sound source to total 

energy which is averaged over two years, it is important to keep in mind that averaging may 

obscure the fact that such sudden events might potentially have a big impact at the moment they 

occur. We assume that transient sources can be represented as a continuous sounds (since the 

explosions and airgun shots were observed almost for each week at the various locations of the 

North Sea.) for the large time windows (over a week, month or year). They can be used to compare 

the annual contributions of each source to the total energy However, the shorter time windows 

may be required for the transients depending on the type of the biological problems. 

 

 

 

 

 



 

 

 BIOLOGICAL Chapter 4

RELEVANCE OF SOUND MAPS 
In this chapter, I included several examples of applications of sound maps to biological research. 

The sound maps for underwater explosions are integrated with biological models on animal 

distribution and behaviour. The impact of explosive clearance activities of historical unexploded 

ordnance (UXO) on harbour porpoises in the southern North Sea is assessed in Chapter 4.1. The 

uncertainty in the calculation of energy source level of explosions for shallow water is also 

investigated in the same chapter. Chapter 4.2 is the complementary part of Chapter 4.1 from a 

biological point of view. Chapter 4.2 shows that increased movement rate increases the cumulative 

number of individuals within a population that will be exposed to a repetitive anthropogenic 

sound. However, repeated exposure probability is reduced. 
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4.1. BIOLOGICAL RELEVANCE FOR MARINE MAMMALS: ASSESSING THE 

IMPACT OF UNDERWATER CLEARANCE OF UNEXPLODED ORDNANCE ON 

HARBOUR PORPOISES (PHOCOENA PHOCOENA) IN THE SOUTHERN 

NORTH SEA 

 

This section1 is modified version of [A. M. von Benda-Beckmann, G. Aarts, H.Ö. Sertlek, K. Lucke, W. 

C. Verboom, R. A. Kastelein, D. R. Ketten, R. van Bemmelen , F.P. Lam, R.J. Kirkwood and M.A. 

Ainslie, Assessing the Impact of Underwater Clearance of Unexploded Ordnance on Harbour 

Porpoises (Phocoena phocoena)in the Southern North Sea, Aquatic Mammals, 2015, 41(4), 503-

523,2015] 

 

Abstract: Large amounts of legacy unexploded ordnance (UXO) are still present in the North Sea. 

UXO are frequently accidentally encountered by fishermen and dredging vessels. Out of concern for 

human safety and to avoid damage to equipment and infrastructure from uncontrolled explosions, 

most reported UXO found in the Dutch Continental Shelf (DCS) are detonated in a controlled way. 

These underwater detonations produce high amplitude shock waves that may adversely affect 

marine mammals. The most abundant marine mammal in the DCS is the harbour porpoise 

(Phocoena phocoena), a species demonstrated to be highly sensitive to sound. Therefore, an 

assessment of potential impacts of underwater explosions on harbour porpoises was undertaken. 

Information regarding UXO cleared in the DCS, provided by the Netherlands Ministry of Defence, 

was used in a propagation model to produce sound exposure maps. These were combined with 

estimates of exposure levels predicted to cause hearing loss in harbour porpoises and survey-based 

models of harbour porpoise seasonal distribution on the DCS. It was estimated that in a one-year 

period, the 88 explosions that occurred in the DCS very likely caused 1280, and possibly up to 5450, 

permanent hearing loss events, i.e. instances of a harbour porpoise predicted to have received 
                                                                        

1   My contribution to this section concerns providing sound maps and source model of the underwater 
explosions. This section is included as illustration of a biological application of the sound maps 
during my PhD project. 
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sufficient sound exposure to cause permanent hearing loss. This study is the first to address the 

impacts of underwater explosions on the population scale of a marine mammal species. The 

methodology is applicable to other studies on effects of underwater explosions on the marine 

environment. 
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4.1.1. Introduction 

Large numbers of unexploded ordnance (UXO), such as aerial bombs, ammunition, mines and 

torpedoes, mostly legacies of WWII, remain in the North Sea. UXO are frequently accidentally 

encountered by fishermen and dredging vessels (OSPAR, 2010). There is a societal need for 

clearance of UXO, as they pose a risk to offshore activities such as fishing, dredging and pipe-

laying. For example, in 2005 three Dutch fishermen were killed by a bomb that was caught in their 

net and exploded on deck (OSPAR, 2010). The Royal Netherlands Navy (RNLN) is tasked with 

clearing UXO from the Dutch Continental Shelf (DCS) and executes on average approximately 120 

underwater detonations per year.  

Underwater detonations of explosives produce some of the highest peak sound pressures of all 

underwater anthropogenic sound sources. The number of underwater detonations in the North 

Sea, and their high intensity shock waves and sound levels, have raised concerns about their 

impact on marine life (Nützel et al., 2008; Ainslie et al., 2009; Camphuysen & Siemensma, 2011; 

Koschinski, 2012). The high amplitude shock waves and the attendant sound wave produced by 

underwater detonations of UXO have the potential to cause injury or death to marine vertebrates 

and invertebrates (e.g., Ketten et al., 1993; Richardson et al., 1995; Lewis, 1996; Ketten, 2004, 

2012; Danil & St. Leger, 2011).  

The harbour porpoise (Phocoena phocoena) is the most abundant marine mammal species in the 

DCS and adjacent waters. In recent years, the harbour porpoise population has undergone a 

redistribution across its North Sea range resulting in an increase in abundance in Dutch waters 

(Camphuysen, 2011), with some 10000s of animals now present (Geelhoed et al, 2013).  

Harbour porpoises have sensitive hearing, making them potentially exceptionally vulnerable to 

noise-induced effects from anthropogenic sound-producing activities at sea (Culik et al., 2001; 

Kastelein et al., 2002, 2010, 2012a-b, 2013, 2014a-b, 2015a-b; Ketten, 2004; Lucke et al., 2009; 

Tougaard et al., 2009). The main potential effects of concern of underwater explosions on an 

individual animal are: 1) trauma (from direct or indirect blast wave effect injury), such as crushing, 

fracturing, hemorrhages, and rupture of body tissues caused by the blast wave, resulting in 

immediate or eventual mortality; 2) auditory impairment (from exposure to the acoustic wave), 

resulting in a temporary or permanent hearing loss, such as temporary threshold shift (TTS) and 

permanent threshold shift (PTS); or 3) behavioural change, such as disturbance to feeding, mating, 

breeding and resting. Studies of blast effects on cetaceans indicate that smaller species are at 

greatest risk for shock wave or blast injuries (Ketten, 2004). 
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Underwater sound plays an important role in the lives of harbour porpoises. They use sound 

actively and passively for social interaction, communication, navigation, predator avoidance and 

foraging (Tyack, 2008, Clausen et al., 2010). Interference or impairment of their hearing ability as a 

result of underwater explosions may therefore directly or indirectly affect their reproduction and 

longevity. For instance, loss of important social bonds due to impaired communication (e.g. 

contact between mother and calf) or loss of prey could produce significant population level 

consequences (National Research Council, 2005). 

The objective of this study was to assess the potential impact of underwater explosions due to 

clearance activities of UXO on North Sea harbour porpoises. Sound levels were estimated for 

explosions in shallow water, which were then compared to risk thresholds and distributions of 

harbour porpoises. It was decided to focus on explosion levels high enough to cause hearing loss in 

harbour porpoises, which are likely to occur at lower levels than possible direct traumatic injuries. 

Potential behavioural responses of harbour porpoises to single explosion events were not 

considered in this study. A paucity of observations of wild porpoise responses to explosions (single 

sound transients) made it impossible to address the severity of responses to single explosion 

events.  

Because of a lack of acoustic measurements for large explosions (charge mass much larger than 1 

kg TNT eq.) in shallow waters (bottom depths less than 50 m) (Weston, 1960; Chapman, 1984; 

Soloway & Dahl, 2014), measurements of sound produced by several large underwater explosives 

in shallow water environments were carried out. These measurements were used to correct deep 

water source models for explosions and were used in combination with a shallow water 

propagation model to generate maps of received sound exposure level (SEL) for the reported 

explosions in 2010 and 2011. Reported levels of impulsive sound that cause blast injury to harbour 

porpoises were reviewed (Ketten, 2004) to determine a range of onset thresholds at which 

explosions are expected to cause permanent hearing loss. Here, permanent hearing loss refers to a 

permanent reduction (at least partial) in hearing capability resulting from the blast wave or 

acoustic components of the explosion.  

The sound propagation maps, available risk thresholds and aerial survey derived porpoise density 

estimates (Geelhoed et al., 2012; Aarts et al., in prep) were combined to obtain an estimate of the 

annual number of possible impact events, i.e., instances of a harbour porpoise receiving sufficient 

sound exposure to cause hearing loss. The estimated number of impact events were used to 

discuss the implications of UXO clearance for the North Sea harbour porpoise population. 
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4.1.2. Methods 

Overview of clearance activities by the RNLN in the southern North Sea- Since 2005, the RNLN has 

recorded, for destroyed underwater ordnance, the approximate location, type of ordnance and 

date of detonation, but not always the charge mass. Because the detonations can interfere with 

geoseismic monitoring, all detonations exceeding 25 kg (TNT equivalent) were also reported to the 

Royal Netherlands Meteorological Institute (KNMI). These KNMI reports provided precise 

locations, times and charge masses of the explosions. For this study, activities over a 2-year period 

(2010 and 2011) were investigated using the combined RNLN and KNMI data sets. These lists were 

merged into a final list by removing the same detonations occurring in both lists; in such cases the 

information in the KNMI report was retained. In some cases small counter-charges used to 

detonate the main charge, were listed separately. In such cases only the the main charge mass 

(usually much larger) was considered.The final list comprised 210 explosions, of which 181 were 

within the DCS and 29 outside the DCS (a detailed list of explosions can be found in von Benda-

Beckmann et al., 2015). Of the 210 explosion, 62 had unknown charge mass. These were most 

likely smaller explosions (e.g. of grenades and other small ammunition) that were below the 25 kg 

(TNT equivalent) that required reporting to the KNMI. An expert on explosives estimated the 

charge mass of these smaller explosives to be in the range of 5 – 20 kg (TNT equivalent) (R. van 

Wees, pers. comm.); therefore, for the purpose of this study, unknown charge masses were 

assumed to be 10 kg (TNT equivalent). 

Pressure measurements of large explosions in shallow water-The acoustical properties of 

explosives are summarised by Weston (1960, 1962). The main feature is a short shock wave 

comprising a sharp – almost instantaneous – rise in pressure followed by an exponential decay 

with a time constant of a few hundred microseconds. The expanding shock-wave creates a large 

pulsating bubble with successive expansions and contractions that give rise to a series of weaker, 

more symmetrical bubble pulses, as happens also with an air-gun pulse (Weston, 1960; Cole, 

1965). In shallow water, the multiple interactions of the shock and acoustic waves create a more 

complex time signal pattern. Because of a lack of published measurements for explosions in 

shallow water (see Soloway & Dahl, 2014), especially for charge mass much larger than 1 kg, a field 

experiment was carried out in 2010 to measure multiple detonations of aerial bombs at varying 

ranges up to approximately 2 km from the detonation site.  

Measurements of underwater pulse duration (in s), sound exposure level (SEL in dB re 1 μPa2s) and 

peak overpressure (in kPa) were obtained in September 2010 for the underwater explosions of 
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seven aerial bombs (six 1000 lb and one 500 lb with TNT equivalent charge masses of 263 kg and 

121 kg respectively). These bombs were found on land and detonated on the seafloor in an area 

with a water depth of 26-28 m and a sandy bottom. Measurements were obtained using a 

Hydrophone (B&K 8105) and ICP tourmaline pressure guages (type W138A01/ M038CY060) 

measuring at a sampling rate of 50 kHz, set at depths of 4, 5, 13, 15, 23 and 25 m, and distances 

between 100 m and 2000 m from the source. 

 

 

Figure 1. Examples of recorded sound pressure time-series of a detonation of a 263 kg TNT 

equivalent aerial bomb (measured at a sampling frequency of 50 kHz), recorded at a depth of 15 m 

at a distance of 982 m (upper) and at 13 m depth at a distance of 1978 m (lower) from the 

explosion site. An early arrival of the ground shock wave can be observed, followed by the water 

borne shock wave (at time = 0 s), and reflections and bubble oscillations. 

 

Underwater explosions caused a series of typical pressure changes (see Figure 1). Following 

Madsen (2005), the pulse duration, T90, was measured as the time containing 90% (5% - 95%) of 

the energy of the signal. The SEL within one tenth of a decade (decidecade)2 bands as well as the 

broadband level was measured from each explosion within the pulse duration in a frequency band 

of 0 - 20 kHz. The peak overpressure (or peak compressional pressure, in kPa) of the shock wave, 

defined as the maximum value of the positive overpressure (pressure minus ambient pressure, 
                                                                        

2  a decidecade is one tenth of a decade, which is approximately one third of an octave, and for this 
reason sometimes referred to as a “third octave band” [ISO/DIS 18405:2015]) 
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when this quantity is positive), was measured within a set time interval (here taken to be 0.5 s to 

cover the full explosion event).   

