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Abstract

Marine seismic acquisition is the most commonly used geophysical technique to image the

subsurface for different purposes, e.g. exploration of reservoirs or investigation of subduc-

tion zones as areas where earthquakes are generated. The acquisition consists of a sound

source emitting the signal into the subsurface and dedicated sensors which receive the re-

flected signals from the subsurface structures of interest. The most common sound source

used in marine seismics over the last 50 years is the airgun. The airgun is a mechanical

device releasing high pressurized air from a chamber into the surrounding water within a

few milliseconds. The acoustic source signal consists of a sharp peak when the pressurized

air is released followed by an oscillation corresponding to the expanding and contracting

air bubble in water. The main advantages of the airgun are its signal repeatability and long

lifetime. However, the emitted frequency bandwidth is limited by the oscillation period

and the destructive interference of the direct downgoing wavefield with the first reflection

from the sea surface, referred to as the ghost. In recent years there has been increasing

interest in improving two major aspects of the sound source in marine seismic acquisition.

The first aspect is the enhancement of emitted low frequency signals (< 5 Hz) which are

beneficial for imaging of deep targets, especially below salt or basalt structures which scat-

ter and reflect most of the higher frequencies. In addition, low frequencies are beneficial

for velocity model building in full waveform inversion. The second aspect is the reduction

of high frequencies (> 100-200 Hz) which can have an impact on marine life, e.g. mask-

ing communication or behavioural disturbances. Therefore, alternative source types, e.g.

marine vibrators, are developed and investigations are conducted on how to tune the signal

emitted by airguns.

The thesis consists of several, individual manuscripts where the acoustic signal generated

by single marine seismic sources, especially from airguns, is experimentally investigated.

Several experiments are conducted to study the mechanisms that have an impact on the

low frequency content of the emitted sound signal. First, the signal generated by the ris-

ing airgun bubble is investigated separately from the main peak and oscillating bubble by

dedicated experiments with rising buoys and the results are compared to measured air-

gun signatures. Secondly, the impact of the spherical wave front on the ghost reflection

is studied for different source-interface distances in a tank experiment. Third, the impact

of the interaction between the airgun bubble and sea surface on the source signature is

investigated for very shallow source depths and the variations of the oscillating bubble and

ghost reflection are discussed. In addition, the signal emitted into air is analyzed for these

shallow seismic sources. Another study deals with the reduction of high frequency emis-

sion from seismic airguns. The impact of bubble curtains surrounding an airgun on the

source signature and high frequency emission are investigated for different bubble curtain

configurations.

The results from the rising airgun bubble indicate a low frequency signal emitted by this

movement. However, the signal strength is low and seems to have no significant impact
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in marine seismic acquisition. The results for the spherical wave front indicate that the

low frequency signal (< 1-2 Hz) could be enhanced with decreasing source depth. How-

ever, the noise level at this frequency band is usually strong and it needs to be further

investigated how large the impact could be in field applications. The results from the

source-interface interaction indicate that the low frequency signal (< 5 Hz) is strongly

enhanced when the airgun bubble bursts directly at the water surface and no oscillations

occur. This effect seems to be promising to enhance the low frequency signal in field ap-

plications. The results from the bubble curtain surrounding the airgun indicate a gradually

decreasing frequency content above 50 Hz with increasing air injection into the bubble

curtain. Hence, bubble curtains could potentially be considered to reduce high frequency

emissions from airguns.
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Chapter 1

Introduction

In marine seismic surveys large acquisition systems, consisting of several sources and re-

ceivers, are used to map the geological structures in the subsurface for different interests,

e.g. exploration of reservoirs. For most seismic applications it is desirable to emit and

record a signal in a broad bandwidth ranging from approximately 1 Hz to 200 Hz. In the

early days of marine seismic exploration, in the 1940’s and 1950’s, dynamite and similar

explosives were the conventional sound sources used in the surveys (Landrø and Amund-

sen, 2018). In the beginning the explosives were detonated at large depths or at the sea

bottom and later on it became common practice to deploy the dynamite with floating de-

vices at a few meters below the sea surface. In 1969, the use of explosives was prohibited

by most governments due to safety risks and environmental reasons, e.g. fish kill (Landrø

and Amundsen, 2018). Therefore, several alternative sources were developed in the 1960’s

and the airgun, developed by Stephen Chelminski, came off as the winner from the compe-

tition. The airgun, which is a mechanical device releasing high pressure air into the water

within a few milliseconds, is still the most common source in marine seismic acquisition

today. The acoustic signal from this source is characterized by a sharp peak, generated

when the air is released, followed by several smaller peaks caused by the oscillating air

bubble. The emitted frequency content is mainly influenced by the source depth due to two

different effects and for the low frequency content these effects seem to counteract each

other (Hegna and Parkes, 2011; Landrø and Amundsen, 2014a). The first effect is the os-

cillation period of the air bubble. This period decreases with increasing source depth and

hence reduces the energy content at the low frequency end of the spectrum. The second

effect is the constructive and destructive interference of the direct downgoing wavefield

from the source with the first reflected wavefield from the sea surface, referred to as the

ghost (van Melle and Weatherburn, 1953). The destructive interference leads to notches

in the spectrum at specific frequencies depending on the source depth (Parkes and Hatton,

1986). It should be noted that the ghost effect reduces the energy content at low frequen-

cies for decreasing source depths, in contrast to the oscillating bubble. In addition, for

deeper sources the higher ghost notches move to lower frequencies and hence into the

seismic frequency band between 1 Hz and 200 Hz.
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Motivation: The main motivation for this work is to investigate the emitted frequency

range from single marine seismic sources, especially airguns, in more detail. The signal

emitted by airguns has often low energy for frequencies below 5 Hz and it emits noticeable

signal above 200 Hz. While it would be beneficial to enhance the low frequency part (ten

Kroode et al., 2013), the high frequency signal should be attenuated to mitigate the impact

on marine life (Gordon et al., 2003; Southall et al., 2007; Cato et al., 2013). In this thesis

source mechanisms are experimentally investigated that could have an impact on the low

and high frequency end of the seismic frequency band.

The thesis consists of a collection of individual manuscripts, an introduction and a sum-

mary part, including an outlook for future investigations. The structure and content of the

chapters are as follow:

Chapter 1: In this introductory part the basics of marine seismic acquisition are described

and the sources and receivers used for the surveys are illustrated. In addition, potential

noise sources are explained and an introduction on the environmental impact of marine

seismic acquisition is given. As the thesis investigates mechanisms that impact the source

signature, the focus is on the seismic airgun, its oscillating air bubble and the source ghost

effect. At the end of this chapter, my contributions to the different publications are listed.

In addition, the experimental data is made available as explained in the last section of the

chapter.

Chapter 2: The impact of the rising airgun bubble on the acoustic source signature is

investigated with dedicated experiments and a simple model. The acoustic signal from a

rising buoy that is submerged in water is recorded in tank and field experiments and is

compared to airgun signatures recorded in the field. The experimental set up is chosen to

separate the effect of the rising bubble from the main impulse and oscillating bubble which

normally occur when an airgun is fired. The measured data is compared to a simple model

describing the acoustic signal created by a rising sphere in water.

Chapter 3: The effect of the ghost reflection from the water surface on the source signal

is investigated in more detail by tank experiments where the distance between the source

and interface is varied. We discuss the difference in assuming a spherical wave front for

the reflection compared to plane waves. The experiments are repeated in the same way,

but with a source located in air. The measured data is compared to modelled results using

the Comsol software.

Chapter 4: The interaction between the water-air interface and the airgun source is inves-

tigated from tank and field experiments. The airgun is fired at different depths very close

to the interface including the depth where the air bubble directly bursts into the surround-

ing air. The disturbance of the interface is investigated from video recordings and acoustic

measurements. In addition, the variations of the oscillating bubble and ghost effect are

discussed with a focus on the low frequency content of the source signal.

Chapter 5: This chapter is an extended investigation and discussion to Chapter 3 and 4.

However, it can be read as an independent manuscript. We focus on the signals from the

seismic sources in water that are recorded in air. The contributions of the signal transmitted
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through the interface and from the moving water surface are discussed.

Chapter 6: The impact of bubble curtains surrounding the airgun on its source signature

and high frequency emission are investigated with dedicated tank experiments. Two differ-

ent bubble curtains, varying in its size and the way they are fixed to the airgun, are tested

and compared to the common airgun signature. We focus on the impact of the bubble

curtain on the main peak of the source signature which is mainly responsible for the high

frequency emission.

Chapter 7: The main results from all chapters are summarized and discussed in respect

to its applicability and use in marine seismic acquisition. A few suggestions are given for

future investigations in relation to marine seismic sources.

Appendix: We investigate a potential application of tube waves which are interface waves

travelling along boreholes. The idea is to use the tube waves as a monitoring method to

detect changes in the formations surrounding the borehole. We conduct experiments in

two shallow wells, 95 m and 30 m deep, to study the parameters that impact the tube wave

and investigate how accurately the tube wave velocity could be measured. As this study

is not related to marine seismic sources, it is part of the appendix. It is included as it

contains additional information to some of the extended abstracts mentioned in section 1.5

and might be helpful for future experiments conducted in the well at the Department of

Geoscience and Petroleum, NTNU.

1.1 Marine Seismic Acquisition

To image objects that we cannot see with our own eyes, we often make use of waves,

like acoustic, elastic or electromagnetic waves, to solve this problem. Examples from our

every-day life are medical applications, as ultrasound imaging for a baby in utero, or non-

destructive testing on bridges and buildings to check for cracks or other internal structures.

Marine seismic acquisition is used in a similar way to image the subsurface below the

seafloor. These images can be used to understand geological structures as plate boundaries

or faults which cause earthquakes or to map resources as geothermal, gas or oil reservoirs.

Figure 1.1 illustrates a common scenario and set up of instruments used to acquire seismic

data. For simplicity the illustration is restricted to 2D acquisition while many seismic

surveys are conducted in 3D using several streamers dragged parallel behind the vessel.

The seismic sources towed behind the vessel generate the acoustic waves which propagate

into the subsurface and are reflected from geological structures with different properties

(density and wave velocity). The reflected signals are recorded by sensors in the water

column or on the sea bottom. From the recorded data images are produced by processing

techniques which visualize the structures of the subsurface (Ikelle and Amundsen, 2005).

In addition, several noise sources impact the recorded data and overlap with the desired

data. In the following sections the seismic sources (1.2), the seismic receivers (1.3) and

the noise sources (1.4) in marine seismic acquisition are described in more detail.
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In general, a simple description of the problem can be given as (Parkes and Hatton, 1986)

x(t) = s(t) ∗ g(t) + n(t) (1.1)

where x(t) is the signal recorded at the receiver, s(t) is the signal emitted from the source

and n(t) is noise on the data. The response from the subsurface, in which we are interested

in, is denoted by g(t). In this simple description the impulse response from the receiver

and from the recording system is neglected (Ikelle and Amundsen, 2005).

Figure 1.1: Simple sketch of a common marine seismic acquisition set up in 2D. Possible wave path

for signals reflected from geological structures in the subsurface are illustrated.

1.2 Marine Seismic Sources

First, the source ghost is described as the impact of the strong reflection from the sea sur-

face is common for all sources in marine seismic acquisition. Then, the acoustic signal

generated by the airgun is explained as this is still the most common source and the exper-

iments in this thesis are mostly performed with an airgun. In addition, alternative seismic

source types are described which are already in use or in the development.
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1.2.1 The Source Ghost

The reflection from the sea surface following the direct downgoing wavefield from a source

submerged in water is referred to as the ghost (van Melle and Weatherburn, 1953). As the

distance between the source and the sea surface is small compared to the wave length of

interest in marine seismic acquisition, the ghost can be considered as an inherent part of

the source signature. To illustrate the impact of the ghost on the frequency content of the

source signature we compute the signal emitted by a point source located at a depth zs
and recorded at a receiver at the distance r (Figure 1.2(a)). The signal can be described as

(Parkes and Hatton, 1986)

p(r, t) =
1

r
pn(t− r

c1
) +Rc

1

r + rg
pn(t− r

c1
− rg

c1
) (1.2)

where r is the direct distance between the source and receiver and rg is the distance added

to r for the sea surface reflected signal (Figure 1.2(a)). This path can be described assum-

ing a ghost source position above the sea surface with the same vertical distance to the

interface as zs (Parkes and Hatton, 1986). The source signal is denoted by pn, c1 is the

sound velocity in water and Rc is the reflection coefficient at the sea surface. The addi-

tional distance for the ghost source can be approximated in the far-field, when r � rg ,

as

rg ≈ 2zscos(θ1) (1.3)

where θ1 is the incident angle on the sea surface (Figure 1.2(a)). The reflection coefficient

for a flat fluid-fluid interface, assuming plane waves, can be described as (Kinsler et al.,

1962)

Rc =
c2ρ2/cos(θ2) − c1ρ1/cos(θ1)

c2ρ2/cos(θ2) + c1ρ1/cos(θ1)
(1.4)

where ρi and ci, with i = 1, 2, denote the density and velocity of the respective layer

(Figure 1.2(a)). The incident and reflected angles are indicated as θ1 and θ2 is the refracted

angle. In case of the sea surface the parameters are ρ1 = 1000 kg/m3, c1 = 1500 m/s, ρ2 =

1.25 kg/m3 and c2 = 334 m/s. These values reveal a reflection coefficient of Rc = -0.9994

for θ1 = 0o. The reflection coefficient can vary for different scenarios, e.g. a rough surface

topography caused by wind and weather (Parkes and Hatton, 1986).

The frequency spectrum of the signal at a receiver in the far-field, using Equation 1.3, can

be received by computing the Fourier transform of equation 1.2 that leads to

P (r, ω) =
1

r
Pn(ω) e

iω(r/c1) +Rc
1

r
Pn(ω) e

iω((r+rg)/c1) (1.5)

where ω = 2πf is the angular frequency, with f as the frequency. As we are in the far-

field rg is neglected in the second decay term 1
r , but not in the more sensitive phase term.