Risk thresholds for hearing loss for harbour porpoises exposed to explosions-This study focused 

mainly on the risk of explosions causing permanent hearing loss, as a result of direct blast injury 

caused by the shock wave close to the source or PTS from the acoustic wave of the blast incident 

farther away from the source. Permanent hearing loss estimated here may be partial (such as 

acoustically derived damage to some portion of the inner ear), occurring within a specific 

frequency range, or total (such as severe trauma to the auditory bulla or middle or inner ear 

tissues), depending on which components of the auditory system are affected, and how they are 

affected. More severe trauma was expected to occur at higher levels than those required to cause 

permanent hearing loss, and as such was considered as a lower limit. 

Permanent and Temporary Threshold Shifts- Marine mammals exposed to intense underwater 

sounds may suffer hearing loss, resulting in hearing threshold shifts that may be temporary (TTS) 

or permanent (PTS). The extent of the hearing threshold shift and the frequency range affected 

may depend on the sound level, spectral content, temporal pattern, and exposure duration. TTS is 

defined as a threshold shift that recovers to normal sensitivity. The course and time of recovery 

depend on several factors: the individual’s recovery ability, the sound an animal was exposed to 

and the amount of shift that incurred (Finneran & Schlundt, 2013, Kastelein et al., 2012a, 2014a, 

2015a). TTS onset defined here is consistent with the criteria used in most studies on marine 

mammals; i.e., as a TTS of 6 dB or greater measured shortly (1-4 min) after cessation of the 

exposure, following Southall et al. (2007). 

Different TTS onset SEL thresholds have been measured in harbour porpoises for a variety of pulse 

types (Lucke et al., 2009, Kastelein et al., 2012a, 2014a, 2015a, 2015b). Lucke et al. (2009) 

determined a masked TTS-onset SEL level for a porpoise subjected to single airgun transients, 

measuring auditory evoked potentials. As the sound stimuli of Lucke et al. (2009) resembled 

explosion sound better than other TTS studies currently available (Kastelein et al., 2012a, 2014a, 

2015a, 2015b, Tougaard et al., 2015), our estimates for SEL thresholds for TTS and PTS were based 

on that study.  

There is currently no experimental data available for predicting PTS onset levels in marine 

mammals. Observations for humans show that a TTS of 40 – 50 dB results in a significant risk of PTS 

(Kryter et al., 1966, Kryter, 1994). Southall et al. (2007) used reported TTS onset measurements for 

marine mammals to estimate the SEL required for a 40 dB TTS based on the TTS growth curve for 
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land mammals, which has a 2.3 dB increase in TTS per 1 dB increase in SEL (i.e., the TTS growth 

rate is 2.3 dB/dB). Based on this, PTS was predicted to occur for SEL values 15 dB above SEL causing 

TTS onset (Southall et al., 2007). Recent measurements for continuous noise exposure and sonar 

sound suggest that the growth rates may well exceed 2.3 dB/dB in some cases (Kastelein et al., 

2013; 2014a). (dB/dB is a unit of “growth rate”, which is the rate of increase of threshold shift per 

unit increase in SEL.)Given the lack of data on growth rates in porpoises for impulsive sounds, let 

alone sound from explosions, the approach for extrapolating the TTS growth that is outlined by 

Southall et al. (2007) was used. 

To account for the frequency selective sensitivity of the mammalian hearing system in sound 

exposure calculations, frequency-selective weighting functions are often used (Fletcher & Munson, 

1933; Suzuki & Takeshima, 2004; Southall et al., 2007). Several weighting curves for harbour 

porpoises have been proposed in the literature (Verboom, 2005; Southall et al., 2007; Finneran & 

Jenkins, 2012; Wensveen et al., 2014; Tougaard et al., 2015). No frequency weighting study has 

been conducted for an explosive sound source. Because air-guns are an impulsive and low 

frequency source, and are fairly representative of an explosion sound at larger distances in shallow 

water, the data from an air-gun study (Lucke et al., 2009) were used to define TTS onset. 

Therefore, no frequency weighting was applied to the SEL when estimating the risk of TTS and PTS 

for explosions. 

Lucke et al. (2009) concluded that the predefined TTS criterion (measured at 4 kHz) was exceeded 

at received SELs greater than 164 dB re 1 μPa2s. Based on this, it was therefore assumed that TTS-

onset was very likely to occur for harbour porpoises exposed to explosion sounds at an 

(unweighted) SEL of 164 dB re 1 μPa2s. Following Southall et al. (2007), PTS-onset was then 

estimated by adding 15 dB to the TTS onset SEL. Given the uncertainties involved in this 

extrapolation this threshold should be considered as a lower limit, below which PTS is considered 

unlikely. The resulting lower limit for onset of PTS occurred at an unweighted SEL greater than 179 

dB re 1 μPa2s. At higher SELs, the risk of PTS was considered to become increasingly likely. To 

denote a threshold where the onset of PTS was very likely to occur, the following section considers 

the observations of ear trauma observed in harbour porpoises exposed to underwater explosions. 

Primary blast injury - A study on primary blast injury in marine mammals caused by shock waves 

was reported by Ketten (2004). In that study, fresh odontocete cadavers (including harbour 

porpoises) were exposed to explosions from varying charge masses in a controlled environment. In 

some cases the animals were tested within 24 hours postmortem after chilling. In others they were 

frozen within 4 hours postmortem and prepped by thawing under controlled conditions (chiller 
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and water bath). In all test specimens, the cadaver scanned on receipt when fresh and rescanned 

just prior to testing to assure that the lungs, brain, airways and other major organs had tissue 

appearances consistent with normal anatomy and no significant changes from their fresh 

condition. the specimens were then implanted with pressure gages for recording internal received 

PSI and again scanned to document the position of the gages. The necropsy and measurement of 

the blast effects was performed by a team consisting of experts on marine mammal physiology as 

well as experts on explosion-induced trauma. Trauma found included mild to severe and likely 

lethal injuries, particularly haemorrhages, as well as lung, esophageal, liver, brain, and ear injuries. 

At peak blast overpressures exceeding 172 kPa (25 psi) ear trauma was always observed, 

consistent with the ear being the most sensitive organ for blast related trauma. No effects were 

observed for peak overpressures below 69 – 83 kPa (10 – 12 psi).  

Blast trauma to the porpoise middle and inner ear would likely result in a permanent, acute 

hearing loss, which could be broad spectrum, such as in the case of middle ear ossicular chain 

disarticulation (a probable 36 dB loss overall due to the dysfunction of the middle ear bones, 

Schuknecht, 1993) or elevated thresholds in only some frequencies depending upon the received 

acoustics impacting the inner ear. Observations of ear trauma and related peak overpressures 

could, therefore, serve as a proxy for moderate to severe permanent hearing loss.  

Dose-response relationship for hearing loss- To delimit the range of SEL values at which onset of 

permanent hearing loss – either noise induced PTS or ear trauma caused by the blast wave – could 

occur, levels at which ear trauma resulting from primary blast injury was observed were 

considered. Peak overpressure was used by Ketten (2004) to predict the occurrence of primary 

blast injury. Here instead, the peak overpressure was empirically related to SEL for measured 

explosion sounds in shallow water, due to the difficulties of predicting peak overpressure in 

shallow water. From those measured data, an effective SEL that corresponded to peak 

overpressures resulting in ear trauma was estimated. A corresponding upper limit for the onset of 

PTS was estimated using the observations by Ketten (2004) in combination with measured SEL and 

peak overpressure for shallow water explosions (see Appendix A for full details). The expectation 

was that levels just below those required to cause minimal detectable ear trauma were very likely 

to be sufficient to cause PTS; i.e., the borderline between detectable blast injury and acoustic 

effects. Table 1 summarizes the SEL thresholds adopted in this study for the risk of temporary and 

permanent hearing loss for harbour porpoises, which were considered appropriate for harbour 

porpoises exposed to underwater explosions in shallow waters (less than 50 m depth). 
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Table 1. Thresholds related to temporary and permanent hearing loss caused by a single 

underwater explosion in shallow water (<50 m depth). Permanent hearing loss can be either noise 

induced permanent threshold shift (PTS) or be due to ear trauma caused by the blast wave. The 

right column indicates the best estimate for unweighted broadband (measured in 0 – 20 kHz) SEL 

risk thresholds for ‘permanent hearing loss’ induced by explosions. To indicate the chance of an 

effect to occur, the following terminology was adopted: ‘very likely’ indicates a probability 

exceeding 95%, and ‘unlikely’ a probability less than 5%. ‘Increasingly likely’ is then anything 

between 5% and 95% probability. The range of SEL thresholds for onset of permanent hearing loss 

was estimated to occur are indicated by arrows (see text and Appendix A for more detail). 

 

 

Modelling of sound exposure levels of explosions at large distances in shallow water- Although 

the measurements of the charges presented in the previous section are representative of typical 

UXO found in the North Sea, the inventories of the 2010 and 2011 detonations showed a wide 

range of explosive charge masses found in a range of water depths. The water depth affects the 

sound propagation characteristics, particularly of low frequency sound. A source model was 

therefore required to estimate the effect of underwater explosions for which there were no 

empirical data. The model used in this study for predicting the impact area for harbour porpoises 

consisted of two parts: a source model for underwater explosions and a sound propagation model 

for shallow water environments. 



BIOLOGICAL RELEVANCE OF SOUND MAPS 

149 

The source model was based on the empirical deep-water formula for explosion energy as a 

function of distance by Weston (1960). That model contained the energy contribution of both the 

shock wave as well as the first two bubble oscillations. From the Weston (1960) empirical relation, 

a linear source model was estimated by considering the energy spectrum at a distance of 5000 

charge radii beyond which the sound wave is assumed to become linear (Ainslie, 2010) and back-

computing this spectrum to a source energy level using spherical spreading. A spectral energy level 

was thus obtained for each decidecade frequency bin in a range from 10 Hz to 20 kHz. 

The propagation model SOPRANO[See Sections 2.2 and 2.3],was used for calculating propagation 

loss in shallow water environments. SOPRANO is a hybrid model based on normal mode and flux 

theories. It is a fast analytical model which can estimate incoherent propagation loss with an 

accuracy similar to that of other propagation models (See Section 2.3). The SEL was then obtained 

by subtracting the propagation loss from the source energy level.  

This model enabled the generation of sound maps (geographical distributions of SEL for each 

decidecade band) with high resolution and broad range frequencies, including range-dependent 

bathymetry (with adiabatic approximation) and sediment type effects. For bathymetric data, the 

EMODNET database was used, which has a grid size of 0.125 x 0.125 minutes 

(http://www.emodnet-hydrography.eu/). Information for describing the geoacoustical properties 

of the seabed was obtained from the DINO database (http://www.en.geologicalsurvey.nl/). 

Propagation loss was calculated with 25 m resolution, and the computed SEL was then mapped 

onto a sound map with resolution of 1 km x 1 km (Figure 2). Sea surface was assumed to be flat, 

and effects of non-constant sound speed profiles were neglected. 
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Figure 2. Examples of unweighted broadband SEL maps for a single explosion (263 TNT eq. charge 

mass) calculated for different receiver depths (at 1 m above the sea floor, left, and 1 m from the 

sea surface, right) computed with the model described in Section 2.3. The water depth at the 

detonation site is approximately 28 m. 

 

In order to relate effects of explosions to the risk of hearing loss, an estimate for the peak 

overpressure was required. For deep water explosions, peak overpressure can be estimated using 

empirical models (Weston, 1960; Chapman, 1985). However, in shallow water, estimation of peak 

sound pressure is challenging, because the estimate is very sensitive to bandwidth and geometry 

(which is poorly known). Uncertainties in geometry lead to small phase uncertainties in arrivals of 

different sound paths, which can have a large effect on the predicted peak pressure. The estimate 

of peak sound pressure would therefore require a sensitivity study on top of the existing 

computation load for a single time series. As this was not possible here, peak overpressures, for 

which trauma from explosions were observed in harbour porpoises, were related instead to 

effective shallow water SEL thresholds. These were more easily calculated and robust to 

environmental uncertainties. The empirical relationship between the measured peak overpressure 

and SEL is described in Appendix A.  