We can separate equation 1.5 into two parts as

P (r, ω) = S(ω)G(ω) (1.6)

with

S(ω) =
1

r
Pn(ω) e

iω(r/c1) (1.7)
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Figure 1.2: (a) Sketch illustrating parameters used for the computation of reflection coefficient Rc

and geometry for source and receiver position. The dashed arrow indicates the additional travel paths

rg for the ghost signal. (b) Ghost spectrum |G(ω)| for different incident angles θ1

G(ω) = 1 +Rc e
iω(rg/c1) (1.8)

where the term S(ω) is the direct signal to the receiver and the term G(ω) is the ghost

reflection. Therefore, the impact of the ghost on the frequency spectrum of the source

signature at the receiver can be described as (Amundsen, 1993)

|G(ω)| = |1 +Rc e
iω(rg/c1)| (1.9)

This ghost spectrum is shown for different incident angles θ1 in Figure 1.2(b). It should be

noted that Equation 1.9 is only valid in the far-field. For computations in the near-field the

correct distance for rg needs to be found from the geometry. As an example for the ghost

impact, the signal recorded at a receiver in the far-field vertically below a point source,

which emits a spike function, is modelled and shown in Figure 1.3. The point source is

located at two different depths zs to demonstrate the difference in the ghost notches that

are located at (Parkes and Hatton, 1986; Amundsen and Zhou, 2013)

fn =
c1
2zs

n , with n = 0, 1, 2, ... (1.10)

The received pressure signal in the far-field from every point source submerged in water

at a single depth has these notches in the frequency spectrum related to its depth. It should

be noted that the notch at 0 Hz exists for all source depths.
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Figure 1.3: Top: Reflected spike function from the sea surface for two different source depths zs,

assuming Rc = -0.9994. Bottom: Corresponding frequency spectra, that can also be described by

the ghost function (Equation 1.9).

1.2.2 The Airgun

To understand the signal generated by an airgun, we need to describe the source and the

acoustic pressure emitted by the source. The airgun is a mechanical device that releases

high pressure air from a chamber into the surrounding water (Giles, 1968). This air forms

an expanding bubble due to the higher pressure inside the bubble compared to the water.

As it expands the pressure decreases and the bubble reaches a size where the pressure

inside the bubble is lower than in the surrounding water. Therefore, the air bubble contracts

again and the internal pressure increases. This oscillation is repeated until the bubble

reaches the water surface or it is dissipated in water. A sketch of an airgun and photos

from one oscillation period while an airgun is fired are shown in Figure 1.4. The sketch

indicates the chambers that are filled with compressed air through the pressure cable, the

shuttle that opens when the air gun is triggered by the solenoid and the gun ports where

the air is released when fired. The maximum bubble radius in Figure 1.4 is reached after

11 ms and at 22 ms the bubble size is close to its minimum due to the contraction.

The first physical description of an oscillating bubble in an inviscid, incompressible and

infinite medium was done by Rayleigh (1917). Later, several different models for an

oscillating bubble are derived which account for more physical effects, e.g. energy dissi-

pation effects of the bubble, as heat transfer and mass transfer, or compressibility effects

(Kirkwood and Bethe, 1942; Gilmore, 1952; Keller and Kolodner, 1956; Plesset and Pros-
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Figure 1.4: Simple sketch of an airgun and photos from a 1.6 in3 gun fired in a water tank at different

times as indicated (illustrations from Langhammer (1994)).

peretti, 1977; Ziolkowski, 1970). For the following description the equation by Kirkwood

and Bethe (1942) is used with additional damping factors as given by Landrø and Sollie

(1992)

R̈ =

(
1 + Ṙ

C

)
H +

(
1− Ṙ

C

)
R
C Ḣ − 3

2

(
1− Ṙ

3C

)
Ṙ2 − αṘ+ βṘ2

R
(
1− Ṙ

C

) (1.11)

where R, Ṙ and R̈ are the bubble radius, velocity and acceleration, respectively. The

sound velocity in water at the bubble wall is denoted by C and α and β are damping and

empirical coefficients accounting for energy losses on the bubble oscillation. H is the

enthalpy at the bubble wall given as (Ziolkowski, 1970; Landrø and Sollie, 1992)

H =
n(p∞ +B)

(n− 1)ρ∞

[( Pb +B

p∞ +B

)(n−1)/n

− 1
]

(1.12)

where n and B are constants depending on the fluid and for water n ≈ 7 and B ≈ 3000

bar (Gilmore, 1952). The hydrostatic pressure is denoted by p∞, ρ∞ is the water density

and Pb is the pressure in the liquid at the bubble wall. The sound velocity at the bubble

wall can be described as (Ziolkowski, 1970)

C = c∞
( Pb +B

p∞ +B

)(n−1)/2n

(1.13)

where c∞ is the sound velocity in undisturbed water. The pressure at the bubble wall is

given as (de Graaf et al., 2014b)

Pb = p∞
(R0

R

)3γ

(1.14)
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where γ is the polytropic index that is γ = 1.4 for adiabtic conditions between the air

bubble and surrounding water and γ = 1 for isothermal conditions. The initial bubble

radius is denoted as R0.

The acoustic pressure from an oscillating bubble propagating in an incompressible fluid

and measured at a receiver point can be described as (Gilmore, 1952)

p(r) = ρ∞
R

r

(
H +

(r3 −R3)

r3
Ṙ2

2

)
(1.15)

where r is the distance between the source and the receiver. The term (r3 − R3)/r3

vanishes in the far-field when the bubble radius is much smaller than the source-receiver

distance, R � r. In an incompressible fluid the enthalpy H can be approximated as

(Gilmore, 1952)

H ≈ Pb − p∞
ρ∞

(1.16)

The modelled acoustic pressure emitted by a 200 in3 airgun, fired with 137 bar and located

at two different source depths zs, recorded at a receiver vertically below the source at the

distance r = 1000 m is shown in Figure 1.5. The source signatures are given in bar-m

which means that the signal is corrected for geometrical spreading by multiplying with r.

This is commonly done in seismic acquisition to make signatures from different sources,

measured at different distances comparable. The ghost reflection is not considered for the
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Figure 1.5: Top: Acoustic signature generated by a single 200 in3 airgun fired at different depths

zs. Modelled at 1000 m distance from the source and corrected for geometrical spreading with 1/r,

without the impact from the ghost. Bottom: Corresponding frequency spectra.
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modelling and hence Figure 1.5 illustrates the source signature of the airgun without the

impact of the sea surface, but still accounting for different hydrostatic pressure values with

varying source depths zs. In marine seismic acquisition this is referred to as the notional

source signature (Ziolkowski et al., 1982). We notice the increase of the bubble time pe-

riod TB for shallower sources and how this shifts the spectrum towards lower frequencies.

The same computation is repeated, but adding the ghost effect to the modelled pressure at

the receiver (Figure 1.6). We notice how the ghost effect creates notches in the spectra at

frequencies fn (Eq. 1.10) and how frequencies are boosted, e.g. between 25 and 75 Hz for

the source at zs = 7.5 m according to Figure 1.3. For frequencies below 10 Hz the spectrum

looks very similar for both source depths (Figure 1.6, bottom), indicating that the ghost

reflection and bubble effect counteract each other. The main characteristics of the acous-

tic signature from an airgun can be described by this model and common parameters to

characterize the signature are the primary peak amplitude P , the primary peak-to-peak am-

plitude PP , the bubble time period TB and the primary-to-bubble ratio P/B (Figure 1.6).

These parameters are given for the source strength at 1 m distance from the source which

means that the signal is multiplied by r to correct for geometrical spreading. Empirical re-

lations to estimate these source signature characteristics for different source volumes and

depths are given by Vaage et al. (1983).

This is a simple model and in practice there are more effects that have an impact on the

source signature and bubble oscillation from a single airgun, e.g. the airgun design, heat
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Figure 1.6: Top: Acoustic signature generated by a single 200 in3 airgun fired at different depths

zs (as in Figure 1.5). Modelled at 1000 m distance from the source and corrected for geometrical

spreading with 1/r, with the ghost and Rc = -0.9994. Bottom: Corresponding frequency spectra.
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transfer or viscosity. Studies on the viscosity effect are presented by Langhammer and

Landrø (1993a) or King (2016). The heat transfer at the bubble wall is discussed by Plesset

and Zwick (1952), Nigmatulin et al. (1981) or Ziolkowski (1982). The effect of water

temperature on the bubble oscillation is demonstrated by Langhammer and Landrø (1993b)

and Landrø (2014). The impact of the shuttle motion and gun port shapes on the source

signature is discussed by Johnston (1982) and Dragoset (1984). How the airgun body

itself can impact the bubble oscillations is discussed by Schulze-Gattermann (1972). An

overview of several mechanisms acting at the same time is given by Li et al. (2010) or

de Graaf et al. (2014b).

We have illustrated the acoustic signature generated by a single airgun. In marine seismic

acquisition source arrays which consist of several airguns, typically 25-50, are commonly

used (Dragoset, 2000). An example of an airgun source array, consisting of 30 airguns with

a total volume of 4470 in3 and arranged in three sub-arrays is shown in Figure 1.7. The use

of arrays has two main benefits. First, the source strength is increased and hence the signal

can image deeper areas in the subsurface. Second, the bubble oscillation can be removed

by deploying airguns with different volumes in the array. Due to different bubble periods,

only the main peaks of the individual airguns add up while the bubble signal vanishes.

This leads to a source signature that is closer to an ideal impulsive seismic wavelet that

can be handled easier in data processing (Dragoset, 2000). When single airguns are fired

close together in an array, the signature of each individual source is influenced by the

neighbouring sources (Ziolkowski et al., 1982). How the signature of an airgun array can

be computed accounting for these interactions is demonstrated by Ziolkowski et al. (1982)

and Parkes et al. (1984).

Figure 1.7: Common geometry of a seismic source array consisting of 3 sub-arrays, indicated by its

source depths zs1, zs2 and zs3 (Landrø et al., 2013). A single gun is shown as a circle and its volume

is given in in3. Sub-array 3 (bottom) has the same source volume as sub-array 1. Photos show a

random single sub-array (courtesy of PGS) and a full source, consisting of two source arrays with

3 sub-arrays each, towed behind a vessel (courtesy of the International Association of Geophysical
Contractors. Used with permission).
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Figure 1.8: Top: Acoustic signature generated by the source array shown in Figure 1.7 for different

depths of the sub-arrays. Modelled at 1000 m distance from the source and corrected for geometrical

spreading with 1/r, with the ghost and Rc = -0.9994. Bottom: Corresponding frequency spectra.

The source array can be tuned by deploying sources at different depths (Moldoveanu,

2000; Cambois et al., 2009) or firing individual guns with a small time delay (Abma and

Ross, 2013, 2015). This tuning should lead to decreased notches in the frequency spectrum

caused by the ghost reflection and hence broadens the usable frequency band. In addition,

the time delay between individual airguns can result in a smaller peak amplitude which

could reduce the environmental impact Abma and Ross (2015). Further advancements are

made in the shot separation in marine seismic acquisition which are commonly large, 25

m - 50 m, to avoid interference with previous shots in the recorded data (Berkhout, 2008).

Recent developments in processing (Abma et al., 2015; Robertsson et al., 2016; Jennings

et al., 2018) allow for a denser shot point separation, which is referred to as simultaneous

source acquisition or blended acquisition. That idea might be expanded to a continuous

shooting and recording in marine seismic acquisition as discussed by Hegna et al. (2018).

The signature from the airgun array shown in Figure 1.7 is modelled using the software

Nucleus (PGS, 2018) and is shown in Figure 1.8. The source-receiver distance, r = 1000

m, firing pressure, pf = 137 bar, and source depths zs are the same as for the single airgun

(Figure 1.6). The modelling is performed for a constant source depth of all sub-arrays and

for variable source depths between the sub-arrays. For the modelling with variable source

depths, the firing time of the deeper sub-array at zs2 = 7.5 m is delayed by td = 2.5 m /

1500 m/s = 1.7 ms, to align the downgoing signal. We note how the array increases the

source strength and reduces the bubble oscillations compared to the signature of a single

gun below 100 Hz (Figure 1.6). In addition, the source array with variable source depths

fills the notch in the frequency spectrum at 150 Hz related to the ghost (Figure 1.8).
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1.2.3 Alternative Sources

The following list gives an overview of common marine seismic sources that are in use

today or that are in the development phase. The main working principal of the source

is listed together with references for a more detailed description. An overview that also

includes sources used in the past can be found in Lugg (1979) or Langhammer (1994)

or for new source developments in Mougenot et al. (2015). The conventional airgun is

neglected in the list as it was already described in detail.

Marine Vibrator: A moving plate or membrane driven by hydraulic or electromechanical

systems that generates a sweep in water. A few field examples of marine vibrators are

demonstrated by Jenkerson et al. (1999), Tenghamm and Long (2006), Ozasa et al. (2015)

or Pramik et al. (2015). To develop a commercially viable marine vibrator that can produce

comparable source output levels as common marine seismic sources, like airguns, a Joint

Industry Project (JIP) was initiated in 2011 (Schostak et al., 2015) and first tests from

prototypes are presented by Jenkerson et al. (2018) and Roy et al. (2018). If these marine

vibrators can produce comparable output to seismic airguns, they would provide several

additional advantages. The phase, amplitude and bandwidth of marine vibrators can be

controlled with high precision (Jenkerson et al., 2018). These benefits can result in a better

source separation for simultaneous source acquisition, a reduced environmental impact due

to lower peak amplitudes or a more efficient operation in shallow waters (Jenkerson et al.,

2018).

eSource: A newly development airgun that has better control on the air released from the

gun chamber to reduce the main peak and hence the high frequency emission. It was de-

velopment to reduce the impact on marine life while preserving the bandwidth needed for

seismic imaging. The development of the source is described by Coste et al. (2014), Gerez

et al. (2015) and Groenaas et al. (2016). A comparison between conventional airguns and

the eSource is demonstrated by Li and Bayly (2017).

Wolfspar: A large vibrator-type source, that is designed to generate specific ultra-low

frequencies needed for the computation of velocity models in full waveform inversion

(Dellinger et al., 2016). The first field trial with the Wolfspar source is accomplished in

2018 (Pool et al., 2018).

Tuned Pulsed Sources: An evolution of an airgun that has much larger chamber volumes

and lower firing pressures than the conventional airgun (Ronen et al., 2015; Chelminski,

2015). The source is intended to have a slower rise time and lower amplitude of the main

peak, a longer bubble time period and should create less cavitation. This can result in

an increase of the low frequency content in the source signature while reducing the high

frequency emission. A modelling study and a first field test are demonstrated by Watson

et al. (2016) and Ronen and Chelminski (2018), respectively.

Waterguns: The source generates a water jet by a rapid movement of a piston. This leads

to a collapsing cavity which acts as the acoustic source. The source was first described

by Avedik and Combe (1973) and Renard et al. (1974). Investigations of the source sig-

nature from waterguns are demonstrated by French and Henson (1978), Fail (1983), Safar
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(1984), Safar (1985a), Safar (1985b), Safar (1986), Lugg and Brummitt (1986), Tree et al.

(1986) and Landrø et al. (1993). A comparison between airgun and watergun signatures is

described by Hutchinson and Detrick (1984) and Deri (1987).