Harbour porpoise density estimates- Line transect surveys were carried out in the Dutch section of 

the North Sea during four seasons in 2010 and 2011 (i.e. in March, July and October/November 

2010, and March 2011, Geelhoed et al., 2012, Scheidat et al., 2012), providing a large temporal 
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overlap with the occurrence of explosions. In order to estimate absolute abundance, one needs to 

correct for non-detectability (e.g. Hiby & Lovell 1998). To do so, the one-sided effective strip width 

(taking the detection probability or g(0)-values into account) was calculated and defined as 76.5 m 

for good sighting conditions and 27 m for moderate sighting conditions (Scheidat et al., 2005, 

2008, Gilles et al., 2009). Next, for each grid cell (10 km x 10 km), the number of porpoise sightings 

and the effective surveyed area were calculated. A Bayesian spatial model was fitted to the data, 

where the number of sightings in each grid cell was treated as a Negative Binomial distributed 

count, and the log of the area surveyed was treated as an offset. Spatial variability in sighting rate 

was modelled as a latent Gaussian random field using a two-dimensional autoregressive 

correlation function of order-1 (Rue et al., 2009). The final seasonal absolute porpoise density 

estimates (illustrated in Figure 4) were overlaid with the generated soundmaps. The number of 

affected animals receiving a SEL as defined by the risk thresholds was then estimated by summing 

the number of predicted animals for each grid cell within a contour on the sound exposure map 

(for more detail, see Aart et al., in prep). This resulted in an estimate of the number of harbour 

porpoise affected by each explosion. 

 

 

Figure 3. Example of the model-based estimates of porpoise density (grey scale: number of harbour 

porpoises/ km2) within the Dutch continental shelf (DCS, red polygon) for March 2011, based on the 

aerial survey performed in that month. 



BIOLOGICAL RELEVANCE OF SOUND MAPS 

152 

4.1.3. Results 

Overview of explosion activities by the RNLN in the Southern North Sea 

In 2010 and 2011, detonations were located predominantly in the southern DCS (Figure 4). 

Reported charge masses range from 10 to 1000 kg, with most at 125 – 250 kg (Figure 4). Most 

detonations occurred in water depths between 20 and 30 m.  

 

  
Figure 4. Geographical distribution of detonation events for the years 2010 and 2011 (left). 

Distribution of charge mass (TNT-equivalent) (top right) and depth (bottom right) at the charge 

detonation site for the years 2010 and 2011. The 62 explosions for which charge masses were not 

available are indicated by the magenta bar in the left plot. A charge mass of 10 kg TNT-eq. was 

assumed for these for the purpose of this study (see text for details). 

 

There was a distinct seasonal pattern to the explosions, with a peak in March and smaller peaks in 

August and November (Figure 5). The March peak coincided with a peak of fishing activity and thus 

an increase in encounter rate of UXOs (OSPAR, 2010). 
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Figure 5. Number of explosion events per month in the North Sea for the years 2010 and 2011 

based on the information provided by the Netherlands Ministry of Defence. 

 

Measured SEL and peak overpressure of explosions in shallow water      

In the measured explosions, large differences in received levels were noticeable. They were 

attributed to super-positioning of direct and surface reflected paths (Figure 6). Sound exposure 

levels were on average lower near the surface than near the bottom or in the middle of the water 

column. This suggested that the depth where the harbour porpoise was most likely to be located 

needed to be considered when discussing the impact of the sound. 

 

 

Figure 6. The 263 kg charge mass detonations measured in 2010: shown are SEL [dB re 1 µPa2s] 

(left), peak overpressure [kPa] (right) measured in a frequency band of 1 Hz - 20 kHz, at various 

distances from the detonation site, with recorders at varying depths (near surface = magenta, mid-

water = blue, near bottom = black). SEL values for measurements close to the surface are lower due 

to pressure release of sound near the surface. 



BIOLOGICAL RELEVANCE OF SOUND MAPS 

154 

Comparison of measured and modelled sound levels of explosions in shallow water 

Measured explosions were run through the propagation model to test its efficacy (Figure 7). The 

model was in agreement with the data at frequencies containing the peak energy in the spectrum 

between the cut-off frequency of ~20 Hz and 100 Hz, but systematically overestimated the 

measured SEL at frequencies above 100 Hz (right panel in Figure 7). 

 

 
Figure 7. Left: Comparison of decidecade band SEL levels as a function of frequency for a mid-water 

measurement at ~2 km distance (black) from an explosion, with model predictions (uncorrected: 

magenta; corrected: blue). Right: Comparison of all decidecade band SEL levels difference between 

model and measurements (red lines), showing that the model tends to systematically over predict 

the measured SEL, particularly at higher frequencies. The black line indicates the power mean used 

as the empirical correction factor to the source level used to correct for the overestimation of the 

model. 

 

The systematic overestimate of SEL by the model (likely causes are interpreted in the discussion) 

resulted in an overestimation of 8.1 dB (SD=3.6 dB) of the broadband SEL. Such an overestimate 

would lead to a systematic overestimation of the impact ranges and therefore required a 

correction factor. For this, the power mean over each decidecade band was subtracted from the 

modelled SEL. After application of the correction factor, the modelled broadband SEL agreed 

within 0.1 dB (SD=3.7 dB) from the measured broadband SEL (see Figure 6) and was used to 

estimate impact distances and number of affected animals. 
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Effect distances for shallow water detonations based on field measurements 

The largest distance at which the peak overpressure corresponded to risk of observed ear trauma 

was at approximately 500 m (Figure 8). Between 1200 and 1800 m the peak overpressures fell 

below the limit at which no ear trauma occurred. The minimum SEL measured within 2 km was 191 

dB re 1 µPa2s, which exceeded by 1 dB the SEL based risk threshold above which PTS was 

considered very likely (190 dB re 1 µPa2s), and exceeded by 12 dB the lower limit of PTS onset (179 

dB re 1 µPa2s).  

 

 
Figure 8. Effect distances based on measured peak overpressure for a charge mass of 263 kg, in 

water depth of 26 m. Superimposed in red are risk thresholds for blast injury from Ketten (2004). 

 

Modelled effect distances for harbour porpoises exposed to explosions in 2010 and 2011 

Model predictions of effect distances as a function of SEL threshold were made for all explosion 

events occurring in the DCS in the years 2010 and 2011 (Figure 9). Effect distances for the lower 

limit of PTS (179 dB re 1 µPa2s ) varied between hundreds of meters and 15 km, which were higher 

than the empirical relationship by Weston (1960) for deep water environments. There was a trend 

of increasing effect distances with increased charge mass, with substantial scatter due to variations 

in water depth in which explosives were detonated. This indicated that the water depth in which 

the explosion occurs has a significant influence on the effect range for a given charge mass (Fig. 

10).  
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Figure 9. Modelled effect distances for a harbour porpoise at 1 m above the bottom (top) and 1m 

below the surface (bottom), as a function of SEL threshold. Each black curve indicates a single 

explosion in the years 2010 and 2011. Vertical lines bordering the pink shaded areas represent the 

TTS, PTS and Ear Trauma onset threshold values (see Table 1). 
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Figure 10. Modelled effect distances for a harbour porpoise at 1 m from the bottom, as a function 

of charge mass for the lower limit for PTS (179 dB re 1 µPa2s). Symbols indicate different water 

depths at the location of explosion, showing lower effect distances for shallow water explosions. 

For comparison, the dashed line shows the deep-water prediction using the Weston (1960) model. 

 

The density of harbour porpoises in the DCS in 2010 was dependent on season, varying between 

1.34 animals/km2 in early-spring to 0.60 animals/km2 in summer (these model-based values are 

similar to the values reported by Geelhoed et al., 2012, and Scheidat et al., 2012, based on 

traditional distance analysis). Thus, a fixed impact distance would affect a different number of 

animals depending on the season of the event. Here, explosions occurring in the DCS between 

March 2010 and March 2011 were considered (88 in total), providing a maximal temporal overlap 

with the aerial line-transect surveys in the DCS. By comparing modeled effect areas to measured 

porpoise densities the mean number of affected animals and the total number of impact events as 

a function of SEL threshold per explosion were estimated (Figure 11, and Table 2). 

Harbour porpoises were likely to receive lower SEL when near the surface than when at depth (see 

Figure 6). To account for this in the exposure determinations, it was assumed that harbour 

porpoises spent 50% of their time near the surface and 50% near the bottom (Table 2). This 

assumption was based on published data for normal harbour porpoise behaviour (Westgate et al., 

1995; Akamatsu et al., 2007). The average number of animals affected by each underwater 

explosion was then estimated by taking the mean of the number of animals exposed at 1 m below 

the surface and 1 m above the bottom.  
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A typical underwater explosion was estimated to lead to PTS in multiple individuals, with a mean 

over all explosions ranging from 8 to 51 individuals, depending on the chosen SEL threshold level, 

and TTS in several hundreds of individuals (Figure 11). Although the impact area and corresponding 

number of harbour porpoises increased as a function of charge weight, the relationship was 

weakened by spatial and seasonal variability in porpoise density and location of the explosion 

relative to topography (i.e. shallower regions more strongly attenuate sound). 

Between March 2010 and March 2011 (the period with temporal overlap between harbour 

porpoise surveys and explosions) a total of 88 UXO were detonated by the RNLN in the DCS. These 

would have resulted in a total of approximately 5450 impact events (i.e. instances in which the SEL 

at a harbour porpoise exceeded the estimated risk threshold) for the lower limit for permanent 

hearing loss and more than 28000 TTS-onset impact events (Table 2). This was possibly an 

overestimation of the number of individual animals affected, since some may have been affected 

on several occasions. The frequencies of multiple exposures depended on how individual animals 

move, but the probability of multiple exposures for high SEL thresholds that lead to PTS was small 

(See Section 4.2). 

Based on the limited number of studies of actual explosion-induced ear trauma in fresh cadavers 

(Ketten, 2004), it was judged that a SEL >190 dB re 1µPa2s would very likely result in permanent 

hearing loss. The model estimated an annual total of approximately 1280 impact events in which 

animals were very likely to sustain permanent hearing loss (Table 2).  

 

 
Figure 11. Estimated number of harbour porpoises affected by each explosion (black lines) as a 

function of received (unweighted) SEL for 88 explosions occurring in the DCS in the period between 
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March 2010 and March 2011, assuming animals are 50% at the surface and 50% near the bottom. 

Model SEL estimates were empirically corrected to match field acoustic measurements (see text in 

Methods section for details). Vertical lines bordering the pink shaded areas represent the TTS, PTS 

and Ear Trauma onset threshold values (see Table 1). 

 

Table 2. The estimated average number of harbour porpoises impacted with a temporary or 

permanent hearing loss, by a single explosive clearance, and the total impact events (i.e. instances 

where a harbour porpoise was exposed to levels high enough to cause a specified effect) from the 

total of 88 explosions, in the Dutch continental shelf (DCS) waters between March 2010 and March 

2011. The effects considered were temporary and permanent hearing loss by explosive. Estimates 

are made for near the sea surface (i.e. at 1 m depth), near the bottom (i.e. 1m above the bottom) 

and for the mean of these two, which assumed 50% of the porpoises were near the surface and 

50% of the porpoises were near the bottom. 
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4.1.4. Discussion 

Implication of underwater explosions for the North Sea harbour porpoise population 

Risk of permanent hearing loss —This study aimed to quantify the potential impact on harbour 

porpoises of underwater ordnance explosions on the Dutch Continental Shelf, conducted by the 

RNLN. It is was estimated that in a one-year period (March 2010 to March 2011), the 88 explosions 

that occurred in the DCS very likely caused 1280, and possibly up to 5450, permanent hearing loss 

events, with some animals potentially exposed multiple times. 

The implication of a permanent hearing loss for a harbour porpoise depends on the severity of the 

hearing loss, and the frequency range that is affected. Because of the configuration and mapping 

of frequencies in the inner ear, the impulse from a blast results in a broad movement of the inner 

ear membranes that is not frequency specific. Since high frequencies are encoded shortly after the 

entry to the cochlea, they are subject to impulse-related effects even though the peak in the 

spectrum of the signal is lower. Such effects were also observed in Kastelein et al. (2014b), who 

reported TTS to occur at increasingly higher frequencies with increasing noise exposure. When 

received levels of an explosion impulse exceed the threshold for causing a permanent hearing loss 

to part of the harbour porpoises hearing range, a wider range of hearing is also likely to be 

negatively affected. Although the frequency range affected remains unknown, when explosion 

levels are high enough to cause primary blast injury resulting in ear trauma, exposures near those 

levels will very likely result in a large reduction in hearing ability over a broad frequency range.  

Whilst the dominant parts of the sound energy from the explosion shock wave is contained in low 

frequencies (< 1 kHz), harbour porpoises are known to echolocate at frequencies above 100 kHz 

(Møhl & Andersen, 1973). They do produce low level sounds at frequencies below 1 kHz that have 

been attributed to communication (Verboom & Kastelein, 1997), while others argue that they 

communicate solely at frequencies > 100 kHz (Hansen et al., 2008; Clausen et al., 2010). Harbour 

porpoises rely on their echolocation ability on a daily basis to catch prey, navigate (Kastelein, 

1997). Any impairment of their echolocation hearing abilities would likely lead to significant 

negative effects on their fitness. The implications of TTS are less clear. The estimated number of 

impact events for TTS by the model suggested that a large number of animals could have been 

exposed to one instance TTS, and some could have experienced multiple exposures each year (see 

Aarts et al., in prep). In principle, TTS is expected to recover quickly (within hours to days). Minor 

TTS shifts in a low frequency range outside the frequency regimes used for communication and 

echolocation is unlikely to significantly affect the animal’s fitness. Repeated or severe TTS might 
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result in noticeable, even if transitory, damage to the inner ear at the submicroscopic level (Kujiwa 

& Liberman, 2009), which could have significant consequences for fitness and survival. It is 

unknown whether harbour porpoises would have responses similar to the species tested in Kijiwa 

& Liberman (2009).  

The detonation activities in the DCS strongly peaked in March, when the harbour porpoise 

abundance also peaks (Geelhoed et al., 2012). The percentage of animals estimated to have 

suffered from permanent hearing loss per year due to exposure to underwater explosions in the 

DCS could be at least 1.3% and potentially up to 8.7% of the harbour porpoise population present 

in the DCS (based on the average population size in the DCS of the four survey estimates in 

Geelhoed et al., 2012).  

Uncertainty in estimated impacts  

The predicted impacts contained uncertainties, which were attributed to the following factors: 1) 

difficulty of predicting the generation and propagation of underwater shock waves in shallow 

water at large distances; 2) lack of data on sensitivity of harbour porpoises exposed to explosion 

shock waves and broadband impulsive sound; 3) a lack of knowledge on habitat use and 

movement patterns of harbour porpoises in the North Sea. The main uncertainties in the model 

predictions are discussed in the following sections. Uncertainties in habitat use are discussed in 

Section 4.2. 

Sound exposure levels of explosions in shallow water — The impact assessment relied on the 

validity of the propagation model used to estimate SEL for different explosive charge mass and 

water depths. With the adopted deep water model for the explosion source energy level from 

Weston (1960), prior to correction the model systematically overestimated the observed 

broadband SEL (by approximately 8 dB), particularly at frequencies higher than 200 Hz.  

Different mechanisms could be responsible for the overestimation of the (uncorrected) model. For 

example, interaction with the sea floor for an explosive detonated near or on the bottom, energy 

losses due to a blow-out as the shock wave first reaches the surface, energy loss by cavitation close 

to the surface, a lower effective charge mass due to degradation of the explosive charge, or 

propagation losses due to multiple interactions with wind-generated bubbles at larger distances 

could all lead to reductions in the estimated resulting SEL (Cole, 1965; Ainslie, 2010, Pfeiffer, 2014).  

The explosion source model assumed that no blow-out at the surface occurred. Surface blow-out 

may lead to pressure release in the bubble, leading to lowered (horizontal) radiation efficiency. 

This may occur for large explosives in very shallow areas, however the effect on the radiated 
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energy in the shock wave at large horizontal distances is not well understood (Weston, 1960). No 

surface blow-out occured during the measured explosions, which were both typical in charge mass 

and water depth (see Figure 4). The UXO were also assumed to detonate at full power, and 

possible degradation that may have occurred due to long contact with sea water (Pfeiffer, 2014) 

was not accounted for. Degradation occurs more strongly for some types of UXO (especially thin 

walled mines, or aluminium torpedoes), but other types of ammunition show less signs of strong 

deterioration (Pfeiffer, 2014). Since most of the larger UXO found at sea by the RNLN are aerial 

bombs, the assumption of full power detonation is likely a reasonable assumption for the majority 

of the UXO considered here (von Benda-Beckmann et al., 2015). 

To adjust for the overprediction in SEL, the acoustic source model was corrected to match 

measured SEL levels at various depths. Because these experiments were representative of typical 

charges and water depths at which these detonations occur, the corrected model predictions were 

expected to give a realistic estimate of the impact distances for most of the explosions modelled.  

Also for very small charges (~1 kg TNT equivalent charge mass), the uncorrected source model 

systematically overestimated broadband SEL measurements by Soloway and Dahl (2014) by ~7.6 

dB (SD=2.1 dB) at distances up to 1 km. This overestimate also occurred for explosions in mid-

water, and these explosives were calibrated charges. As a result, uncertainty in charge mass and 

effect of bottom interactions of a bottom explosion were unlikely causes for the model 

overestimating the SEL of an explosion. After applying the empirical correction factor proposed in 

this study, a better match was obtained for the Soloway and Dahl (2014) measurements. The 

corrected model slightly underestimated the Soloway and Dahl (2014) measurements by 1.5 dB 

(SD=2.3 dB) (1-sigma STD).  

A plausible cause for the overestimation using the uncorrected model was the effect of the 

cavitation zone on the propagation of the generated shock wave. The cavitation zone created by 

the shock wave was likely to lead to energy loss and also could act as a bubble screen for the 

bottom-reflected paths, including the shock wave. In deep water, shielding by the cavitation zone 

is unlikely to have such a noticeable effect on the measured SEL because a large fraction of the 

bottom reflections would have travelled beyond the cavitation zone or would arrive much later 

than the direct blast. The size of the cavitation zone would be a function of the charge mass and 

depth of the explosion. The slight overestimation observed when comparing the model to the 

Soloway and Dahl (2014) datasets agreed with this interpretation, as a smaller charge mass would 

result in a smaller cavitation zone, and hence less absorption.  
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Another effect that becomes important at large distances is the attenuation by wind-generated 

bubbles. This is most noticeable at higher frequencies and longer distances. Attenuation by wind-

generated bubbles could in part explain the large discrepancy between the modeled estimate and 

the measurements at frequencies above 10 kHz. Alternatively, this discrepancy could be caused by 

the low-pass filter on the measurement devices. However, since the energy above 10 kHz did not 

contribute significantly to the broad-band energy at a distance of 2 km, its impact on porpoises 

could be ignored.  

It is concluded, therefore, that the corrected model provided a reasonable estimate of the SEL 

within the first 2 km around the explosion. This corresponded to the lower limit for effect 

distances for smaller charges (<25 kg). For larger explosions (>25 kg), where the effect distances 

for the lower limit of PTS onset (SEL >179 dB re 1µPa2s) approached the 10 – 20 km, the model 

requires further validation.  

 

Uncertainties in dose-response relationships for hearing loss 

As there are no measurements of onset thresholds of permanent hearing loss in any marine 

mammal species, we considered a range of SEL thresholds at which permanent hearing loss could 

occur. A lower limit threshold, above which permanent hearing loss was considered increasingly 

likely to occur, was obtained by following the approach proposed by Southall et al. (2007). That 

study assumed that PTS occurs at a level of 15 dB above the TTS onset. Data from Kastelein et al. 

(2012a) suggests there could be a higher TTS/PTS exposure difference. Kastelein et al. (2014b) 

demonstrated a positive correlation between frequency and rate of TTS-increase. This would result 

in a wider offset between TTS and PTS than assumed in the present study and, consequently, a 

higher PTS threshold, especially for the low frequency range containing most of the propagated 

energy from an explosion. Therefore this SEL threshold of 179 dB re 1µPa2s might be conservative 

and lead to an overestimation of the number of animals that could be affected by permanent 

hearing loss. 

In this study the effect of frequency weighting of the SEL was neglected when estimating the risk of 

TTS and PTS on the basis that our risk criterion was based on observation of TTS onset due to a 

single airgun exposure (Lucke et al., 2009), which was more representative of the explosion sound 

than other stimuli for which TTS measurements have been obtained in harbour porpoises. 

Weighting of the received SEL would need to be compared to the corresponding weighted 

exposure levels at which TTS was measured by Lucke et al. (2009). Since the very low frequencies 
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propagate poorly in shallow waters, the frequency content was similar to that of an airgun, and 

hence the frequency weighting was unlikely to affect the results, as the risk threshold for TTS will 

be lowered by the same order as the predicted weighted sound exposure level. It was therefore 

expected that the lack of frequency weighting does not affect the estimated impact of temporary 

and permanent hearing loss.  

Values of peak overpressure levels at which ear trauma was observed in eight cadaveric harbour 

porpoises exposed to underwater explosions (Ketten 2004) were used to put an upper limit to PTS 

SEL threshold. Ketten (2004) noted that other characteristics of the shock wave are likely to be 

important in determining the risk of injury and need to be considered, such as near field vs. far 

field loading effects, exponential vs. sinusoidal bursts, and synergistic effects of rate of pressure 

increase, peak sound pressure, waveform, duration and rise time, coupled with body mass (species 

with smaller average body mass have greater liability for shock-induced trauma, particularly in air-

filled tissues and from bubble formation and oscillation, lesser body shadow protection, etc.). It is 

not obvious how to translate the experimental conditions employed by Ketten (2004) to large 

explosions at sea and with greater distances from the source, except in terms of received peak 

sound pressures. That is equivocal as well, however, because of the complex physics of 

propagating shock waves. Further, it is important to note that tissue and whole system responses 

are different in live versus post-mortem specimens. Even in the freshest material, the mechanical 

properties for some or all tissues may be altered due to death. In some cases, post-mortem 

material may be more responsive than living tissue; in others, less. Thus, cadaveric results are not 

definitive for live cases. However, they do provide insights into purely mechanical responses that 

may occur in marine mammals due to shock waves. For this reason, the Ketten (2004) study 

focused on the tissue changes that are essentially mechanical and should be robust even in 

cadavers, such as ossicular fracture and middle, fenestral and inner ear membrane responses and 

the minimal end and massive, distinct trauma in other tissues such as liver and brain. 

 

4.1.5. Conclusion 

In this study, the impact of explosive clearance activities of historical UXO on harbour porpoises in 

the Southern North Sea was assessed. This is the first study to address on a broad scale the 

potential impacts of underwater explosions on any marine mammal species. This assessment was 

based on actual explosion events carried out by the RNLN in 2010 and 2011 using information on 
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explosive type, location and timing of the detonations as made available by the Netherlands 

Ministry of Defense (NLMoD). While the data used in the analysis was site specific, the 

methodology used in this study is broadly applicable to other areas in which underwater 

explosions occur. For these explosion events, impact areas were modelled and compared to the 

aerial-survey based estimates of harbour porpoise distribution during the same period.  

Within the period of 2010 and the 2011, a total of 210 explosions occurred, with charge masses 

ranging from several kilograms to one thousand kilograms TNT-equivalent. The model estimated 

that the 88 explosions that occured in the DCS between March 2010 and March 2011 (the period 

of overlap between aerial surveys and reported explosion events) were very likely to have caused 

1280, and possibly up to 5450, permanent hearing loss events, i.e. instances of a harbour porpoise 

predicted to have received sufficient sound exposure to cause permanent hearing loss. Distances 

to which there was a risk of permanent hearing loss were on the order of one to several 

kilometres, and possibly further for larger explosions.  

The predicted impacts in this study contain uncertainties, which were attributed to the following 

factors: 

• Lack of data on sensitivity of harbour porpoises to explosion shock waves and broadband 

impulsive sound. 

• Difficulty in predicting the generation and propagation of underwater shock waves in shallow 

water at large distances. 

• Lack of knowledge on movement patterns and habitat use of harbour porpoises. 

 This study confirms earlier concerns (Nützel et al., 2008; Ainslie et al., 2009; Koschinski, 2012; 

Camphuysen & Siemensma, 2011) that explosions in the North Sea pose a risk to harbour 

porpoises and has prompted the NLMoD to investigate and implement mitigation measures to 

reduce the adverse effects of underwater explosions. Even the most optimistic estimates 

presented in this study suggested that there was a significant risk that hundreds of individual 

harbour porpoises were negatively affected by the explosions, although the population level 

consequences could not be judged. Models are being developed to assess population level 

consequences of underwater sound on porpoises (Lusseau et al., 2012; Harwood et al., 2013; 

Nabe-Nielsen et al., 2014). The detonation activities by all nations active in the North Sea, as well 

as information on distribution of harbour porpoises, should be considered in order to judge the 

cumulative effect of all explosions on the harbour porpoise population in the North Sea. To enable 
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such assessment, it is recommended that reportings of detonations contain the necessary 

information (location, depth, time and estimated charge mass) to enable an impact assessment. 

 

Appendix A 

To delimit the effect range at which permanent hearing loss becomes ‘very likely’, levels at which 

ear trauma occurred in fresh animal cadavers resulting from primary blast injury were considered. 

Peak overpressure was used in Ketten (2004) to predict the occurrence of primary blast injury. 

Here instead, the peak overpressure was empirically related to SEL for measured explosion sound 

in shallow water, due to the difficulties of modelling peak overpressure in shallow water. Then an 

effective SEL that corresponded to peak overpressures resulting in ear trauma was estimated.  

In order to indicate at what distances a risk of blast injury occurred, the measured peak 

overpressure was related to measured SEL using the data from the monitored explosions (Figure 

A1). Measured peak overpressure and broadband SEL showed a roughly log-linear relationship 

with a greater scatter for measurements close to the surface (depths smaller than 6 m). 

Observations by Ketten (2004) showed that ear trauma occurred at peak overpressures exceeding 

172 kPa (25 psi), indicated by the red dashed line in Figure A1, which corresponded to a range in 

SEL of 195 – 203 dB re 1µPa2s , which suggests that ear trauma is very likely to occur at SEL >203 

dB re 1µPa2s. No ear trauma could be observed for peak overpressures of 69 kPa (10 psi), as 

indicated by the red solid line, suggesting that ear trauma due to primary blast injury is unlikely to 

occur at SEL <190 dB re 1µPa2s. The probability of ear trauma to occur between SEL = 190 dB re 

1µPa2s and 203 dB re 1µPa2s was considered to be increasingly likely.  