GI Gun: An airgun consisting of two firing chambers, referred to as generator (G) and

injector (I) (Landrø, 1992). The air from the generator is released in the same way as for a

conventional airgun. The air from the injector is released with a time delay corresponding

to the time when the air bubble created from the generator is close to its maximum size.

Therefore, the bubble oscillation is strongly reduced and the source signal is characterized

by a clean primary pulse (Landrø, 1992).

Sparker: The sudden discharge of high voltage electrical energy at one or more elec-

trodes underwater forms a plasma bubble which rapidly expands and collapses (Lugg,

1979; Langhammer, 1994). Due to the condensation of the steam into water during the

bubble growth and collapse, little gas is left in the bubble and only one oscillation occurs

(Lugg, 1979).

Boomer: An electromagnetically driven source where a plate is hold against a coil by

heavy springs or rubber bumpers (Edgerton and Hayward, 1964; Mosher and Simpkin,

1999). The coil is connected to a capacitor bank that is discharged when the source is trig-

gered. This discharge induces eddy currents inside the plate which leads to rapid repulsion

of the plate from the coil. A cavity is formed due to the movement of the plate which acts

as the acoustic source (Edgerton and Hayward, 1964). A seismic survey with a boomer

source that images a fluvial channel system and shallow gas accumulations is presented by

Müller et al. (2002).

1.3 Marine Seismic Receiver

So far we discussed marine seismic sources (Figure 1.1) and how the emitted signature

from an airgun looks like. To receive the desired information about the subsurface we

need to record the emitted signal with suitable sensors. We discuss two common seismic

receiver types which differ in their positioning (Figure 1.1) and in the physical quantities

that they measure. First, we describe seismic streamers which are towed behind the vessel.

Second, ocean bottom surveys are described which are conducted at the sea bottom.

1.3.1 Seismic Streamer

Streamers are long cables equipped with hydrophones that measure the acoustic pressure

in water. In addition, the dual sensor streamer developed by PGS is able to record the

vertical particle motion (Tenghamm et al., 2007). The streamers are towed behind the

vessel and they are filled with fluid or foam so that they float in water. Additional devices

are mounted to the streamers to control and measure its depths and positioning in water

(IAGC and OGP, 2011; IAGC, 2013). More detailed studies about seismic streamers and
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their positioning are demonstrated by Pedersen and Sørensen (2001) and Grindheim et al.

(2017). The main components are shown in Figure 1.9 and their main function is explained

below.

1. Deflector: controls the spread and position when several streamers are towed parallel

behind the vessel in 3D surveys.

2. Front buoy: controlling the depth and position of the streamer.

3. Birds: mounted at several locations along the streamer to control the depth and

steering of the cable.

4. Tail buoy: measure the streamer position and to act as a warning sign for the sub-

merged streamer visible on the surface.

5. Acoustic Positioning System and Magnetic Compasses: to measure the orientation

and position of the streamer

The sensors are grouped into smaller sections, commonly 12.5 m or 25 m, to reduce the

noise generated by the streamer on a single hydrophone (Figure 1.9). The signals from

Figure 1.9: Common seismic streamer set up for 3D seismic acquisition. For 2D acquisition only

one streamer is towed behind the vessel (Figure 1.1).
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each group are digitized as an averaged signal, called trace, and send to the processing cen-

ter on-board the vessel. The hydrophones are able to record signals stronger than about 2

μbar for frequencies above 5 Hz that is the noise level in calm weather conditions (Landrø

et al., 1989; IAGC, 2013). For frequencies below 5 Hz the noise levels could be about 7-8

times stronger. In rough weather conditions these noise levels can be increased by a factor

of 3-4. It should be mentioned that there is a streamer system designed for high resolu-

tion, shallow subsurface imaging, referred to as P-cable system (Planke and Berndt, 2002;

Planke et al., 2009; Petersen et al., 2010). The system consists of 12-24 short streamers,

about 25 m long, with a small spacing of about 10 m between each streamer. A smaller

source size than for conventional 3D seismic is used.

The recorded signals on the streamer are effected by the ghost similar to the source (Fig-

ure 1.2(b)) that creates notches in the frequency band of the data depending on the towing

depth. For the receiver side there are two main solutions in seismic acquisition to tackle

the ghost problem. The first is the already mentioned dual sensor that measures pressure

and vertical particle motion. The pressure is reflected with opposite polarity from the sea

surface while the ghost signal for the particle motion has the same polarity as the incident

wave field. Therefore, the pressure and particle motion can be used complementary to re-

move the ghost effect (Carlson et al., 2007; Tenghamm et al., 2007). The second solution

is the towing of a slanted streamer, so that the sensors are at different depths. Therefore,

the diversity of the notches can be used to compensate for the ghost effect (Soubaras and

Lafet, 2013; Dhelie et al., 2014). In addition, further processing techniques might be used

to remove the ghost from the measured data (e.g. Amundsen and Zhou (2013), Mayhan

and Weglein (2013) or Hicks et al. (2014)).

1.3.2 Ocean Bottom Surveys (OBS)

Surveys with receivers located at the ocean bottom can be performed with different sys-

tems (IAGC and OGP, 2011; Landrø and Amundsen, 2018). The first consists of single

nodes which are planted into the seafloor. These surveys can be performed by remotely

operated vehicles (ROVs) that set out and recover the receivers at seabed. Alternatively,

the nodes can be attached to a steel wire that lowers the rope with the receivers directly

from a vessel and later they are recovered again by the vessel. Another system uses cables

with sensors inside. The cables are deployed on the seabed from the vessel and either stay

connected to the vessel which records the data or the cables are attached to buoys where

the data can be saved (Landrø and Amundsen, 2018).

Ocean bottom receivers are commonly equipped with four sensors measuring the pressure

and the particle velocity in the vertical and two perpendicular horizontal directions. A

few advantages of OBS surveys compared to seismic streamer acquisition should be men-

tioned. First, there is a higher flexibility of acquisition geometries as the cables are fixed

on the seafloor and the shooting vessel can operate at nearly any pattern above the receiver

array (Landrø and Amundsen, 2018). Second, the recording of shear waves can reveal

more information about the subsurface in addition to recordings of pressure waves only.

This includes information about different fluids in the rock formations as shear waves are
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insensitive to the fluid content or investigations of anisotropy which could be estimated

from shear wave splitting (Crampin, 1985). In addition, ocean bottom receivers could be

permanently installed at the ocean floor (van Gestel et al., 2008; Bertrand et al., 2014).

Although the installation of permanent systems is expensive, the accuracy for time-lapse

measurements can be improved. Permanently installed system can also be used to conduct

time-lapse investigations using noise recordings over longer time periods (Mordret et al.,

2014; de Ridder and Biondi, 2015). Another technology development is the step from

electric sensors to fiber optic sensor technology which can have a longer life-time, higher

dynamic range and could be less expensive (Eriksrud et al., 2009).

1.4 Noise Sources and Environmental Impact

Beside the desired signal that contains information about the subsurface, several other

signals are recorded by the seismic sensors which are considered as noise (Equation 1.1).

We elaborate more on the noise sources in the first part of this section and list references

tackling the problem of removing the noise. In the second part, the environmental impact,

e.g. the influence on marine mammals, of seismic acquisition is discussed as research on

that topic has increased within the last years. This part serves more as an introduction with

literature recommendations for the interested reader.

1.4.1 Noise in Seismic Acquisition

The most common noise sources that have an impact on the data recorded in marine seis-

mic acquisition are swell and flow noise caused by the flow surrounding the streamer and

interference noise that is related to nearby seismic vessels, previous shot noise or ship traf-

fic (Elboth, 2010). These noise sources are mostly valid for streamer data while receiver

at the ocean bottom are less or not at all effected by these mechanisms. The strongest

noise occurs below 2-3 Hz related to hydrostatic pressure fluctuations caused by ocean

swell (Smith, 1999; Elboth et al., 2009, 2010a). The ocean waves also cause turbulent

flow along the streamer generating noise mainly between 2-15 Hz (Elboth et al., 2010a).

An additional noise source for frequencies below 15 Hz might be bulge waves that travel

along the streamer cable (Bjelland, 1993; Dowling, 1998; Elboth, 2010). The noise lev-

els on streamer data for different weather conditions and sea states are demonstrated by

Landrø et al. (1989) or Smith (1999). An example for the impact of weather noise on a

seismic streamer is shown in Figure 1.10. Note that the counting starts at the tail buoy of

the streamer and hence the streamer at 3000 m is closest to the towing vessel. The rms

amplitude is computed as an average of 5 recordings for each trace with a recording length

of 7 s. It should be mentioned that the noise level is almost the same for both sea states

when the low-cut filter is applied.

The impact of interference noise, e.g. from other seismic vessels or previous shots, is

demonstrated by Lynn et al. (1987) and Landrø (2008). Only considering the previous

shot as the noise source Landrø (2008) demonstrate on an example that it takes longer
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Figure 1.10: Noise recorded along the traces of a 3000 m long streamer towed at 9-12 m depth with

a sample rate of 2 ms for two different weather conditions. Data is shown without a low-cut filter

(solid line) and with a 5.3 Hz low-cut filter applied (dashed line) (data reproduced from Landrø et al.

(1989)).

than the commonly used 10 s shot separation to reach the ambient noise level on the

receiver again. Therefore, the shot noise could be important for measurements as time-

lapse seismic where a high signal-to-noise ratio is important to resolve small changes in

the subsurface. An example for the impact of ship traffic and shot noise on a seismic

streamer is shown in Figure 1.11. The two ships, tanker and coastal ship, pass by the end

of the streamer and hence they are closest to the streamer position at 0 m. For the tanker

the distance is around 8 km to streamer position at 0 m and ca. 10 km to the end at 3000 m

(Landrø et al., 1989). For the shot noise a time window between 10 - 14 s is chosen as the

common interval between shots in seismic acquisition is 10 s. It should be noted that both,

the traffic and shot noise, are above the noise level from the weather noise (Figure 1.10,

dashed lines).

Potential methods to remove the noise from the measured data during signal processing

are discussed by Schonewille et al. (2008), Elboth et al. (2010b) or Dondurur and Karsli

(2012). In particular for the interference noise methods are presented by Fookes et al.

(2003), Brittan et al. (2008) or Gulunay (2008). Reducing the flow noise on streamers

during acquisition could be achieved by coating the streamer with a material that makes the

surface hydrophobic (Elboth et al., 2012). The noise caused by the bulge wave propagating

within the streamer could be reduced by incorporating a stiff package that encloses the

hydrophone (Dowle and Maples, 2006).

Other noise sources, which are not discussed here, but could have an impact for particular

cases are instrument noise, propeller cavitation noise or general background noise (Elboth,

2010).
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Figure 1.11: Ship traffic noise along the traces of a 3000 m long streamer towed at 9-12 m depth

with a sample rate of 2 ms for two different ships passing by at different distances with approximate

average distance indicated. The shot noise is recorded for a time window of 10-14 s after the shot was

fired. The data is filtered with a 5.3 Hz low-cut filter (data reproduced from Landrø et al. (1989)).

1.4.2 Marine Seismic Survey Impact on the Environment

Marine seismic acquisition is one anthropogenic contributor to the increased noise level in

the oceans within the last decades. The increased ship traffic, pile driving for offshore con-

structions or naval activities are further examples. Overviews of anthropogenic and natural

noise sources in the ocean are given by Hatch and Wright (2007), Dahl et al. (2007), Hilde-

brand (2009) or André et al. (2011). The impact of marine seismic acquisition on marine

life is mostly investigated for cetaceans which include whales, dolphins and porpoises. The

sound impact is often evaluated considering two measures that are the sound pressure level

(SPL) accounting for the peak amplitude of the signal and the sound exposure level (SEL)

accounting for the emitted energy with time (Southall et al., 2007). The impact on marine

mammals could be divided into three main categories that range from behavioural changes

caused by noise, acoustic interference with signals used for communication and localiza-

tion to physiological damage of the hearing system of marine mammals (Richardson et al.,

1995; Nowacek et al., 2007). Hearing thresholds are defined by Southall et al. (2007)

for the cetaceans in three groups which are sensitive in different frequency bands. These

groups are defined as low-frequency (LF-) cetaceans, mid-frequency (MF-) cetaceans and

high-frequency (HF-) cetaceans which are sensitive in the frequency ranges between 7

Hz - 22 kHz, 150 Hz - 160 kHz and 200 Hz - 180 kHz, respectively. As marine seismic

source signals, especially from airguns, are strongest below 150 Hz they interact most

with the LF-cetaceans which include mainly baleen whales (Southall et al., 2007). Air-

guns also emit signal above 150 Hz which are often of no interest for seismic imaging and

hence could be reduced. The high frequencies from seismic acquisition are related, for
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instance, to the steep rise time of the main peak when the air is rapidly released from the

airgun (Groenaas et al., 2016) or due to cavitation processes as discuss by Khodabandeloo

(2018). Studies on the impact of seismic airgun surveys on baleen whales are presented by

Di Iorio and Clark (2010), Dunlop et al. (2015), Dunlop et al. (2016) or Cato et al. (2013).

The impact on the hearing of harbor porpoises after exposure to airguns is discussed by

Kastelein et al. (2017). The influence of a single watergun on odontocetes, which are

toothed whales, is investigated by Finneran et al. (2002). Concepts on how to monitor

marine mammals and mitigate the impact of seismic surveys on marine life are presented

by Nowacek et al. (2015) and Racca and Bröker (2018). How injury zones or protection

areas around seismic sources are computed is demonstrated by Laws (2012), Breitzke and

Bohlen (2012), Ainslie et al. (2016) or Tulett and Laws (2016). When marine mammals

are observed within this zone the acquisition needs to be stopped. Kragh et al. (2012) and

Laws (2013) discuss ways to reduce the seismic source strength without sacrificing too

much quality of the recorded seismic data. Alternative marine seismic sources that could

reduce the environmental impact were also discussed in Section 1.2.3. Further studies on

the impact of seismic surveys on fish are presented by Wardle et al. (2001), Popper (2005),

Fewtrell and McCauley (2012) or Carroll et al. (2017).
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1.6 Experimental data availability

Parts of the data from the experiments presented in this thesis are accessible on the site

below via the item Research Data.

https://explore.openaire.eu/search/project?projectId=corda__h2020::

4fd88476be793fa7221dfd08861eb938

For further information and questions about the data you could directly contact the author

via:

https://www.researchgate.net/profile/Daniel_Wehner2

In addition, an interesting study on airgun measurements was conducted within the E&P

Sound and Marine Life Joint Industry Project, referred to as Svein Vaage Broadband Air-

gun Study (Mattson, 2010). It is planned to make the data freely available within 2019

and further information can be found on the website from the JIP, Sound and Marine Life

(2018) and Bröker et al. (2018).
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Chapter 2

Low-frequency acoustic signal
created by rising air-gun bubble

Daniel Wehner1 and Martin Landrø2

1 NTNU, Department of Geoscience and Petroleum, 7031 Trondheim, Norway
2 NTNU, Department of Electronic Systems, 7491 Trondheim, Norway

published in Geophysics, Vol. 82, No. 6 (November-December 2017); P. P119-P128.
DOI: 0.1190/GEO2016-0674.1

2.1 Abstract

In the seismic industry there is increasing interest in generating and recording low frequen-

cies, which leads to better data quality and can be important for full waveform inversion.