It is expected that the acoustics of a blast event at a received level of SEL >190 dB re 1µPa2s is very 

likely (>95% probability) of causing PTS. The delimitation between the terms ‘unlikely’ (less than 

5% probability), ‘increasingly likely’ (probability between 5% and 95%) and ‘very likely’ (greater 

than 95%) adopted in this study are not based on a statistical evaluation of the data; rather should 

be considered as indicative of the consensus opinion of the authors of the likelihood at which 

these effects occur. 
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Figure A1. Empirical relation between un-weighted broadband SEL and peak overpressure for 

shallow water explosions of 263 kg TNT eq. charge mass, both measured at different distances (see 

Results for more details). Superimposed are risk thresholds for a lower limit for PTS onset (black 

line, based on the Lucke et al. (2009) TTS measurement and adding 15 dB following Southall et al. 

2007) and observed pathological effects (red lines, observed by Ketten, 2004). 
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4.2. MOVEMENT BEHAVIOUR INFLUENCES 

POPULATION LEVEL EXPOSURE TO UNDERWATER 

SOUND: IMPACT OF EXPLOSIONS ON HARBOUR 

POPOISES 

 

This section3 is submitted as [G. Aarts, A.M. von Benda-Beckmann, K. Lucke, H.Ö. Sertlek, R. van 

Bemmelen, S. Geelhoed, S. Brasseur, F.P. Lam, H. Slabbekoorn, R. Kirkwood, Movement behaviour 

influences population level exposure to underwater sound: Impact of explosions on harbor 

porpoises,under review by Journal of Animal Ecology] 

 

Abstract: Anthropogenic sound in the marine environment can have negative population-level 

consequences for marine species. Estimating how many individuals are impacted by sound remains 

challenging though, as this is dependent on their mobility. The objective of this study is to reveal 

how animal movement influences how many and how often animals are impacted by sound. In a 

dedicated study we investigated the impact of sound from underwater detonations of recovered 

ordnance (mostly WWII aerial bombs) on harbour porpoise (Phocoena phocoena) in the Dutch 

North Sea. Geo-statistical distribution models were fitted to data from four marine mammal aerial 

line-transect surveys and used to simulate the distribution and movement of porpoises. Based on 

derived dose-response thresholds for temporary or permanent threshold shift (i.e. TTS and PTS), 

we estimated the number of animals affected was estimated. When individuals were free-roaming, 

1200 and 24,000 unique individuals would suffer PTS and TTS, respectively. In contrast, when 

individuals were completely site-faithful, 1100 and 15,000 unique individuals would receive PTS 

and TTS, respectively. As explosions occurred more frequently in one region, the southern Dutch 

North Sea, high site-fidelity increased the probability of repeated exposures. Free-roaming 

                                                                        

3  My contribution to this section concerns providing sound maps and source model of the underwater 
explosions. This section is included as illustration of a biological application of the sound maps 
during my PhD project. 
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movement, resulted in more individuals being exposed, but reduced the number of repeated 

exposures. Since most anthropogenic sound-producing activities operate continuous or are 

intermittent, snap-shot distribution estimates alone tend to underestimate the number of 

individuals exposed, particularly for mobile species. This study shows that an understanding of 

animal movement is needed to estimate the impact of underwater sound, or other human 

disturbance. 
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4.1.1 INTRODUCTION 

Human activities in the marine environment such as offshore pile driving, seismic surveys, and 

detonation of explosives often produce impulsive sounds of high amplitude (Ainslie et al. 2009). 

Extreme levels of these anthropogenic sounds have the potential to disturb and/or damage marine 

mammals (Richardson et al. 1995, Southall et al. 2007, Nowacek et al. 2007). Particularly 

population-level consequences of sound are of great concern (National Research Council 2003). 

However, the first step of estimating the total number of individuals exposed to specific sound 

sources is challenging: Often only a fraction of the population is observed, and then, most marine 

mammals move large distances, changing the exposure probability, and consequently affecting the 

cumulative number of individuals exposed.  

A general framework, labelled Population Consequences of Disturbance (PCoD) or Population 

Consequences of Acoustic Disturbance (PCAD) has been proposed to assess the impact of sound 

from anthropogenic activities at sea (e.g. offshore pile driving, seismic surveys, naval activities, 

shipping) at a population level (e.g. National Research Council 2003; Thompson et al. 2013b; New 

et al. 2014; King et al. 2015). The framework’s first step in a chain of several steps requires an 

estimate of the number of individuals exposed to a level with detrimental impact. Frequency-

specific sound source levels and sound propagation models are used to derive maps of sound 

exposure levels (SEL) or sound pressure levels (SPL). Published dose-response relationships 

describe the received level at which hearing impairment or behavioural responses are expected to 

occur (e.g. Southall et al. 2007; Lucke et al. 2009; Kastelein et al. 2012; Tougaard, Wright & 

Madsen 2014). The sound maps are then overlaid with marine mammal distribution estimates, to 

estimate the number of individuals exposed to sound levels above behavioural or auditory 

thresholds. 

This method to estimate the number of individuals impacted can be used for single sound 

exposures, with the timescale of the exposure being small compared to the distance travelled by 

those individuals. However, it is deficient for the majority of situations, where continuous or 

intermittent sounds are produced over longer periods. These represent the majority of situations. 

With ongoing and intermittent sounds, individuals that are unaware of the event may (re-)enter an 

area of impact in-between the sound emission events. Consequently, a larger number of 

individuals could be exposed than would be expected based on ‘snap-shot’ density estimates. 

Moreover, individuals that have not vacated the area may receive multiple exposures during a 

sound production period.  
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Each type of anthropogenic sound-source has unique acoustic characteristics in terms of intensity, 

frequency range and repetition rate, and may change in location over time. Underwater explosions 

(e.g. controlled underwater detonations of recovered bombs, mines, and torpedoes from WWII) 

are unique as they represent single sound events, with the peak sound pressures of the blast wave 

being one of the highest anthropogenic noises produced in the marine environment (Ainslie et al. 

2009, Koschinski 2011). Such detonations are conducted on the Dutch Continental Shelf (DCS) by 

the Royal Dutch Navy in a controlled manner, to reduce the risk of uncontrolled explosions, which 

could be dangerous to human life and infra-structure (Koschinski 2011, von Benda-Beckmann et al. 

2015). Each year, approximately 100 detonations occur on the DCS. To marine mammals, the 

sound produced by these explosions could cause acute and chronic stress (Reeder & Kramer 2005), 

trigger behavioural reactions (Southall et al. 2007, Nowacek et al. 2007), and may lead to 

temporary or permanent hearing impairment or other physical injury (Ketten 2004, Lucke et al. 

2009, Kastelein et al. 2012). Since the detonations appear to occur irregularly in time and space 

(von Benda-Beckmann et al. 2015), animals may be unable to anticipate and avoid them.  

In the North Sea, the harbour porpoise (Phocoena phocoena) is the most abundant marine 

mammal, with approximately 230,000 individuals in 2005 (Hammond et al. 2013). In the southern 

North Sea, harbour porpoises were virtually absent for several decades but, since 1990, numbers 

have grown exponentially, presumably as a result of large-scale movement southwards 

(Camphuysen 2011, Hammond et al. 2013). Coastal sightings and aerial survey data suggest that 

most harbour porpoises reside in the southern North Sea in winter, and many migrate northwards 

along the Dutch and German coast in March and April (Scheidat et al. 2012). Due to their small size 

and a high metabolism in a cold environment, harbour porpoises require a higher daily food intake 

than most other Odontoceti (Kastelein 1997). Any impairment of their foraging efficiency, such as 

displacement in response to anthropogenic sound or impaired echolocation ability, could reduce 

the animal’s fitness.  

Benda-Beckmann et al. (2015) investigated potential impacts of naval explosive clearance activities 

on the harbour porpoise on the DCS and concluded that these likely resulted in hundreds to 

thousands of PTS events annually. However, the total number of individuals exposed could not be 

estimated. 

Here, we extend the study of Benda-Beckmann et al. (2015) by applying individual-based models 

to investigate the effects of hypothetical movement strategies of harbour porpoise (random 

dispersal and site fidelity), and thereby deriving improved population-level estimates. We base our 

analyses on one year of distribution data of harbour porpoise in the North Sea, and the time-line 
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and amplitude levels of detonations in the same period. The first general question we aim to 

answer is ‘how does the interaction between the spacing and timing of explosions, and movement 

behaviour of the harbour porpoises, influence the exposure probability?’ And secondly, we 

attempt to estimate the total number of porpoises exposed to annual detonations of underwater 

explosions on the DCS. Although the study focusses on one species, one sound source and a finite 

region, the results are applicable to broader investigations of marine mammal (and potentially 

other marine fauna) responses to underwater anthropogenic sound. 

 

4.1.2 METHODS 

Pilot simulation: How does movement of the animal and the sound source influences the 

number of animals exposed?  

Not only animals, but also sound sources tend to move through space, influencing how many and 

how often individual animals are exposed to sound. The sound source can be either fixed, moving 

randomly at high speed, or everything in-between. For illustrative purposes, we here adopt a 

simplified simulation to illustrate the extremes with respect to movement of the animal and the 

sound source, and how it affects the number of porpoises exposed, and exposure repeatability. A 

stationary sound source (e.g. underwater explosion or pile-driving event) was assumed to be either 

at a single location or at a different, randomly selected locations each day. It was active at one 

instance each day over a duration of 100 days. Porpoise movement was simulated on a 100 x 100 

km grid, and those present within an arbitrarily chosen distance of 10 km from the source were 

assumed to be negatively impacted (e.g. auditory damage or severe panic response). The initial 

distribution of porpoises was randomly uniform, after which individuals moved according to 

different rules. One group of 1000 site-faithful porpoises remained at their initial location, and the 

other group of 1000 porpoises were free-roaming, making steps in random directions every 10 

min., and moving at a high speed of 1.4 m/s (Otani et al. 2001). More realistic individual-based 

movement models for harbour porpoises that incorporate resource dynamics in space and time 

have been developed (Nabe-Nielsen et al. 2013). However, the necessary porpoise movement data 

and a representation of the food landscape were not available to parameterize this model for the 

southern North Sea. Another harbour porpoise movement model has been developed by Haelters 

et al. (2015), but this models applies to porpoises actively avoiding a pile-driving event. Here, we 

aim to simulate movement under more natural, undisturbed conditions.  
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Harbour porpoise aerial survey data 

The defined one year study period was 15 March 2010 to 15 March 2011; data on explosions and 

harbour porpoise numbers on the DCS were analysed for this period. Here we use data from four 

aerial surveys of porpoise abundance, conducted in March, July and October-November 2010, and 

March 2011 on the DCS (Scheidat, Verdaat & Aarts 2012; Geelhoed et al. 2013). Surveys were 

conducted in weather conditions safe for flying and suitable for porpoise surveys, i.e. no heavy or 

freezing rain, visibility >3 km and expected sea state ≤3 bft. A high-winged, twin-engine aircraft 

(Partenavia 68) was used, flying at an altitude of ca. 183 m (600 feet) with a speed of 185 km/h 

(100 knots). Observers at bubble windows (allowing observations beneath the plane) on either side 

of the aircraft relayed details on environmental conditions (i.e. sea state, turbidity, cloud cover, 

precipitation and ‘subjective’ conditions) and sightings to a navigator. Conditions were reported at 

the beginning of each transect and whenever conditions changed. The subjective conditions 

(ranked as poor, moderate or good) represented the observer’s perception of the likelihood of 

seeing a harbour porpoise should one be present, taking into account all environmental conditions. 

Only data collected under good and moderate conditions were used in the analysis. Sightings data 

included: species, inclination angle (to estimate distance), group size, presence of calves, 

behaviour, swimming direction and cue (e.g. body at surface, under water, splash).  

Accounting for incomplete detection 

To estimate absolute porpoise density, it is necessary to correct for the number of undetected 

porpoises (e.g. those well below the surface or not noticed by the observer). Here, detection 

probabilities were based on ‘racetrack’ calibrations and ‘distance sampling’ carried out in German 

and Danish waters using the same survey procedures and type of aircraft (Scheidat et al. 2008). 

The racetrack method estimates the proportion of animals re-sighted after flying a circle and 

resurveying part of the transect line (Hiby & Lovell 1998). The distance sampling method estimates 

the decrease in detection probability as a function of distance from the transect, using data on 

flight height and inclination of the porpoises from the aircraft (Buckland et al. 2004). The effective 

strip width (ESW) was calculated for each side of the aircraft. Published one-sided ESWs are 76.5 m 

(SE = 37.2 m) for good sighting conditions and 27 m (SE = 13.9) for moderate sighting conditions 

(Scheidat et al. 2008).The effective area surveyed is the distance travelled multiplied by the two-

sided ESW. 
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Geo-statistical modelling of porpoise density 

Estimating the number of individuals impacted by sound, requires species distribution estimates 

that can be overlaid with sound maps (e.g. McCarthy et al. 2011; Thompson et al. 2013). Not all 

types of species distribution models are suited for this purpose. For example, presence-absence 

models (e.g. Thompson et al. 2013; Bailey, Hammond & Thompson 2014) can yield biased 

estimates, because they do not differentiate between high and low density grid cells. In contrast, 

models based on count data provide estimates which are proportional to density (Aarts et al. 

2012). To estimate the absolute number of individuals exposed, it is furthermore necessary to 

account for those individuals present, but not detected. This was achieved by incorporating the 

effective survey area, which accounts for the number of undetected individuals (see Hiby & Lovell 

1998, Buckland et al. 2004). 

In this study, porpoise density for the entire study area was derived from the survey data. First, a 

regular 10 km x 10 km grid was created, and the surveyed area and number of porpoise sightings 

within each grid cell were calculated. Grid cells with no survey effort resulted in missing values. 

Next a Bayesian spatial model was fitted to the data using Integrated Nested Laplace 

Approximation (INLA, Rue et al. 2009). The number of sightings (Y) in each grid cell ‘i’ were treated 

as Negative Binomial distributed counts (with a dispersion parameter of τ) and the log of the 

effective area surveyed (Ai) was treated as an offset. Ai included the detection probability. Spatial 

correlation in the residuals (u) was treated as a latent Gaussian random field using a two-

dimensional autoregressive correlation function of order-1: 

 

��~�������λ�, τ� 
λ� = exp�β� + ln���� + ���																																																											�1� 

 

where λ is the expected count and β0 is the model intercept. Bayesian prior distributions for the 

parameters β0, τ and ρx and ρy (the correlation parameters in x and y direction, respectively) were 

defined as Gaussian distributed variables with mean 0 and precisions 0.0001. The model was used 

to estimate porpoise density for each grid cell within the DCS. We fitted models for each survey 

season to account for large seasonal differences in abundance and distribution. Linear 

interpolation between seasonal porpoise density estimates was used to estimate porpoise density 

at the date of each explosion.  



BIOLOGICAL RELEVANCE OF SOUND MAPS 

176 

Underwater sound field estimates 

Information on the underwater explosions during 2010 and 2011, their location, timing, and sound 

propagation properties, are detailed in von Benda-Beckmann et al. (2015). We considered all 88 

explosions on the DCS between 15 March 2010 and 15 March 2011, which concerned the period 

for which porpoise density estimates were available. Briefly, the acoustic property of the explosive 

is a short, expanding shock-wave comprising an almost instantaneous rise in pressure followed by 

an exponential decay, leaving behind expanding and contracting bubbles (Weston 1960), which 

then is transferred into a more complex waveform due to shallow water propagation (von Benda-

Beckmann et al. 2015). Underwater sound propagation of the explosions was modelled using the 

software module SOPRANO (Sertlek et al., Sertlek & Ainslie 2014), which takes into account 

frequency dependent reflection losses due to surface and bottom interactions, and attenuation by 

the water. Input data for estimating sound propagation includes spectral source level energy and 

depth of the explosion, bathymetry maps (resolution: 0.125 x 0.125 minutes longitude and 

latitude, respectively, source: EMODNET database, http://www.emodnet-hydrography.eu/), geo-

acoustical properties of the seabed (source: DINO database,http://www.en.geologicalsurvey.nl), 

and wind speed. Broadband sound exposure levels were calculated for the near-surface layer (1 m 

from the surface), and the near-bottom layer (1 m from the bottom). It was assumed that 50% of 

the porpoises were near the surface (between 0-2m depth – Teilmann et al. 2013) and 50% near 

the sea floor at the time of the explosion. 

Hearing loss thresholds  

The (masked) TTS onset level (estimated based on measured auditory evoked potentials for a 

harbour porpoise exposed to single airgun transients) was at SEL of 164 dB re 1 μPa2s (Lucke et al. 

2009). Potential frequency dependent effects of underwater explosions on TTS were assumed to 

be similar to the airgun transients, and therefore, it was considered unnecessary to apply 

frequency weighting to the SEL when estimating TTS risk. No precise data are available on PTS-

onset levels in marine mammals, instead, following (Southall et al. 2007), PTS-onset was defined as 

164 dB re 1 μPa2s + 15 dB = 179 dB re 1 μPa2s, and considered a lower limit below which PTS is 

unlikely to occur. Experimental exposure of fresh dead carcasses to underwater explosives (Ketten 

2004) showed that ear trauma can occur at peak over-pressures between 10 – 25 psi (or 69 – 172 

kPa), which approximately corresponds to SEL 190 – 203 dB re 1µPa2s for explosions in shallow 

water environment (von Benda-Beckmann et al. 2015). It was therefore assumed that explosion 

sound would very likely cause PTS at the lower limit at which ear trauma occurs (i.e. SEL >190 dB re 

1µPa2s), which is the PTS threshold used in this study. 
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Number of animals affected by single detonations 

For single impulsive sound sources, the porpoise density estimates can be directly overlaid with 

SEL (or SPL) maps, to estimate the number of individuals exposed to sound levels above the 

previously defined TTS or PTS thresholds. For each explosion, we defined for which grid cells the 

SEL was above the defined auditory threshold, and used the porpoise density estimates to 

estimate the number of porpoises present in those cells.  

The effect of animal movement on the exposure to underwater explosions 

To estimate the total number of unique individual porpoises exposed, and how often each 

individual was exposed, we simulated their movement for two extreme scenarios.  

1. Site faithful. Porpoise density estimates for each survey season were treated as a probability 

density surfaces from which independent realizations of individual points (i.e. porpoises) were 

generated (see e.g. Fig. 5). At the mid-point between two successive surveys, each simulated 

individual from one survey was linked to the nearest individual from the subsequent survey. Since 

the absolute abundance between seasons differed, some individuals could not be linked, and those 

were considered to be temporarily outside the study area. The SEL sound maps of each explosion 

were then linked to the realized distribution of individual animals derived from the aerial survey 

closest in time.  

2. Free roaming/high mobility. Although in this simulation we only considered the impact of 

explosions on porpoises within the DCS, we allowed porpoises to move freely within the entire 

North Sea. The total North Sea population size was defined as the sum of the geographic areas B, 

H, J, L, M, T, U, V and Y of Hammond et al. (2013), which equates to 232,450 animals. Since no 

information was available on inter-annual changes in abundance, the population size was assumed 

to remain constant between 2010 and 2011. Although these 232,450 individual animals were 

allowed to move freely within the entire North Sea, the total abundance and distribution of 

animals within the DCS corresponded to our absolute, seasonal porpoise density estimate. This 

was achieved by assigning to each grid cell outside the DCS, but within the North Sea, a sampling 

probability of (Ns -232,450)/G, where Ns is the total abundance within the DCS for season s, and G 

is the total number of grid cells in the entire study area.  

For the first explosion, the simulated distribution of porpoises was based on the nearest survey in 

time, similar to scenario 1 above. Between the explosion at time t1 and the subsequent explosion 

at time t2, the individual animal was allowed to move at an average cruising speed of v = 1.4 m/s 

over a maximum distance of m = v(t2-t1). Here v is the speed at which the energetic cost of 
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transportation is at its minimum (1.3 – 1.5 m/s), which lies in-between the mean (experimentally 

derived) swim speed (i.e. 0.76–0.91 m/s) and maximum observed swim speed (4.2 m/s) (Otani et 

al. 2001). For each individual porpoise at t1, the porpoise density map corresponding to the 

explosion at t2 was used to generate a new point location, with the constraint that it was within 

the maximum travel distance m.  

These two simulations allowed us to trace how individual animals (i.e. points) were exposed to 

multiple explosions in time. No data are available on how porpoises respond to exposure of 

underwater explosions, and it is even questionable whether they are capable of estimating the 

distance or direction of the source. Hence, no attempt was made to study in detail the effect of 

avoidance. 

 

4.1.3 RESULTS 

Pilot Simulation: The effect of movement on exposure probability of fixed and moving sound 

sources.  

If the sound source remains at a fixed location and porpoises are site-faithful (Fig. 1d), only those 

individuals living directly within the impact zone (here <10 km from the source) will be negatively 

impacted (Fig. 2a), however, they will be exposed each time the sound source is active (Fig. 2b). In 

contrast, when porpoises are free roaming and not avoiding the impact area, nearly all individuals 

are exposed at least once (on average 937 of 1000 individuals), but on average each individual is 

only exposed 3 times within the 100 day study period. The total number of impact events remains 

the same, regardless of whether individuals are site-faithful or roam freely.  

When simulating a sound source which is randomly moving in space (Fig. 1c, d), different 

movement behaviours have little effect on either numbers of individuals exposed or numbers of 

multiple exposures. Over time, approximately all individuals could be exposed at least once.  
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Figure 1. Illustrating the simulation of the movement by the animal and the sound source. The 

sound source (red circle) either moves randomly through space (a, b) or occurs at a single site (c, d). 

Animals (grey track and black dots) either move at a speed of 1.4 m/s randomly through space (a, 

c) or are site-faithful (b, d). t1-t100 represent day 1 through day 100. Only the track of the first 

three and final location of the animal and sound source are shown. 

 

 

 



BIOLOGICAL RELEVANCE OF SOUND MAPS 

180 

 

 
Figure 2. Simulation illustrating the effect of movement by the animal and the sound source on the 

exposure probability. When an organism is free roaming and the sound source is at a predictable 

(i.e. fixed) location, the cumulative number of individuals impacted is much larger than when the 

organism is site-faithful (a), however the number or repeated exposures is reduced (b). If the 

location of the source is completely unpredictable in space, movement does not reduce the number 

of individuals exposed (a) nor the average exposure probability (b). 

 

 

 

 



BIOLOGICAL RELEVANCE OF SOUND MAPS 

181 

Spatiotemporal distribution of underwater explosions in the DCS 

Explosives were mostly detonated at their site of discovery, with the highest density in the 

southern part of the DCS (Fig. 3) as most of the explosives were dropped in this area during WWII 

(OSPAR Commission 2010). The detonations occurred in all months of the year, with a peak in 

March. There were 88 explosions on the DCS between 15 March 2010 and 15 March 2011. 

 

 
Figure 3. a. Distribution of explosives detonated by the Dutch Royal Navy for 1 year (15 March 2010 

to 15 March 2011). b. Estimated unweighted broadband SEL of a single example explosion (263 

TNT eq. charge mass) received at a depth of 1m above the sea floor. See Benda-Beckmann et al. 

(2016), Sertlek and Ainslie (2014) and Sertlek et al. (in prep.) for more details. 

 

Spatiotemporal distribution of harbour porpoises in the DCS 

Harbour porpoise distribution over the DCS changed between each survey (Fig. 4, see table S2 for 

summary of fitted models). In March 2010 (Fig. 4a), the average porpoise density was 1.09km-2, 

with the highest density in the central DCS, and the lowest density in the southern DCS. There was 

no survey effort in the most northern Dogger Bank region, so those density estimates were 

extrapolated from densities in the adjacent region B. In July 2010 (Fig. 4b), porpoises were present 

in low numbers, averaging 0.60 km-2. In October/November 2010 (Fig. 4c), overall density was 

again low (0.63 km-2). In March 2011 (Fig. 4d), the overall density was high again (i.e. 1.34 km-2). 

The model-based estimates of harbour porpoise numbers on the DCS were 64,851 (March 2010), 
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35,754 (July 2010), 37,574 (Oct/Nov 2010) and 79,318 (March 2011). These estimates were within 

the 95% confidence intervals of the original stratified survey estimates of Geelhoed et al. (2013).  

 

 
Figure 4. Seasonal model-based estimates of harbour porpoise density (grey scale) within the Dutch 

Continental Shelf (red polygon) for March (a), July (b) and October-November (c) 2010, and March 

2011 (d). 

 

 

Estimated number of porpoises affected by single explosions 
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There was considerable variation in the number of harbour porpoises affected by each explosion. 

These estimates were influenced by the assumed position of harbour porpoises in the water 

column: if near the sea floor the exposure was approximately 8-times larger compared to near the 

surface (Table S1, Benda-Beckmann et al. 2015). On average, for each single explosion within the 

DCS during the survey period, 15 porpoises were estimated to be exposed to an SEL of ≥190 dB re 

1μPa2s and hence, assumed to suffer PTS (Table S1). At the lower threshold limit of the range at 

which PTS becomes increasingly likely (i.e. SEL ≥ 179 dB re 1µPa2s), each explosion resulted in an 

average of 62 porpoises suffering PTS (Table S1). On average, following each explosion, 319 

porpoises were estimated to have been exposed to a SEL of ≥164 dB re 1μPa2s and, therefore, to 

have suffered a TTS (Table S1).  