The air gun is a seismic source with a signal that consists of the main impulse (1), oscillat-

ing bubble (2) and rising of this air bubble (3). However, there has been little investigation

of the third characteristic. We demonstrate a low frequency signal that could be created

by the rising air bubble and show the contribution to the low frequency content in seismic

acquisition. We use a simple theory and modeling of rising spheres in water and compute

the acoustic signal created by this effect. We conduct tank and field experiments with a

submerged buoy that is released from different depths and record the acoustic signal with

hydrophones along the rising path. The experiments simulate the signal from the rising

bubble separated from the other two effects (1,2). Furthermore, we use data recorded be-

low a single air gun fired at different depths to investigate if we can observe the proposed

signal. We find that the rising bubble creates a low frequency signal. Compared to the

main impulse and the oscillating bubble effect of an air gun signal, the contribution of the

rising bubble is weak, in the order of 1/900 depending on bubble size. By using large air

gun arrays tuned to create one big bubble, the contribution of the signal could be increased.

23



The enhanced signal could be important for deep targets or basin exploration as the low

frequency signal is less attenuated.

2.2 Introduction

The interest in enhancing the low frequency content in seismic data has increased within

the last years as there are three main benefits due to broadband seismic data. Low frequen-

cies reduce the sidelobes of wavelets leading to higher resolution, they penetrate deeper

into the earth as they suffer less from attenuation and low frequency data are important

for seismic inversion (ten Kroode et al., 2013). A general overview of recent advances in

broadband seismic is given by Robertsson et al. (2013) who divide the topic in benefits

of low frequency data, new methods in processing, imaging processes and advances in

acquisition of low frequency data. This study focuses on acquisition and more precisely

on a source mechanism of seismic air guns that potentially could create low frequencies.

In marine seismic acquisition the data recording has improved due to two main approaches.

On one hand, data is recorded with variable depth streamers. Dhelie et al. (2014) show

data from a snake streamer acquisition where the receivers are located at different depths

while Soubaras and Lafet (2013) explain processing techniques for variable streamer depth

acquisition. Additionally, Hicks et al. (2014) demonstrate that advanced processing of

flat streamer data could reveal similar results as advanced processing of variable depth

streamer. On the other hand, multi-component receivers are used to measure pressure

and particle velocity (Carlson et al., 2007) at the same depth. Using proper processing

techniques, both methods reduce the notches in the frequency spectrum that are related

to the ghost reflections from the surface (Ikelle and Amundsen, 2005). The improved

data quality is achieved by separation of the up- and downgoing wave field. Furthermore,

Landrø et al. (2014) suggest to use geophones instead of hydrophones at the ocean bottom

to record more signal in the low frequency band.

On the source side, Moldoveanu (2000) suggests to fire air guns on a vertical source array

configuration where two air gun arrays are located at different depths. These arrays can

be fired simultaneously or with a little time delay between individual air guns (Abma and

Ross, 2013). Firing source arrays at different depths with a time delay to create a con-

structive downgoing wave field is beneficial for low frequencies (Cambois et al., 2009).

Shooting the air guns at variable depths is another approach to improve the frequency con-

tent of the signal (Haavik and Landrø, 2015). These methods are still under investigation

and the more complicated the shooting pattern the more demanding is the processing of

the data. If the processing can be handled, the sequential shooting at various depths seems

promising for an increased low frequency signal.

As the previous developments are related to array design, there are also improvements on

single sources. Coste et al. (2014) present a new design of air guns that reduces amplitudes

at high frequencies to mitigate the effect on marine mammals. In addition, major research

efforts are carried out on marine vibrators. On land, seismic vibrators can produce low
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frequency signals very efficiently and reproducible (Wei et al., 2012). In the marine area,

this is still challenging. However, Pramik et al. (2015) and Ozasa et al. (2015) show

promising results for this technique. Furthermore, Meier et al. (2015) illustrate a marine

dipole source that would increase especially the energy content at the low frequency end

of the spectrum. Recently, an ”FWI-friendly” vibrator-type source that focuses on creating

ultra-low frequencies is presented by Dellinger et al. (2016).

In this paper we like to explore a mechanism from seismic air guns that could be partly re-

sponsible for the creation of low frequencies. Landrø and Amundsen (2014a) discussed the

impact of source depth on the low frequency output where they found enhanced low fre-

quencies (below 1 Hz) for shallow source depths at 3.00 m compared to 7.50 m. Based on

this result, they suggested that these low frequencies could be created by the rising of the

air gun bubble in the water column (Landrø and Amundsen, 2014b). We present a simple

theory and modeling that explains the signal from a rising sphere that is extensively stud-

ied in fluid dynamics. Furthermore, we compare the theoretical results with data recorded

during tank and field experiments where a submerged buoy is released from different wa-

ter depths. The experiment should separate the signal created by the rising bubble from

the main impulse and oscillating behavior of the air gun bubble which are much stronger

in amplitude. Additionally, we check the model against single air gun recordings from

different depths to demonstrate that the acoustic signal of a rising air bubble can be mea-

sured. Finally, we investigate the exploitation of the signal for real applications in seismic

exploration and crustal studies. The results should prove the existence of the signal from a

rising air gun bubble and hence reinforce the proposed mechanism by Landrø and Amund-

sen (2014b).

2.3 Theory

We are interested in the acoustic signal created by a rising air bubble only. Therefore, the

movement of a sphere through a fluid and the corresponding pressure distribution around

the sphere are described.

If a sphere is submerged in water, gravity, buoyancy and drag are the forces acting on the

object. The problem is well described in fluid dynamics where it is seen similar to the flow

around a fixed sphere (Morrison, 2013). The force balance, assuming that the movement

is in z-direction only, is given as (Morrison, 2013)

FB − FG − FD = maz , (2.1)

with

FB = V ρfg , (2.2)

FD =
1

2
ρfCDAv2z , (2.3)

FG = V ρsg , (2.4)
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where FB is the buoyancy, FD the drag and FG the gravitational force. The volume

and cross-sectional area of the sphere are denoted by V = 4
3πR

3 and A = πR2 with

radius R, while ρs is its density and m the mass. The density of the fluid is ρf , g is the

gravitational acceleration and CD is the drag coefficient that depends on the fluid type.

The vertical velocity and acceleration is denoted by vz and az , respectively. Equation 2.1

can be reorganized to solve for the acceleration

az =
FB − FG − FD

m
. (2.5)

Integration of Eq. 2.5 gives us the velocity, and further integration gives the position of

the sphere (Halliday et al., 2003).

vz =

∫
azdt (2.6)

z =

∫
vzdt (2.7)

The velocity vz is an important quantity for the source term of the acoustic signal as we

will see later. The buoyancy and gravitational force are constant assuming that the size and

density of the sphere are not changing and g is constant. However, the drag force depends

on vz and CD (Eq. 2.3) that change over time. The drag coefficient CD is dependent on

the Reynolds number that discriminates between laminar and turbulent flow and is given

as (Morrison, 2013)

Re =
vzD

ν
, (2.8)

where D is the diameter of the sphere and ν the kinematic viscosity of the fluid. The

empirical relation between drag coefficient and Reynolds number is shown in Figure 2.1

(Morrison, 2013). So far we are able to describe the movement of a rising sphere assuming

perfect spherical shape with a constant size and density.

The pressure distribution surrounding the sphere created from this movement depends

on the flow regime, whether it is laminar or turbulent. For laminar flow the pressure

distribution CP is given as (Michelson, 1970)

CP = 2
R3

r3
− 3

R3

r3
sin2(θ)− R6

r6
cos2(θ)− R6

4r6
sin2(θ) , (2.9)

where r is the distance to the observation point and θ is the angle surrounding the sphere.

Figure 2.2(a) shows the pressure around a sphere for laminar flow where the amplitude is

normalized to the maximum value. For Reynolds numbers higher than Re = 2100 turbulent

flow is expected (Reynolds, 1883). Achenbach (1972) already performed flow experiments

around a fixed sphere within a turbulent flow regime where the pressure behind the sphere

changes with respect to laminar flow. Figure 2.2(c) shows results for different Reynolds

numbers where we have negative pressure behind the sphere instead of positive pressure

as in the laminar case. We modify Eq. 2.9 according to the experimental results from

Achenbach (1972). The pressure distribution from 0 to 110 degrees is assumed to be the
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Figure 2.1: Empirical relation between drag coefficient and Reynolds number from experimental

data (Morrison, 2013). The area between dashed lines indicates expected Reynolds numbers for our

experiments.

same as for the laminar case, whereas the pressure distribution from 110 to 180 degrees is

set to a fixed value taken from the angle at 110 degrees. This leads to a negative pressure

behind the sphere (Figure 2.2(b)) fitting the experimental data from Achenbach (1972).

The source strength which gives the acoustic energy density emitted by the rising sphere is

controlled by its velocity vz (Eq. 2.6). A terminal, constant velocity will be achieved when

the forces (Eq. 2.1) are in balance which defines the upper limit for the source strength.

The source term can be written as (Morrison, 2013)

S =
ρfv

2
z

2
. (2.10)

The modified Eq. 2.9 combined with Eq. 2.10 is the pressure field emitted from the rising

sphere in the near-field with an amplitude decay of R3

r3 (Eq. 2.9). Hence, the near-field

pressure is given as

pnear = S CP . (2.11)

We estimate the transition between near- and far-field rfar at three times the source size

that is described by the radius R. In the far-field the amplitude decay is R
r according to

(Gilmore, 1952) and the emitted pressure can be written as

pfar = S CP (rfar)
R

r
. (2.12)

Here, we assume that the movement of a rising sphere is similar to the movement of the

wall of an oscillating bubble as described by Gilmore (1952). This assumption is valid for
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the movement vertically below the sphere. For radiating angles deviating from the vertical

line this assumption is less exact as the movement from the sphere is only upwards and

not towards the center as during an oscillation of a sphere. Furthermore, the pressure

calculations hold for the case of an incompressible fluid. This could be assumed as the

rising velocity of the sphere is much smaller than the velocity of acoustic sound in water

(Gilmore, 1952). However, this is a simple theory describing the acoustic pressure emitted

by a rising sphere which we think is comparable to the rising of an air gun bubble.
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Figure 2.2: (a) Pressure distribution around sphere at laminar flow (Michelson, 1970) and (b) mod-

ified pressure distribution for turbulent flow according to results of Achenbach (1972). The flow

direction is vertical, pointing in negative z-direction. (c) Experimental data from (Achenbach, 1972)

for a turbulent flow around a fixed sphere. All amplitudes are normalized to the maximum positive

pressure value.

2.4 Modeling

The movement and acoustic pressure from the rising sphere are modeled according to the

theory. The problem is solved with a finite difference approach using a two-stage explicit
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Runge-Kutta method (LeVeque, 2007)

Umid = Un +
1

2
f(Un)Δt , (2.13)

Un+1 = Un + f(Umid) , (2.14)

where U denotes the depth z, velocity vz , or acceleration az of the sphere, and Δt is the

time step, where the time t = nΔt (n = 1, 2, ...). The initial depth z0 is known and

we assume an initial velocity v0z close to zero which we can use to compute the initial

acceleration a0z . First, the quantities vz and z are computed between two adjacent time

steps with the Euler method according to Eq. 2.13.

vmid = vn +
1

2
anΔt (2.15)

zmid = zn +
1

2
vnΔt (2.16)

In a second step the drag coefficient, using the Reynolds number (Eq. 2.8) and empirical

relations (Fig. 2.1), and the drag force (Eq. 2.3) can be computed for the midpoint. Hence,

we can calculate the acceleration amid (Eq. 2.5) at the same position. We can use these

values to compute our quantities for the next time step

vn+1 = vn + amidΔt , (2.17)

zn+1 = zn + vmidΔt . (2.18)

Now, we can compute the drag coefficient, drag force, and acceleration an+1 for the new

time step and repeat the scheme. As we have the description of the moving sphere (z, vz ,

az) at all times, we can use the velocity to model the pressure field surrounding it using

Eq. 2.11 and 2.12.

The two-stage explicit Runge-Kutta method has second order accuracy (LeVeque, 2007).

But keep in mind that we make several assumptions to simplify the problem as stated at

the end of the Theory section.

2.5 Experiments

We perform experiments in a water tank and in open sea where submerged buoys of dif-

ferent sizes are released from several depths. We denote the three different buoy sizes by

bouy A, B and C. Due to practical reasons buoy A and B are used in the tank while buoy

B and C are used in the field experiment. The important parameters of all buoys are listed

in Table 2.1. In both experiments Bruel & Kjær hydrophones of the type 8105 are used

which have a frequency range between 0.1 Hz and 180 kHz. Additionally, the rising buoy

is recorded on video in the tank and field experiment to measure the depth at different time

steps and hence the velocity of the buoy.

Furthermore, we use data from an air gun experiment where a single gun was fired at

different depths in open sea (Landrø and Amundsen, 2014b).
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Buoy dimensions

Buoy name A B C

Radius, R [m] 0.10 0.12 0.145

Mass, m [kg] 0.7 1.1 2.0

Effective density, ρb, [kg/m3] 167 152 157

Table 2.1: Essential parameters of the three buoys used for the experiments.

2.5.1 Buoy experiment in the tank

Figure 2.3 shows the setup for the tank experiment. The depth and width of the tank are

indicated in the figure and the length is 6.00 m, around 3.00 m to each side of the buoy.

A weight at the bottom and a rope are used to submerge and release the buoy from four

different depths denoted by zs. A four hydrophone array is placed along the rising path of

the buoy where the first one (H1) is closest to the water surface. A video camera, located

at half the depth zs, records the rising sphere with 30 fps which means that a photo is taken

every 33 ms.