 

Estimated number of porpoises affected by multiple explosions: The effect of movement 

The average time between explosions was 3.8 days (median = 0.8, SD = 6.6), during which 

individuals were often able to redistribute. For the continuous roaming scenario, assuming a 

maximum average cruising speed of 1.4 m/s (Otani et al. 2001), individuals were theoretically 

capable of travelling 120 km within a single day (i.e. 24 hours). Assuming non-directional, random 

movement in-between successive explosions, some individuals remained in the proximity of the 

explosion site of the previous explosion, while others relocated to regions tens of kilometres away. 

If the time-window between successive explosions was sufficiently large, individuals were capable 

of relocating to any site within the DCS or even beyond (Fig. 5a-c). In contrast, site-faithful 

individuals (by definition) remain at their initial fixed location (Fig. 5d-f), and are exposed to 

successive explosions when the upcoming explosions were in the vicinity. 
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Figure 5. Example showing the effect of movement (a, b, c: free roaming, d, e, f: site-faithful) on 

repeated exposure probability to successive underwater explosions. The 79,000 black and red 

points represent all individual porpoises; their distributions are derived from the seasonal density 

surface estimates. Red points are those individuals exposed to an SEL ≥164 dB re 1μPa2s, i.e. 

received TTS (orange circle), from an explosion on 18 January 2011. Free-roaming individuals were 

capable of dispersing to other regions. With explosions occurring near to each other, amongst 

individuals affected by the first explosion, free-roaming individuals had less chance of multiple-

exposures than did site-faithful individuals. 
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For a single year (March 2010 – 2011), there were 1283 estimated PTS events (i.e. PTS very likely, 

SEL > 190 dB re 1μPa2s). When porpoises were free roaming throughout the North Sea, 0.5 % of 

the exposed individuals were exposed at least twice, while for site-faithful individuals it was 6 % 

(Fig. 6c,d, Table 1).  

 

 
Figure 6. The effect of type of movement (high site-fidelity versus free roaming throughout North 

Sea) on the number of individuals expected to receive TTS (SEL ≥164 dB re 1μPa2s, a, b) or PTS onset 

very likely  (SEL ≥190 dB re 1μPa2s, c, d) at least once (a, c) and at least twice (b, d). Free roaming 

movement will lead to more individuals being exposed to levels exceeding TTS (and PTS) thresholds, 

but high site fidelity leads to more individuals being exposed multiple times. 
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On average, 28,067 TTS events were estimated to occur on the DCS during the study period. If 

porpoises roamed freely within the entire North Sea, an estimated 24,272 unique individuals 

suffered TTS, and approx. 10 % of these suffered TTS on multiple occasions. In contrast, when 

individuals were site-faithful, only 14,963 suffered TTS, but doing so on multiple occasions (38%, 

Table 1 and Fig. 6a,b). 

 

Table 1. The estimated number (and 95% confidence interval between brackets) of harbour 

porpoises suffering hearing loss due to the cumulative effect of 88 explosive clearances on the 

Dutch Continental Shelf (DCS) between 15 March 2010 and 15 March 2011. Porpoises were 

assumed to spend 50% of the time near the surface and 50% near the bottom. 

 

 

4.1.4 DISCUSSION 

Effect of movement on the number of individuals exposed to sound from underwater explosions  

This study shows that increased movement speed and dispersal rate increases the accumulative 

number of individuals within a population that will be exposed to a repetitive anthropogenic 

sound. However, repeated exposure probability is reduced. This effect is strongest if the sound 

source remains at a fixed location. Since most marine mammal species, including harbour 

porpoises, are highly mobile, incorporating the effect of movement is important for estimating 

impacts at the population-level.  
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Even for underwater explosions, which may appear unpredictable in space and time, the 

cumulative number of harbour porpoises exposed depends on how individuals move. We estimate 

that if all individuals were free-roaming and continuously on the move, in a single year on the DCS 

1200 individuals were very likely to receive PTS and 24,000 individuals would receive TTS. In 

contrast, if harbour porpoises were site-faithful, less individuals would receive PTS or TTS (i.e. 1100 

and 15,000, respectively), but more would be exposed on multiple occasions. These numbers are 

probably underestimated, since only porpoises on the DCS were considered here (given the 

available survey data), and many individuals outside the DCS might also be exposed. In addition, 

porpoises residing within the DCS might be affected by detonations outside the DCS, for which no 

complete data on detonation activities were available. 

The effect of movement on the total number of animals experiencing PTS is small, because the PTS 

effect area is small (relatively to that for TTS), and few explosions occur exactly on the same spot. 

In contrast, the number of individuals exposed to SELs exceeding the TTS threshold in the free-

roaming scenario was1.6 times higher than in the site-faithful scenario. While movement alters the 

balance between the number of individuals exposed and the number of repeated exposures, it 

does not influence the number of impact events, at least assuming individuals do not actively avoid 

the region where they were previously exposed. 

Site-fidelity increases repeated exposure probability: Avoid and redistribute? 

The simulation study shows that if the location of the source is at a fixed location, remaining site-

faithful increases the risk of being exposed again to following sound exposures. Conversely, if the 

location of the source is completely unpredictable, any type of movement, including active 

avoidance, has no effect on numbers exposed and repeated exposure probability. Even though the 

distribution of underwater explosions may appear unpredictable, this study shows that site-faithful 

individuals have an increased risk of suffering TTS or PTS on multiple occasions (Fig. 6). Hence, 

once exposed to underwater explosions, individual porpoises could reduce the risk of future PTS or 

TTS by avoiding the site of exposure. This suggests that the approximate location of explosions is to 

some extend predictable. Indeed, in this study explosions were more densely distributed in one 

region; the southern DCS (Fig. 3). Dense clustering of explosions (or other human sounds) is often 

likely as they could relate to either the biased distribution of ordnance, or a focus of human 

activity. For example prior to construction activities (e.g. wind farm development), an area is 

surveyed for the presence of unexploded ordnances, which are often detonated close in space and 

time. Such events are apparent in Fig 6, showing a sudden jump in the number of individuals 

exposed at least twice.  
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Although not explicitly explored in this study, the porpoise density in the southern DCS (i.e. the 

region with the highest density of detonations) is on average lower than the rest of the DCS (Fig. 

4). This could be caused by natural processes (e.g. food availability) or other anthropogenic 

activities (e.g. shipping activity near the international harbour of Rotterdam). However, it may also 

be partly driven by large-scale redistribution resulting from avoidance of underwater explosions. If 

so, this has direct implications for our results. First, the March 2010 survey took place from 2 – 11 

March. Explosions prior to the survey could have already reduced porpoise densities. Hence, the 

estimated number of exposed individuals might be underestimated for that period. Furthermore, 

although the possible influence of underwater explosions on porpoise distribution might be partly 

reflected in the observed porpoise density estimates, the movement simulation ignores direct 

avoidance and relocation. Avoidance could reduce the number of repeated exposures. However, 

for PTS the effect of avoidance will be small: Even if porpoises are completely site-faithful, less 

than 10% are exposed to PTS levels on multiple occasions, and hence relocation will have a minor 

influence on the total number of PTS events.  

Several anthropogenic activities emit repetitive sounds separated by silent periods. During the 

silent periods, if sufficiently long, acoustically naive marine animals risk entering the area of high 

risk of auditory (or other physical) damage. This is more likely to occur for highly mobile organisms. 

Hence, although movement allows organisms to reach other regions with higher survival and 

reproduction potential, it increases the risk of individuals being exposed to repetitive sound 

sources.  

Whether individuals should avoid an area once exposed to an intense sound source ultimately 

depends on how well the individual is capable of predicting when and where a new sound will be 

emitted. Even if the individual would have perfect knowledge of the spatial location and timing the 

sound event, it is questionable whether avoidance is the best decision. Avoidance may reduce 

future auditory damage, but it also reduces the time and the amount of habitat available in which 

to forage or reproduce. Clearly decisions about whether to move and/or avoid certain areas are 

complex and difficult to predict for species in which high levels of individual variability can be 

expected, such as for marine mammals. 

The importance of movement data for assessing the impact of repetitive sound exposures 

Given the importance of movement on the total number of individuals impacted, species 

distribution models producing a single distribution estimate (see e.g. Fig. 4) might be sufficient for 

a single event, such as a single explosion, but are insufficient for assessing the impact of longer 
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lasting human activities, including a series of explosions, seismic surveys, pile driving, and shipping 

operations. Particularly for highly mobile species, the time spent (or population density) at a 

specific location can be low. Nevertheless, when the sites are vital for the species’ survival and 

reproduction, over time, the cumulative number of individuals using this site might be high (van 

Horne 1983). Hence, for longer-lasting disturbing activities (e.g. pile driving or seismic surveys), the 

cumulative number of individuals impacted might far exceed the instantaneous or average 

population density. The functional form of this accumulation depends on how individuals move. 

Such individual movement data is often unavailable for marine mammal species (including harbour 

porpoises in the southern North Sea). As an alternative, simulations can provide information on 

the magnitude of the effect of movement on the number of individuals exposed and exposure 

probability to specific anthropogenic sound sources.  

The simulation in this study shows that for PTS, the type of movement has little impact on the 

estimated number of individuals exposed. In contrast, for more moderate exposure impacts with 

larger impact areas (e.g. TTS – Fig. 6), the type of movement behaviour has a substantial impact on 

the number exposed. As the initiation of behavioural response could be triggered at larger 

distances than the PTS and TTS threshold distances, movement behaviour is likely to have an even 

greater influence on total numbers impacted than suggested by our results. The availability of 

actual movement data and observations of responses at larger distances is critical to better 

understanding the magnitude of impacts from anthropogenic sounds. 

Further research 

Although the framework presented here illustrates how to make population level estimates, and 

suggests underwater explosions may impact a substantial part of the North Sea harbour porpoise 

population (Fig 6, Table 2), a number of improvements in the estimates can be made. First of all, 

various fundamental biological and especially auditory parameters, such as the level and 

frequencies at which PTS occurs (von Benda-Beckmann et al. 2015) are missing. Furthermore, 

although this study provides clues about how different movement regimes influence the total 

number of unique exposed individuals, there is currently no data on harbour porpoise movement 

within the southern North Sea. Studies in the Kattegat-Skagerrak suggest that porpoises mix local 

searching/site fidelity movements with larger scale movements (Nabe-Nielsen et al. 2013). Land- 

and ship-based surveys in coastal habitats, often reveal large tide-dependent variability in 

occurrence, which suggests that at least in these habitats, porpoises are not extremely site-faithful 

(Jones et al. 2014, IJsseldijk et al. 2015). In the North Sea, seasonal differences in coastal sighting 

rates (Camphuysen 2011) and absolute abundance estimates (Geelhoed et al. 2013, and this 
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study), suggest that long-distance migrations also occur seasonally. Several direct observations 

provide further detail on the flexibility in movement by harbour porpoises. In one example, an 

albino porpoise observed in Den Helder on 25 Feb. 2012 at 11:30, was re-sighted near Juist 

(Germany) on 28 Feb. 15:30, a distance of 187 km travelled in just 76 hours, implying a minimum 

average speed of 0.70 m/s (Cees Rebel and Kees Camphuysen pers. comm.). In contrast, a female 

porpoise with calf was observed to remain present near an offshore oil platform for at least 3-

weeks (Camphuysen & Krop 2011), indicating a high level of temporal site-fidelity. 

In addition to the lack of data on how porpoises move under ‘natural’ circumstances, it is unknown 

how porpoises respond to underwater explosions. Harbour porpoises do respond with avoidance 

behaviour to persistent sound (Dähne et al. 2013, Tougaard et al. 2014). Behavioural reactions to 

on-off explosions are unknown. They could involve brief startles, or periods of erratic, fast 

swimming, followed by directional swimming for long periods (minutes to hours – depending on 

the strength of the sound and previous experience). Although the animals are unlikely to be 

capable of determining the source direction for such a single, short duration, sound (Kastelein et 

al. 2007), persistent swimming over several kilometres by exposed harbour porpoises, may still 

lead to lower densities within the impact areas.  

If porpoises in the southern North Sea move large distances on a daily basis and have no spatial 

knowledge regarding the location of upcoming detonations, impact areas may soon be 

replenished. Also the study by Thompson et al. (2013a) show that after short-term disturbance (by 

a seismic survey), porpoise density returned to initial values, and it was argued that therefore the 

activity did not lead to long-term displacement of porpoises. That study, however, was based on 

passive acoustic monitoring and visual aerial surveys. Without individual movement data, it is not 

possible to distinguish between a situation where displaced individuals returned, or whether the 

impacted area was replenished by acoustically naïve individuals. Such individual movement data is 

vital, particularly for assessing population level consequences of disturbance (PCOD – Rossington 

et al. 2013; King et al. 2015) on mobile marine organismes. Movement data reveals whether 

anthropogenic sound has long-term negative effects on individuals (e.g. reduction of available 

habitat and increased energetic costs), while observations on population density alone, can be 

obscured by the behaviour of previously unexposed individuals. 
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SUPPLEMENTARY MATERIAL 

Table S1. The estimated average number of harbour porpoises suffering receiving hearing loss, 

caused by a single explosive clearance on the Dutch continental shelf (DCS) waters between 15 

March 2010 and 15 March 2011. Estimates were made for near the sea surface at 1 m depth, near 

the bottom (i.e. 1 m above the bottom) and the average of these two. See also Benda-Beckmann et 

al. (2015) for more details. 

 

 

 

Table S2. Summary of models to the four survey seasons: March, July and October-November 2010 

and March 2011. The exponent of the fixed effects estimate of the intercept represents the mean 

density over the entire square study area. Since this also includes the areas on land and outside the 

DCS, the absolute value has no biological meaning. The overdispersion parameter represents the 

overdispersion in the residuals. When the estimate is large, this indicates clustering of individual 

sightings within the 10 x 10 km grid cells. The inverse of the “precision for node” reflects the 

variance of the latent Gaussian random field. The expected number of effective parameters is a 

measure of the complexity of the distribution surface. E.g. for the October-November 2010 survey, 

when the model estimates a relative homogeneous distribution (see Fig. 3c), the effective number 

of parameters is 3.1.  
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 DISCUSSION AND SUMMARY Chapter 5

The aim of this thesis was to investigate the spatial, temporal and spectral distributions of sound 

that are generated by anthropogenic and natural sources in the Dutch North Sea. The acoustic 

insights and mathematical tool box that came out should help policy makers, legislators, biologists 

and conservationists and may serve in ecological monitoring and impact assessments, guide 

marine research efforts and may be used to determine potential regions or periods of acoustic 

conflict between human activities and aquatic life. The process by which I achieved this aim is 

reflected in the nature of the data chapters that address three distinct steps.  

First, I explored, developed and combined mathematical models for specific sound sources and for 

underwater sound propagation dependent on the environmental conditions (Chapter 2). I was not 

only able to develop a model which enables fast calculations of propagation of sounds over a large 

frequeny band, but also applied the detailed comparisons of the model to several test cases from 

the Weston Memorial Workshop, held in 2010. Another prominent step taken was to adjust the 

propagation model for shallow water application where we can use the isovelocity approximation. 

I was able to show that the isovelocity approximation for shallow water waveguides does not lead 

to large errors.  

Second, I used the mathematical models to integrate measurements from the North Sea about 

anthropogenic and natural sound sources into a variety of maps and visualizations of sound 

distribution underwater (Chapter 3). I focussed on three antropogenic sources (shipping, 

underwater explosions and seismic surveys) and one natural source (wind). However, in the future, 

similar sound mapping techniques can be applied to other sound sources such as pile driving, 

lightning and rain. The mapping and other visualizations were used to reveal the ranking of the 

selected sources in terms of their annual contribution of acoustic energy. Most of the sound 

energy (averaged over two years) in the Dutch North Sea was found to come from ships, followed 

by airguns and explosives for 100 Hz to 100 kHz frequency band, with most energy at frequencies 

between 100 Hz and 1 kHz for all three anthropogenic sources. However, I also show that some 

sources are characterized by brief bursts of very high energy and hence that this needs to be taken 

into account when assessing the biological impact of energy originating from various sources. 

The sound mapping of the Dutch North Sea revealed strong geographical signatures for all 

anthropogenic sources. Shipping lanes formed fixed acoustic traces like highways on land, while 

seismic surveys and explosions were clustered in space and time, depending on the human 
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activities of the particular year. Wind was present throughout the Dutch North Sea but the 

relatively loud high-frequency component was particularly prominent in the northern half due to a 

combination of higher wind speeds, the absence there of major shipping lanes and the clustering 

of explosions in the south. As part of this chapter, I also checked and confirmed modelling accuracy 

with actual sound measurements. The precision of my simulations is inevitably limited by lack of 

detailed environmental data (time dependent variation of sea surface, seabed properties, sound 

speed profile etc.), source properties (the number of sources of each type and their geographical 

distribution, source spectrum and associated source depth), and simplifications in propagation and 

source models, all of which create uncertainties in the predictions. While I have demonstrated that 

the effect of the sound speed profile is small, many other uncertainties remain to be quantified, a 

task that I gratefully leave to a future project. 

Third, I participated in a collaborative effort to show the biological relevance of advanced acoustic 

insights through the integration of acoustic and biological data to assess exposure levels of marine 

mammals (Chapter 4). Sound exposure levels, locations and event dates of explosions were 

combined with distribution data and swimming patterns of harbour porpoises to reveal exposure 

levels at the population level and the impact of animal behaviour on exposure risk at the individual 

level. The results clearly showed the applied value of sound mapping in combination with 

biological data and the potential is high for future applications to other marine mammals or fish 

species. The maps can for example be weighted for species specific swimming depth and hearing 

range, and thus applied to investigate possible impact on hearing. In order to do this in a 

meaningful way for fish, the modelling techniques may have to be extended in the future to model 

particle motion, as all fish are sensitive to particle motion, while just fish with swim bladders have 

added sensitivity to sound pressure.  

In conclusion, the modelling and mapping efforts reported in this thesis reflect both the progress in 

our understanding of underwater acoustics and the distribution and level of anthropogenic 

underwater sounds. However, we should not take the brightness in maps for danger or damage. At 

least not yet at this stage and likely also in many cases not at a later stage. We typically do not 

know whether artificial elevation of sound levels through noisy human activities really affects 

aquatic life and whether the effects have detrimental consequences. Aquatic life that may be 

affected include marine mammals, fish and even invertebrates, which can play a critical role in the 

food chain or can be important for fisheries (shrimps, lobsters) and the impact may concern 

masking of critical sounds, distraction, disturbance, deterrence and injury. However, empirical 

evidence from field studies showing that anthropogenic sound undermines the “Good 
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Environmental Status” of a particular waterbody is still rare and often non-existing. I hope the 

acoustic insights and mathematical toolbox coming out of my thesis will raise awareness of these 

major gaps in our knowledge and stimulate future studies in order to be able to detect, avoid, and 

mitigate acoustic conflicts due to spatial and temporal overlap in human and animal activities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DISCUSSION AND SUMMARY 

196 

 

 

 

 

 



 

 

Dutch Summary 

Het doel van deze thesis is te onderzoeken wat de ruimtelijke, temporale en spectrale verdeling is 

van het onderwater geluid ten gevolge van antropogene en natuurlijke bronnen in het 

Nederlandse deel van de Noordzee, als onderdeel van een grootschaliger project waarbij in andere 

deelprojecten gekeken is naar de effecten van geluiden op vissen en zeezoogdieren. De 

akoestische inzichten en wiskundige tool die uit dit werk zijn voortgekomen kunnen door 

beleidsmakers, wetgevers, biologen en natuurbeschermers worden gebruikt voor milieu effect 

rapportages, het sturen van onderzoeksinspanningen en het vinden van potentiële gebieden of 

periodes waar er een "akoestisch conflict" kan ontstaan tussen menselijk handelen en het dierlijk 

leven onderwater. De hoofdstukken van dit rapport beschrijven hoe deze inzichten zijn verkrijgen 

en hoe dit heeft geleid tot de ontwikkelde tool. Er is hierbij een onderscheid gemaakt tussen de 

volgende drie fases: 

In de eerste fase (hoofdstuk 2) heb ik in een literatuur studie een inventarisatie gemaakt van 

beschikbare modellen voor bronvermogen en geluidsvoortplanting. Ik heb de meest bruikbare 

modellen gecombineerd om tot een zo optimale oplossing te komen. Deze modellen hangen af van 

de omgevingsparameters. Naast dat de ontwikkelde modellen zijn geoptimaliseerd met betrekking 

tot de rekentijd, zijn ze ook numeriek gevalideerd voor een aantal rekenscenario’s uit de Weston 

Memorial Workshop (2010). Tot slot heb aangetoond dat de voor het voortplantingsmodel 

aangenomen diepte- onafhankelijke geluidssnelheid niet leidt tot grote onnauwkeurigheden voor 

het Nederlands continentaal plat waar het water ondiep is. 

In de tweede fase (hoofdstuk 3) heb ik de ontwikkelde modellen gebruikt om echte data van 

antropogene en natuurlijke bronnen voor de Noordzee om te zetten in verschillende kaarten en 

visualisaties die het onderwatergeluid in de Noordzee beschrijven. Ik heb me hierbij gericht op drie 

antropogene bronnen (Scheepsvaart, onderwaterexplosies, en seismische onderzoeken) en een 

natuurlijke bron (wind). De ontwikkelde methodiek kan in de toekomst echter ook worden ingezet 

voor andere geluidsbronnen zoals het heien van heipalen voor windparken, bliksem of regen. De 

gegenereerde geluidskaarten zijn gebruikt om de bronnen te sorteren op basis van hun totale 

bijdrage aan de akoestische energie onderwater (gemiddeld over een periode van twee jaar). Het 

is gebleken dat scheepsvaart de meest dominante bron van energie is (100Hz - 100kHz), gevolgd 

door seismisch bodem onderzoek (airguns) en daarna door explosies. Voor al deze bronnen bleek 
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de meeste energie zich te bevinden in de 100Hz tot 1kHz band. Wanneer er wordt gekeken naar de 

impact van het geluid op het zeeleven is het van belang om ook rekening te houden met de duur 

van de akoestische blootstelling.  

De geluidskaarten onthulden duidelijke ruimtelijke kenmerken voor alle antropogene bronnen. 

Scheepsvaart routes resulteerden in akoestische paden met verhoogde geluidsniveaus zoals 

snelwegen op land. Het seismische bodemonderzoek en de explosies kenmerkten zich 

daarentegen door een meer gefragmenteerde karakteristiek; verbonden aan meer in de ruimte en 

tijd variabele planning van deze activiteiten. Als deel van dit hoofdstuk heb ik ook de 

modelnauwkeurigheid gevalideerd met echte metingen. 

De nauwkeurigheid van mijn simulaties is gelimiteerd door het ontbreken van gedetailleerde 

informatie van de omgeving (het beweeglijke zee oppervlakte, de bodem, de geluidssnelheid etc.), 

bron beschrijving (het aantal bronnen van elk type, hun geografische verspreiding, bron spectrum 

en equivalente bron diepte) en de onderliggende aannames achter het propagatie model en de 

bron modellen, allen welke resulteren in onzekerheden in de berekeningen. Hoewel ik heb kunnen 

aantonen dat het effect van de geluidssnelheid klein is, verdienen de overige onzekerheden nog 

nader onderzoek, een taak die ik dankbaar achterlaat voor een toekomstig project. 

In de derde fase (hoofdstuk 4) heb ik deelgenomen aan een gemeenschappelijke inspanning met 

als doel om de relevantie van akoestische inzichten aan te tonen. Hierbij zijn de geluidsniveaus, 

locaties en data van explosies gecorreleerd aan dierverspreiding en zwemgedrag van bruinvissen. 

Deze resultaten zijn gebruikt om een akoestische blootstelling om te zetten naar een populatie-

effect en om het effect te bepalen van de blootstelling op diergedrag. De gevonden resultaten 

tonen duidelijk de meerwaarde aan van het gebruik van geluidskaarten in combinatie met 

biologische data. De gebruikte methodiek is ook toe te passen voor andere zoogdieren en 

vissoorten. De geluidskaarten kunnen ook worden gewogen voor de zwemdiepteverdeling en de 

gehoorgevoeligheid van dieren om tot een meer "dierspecifieke" akoestische blootstelling te 

komen. Om tot een realistische effect te komen voor vissen is het waarschijnlijk nodig om ook de 

deeltjessnelheid te berekenen, omdat alle vissen hiervoor gevoeliger zijn. Enkel vissen met een 

zwemblaas zijn gevoelig voor de akoestische druk. 

Samengevat beschrijven de in deze thesis opgenomen berekeningen en geluidskaarten de huidige 

kennis over het onderwater geluid en de geluidsbelasting die lijkt plaats te vinden. De felle kleuren 

in de kaarten dienen echter niet per definitie als gevaarlijk te worden geïnterpreteerd. In ieder 

geval nog niet, en naar waarschijnlijkheid ook niet in een later stadium. Het is nog onbekend of de 
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door menselijke activiteit toegenomen onderwater geluid niveaus leiden tot schadelijke effecten 

op het zeeleven. Diersoorten in de zee die eventueel beïnvloed kunnen worden door het geluid 

zijn zoogdieren, vissen en zelfs ongewervelden, welke een kritische rol kunnen spelen in de 

voedselketen of voor de visserij (garnalen en kreeften). De impact kan gaan om het maskeren van 

belangrijke geluiden, afleiding, verstoring, wegjagen en zelf gehoorschade. Echter. empirisch 

bewijs dat aantoont dat antropogeen geluid het leven onderwater beïnvloedt (“Good 

Environmental Status”) is zeldzaam of niet beschikbaar. Ik hoop dat dit werk en de beschikbaar 

gemaakte tools helpen om bewustwording te creëren voor deze ontbrekende kennis, en dat mijn 

werk helpt om akoestische verstoring van het leven onderwater te detecteren, voorkomen of te 

mitigeren. 
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