The major advantage of the tank experiment is the high accuracy that can be achieved

for the release depth zs, the depth of the hydrophones and the offset between source and

Figure 2.3: Cross-section of setup for buoy experiments in the tank. The depth and width of the

tank are indicated and the length is 3.00 m to each side of the buoy. H1, H2, H3 and H4 denote the

hydrophones, zs the release depth of the buoy and x the offset between source and receiver.
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receiver. However, some issues occur during the experiment which should be mentioned.

The rising buoy creates small gravity waves while it gets close to the surface that could

interfere with the signal of interest. Due to the limited size, side and surface reflections are

expected. We think these are negligible as we conduct the test in the middle of the tank

and measure the signal very close to the source. Although we have high precision of the

receiver and source geometry, the buoy is not a perfect sphere and turbulences are created

while the buoy rises. Therefore, the buoy is not rising along a straight vertical line which

could lead to errors in offset and hence in the amplitude estimation.

2.5.2 Buoy experiment in the field

The field experiment is conducted in a fjord in Norway and the setup is similar to the tank

experiment (Figure 2.4). During this test only two hydrophones are available. The release

depths zs and the offset x are larger compared to the tank experiment. Due to practical

reasons, buoy B and C are used for these tests. The rising buoy was again recorded by a

video camera located approximately at half the release depth.

The test was carried out to reproduce the signal from the tank experiment without a limiting

medium in x- and y-direction. One major disadvantage of this test is less accuracy in the

Figure 2.4: Cross-section of setup for buoy experiments in the field. H1 and H2 denote the hy-

drophones, zs the release depth of the buoy and x the offset between source and receiver.
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position of the buoy and hydrophones, because the visibility within the water was less

than 4 meters and the experiment was influenced by tidal effects. This led to errors for the

release depth within ±0.8 m. As already mentioned the buoy is not rising along a straight

vertical line. This effect is more pronounced if the release depth is increased. Additionally,

the background noise is higher than in the tank experiment which was also increased by a

fishing farm a few hundred meters away.

2.5.3 Airgun experiment in the field

We use air gun data recorded during a field test in a Norwegian fjord some years ago

(Landrø and Amundsen, 2014b). A single 600 cubic inch air gun was fired at four different

depths which are 3 m, 5 m, 7.5 m and 10 m, respectively (Figure 2.5). A hydrophone

recorded the signal at a constant distance of 20 m below the air gun. The total water depth

was 390 m and the weather conditions were excellent what led to good repeatability of

single shots at the same depth. That an air gun creates stable signatures is demonstrated by

Dragoset et al. (1987). The signatures of the air gun fired at the same depth show similar

characteristics for the signal under investigation.

Figure 2.5: Cross-section of setup for air gun experiments in the field. The gun is fired at four

different depth zs (3 m, 5 m, 7.5 m, 10 m) and the vertical offset zr is constant.

32



2.6 Results

The results of the buoy experiments in the tank, field and the air gun data will be compared

with the model to demonstrate that the proposed negative acoustic signal is created by a

rising bubble and that it is measurable. The amplitudes of the acoustic signal are given in

bar and 1 bar = 105 Pa.

2.6.1 Buoy in the tank

First, we compare the video recorded data with the modeled movement of a sphere to

show that the simple theory is a good approximation explaining the mechanism that is

responsible for the signal we are looking for. In Figure 2.6 the modeled depth and velocity

for the release of buoy B at zs = 0.75 m is compared with depth measurements taken from

the video. The measured velocity is computed from the depth data. The maximum error

between a measured and modeled depth is approximately 6 cm. This could be due to the

simplified model, but also to errors in the depth measurement as only one photo every 33

ms is taken. We also recognize that the velocity reaches the terminal, constant velocity at

0.25 s, before it slows down. The decreasing velocity in the model is due to less buoyancy

forces when the buoy is partly above the water surface. The good fit between the modeled

and measured movement confirms that the main behavior of the buoy is described by the

model.

We compare the measured acoustic signal from the rising buoy in the tank with the mod-
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Figure 2.6: Modeled (solid line) vs. video measured (crosses) depth position of buoy B in the tank

during rising (top) and modeled (solid) vs. video measured (crosses) velocity of buoy B in the tank

during rising (bottom).
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eled signal using the proposed theory. It should be mentioned that the recorded data is

not processed. Figure 2.7 illustrates the measured and modeled data for buoy A for two

different release depths and an offset of x = 0.15 m. The time starts when the buoy is

released and the model stops when the center of the buoy has reached the surface which is

indicated by the vertical dotted line in the figure. We observe that the model has a good fit

with the measured data showing the negative signal that we expect when the buoy passes

the hydrophone. Also the duration of the signal increases while the source depth increases

(Figure 2.7(b)). The difference in amplitude between measured and modeled data could be

due to the fact that the buoy is not rising along a straight vertical path and hence the offset

in the experiment is changing while it is constant in the model. That is confirmed as the

difference in amplitudes is more pronounced for the deeper release depths where the ris-

ing path could deviate more from a straight vertical line. The amplitudes for the negative

signal of H1 and H2 in Figure 2.7(b) are very similar indicating that the buoy could have

reached the terminal velocity. This is not the case for the shallow release depth (Figure

2.7(a)) as the rising time is too short to reach the terminal velocity. The signal after the

buoy has reached the surface, behind the dotted line, is probably related to gravity waves

in the tank due to the buoy breaking the surface.

(a) (b)

Figure 2.7: (a) Measured (top) and modeled signal (bottom) for the rising buoy A from a depth of

zs = 0.50 m. (b) Measured (top) and modeled signal (bottom) for the rising buoy A from a depth of

zs = 0.80 m in the tank according to Figure 2.3. The vertical dotted line indicates the time when the

center of the buoy is at the water surface.

In Figure 2.8 we compare the measured and modeled data for the same release depths, but

using buoy B and an offset of x = 0.18 m. The model fits the measured data well with

some differences in the amplitude. These are probably also due to changing offsets while

the buoy is rising. It should be noticed that the duration of the signal is shorter for buoy B
than A as the buoyancy of the bigger buoy is higher and hence it rises faster. The higher

velocity vz leads to higher amplitudes that could be observed if you compare Figure 2.7

and 2.8 carefully. The difference should be bigger if the same offset in both experiments

is used.
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(a) (b)

Figure 2.8: (a) Measured (top) and modeled signal (bottom) for the rising buoy B from a depth of

zs = 0.50 m. (b) Measured (top) and modeled signal (bottom) for the rising buoy B from a depth of

zs = 0.80 m in the tank according to Figure 2.3. The vertical dotted line indicates the time when the

center of the buoy is at the water surface.

2.6.2 Buoy in the field

We can verify the model once more by comparing it with the video recordings acquired

during the field experiment. The modeled and measured depth and velocity are shown in

Figure 2.9(b). Additionally, a sequence of pictures illustrates the data used for measuring

the depth (Figure 2.9(a)). The sequence starts at the upper left and finishes at the lower

right panel while going from left to right. The time step between the pictures is 50 ms

while a picture every 8 ms exists for the plots of Figure 2.9(b). We observe that the model

predicts a faster rising than the measured data with a maximum error of 13 cm for a depth

point. The deviation is higher than for the tank experiment which could be due to the

increased release depth. Therefore, the rising path deviates even more from a straight line

which leads to errors in the estimated rising time. Additionally, the release of the buoy was

more complicated because of the deep water depth and simple release mechanism, what

could also create deviations between modeled and measured rising times.

Due to the high uncertainties in the release depth and the offset it is difficult to adjust the

model to these conditions. Therefore, we only use the measured data from different depths

and both hydrophones (Figure 2.4) to demonstrate that the same signal is created in open

sea and for bigger offsets. The recorded signal for three release depths and an offset of x
= 1.25 m for buoy C can be seen in Figure 2.10. The acoustic signal is 45 Hz low pass

filtered to remove background noise (e.g. electrical noise) and the signals are aligned to

the high amplitude, high frequency signal at approximately 2.9 s (dashed line). This signal

is related to the time when the buoy breaks the surface and hits the platform (Figure 2.4)

which is therefore a good trigger at the end of the rising path.

We notice the higher noise level within the first second of the recording, but also that a
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Figure 2.9: (a) Sequence of pictures from rising buoy with time step of 50 ms. (b) Modeled (solid

line) vs. video measured (crosses) depth position of buoy C in the field during rising (top) and

modeled (solid) vs. video measured (crosses) velocity of buoy C in the field during rising (bottom).
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Figure 2.10: Recordings of H1 (top) and H2 (bottom) for release depths of 1.5 m, 2.5 m and 3.5 m

according to Figure 2.4. The signals are aligned to the buoy breaking the surface (at 2.9 s), indicated

by the vertical dotted line.

negative pressure signal starts around 1.5 s for the deepest release (red curve) and later for

the shallower releases. As the hydrophones are deeper than the buoy for most time during

the rising, this demonstrates the negative pressure below the buoy. Also the duration of the

signal increases with increasing depth. The amplitudes at each hydrophone are similar for

all depths which is reasonable if we assume that the terminal velocity is achieved 0.25 s

after the release (Figure 2.9(b)). Furthermore, we observe higher amplitudes for H1 which
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is explained by the shorter offset to the buoy while it rises. It should be also mentioned

that the negative signal has more high frequency noise than in the tank. This could be due

to the higher background noise or to high turbulences as buoy C reaches higher velocities

than A and B in the tank.

2.6.3 Airgun in the field

We need to estimate the size and density of the air gun bubble to compare our model with

the measured data. The Rayleigh equation is used to estimate the radius of the air gun

bubble and then different percentages of the maximum radius are used for the modeling.

This should be a simple approximation to account for the oscillating bubble, as different

radii have different rising velocities. For the biggest air bubble according to the shallowest

firing depth we use a radius of 75 % of the maximum value, that is 1 m. The radii of

deeper firing depths are chosen the same way with percentages of 70 %, 65 % and 60 %,

respectively. These differences should account for more and shorter oscillations that occur

at deeper depths. Additionally, the bubble gets more dissolved during longer rising paths

and therefore further away from a spherical shape. The density of the air gun bubble is

assumed to be 230 kg/m3, estimated from a fit to the modeled data. The deviation from

the density of air is due to the oscillating effect where the air is expanded and compressed.

Furthermore, the air gun bubble is not a perfect sphere and can contain water particles that

increase its density.

Figure 2.11(a) shows the recorded air gun signal 20 m below the source which is fired at

four different depths. The main impulse occurs at time t = 0 s and the amplitude scale is

cut at 15 mbar to get more focus on the signal afterwards. We observe that the amplitude

of the oscillating bubble increases and its period decreases with increasing water depth.

In Figure 2.11(b) the same signal is plotted, but zoomed to a different time window and

filtered with a 5 Hz low pass filter. The difference in amplitude scale between Figure

2.11(a) and 2.11(b) should be noticed. Additionally, the modeled signal of a rising sphere

is displayed in Figure 2.11(b) (dotted lines). The model stops when the center of the sphere

is at the surface and therefore it is shorter for shallow release depths.

On one hand, we observe that the negative signal has the biggest amplitude for the shal-

lowest firing depth; that could be related to the biggest bubble radius while the amplitude is

decreasing for deeper source depths. On the other hand, the duration of the negative signal

increases with increasing source depths. This is probably related to the longer rising path.

Furthermore, the signal is smooth for the shallowest source depth whereas it becomes

more indistinct with increasing depth. This could be due to the fact that the air bubble

gets more dissolved on its rising path and this is more pronounced for longer ways. In

addition, the amplitude decreases gradually after its maximum negative value which could

be explained by the increasing distance between the rising bubble and the hydrophone. In

general, the amplitude fit between the modeled and measured data is quite good and also

the increasing period fits to some extent. There are still several deviations between the

modeled and measured data. These are probably due to the simplified model neglecting

the oscillations of the bubble and compressible flow. However, the goal was to separate
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Figure 2.11: (a) Recorded air gun signature, 150 Hz low pass filtered, at hydrophone according

to Figure 2.5. (b) Zoom on recorded data between 0.5 s and 3.5 s, 5 Hz low pass filtered (solid

line). Modeled signature of rising sphere (dashed line); the model stops when the sphere reaches the

surface. Notice the different amplitude scale between (a) and (b).

the signal of a rising bubble from the oscillating effect and the main features of decreasing

amplitude and increasing period with increasing source depth are explained by the model.

2.7 Discussion

We were able to measure a low frequency acoustic signal created by a rising sphere by

dedicated buoy experiments. The signal found in the air gun data is likely to be the rising

air bubble which would confirm the far-field radiation of this acoustic signal. The simple

theory and model is in good agreement with the experimental data and hence reinforces

the proposed mechanism. However, the contribution of this effect compared to the main

impulse and oscillating behavior from the air gun bubble seems to be very small (Figure

2.11). For a source depth of zs = 7.5 m the near-field amplitude for the main impulse is 3.5

bar-m and for the rising bubble signal 0.0038 bar-m, while the main frequencies of both

signals are 60 Hz and 2 Hz, respectively. This leads to an amplitude ratio in the near-field

of 1:900 for the single air gun experiment, which would differ depending on the bubble

size.

For a better comparison of both signal strengths we illustrate a simple example of reflection

seismic. The 3D model consists of a thin water layer where the source and receiver are

located at a depth of zs = 7.5 m and zr = 30 m, respectively. Below the water layer the

acoustic medium consists of a homogeneous sand layer with a thickness of d = 3000 m on

top of a homogeneous half-space. The interface simulates the target area for our reflection

example. We like to estimate the amplitudes of both signals recorded at the receiver after

travelling through the medium as the impact of attenuation and source ghost depends on
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the frequency. The amplitudes at the receiver can be estimated as

A(fi) = A0(fi) R G e

(
πfiz

Qvm

)
H(fi) , (2.19)

where the medium velocity vm and quality factor Q are assumed to be constant, z is the

distance the signal has travelled and A0(fi) is the near-field amplitude. The main frequen-

cies of the impulse and rising air gun bubble are indicated by f1 and f2, respectively, with

i = 1,2. The reflection coefficient at the interface to the half-space and the geometrical

spreading are given as R and G = 1
z , while H(fi) = |2 sin( 2πfizsc )| is the source ghost

function with c as the sound velocity in water.

Results for amplitudes A(fi) for different combinations of medium velocities vm and Q-

values are listed in Table 2.2. For the computation the reflection coefficient is assumed to

be R = 0.2 according to a velocity and density change of 10% between both layers. We

observe that the higher the attenuation (smaller Q) or slower the velocity the smaller are

the amplitudes A(fi). Additionally, the advantage of low frequencies becomes obvious.

The impact of different medium parameters on the low frequency signal from the rising

bubble is less compared to the high frequency signal and hence the low frequency signal

is especially valuable for media with low v- and Q-values. However, the noise on streamer

data in rough weather has amplitudes around 46e-6 bar for frequencies below 5 Hz and

6e-6 bar for higher frequencies (Landrø et al., 1989). During calm weather the noise level

could be reduced by a factor of 3 or 4, leading to optimal noise amplitudes around 11e-

6 bar for the low and 1.5e-6 bar for the high frequencies. While the signal of the main

impulse is above the noise level, the signal of the rising bubble is too low to be recorded.

Therefore, we need to find a way to enhance the signal and increase its contribution in the

far-field.

vm [m/s] Q A(f1) [bar] A(f2) [bar]

3000 150 18.0e-6 0.014e-6

3000 300 63.2e-6 0.015e-6

4000 150 33.7e-6 0.015e-6

4000 300 86.5e-6 0.016e-6

Table 2.2: Amplitude of main impulse, A(f1), and rising bubble signal, A(f2), after travelling

through 3D medium with common medium parameters (vm, Q) for a sandstone (Mavko et al.,

1998).

Our experimental data is recorded from a single air gun, whereas in practice big arrays

and clusters are used for exploration. Therefore, an obvious solution is to tune air gun

arrays in the way that they create one big bubble (Hopperstad et al., 2012). The main

advantage of these hyperclusters is that the bubble time period, and at the same time the

low frequency output, is increased. However, enhancements of even lower frequencies

could be due to the rising of a big bubble. As a thought experiment we assume an air gun

cluster with a circular shape (Figure 2.12) which could possibly create one big bubble. We

compute new near-field amplitudes using our modeling for a rising sphere. We take the

same density for the bubble as for the single air gun bubble, but increase the radius for the
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bubble created by the proposed array design which is towed at 7.5 m depth. This array

configuration could, in theory, be expanded to create even bigger bubbles. In practice,

clusters are limited to the strength of mechanical structures and the supply of high pressure

air into one small location. This simple example should only illustrate which bubble sizes

are roughly required to create applicable signals. Further investigation needs to be done

on the separation between single guns, whether a frequency-locked array or an array with

coalesced bubbles is optimal for the enhancement of this source mechanism (Laws et al.,

1990). For bigger air bubbles, the source depth is also an important factor that needs to be

taken into account.

Results for the achieved near-field amplitude for the low frequency signal at 2 Hz could be

enhanced as seen in Table 2.3 according to our thought experiment. The first four ampli-

tudes up to a radius of 1 m are measured from the experimental data where different radii

result from the difference in source depth. The amplitudes for bigger radii are modeled

assuming a rising sphere. If we were able to create a big bubble with R = 15 m, near-field

amplitudes of the low frequencies would be increased by a factor of approximately 450

compared to a single air gun.

Figure 2.12: Possible array design for creating one big air bubble to enhance the proposed low

frequency signal. A bubble with R ≈ 3 m could be expected for these number of air guns.

For field applications we have to take the attenuation, geometrical spreading, reflection

coefficient and especially the source ghost effect into account (Eq. 2.19). Therefore, we

compute the far-field amplitudes for the low frequency signal after it has travelled through

the same 3D medium as used earlier. Again, we assume two different velocities vm and

Q-values (Table 2.4). We also assume that the source is fired at three different depths zs
to demonstrate the impact of the ghost. We use a main frequency of 2 Hz, but it should be

noted that this frequency will slightly change according to the source depth.

Two main features should be noted from the results in Table 2.4. First, the well known

effect of increased amplitudes in low frequencies with increasing source depth can be

seen, assuming that the bubble size is constant. Secondly, the signal strength will be
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bubble radius R [m] amplitude [bar-m]

0.66 0.0030

0.75 0.0038

0.86 0.0049

1 0.0065

3 0.0520

6 0.2090

9 0.6180

12 1.5120

15 3.1830

Table 2.3: Near-field amplitude of signal from rising bubble for source depth of zs = 7.5 m. Mea-

sured single air gun amplitude for R ≤ 1 m and computed amplitude for bigger bubble radii R > 1

m using the proposed model.

case 1: vm = 3000 [m/s], Q = 150

zs [m] R = 6 m R = 9 m R = 12 m R = 15 m

7.5 8.05e-7 2.38e-6 5.82e-6 12.3e-6

10 1.07e-6 3.17e-6 7.76e-6 16.3e-6

15 1.61e-6 4.75e-6 11.6e-6 24.5e-6

case 2: vm = 4000 [m/s], Q = 300

7.5 8.48e-7 2.51e-6 6.13e-6 13.0e-6

10 1.13e-6 3.34e-6 8.17e-6 17.2e-6

15 1.69e-6 5.00e-6 12.2e-6 25.8e-6

Table 2.4: Computed far-field amplitudes (in bar) for the low frequency signal from a rising air gun

bubble after travelling through a 3 km thick 3D medium with velocity vm and quality factor Q. The

amplitude is given for different source depths zs and radii R of the bubble.

above the noise level for calm weather conditions, if the bubble radius exceeds 12 m. The

amplitudes of the low frequency signal could be higher, if we are interested in diving waves

as we can neglect the reflection coefficient. Changing the array design could also have

negative impacts on the overall signal output which was not investigated here. However,

we demonstrated that there could be contributions from this source mechanism to the low

frequency end of the spectrum.

The maximum size of an air gun bubble that is achievable in field applications is mainly

an engineering issue and is not addressed in our investigations. Another approach to make

the signal from the rising air gun bubble applicable is to reduce the low frequency noise on

the recorded data. A better signal to noise ratio at these frequencies might be achieved by

the usage of 4C ocean bottom recordings instead of streamer data (Halliday et al., 2015;

Landrø et al., 2014).
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2.8 Conclusions

The proposed mechanism that a moderate part of low frequencies could be created by

the rising air gun bubble could be confirmed from tank and field experiments which are

supported by a simple model. Further contributions could be due to the spike shape of

the main impulse. The signal from the rising air gun bubble shows increasing length and

decreasing amplitude with increasing source depth, while it is clearer for shallow source

depths where less dissolution of the bubble on its rising path is expected. These features

agree with the theory and model. The contribution from the rising bubble signal to the fre-

quency spectrum of a single air gun source in the far-field is insignificant. However, there

could be contributions from this mechanism if huge air gun clusters are used and tuned

as suggested here. This might could exploit the mechanism to make it feasible for explo-

ration purposes, especially for investigations of deep targets and crustal studies. The esti-

mations are made on a simple model and therefore it needs further investigations whether

this mechanism can contribute significantly within field applications. This involves more

complex modeling with different array designs and studies of field data.
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3.1 Abstract

In academia and the industry, there is increasing interest in generating and recording low

seismic frequencies, which lead to better data quality, deeper signal penetration and can be

important for full-waveform inversion. The common marine seismic source in acquisition

is the air gun which is towed behind a vessel. The frequency content of the signal produced

by the air gun mainly depends on its source depth as there are two effects which are

presumed to counteract each other. First, there is the oscillating air bubble generated by

the air gun which leads to more low frequencies for shallow source depths. Secondly, there

is the interference of the downgoing wave with the first reflection from the sea surface,
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referred to as the ghost, which leads to more low frequencies for deeper source depths. It is

still under debate whether it is beneficial to place the source shallow or deep to generate the

strongest signal for frequencies below 5 Hz. Therefore, the ghost effect is studied in more

detail by measuring the transmission at the water-air interface. We conduct experiments

in a water tank where a small-volume seismic source is fired at different depths below the

water surface to investigate how the ghost varies with frequency and depth. The signal

from the seismic source is recorded with hydrophones inside water and air during the

test to estimate the transmitted signal through the interface. In a second test, we perform

experiments with an acoustic source located in air which is fired at different elevations

above the water surface. The source in air is a starter gun and the signals are again recorded

in water and air. The measured data indicates an increasing transmission of the signal

through the water-air interface when the source is closer to the water surface which leads to

a decreasing reflection for sources close to the surface. The measured results are compared

with modeled data and the existing theory. The observed increase in transmission for

shallow source depths could be explained by the theory of a spherical wave front striking

the interface instead of assuming a plane wave front. The difference can be important for

frequencies below 1 Hz. The results suggest that deploying a few sources very shallow

during marine seismic acquisition could be beneficial for these very low frequencies. In

addition, the effect of a spherical wave front might be considered for modeling far field

signatures of seismic sources for frequencies below 1 Hz.

3.2 Introduction

The almost perfect reflection of acoustic waves at the water-air interface is a well known

effect in many applications. In seismic acquisition the first reflection from the sea surface

that follows the downgoing source signal is referred to as the ghost which is a main prob-

lem for generating low frequencies. The signal created by a single marine seismic source

like the air gun or water gun propagates spherically in all directions. Due to the short time

delay, the ghost reflection is overlapping with the downgoing wave field. This leads to

unwanted effects as certain frequencies vanish due to destructive interference depending

on the source depth. Especially, low frequencies approaching 0 Hz are thought to vanish

completely due to the ghost. This assumption is correct for a reflection coefficient of -1

which is independent of frequency and source depth. In practice this approximation often

seems to be sufficient. However, a more detailed description of the reflection from the

sea surface depending on source depth and frequency could lead to new considerations in

seismic acquisition and better processing of seismic data.

There are several effects which can have an impact on the ghost reflection. First, the

source signature can vary due to interaction between the source and an interface like the

sea surface. The impact on cavities or air bubbles close to the water surface was studied by

several authors on small scales, mostly in the range of mm. Chahine (1977) and Blake and

Gibson (1981) performed experiments with electrodes to create cavities near the water-air

interface. They conclude on a distance between the cavity and interface within the cavity is

interacting with the boundary. This happens when the cavity-interface distance is less than
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three times the maximum radius of the cavity. A numerical study of the interaction be-

tween a bubble and the water-air interface is illustrated by Wang et al. (1996). For seismic

sources there are studies on the interaction of air bubbles in clustered air gun arrays when

they are close to each other (Strandenes and Vaage, 1992). Due to these interactions the

source signature is changing (Giles and Johnston, 1973) as neighbouring source bubbles

act as a boundary. The changing bubble time period caused by the interaction of clustered

guns is demonstrated by Barker and Landrø (2012).

Secondly, the reflection coefficient can vary due to the shape and properties of the interface

itself. The changing reflection coefficient for different surface topographies, due to wind

and weather, is described in theory by many authors (Brekhovskikh and Lysanov, 1991;

Hovem, 2007; Jensen et al., 2011). This weather effect mainly has an impact on high

seismic frequencies as demonstrated by Kryvohuz and Campman (2017). Klüver and

Tabti (2015) illustrate how the reflection coefficient could be estimated from dual-sensor

streamer data. Additionally, recent theoretical analyses demonstrates that a monopole

sound source would radiate more acoustic energy into air than expected if the source depth

is much less than the emitted acoustic wavelength (Godin, 2006; McDonald and Calvo,

2007; Godin, 2008; Glushkov et al., 2013). This phenomenon is caused by the evanescent

component of the wave inside water which can be converted to a homogeneous wave inside

air for specific wave numbers. Calvo et al. (2013) and Voloshchenko and Tarasov (2013)

conducted acoustic experiments using sound sources ranging from 1 kHz to 20 kHz and

they verified the increased signal transmission from water to air for shallow source depths

relative to the wavelength. Another theoretical study by Deng et al. (2012) illustrates a

similar effect for a moving point source underwater. Therefore, it might be possible to use

recorded sound in air emitted from marine seismic sources to measure properties of the

atmosphere.

Thirdly, an almost perfect, frequency independent reflection coefficient is based on the

assumption of plane wave propagation. However, marine seismic sources emit spherical

waves which cause a frequency and depth dependent reflection as shown by Brekhovskikh

and Lysanov (1991) and Aki and Richards (2002). The spherical reflection response devi-

ates most from the plane wave reflection coefficient for low frequencies, or more precisely

for wavelength larger than the source-interface distance. This effect is demonstrated by Li

et al. (2017a), Li et al. (2017b) and Yan et al. (2017) for AVO (amplitude versus offset)

analysis of seismic data between two acoustic media.

This research opens up on the question if the reflected signal from the surface decreases for

shallow source depths relative to the emitted wavelength. If this is the case, the destructive

interference within the low frequency range between the initially downgoing wave field

and ghost reflection is less than in a model of a constant reflection coefficient close to -1

and that would be beneficial for generating low frequencies. Recently presented exper-

imental results from Amundsen et al. (2017) indicate an increased low frequency signal

for shallow large-volume single-gun sources. We conduct experiments in a water tank to

measure the transmitted signal from sources at varying distances to the water-air interface.

We focus on the transmission and reflection from a source placed in water. In addition, a

second experiment with a source in air is conducted. The transmission from air to water
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is discussed by many authors in ocean acoustics for large ranges (Hudimac, 1957; Young,

1973; Lubard and Hurdle, 1976). The sources are placed in water and air to investigate

the transmission from both sides of the interface. The experimental results should pro-

vide a better understanding of the transmitted and reflected signal when the source is fired

close to the sea surface and hence the depth is small compared to the acoustic wavelength.

We compare the reflection from the sea surface assuming models for plane and spherical

waves. The change of the reflected signal within the low frequency band is of special

interest.

3.3 Theory

We are interested in the transmitted and reflected signal at the water-air interface and how

this might change with source depth and frequency. Therefore, the plane wave reflection

coefficient and spherical wave reflection response for a flat interface between two acoustic

media are compared (Figure 3.1).

Plane waves are characterized by a constant phase and amplitude on the plane that is per-

pendicular to the direction of propagation (Kinsler et al., 1962). These planes are indicated

as lines in 2D in Figure 3.1 (bottom). From this assumption, the plane wave reflection and

transmission coefficients at a flat fluid-fluid interface are defined as (Kinsler et al., 1962)

Rpp =
ρ2c2/cos(θ2) − ρ1c1/cos(θ1)

ρ2c2/cos(θ2) + ρ1c1/cos(θ1)
(3.1)

Tpp =
2 ρ2c2/cos(θ2)

ρ2c2/cos(θ2) + ρ1c1/cos(θ1)
(3.2)

where ρi and ci with i = 1, 2, denote the density and velocity of the respective layer

(Figure 3.1). The incident and reflected angle is indicated by θ1 and θ2 is the angle of

refraction where θ2 can be computed following Snell’s law as (Huygens, 1690)

θ2 = arcsin
(c2 sin(θ1)

c1

)
. (3.3)

At the water-air interface changes of the reflection and transmission coefficient for varying

angles θ1 are small, ranging from Rpp = -0.9994 at θ1 = 0o to Rpp = -1 at θ1 = 90o. The

relation between reflection and transmission for a flat surface can be written as

Rpp = Tpp − 1 (3.4)

Spherical waves that are incident and reflected from an interface can be expressed as the

superposition of cylindrical waves following Sommerfeld’s integral (Aki and Richards,

2002). The spherical wave reflection response at a flat fluid-fluid interface can be described
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Figure 3.1: Spherical wave incident on a flat interface and important parameters for the computation

of Rsph (top). Plane wave incident on a flat interface and important parameters for the computation

of Rpp (bottom)

as the ratio between the reflected and incident wave and is given as (Li et al., 2017a;

Ursenbach and Haase, 2006)

Rsph =

∫ 0

1
Rpp(x) Ψ dx+ i

∫∞
0

Rpp(ix) Φ dx∫ 0

1
Ψ dx+ i

∫∞
0

Φ dx
(3.5)

Ψ = J0(ωr
√
1− x2/c1)e

(iωx(zr+zs)/c1) (3.6)

Φ = J0(ωr
√
1 + x2/c1)e

(−ωx(zr+zs)/c1) (3.7)

where ω is the angular frequency, r is the horizontal offset between source and receiver,

while zr and zs are the receiver-interface and source-interface distance, respectively (Fig-

ure 3.1, top). The integration variable is x = cos(θ1) and J0 is the zero-order Bessel

function. As it depends also on the source and receiver depth and not only on the medium
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parameters, the spherical wave reflection is defined as a response rather than a coefficient.

The same relation as in Equation 3.4 can be used to obtain the reflection response from

measured transmitted signals

Rsph = Tsph − 1 (3.8)

We notice that the plane wave reflection coefficient Rpp changes only with angle of inci-

dence, whereas the spherical wave reflection response Rsph depends on the incident angle,

frequency, source and receiver depths. The difference between both equations is illustrated

in Figure 3.2 for varying frequencies and source depths. For the computation we use v1 =

1500 m/s, ρ1 = 1000 kg/m3 for the parameters of water and v2 = 340 m/s, ρ2 = 1.25 kg/m3

for those in air. We assume that the source and receiver depth are the same as the seismic

source is so close to the water-air interface, that the ghost reflection is an inherent part of

the source signature. Although the difference is small, the question remains if it can be

recognized on measured data.
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Figure 3.2: Plane wave reflection coefficient (solid line) and spherical wave reflection response

for two different source depths (dotted and dashed line) at the water-air interface as a function of

frequency.

3.4 Experiments

Two experiments are conducted to investigate the impact on the reflected and transmitted

signal in relation to source depth and frequency. We perform a first experiment where

a source is fired in water (A) and a second one where a source is fired in air (B). All

experiments are performed in a water tank with a length of 6 m, a width of 2.5 m and

the depth is 1.4 m, respectively (Figure 3.3(a)). The walls of the tank are equipped with

5 cm thick foam mattresses. Although it does not act as perfectly absorbing boundaries,

previous tests showed an improved signal reception with smaller side reflections. For both
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experiments different receiver geometries are used to investigate the dependence of the

transmitted signal on the source depth and incident angle on the water-air interface. Brüel

& Kjær hydrophones of the type 8105 are used as receivers which have a frequency range

from 0.1 Hz to 100 kHz. The hydrophones have the same sensitivity in water and air up

to a frequency of 3 kHz. Therefore, we use the the same hydrophones to recorded the

signal in air. Due to the fact that we use strong sources, the lower sensitivity compared to

microphones is not an issue for our experiment. The receivers are not coupled to the tank

during the experiments to avoid impacts on the measured low frequencies.

3.4.1 Experiment A: Source in Water

The source is a S15 water gun with one cylindrical gun port which is build for borehole

applications (Figure 3.3(b)). The gun has a volume of 15 in3 (ca. 0.25 l) for the water

chamber as indicated by the model number S15. The water gun generates a high velocity

water jet when the water is pushed out from the gun chamber. Due to the high velocity a

cavity is created which collapses when the water jet slows down. The cylindrical gun port

shape allows us to generate a cavity at a quite accurate position compared to the common

radial gun ports with several openings. For more details on the water gun the reader is

referred to Landrø et al. (1993). We conduct one experiment to investigate the impact of

source depth on the vertically transmitted signal. A second experiment is performed where

the receivers in air are moved to different offsets to investigate the impact of incident angle

on the transmitted signal. The experimental set ups are as follows.

1. First, three hydrophones are located vertically above the estimated location of the

cavity in air with a distance of zr = -0.3 m, -0.2 m and -0.1 m to the water-air

interface, while yr = ys = 0. We denote these hydrophones as H1, H2 and H3

(Figure 3.4). Then the water gun is fired three times at different source depths zs,

ranging from 0.2 m to 0.8 m with an increment of 0.1 m. Afterwards, the same

experiment is repeated while the three hydrophones are located inside the water at

depths of zr = 0.3 m, 0.5 m, 0.7 m and a horizontal offset of yr = 0.3 m between the

cavity and receiver. We denote these hydrophones as H4, H5 and H6 (Figure 3.4).

The offset in x-direction is estimated to be the same for the source and receivers

which means xr = xs. This is the best acquisition we could get due to practical

considerations in the laboratory.

2. For the second test, the source depth is constant at zs = 0.3 m and the position of

hydrophones H4, H5 and H6 is the same as in the first experiment. The receivers

H1, H2 and H3 are moved to different yr positions, ranging from 0 m to 0.6 m with

an increment of 0.1 m, while xr and zr are also constant. For each receiver position

the source is fired three times.
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(a) (b)

Figure 3.3: (a) Photo of the water tank with dimensions 6 m x 2.5 m x 1.4 m. (b) Underwater photo

with gun port of watergun on the left side (red arrow) and hydrophones in the middle.

Figure 3.4: Schematic sketch of the experimental set up using the watergun as a source in water.

Numbers in brackets indicate the coordinates (x,y,z) in meters.

3.4.2 Experiment B: Source in Air

The source is a Stalker R1 2.5′′ gun that has a caliber of 0.38 in. (9 mm) and blank bullets,

which for instance is used in athletics. The propellant of the bullet has a weight of 0.56

g and a caloric equivalent of 3.06 kJ/g which leads to a released energy of approximately

1.71 kJ for one blank bullet. The signalgun is fixed to the metal frame of the tank above

the water surface and a near field hydrophone is attached to it (Figure 3.5(a)). The near

field hydrophone is used to measure the source signature and trigger the recording during

the experiments. Similar to experiment A, we conducted a test to investigate the impact of

source elevation on the vertically transmitted signal. The experimental set up is as follows.

1. One hydrophone is placed inside water at a depth of zr = 0.05 m indicated by H1.
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The second hydrophone, H2, is located in air at zr = -0.05 m (Figure 3.6). They

are both located at xr = yr = 0 m. The signalgun is also placed at xs = ys = 0 m.

During this test the source is moved to different elevations zs, ranging from -0.2 m

to -0.8 m with an increment of -0.1 m. At each source position the signalgun is fired

four times.

(a) (b)

Figure 3.5: (a) Photo of the signalgun and near field hydrophone indicated by red the arrow. (b) Top

view of the experimental set up with signalgun (red arrow) and hydrophones (blue arrow).

Figure 3.6: Schematic sketch of the experimental set up using the signalgun as a source in air.

Numbers in brackets indicate the coordinates (x,y,z) in meters.

3.4.3 Source Signature and Repeatability

For the later estimation of the transmitted signal the maximum amplitudes of the signal

recorded in water and air are compared. Therefore, the source signatures and their re-

peatability are investigated.
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Figure 3.7 illustrates the signal recorded in water and air which is created by the watergun

in experiment A for different frequency bands. The signature is characterized by a small

positive peak between 0.01 s and 0.02 s when the water is pushed out of the gun chamber,

followed by a negative peak due to the growing cavity. The main peak around 0.04 s is

created by the collapse of the cavity. A second peak at 0.053 s can be recognized which is

due to an oscillation of the cavity. The photos in Figure 3.7 illustrate the shape of the water

jet at different times after the water gun is fired while the cavity is difficult to identify from

these pictures. The water jet velocity can be roughly estimated from the pictures which

leads to an averaged value of 30 m/s. For the lowest frequencies (Figure 3.7, top) both

signals have almost the same shape, indicating that we can recorded the same signal in air

Figure 3.7: Recorded signal at hydrophone H2 in air (black) and H5 in water (blue) according to

Figure 3.4. The signal of H2 in air is multiplied by a factor of 250. The source was fired at zs = 0.3

m. The signal is filtered with a 10 - 100 Hz (top), 10 - 200 Hz (middle) and 10 - 300 Hz (bottom)

bandpass filter. Photos show a top view of the created water jet while the watergun is fired according

to different times. The position of the watergun is sketched.
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and water. The time difference between both recordings fits to the source-receiver distance

and the slower sound velocity in air compared to water. The phase within the different

frequency bands is shifted due to the applied filter while the amplitude is unaffected which

is important for our investigation. We notice that including higher frequencies in the signal

(Figure 3.7, bottom) leads to more deviations between the signal in water and air which

can be observed around 0.04 s and 0.06 s.

As the signal in water and air is not recorded at the same time during experiment A,

the repeatability of the source signal is important. Therefore, we compare the relative

difference of the maximum amplitude for one hydrophone Hi between repeated shots at

the same depth as

δA(Hi) =
ΔAmax(Hi)

Amax(Hi)
∗ 100 (3.9)

where Amax(Hi) is the mean maximum amplitude recorded at one hydrophone while i
= 1, 2, 3 for the receivers in air and i = 4, 5, 6 for the receivers in water, respectively.

The mean difference of the maximum amplitude between each repeated shot at the same

depth is ΔAmax(Hi) = |An
max(Hi) − Am

max(Hi)| where n = m = 1, 2, 3 indicate the

shot number at each source depth zs. The difference ΔAmax(Hi) is computed for all

combinations of n and m, except for n = m. Then the mean value of all hydrophones in

air is calculated as

μ(δA) =
1

N

N∑
i=1

δA(Hi) (3.10)

where N is the total number of hydrophones which is three in our case. The same is

repeated for the measurements in water and the results for each source depth are illustrated

in Figure 3.8. It should be noted that the repeatability is better for deeper source depths

as the cavity created near the surface is within the minimum operation depth of the water
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Figure 3.8: Relative difference μ(δA) between the mean maximum recorded amplitude and the

difference amplitude between repeated shots for the signal filtered within 10 - 100 Hz for experiment

A. For the hydrophones in air (black) and water (blue).
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gun. The important aspect is that amplitude changes between repeated shots are less than

changes due to varying source depth.

Figure 3.9 illustrates the signal recorded in water and air which is created by the signalgun

in experiment B for different frequency bands. The signature is characterized by a main

positive peak around 0.004 s which is caused by the firing of the signalgun. This can

be seen on the photos taken during the shot (Figure 3.9). It should be mentioned that

the photos and pressure recordings are not synchronized and hence there could be small

deviations in time. The signal after the main peak could be caused by reverberations of

the signalgun. Although the signal is weak for the lowest frequency range, the shape of

Figure 3.9: Recorded signal at hydrophone H2 in air (black) and H1 in water (blue) according to

Figure 3.6. The source was fired at zs = -0.3 m. The signal is filtered with a 10 - 100 Hz (top), 10 -

200 Hz (middle) and 10 - 300 Hz (bottom) bandpass filter. Photos show a side view of the signalgun

while it is fired according to different times.
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the main peak is similar for all plots (Figure 3.9), again indicating that we can recorded

the same signal in air and water. The small time difference between both peaks fits to

the source-receiver distance and the slower sound velocity in air compared to water. For

higher frequencies deviations between the signal in water and air are stronger pronounced,

especially after the main peak. However, we only consider the main peak for further

investigations of the transmitted signal.

During experiment B the receivers are placed in water and air at the same time while the

source is fired. Therefore, the repeatability investigation is not relevant. However, the

radiation pattern of the signalgun is assumed to be more complex than a collapsing cavity.

Therefore, we measure the radiation pattern of the signalgun in different planes (x-z and

x-y) according to our experimental set up (Figure 3.6). We conclude that the signal emitted

below the zs-x plane in which the signalgun is located is similar in all directions.

3.5 Modeling

A modeling study is conducted to compare the measured results with modeled data and

to investigate the impact of the tank dimensions on the experimental results. We simulate

the data solving the 3D Helmholtz equation in a finite element scheme using the Comsol

software. The maximum frequency of investigation is fmax = 300 Hz and the minimum

velocity in the model is vmin = 340 m/s, leading to a minimum wavelength of λmin =

1.13 m. A minimum of n = 8 mesh elements per wavelength and a time step of tstep =

1.25e-4 s is used which indicates a CFL (Courant-Friedrichs-Lewy) number of CFL = 0.3

(Courant et al., 1928). These parameters reveal a stable and accurate simulation in our

case. As input source an averaged, measured near field source signature is implemented

where the mean measured watergun signal from all experiments A is computed and filtered

to the frequency range of investigation. The same is done for the modeling of experiment

B where the source is in air. Therefore, the source depth and receiver offsets are the only

parameters that change during the modeling according to the experimental set up. As we

are mainly investigating the ratio between the maximum amplitude of the signal in air and

water, this is an adequate approximation of the source.

An important issue for the experimental results is the limited size of the water tank. Al-

though damping material is placed at the walls, side reflections will have a small impact

on the measured data. Therefore, we simulate the transmitted signal within three different

settings:

1. Tank Model: compute the transmission within a tank model according to the experi-

mental set up. The 3D tank model consists of the metal tank, a foam layer, the water

and a surrounding air medium.

2. Free-Field Model: compute the transmission for a two layer medium (water and air)

without any tank boundaries using the same acquisition geometry as in the experi-

ment.
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Figure 3.10: (a) Modeled results at receiver H5 (Figure 3.4) for three different settings using the

watergun signature. (b) Modeled results at receiver H2 (Figure 3.6) for three different settings using

the signalgun signature.

3. Homogeneous Model: compute the wave propagation within a homogeneous (either

water or air) medium using the same acquisition geometry as in the experiment.

The modeled results of all three settings at one receiver position are illustrated in Fig-

ure 3.10(a) for experiment A and in Figure 3.10(b) for experiment B. It should be noted

that the results from the homogeneous model are close to the source input as the signa-

tures are only influenced by geometrical spreading. There are small differences between

the tank and free-field model which are caused by the limited size of our water tank. They

are considered to be negligible as they are already difficult to identify. The results from

the homogeneous model differ most from the other two which is caused by the reflected

signal from the interface itself. Therefore, the results from the homogeneous model could

be used to separate the incident and reflected wave.

There are some drawbacks in the modeling that should be mentioned. The implemented

source signatures are not recorded exactly at the source position and might be already

influenced by the experimental set up itself. In addition, the metal frame above the water

surface (Figure 3.3 (a)) is not taken into account in the model due to complexity. This could

especially lead to deviations between modeled and measured results for the experiment

where the source is placed in air.

3.6 Results

The results from the transmission experiments in the water tank are compared with the

modeled results to investigate a potential impact of the transmitted signal on source depth

and frequency.
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3.6.1 Experiment A: Source in Water

For a rough estimation of the transmission coefficient we compute the ratio between the

mean maximum amplitude of all hydrophones in air Hair to those in water Hwater as a

function of the source depth zs as

Hair

Hwater
(zs) =

1

M

( 3∑
i

3∑
j

Amax(Hi)

Amax(Hj)

ri
rj

)
(3.11)

where the total number of combinations is M = i · j, ri and rj denote the source receiver

distance for each individual hydrophone. The indices i = 1, 2, 3 and j = 4, 5, 6 denoted

the hydrophones in air and water (Figure 3.4). The multiplication by ri/rj corrects for

geometrical spreading. The linear assumption is found to be the best choice by comparing

measured amplitudes at all hydrophones located in air after correction. The results for

different source depths zs are illustrated in Figure 3.11(a). The error bars indicate the

standard deviation calculated from all ratios of each depth. The ratio is computed for three

different frequency bands. Frequencies below 10 Hz are filtered out as the signal to noise

ratio is too small for these low frequencies. The modeled results for the same acquisition

geometry and frequency bands are shown in Figure 3.11(b). The modeled results agree

well with the measured data, indicating the same trend and almost the same values for the

ratio Hair/Hwater. The deviations could be due to measuring inaccuracies or from the

modelling as discussed in the Section Modeling.

First, we notice that the measured transmitted signal is 3 to 10 times higher than the ex-

pected theoretical value Tpp for plane waves. The plane wave transmission coefficient is

computed using Equation 3.2 with a density and velocity of ρ2 = 1.25 kg
m3 and c2 = 340m

s

in air and ρ1 = 1000 kg
m3 and c1 = 1500m

s in water, respectively. We assume a vertical

incident angle (θ = 0) as the receivers are directly above the source. In addition, more sig-
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Figure 3.11: (a) Measured amplitude ratio for different source depths according to Experiment A1.

The amplitudes are corrected for geometrical spreading. The ratios are shown for different bandpass

filters. The dashed line shows Tpp. (b) Modeled amplitude ratios for the same Experiment.
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nal is transmitted into the air when the source is closer to the interface. This general trend

agrees with the theory of a spherical wave transmission response (Figure 3.2). It should be

mentioned that more signal seems to be transmitted for lower frequencies (Figure 3.11(a),

black). However, these differences are small and within the error range of our measure-

ments and hence it could not be verified with this data. The trend of increased transmission

for lower frequencies could be better observed in the modeled data (Figure 3.11(b)).

In experiment A2 the source depth is constant and the hydrophones H1, H2, and H3 (Fig-

ure 3.4) are moved to different offsets to investigate the impact of the incident angle on the

transmitted signal. The ratio is computed in the same way as before using Equation 3.11

but for a constant source depth and varying angles θ. The results are illustrated in Fig-

ure 3.12(a). The modelled results for the same acquisition geometry and frequency bands

are shown in Figure 3.12(b). There is a good fit between the measured and modeled data,

while the modeled Hair/Hwater ratios are slightly lower than the measured values.

The results reveal a constant transmission until an angle of approximately θ = 45◦. For

larger angles the ratio decreases similar to the trend of a plane wave transmission coeffi-

cient. However, the theoretical Tpp predicts a relative decrease of 50% for the transmitted

signal at 60◦ compared to 0◦. The decrease of the measured and modeled ratios is not as

strong as the one predicted by the plane wave transmission coefficient. It should be men-

tioned that there is a small deviation between the amplitude ratios in Figure 3.11(a) and

3.12(a) at zero-offset and a source depth of zs = 0.3 m, although they should be the same.

This is due to the fact that both values are computed from different tests.

It has to be noted that both tests reveal a higher ratio than expected for the plane wave

transmission coefficient what could be an indication for the impact of the spherical wave-

front.
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Figure 3.12: (a) Measured amplitude ratio for different horizontal receiver offsets in air according

to Experiment A2. The amplitudes are corrected for geometrical spreading. The ratios are shown

for different bandpass filters. The dashed line shows Tpp. (b) Modeled amplitude ratios for the same

Experiment.

58



3.6.2 Experiment B: Source in Air

The results for different source elevations zs are illustrated in Figure 3.13(a). The ratio is

computed using Equation 3.11, while it is reversed as the source is in air during this experi-

ment. Hence, the ratio Hwater/Hair is calculated for three different frequency bands. The

modelled results are illustrated in Figure 3.13(b). A trend of increasing ratios for smaller

source-interface distances can be seen in the measured and modeled data, while there is a

difference between both data sets up to 0.4 in the ratio for the shallowest source elevations.

It should be mentioned that the variation of the ratios between different source-interface

distances is higher than the results from experiment A.

The higher ratios within the measured data could be due to side reflections from metal

frames and other obstacles which are part of the construction above the tank (Figure 3.3)

as these are not taken into account during the modeling. The steeper increase of the ratios

for small source elevations zs compared to experiment A could be caused by the short

distance of the receivers to the interface. Therefore, the interference of the down- and

upgoing wavefield for the receiver in air has a bigger impact than during experiment A. In

general, it should be noted that a similar behaviour in the modeled and measured data can

be observed.
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Figure 3.13: (a) Measured amplitude ratio for different source elevations according to Experiment

B. The amplitudes are corrected for geometrical spreading. The ratios are shown for different band-

pass filters. (b) Modeled amplitude ratios for the same Experiment.

3.7 Discussion

The experimental and modeling results reveal a dependency of the transmitted signal on

the source-interface distance, as well as a potential dependency on frequency which might

be partly explained by the spherical shape of the wavefront. The reflection coefficient can

be computed from the results using Equation 3.4 and 3.8. How these findings could impact
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marine seismic acquisition is investigated in more detail and hence we focus primarily on

the source inside water, before we elaborate more on the reversed experiment B.

First, it should be noted that the results are influenced by the reflection from the interface

itself. The amplitude recorded in water during experiment A is mainly an interference of

the direct wave and the ghost reflection from the water surface. For a better quantification

of the transmission and reflection coefficient we use the results from the homogeneous

model to remove the ghost effect from our data. Therefore, the ratio of the modeled am-

plitude from a homogeneous water medium and the modeled amplitude in air from the

free-field model is computed. We denote these results as deghosted and they are illustrated

in Figure 3.14. This leads to a smaller transmission as the amplitude in a homogeneous

model is higher than the amplitude including the interface (Figure 3.10(a)). However, the

ratio is still higher than expected for the plane wave transmission coefficient. In addition,

Figure 3.14 illustrates that the difference between the ratio modeled in our experimental

tank set up and in the free-field is small. This is a promising result as a similar trend could

be expected in field applications.

For a better comparison of the experimental results to the theory of a plane wave transmis-

sion coefficient and spherical wave transmission response we use the difference from the

deghosted and free-field model (Figure 3.14) to remove the ghost effect from our experi-

mental data. The difference is subtracted from the measured ratios in experiment A1 to get

a better estimation of the transmission coefficient. Then, the spherical wave transmission

response Tsph is computed for two frequencies according to the frequency range of the

measured data. The results are shown in Figure 3.15 in comparison with the plane wave

transmission coefficient Tpp. The error bars indicate the standard deviation computed from

all measured ratios of each depth according to Equation 3.11. We notice that the measured
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Figure 3.14: Results from the tank and free-field model of experiment A within frequency band of

10 Hz - 100 Hz. The deghosted results are computed from the free-field and homogeneous model.

Theoretical plane wave transmission coefficient Tpp (dashed line).
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transmission coefficient is closer to the spherical wave theory than to the plane wave as-

sumption Tpp, although the fit is not perfect. That the deghosted values for the shallowest

sources are even higher than Tsph(10 Hz) could be explained by the larger deviation be-

tween the tank and free-field model for the shallower depth (Figure 3.14). Further differ-

ences could be due to inaccuracies of the measured data or the deghosting method which is

based on modeled results. The maximum increase of the spherical transmission response

is five times that of the plane wave coefficient for source depths approaching the water-air

interface.

It could be concluded from the results that the spherical wave transmission response has

a better fit to the observations which should be the same for the reflection. However, the

difference to the plane wave coefficient is small. To illustrate how different reflection

coefficients could impact the frequency content in marine seismic acquisition regarding

the source signal we assume linear superposition of the downgoing and surface reflected

pressure. Then the frequency spectrum of the source ghost could be computed as

G = 1 +R e(iω2zscos(θ)/c1) (3.12)

for vertical incidence (θ = 0◦) and two different source depths zs. The reflection coefficient

R is replaced by Rpp and Rsph, respectively, where the coefficients are similar to those

plotted in Figure 3.2. The normalized spectra are shown in Figure 3.16. The difference

between both assumptions is small and barely visible for frequencies above 1 Hz. For

the deep source, at 5 m depth, the difference is noticeable for frequencies below 0.1 Hz,

with an increase of 3.5 dB for Rsph at 0.05 Hz compared to Rpp. The impact on the

shallower source, at 1 m depth, could be already recognized below 1 Hz, with an increase

of 5 dB for Rsph at 0.2 Hz. Following this example, the difference between conventional
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spherical wave transmission response Tsph for 10 Hz and 100 Hz (dotted lines) and plane wave

transmission coefficient Tpp (dashed line) for different source depths zs.
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calculations of the far field ghost assuming a constant reflection and the assumption of

a spherical wave front is negligible above 0.1 Hz for typical source array depths of 5 m

and deeper. Assuming a source array at 1 m depth the difference would be negligible

above 1 Hz as the difference is less than 0.5 dB in the computed far field spectrum and

less than 0.1 dB for frequencies above 2 Hz. It should be noted that these differences

in the ghost effect barely vary as a function of angle for those low frequencies. If the

bubble oscillation is taken into account which creates a stronger low frequency signal for

shallower depths, very shallow sources might be beneficial for frequencies below 1 Hz.

This would be in agreement with findings illustrated by Landrø and Amundsen (2014a).

Therefore, further tests with an over-/under-configuration might be considered where a

few sources are placed very shallow, about 1 m below the sea surface. The source depth

might be limited by practical issues when towing sources that shallow. An investigation on

the source ghost effect for different source depths is demonstrated by Haavik and Landrø

(2015), however the shallowest source depths in this study is 3 m. Due to high noise levels

at these frequencies caused by ocean swell, 4C ocean-bottom receivers are preferable to

recognize this effect as they have a better signal-to-noise ratio at these low frequencies

(Landrø et al., 2014; Halliday et al., 2015).

For the modeled results from experiment B the same deghosting method as for experiment

A is performed which leads to a big change of the estimated ratio (Figure 3.17(a)). We

notice again that the difference between the tank and free-field model is small. A close

view on the deghosted ratio illustrates that the results are lower than the theoretical plane

wave transmission coefficient (Figure 3.17(b)). This is expected from Equation 3.4 if more

signal is transmitted, as for a total reflection where R = 1, it follows T = 2 and for a total

transmission where R = 0, it follows T = 1. The discussion is restricted on the mod-

eled deghosted results as the deviation between modeled and measured data is too large.
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Therefore, the deghosting of the measured data from modeled results is not applicable for

experiment B. It is difficult to conclude on a depth dependency or a quantification of the

transmission coefficient from these results. However, they give some evidence that the

impact of the spherical wave front might be observed as higher transmission ratios than

the plane wave coefficient are observed.

It should be pointed out that all results and the theory is valid for a flat fluid-fluid inter-

face and is not accounting for surface topography caused by weather and swell. In field

applications, the effect of a rough sea surface cannot be neglected and surface topogra-

phy also leads to frequency dependent reflection. The impact on reflection and scattering

from rough interfaces is discussed by many authors, which for instance is summarized by

Ogilvy (1987). Whether the surface can be considered as rough or smooth can be defined

by the Rayleigh parameter (Hovem, 2007)

χ = 2kσcos(θ) (3.13)

where σ is the mean height of the ocean waves at the sea surface and k = (2πf)/v1 the

wave number with frequency f and sound speed in water v1. For values of χ � 1 the sea

surface can be assumed to be acoustically smooth. For a source in water with a frequency

of f = 1 Hz, a mean wave height of σ = 3 m and a vertical incident acoustic wave we get χ
= 0.0251 according to Equation 3.13. As this number is much smaller than 1, a rough sea

surface should have a negligible impact on the low frequency part of the ghost as the main

observed difference from our results is for frequencies of 1 Hz and below. However, for

frequencies above 1 Hz the weather effect could be more pronounced for these parameters

following the example from Klüver and Tabti (2015). Therefore, it could be assumed that

phase changes of the reflected signal from a rough sea surface might be mainly caused

by the surface topography for frequencies above 1 or 2 Hz, while the phase changes for

frequencies below 1 Hz could be mainly due to the spherical wave front. This simple

assumption depends on the roughness of the sea surface and could change for different
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Figure 3.17: (a) Results from the tank and free-field model of experiment B within frequency band

of 10 Hz - 100 Hz. The deghosted results are computed from the free-field and homogeneous model.

Theoretical plane wave transmission coefficient Tpp (dashed line). (b) Zoom in on plot (a).
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sea states. When the source is located in air, the transmission from air into water is more

influenced by the same surface roughness as the wave number k is larger in air due a lower

sound velocity. This leads to a Rayleigh parameter of χ = 0.1109 for f = 1 Hz, σ = 3

m and v2 = 340 m/s. Therefore, a small surface topography could lead to an increased

transmission from air to water (Lubard and Hurdle, 1976).

Furthermore, two other effects acting on the transmission should be discussed which were

mentioned in the introduction. First, there could be an increased transmission from wa-

ter to air due to the evanescent part of the wave field as discussed by Godin (2008) and

McDonald and Calvo (2007). Following the derivation of McDonald and Calvo (2007),

a monopole point source that approaches kzs → 0 radiates up to 1.1% of the power, that

would be radiated into the unbounded medium, into air, where k is the wave number and

zs the source depth. For a source approaching kzs → ∞ the radiated power into air rel-

ative to that radiated into unbounded water would be 0.028% and hence is much lower

compared to a source close to the interface (kzs → 0). For our experiments the range of

kzs is roughly between 0.01 - 1 and therefore this effect might influence the results. The

experimental kzs range would lead to a radiated power which is 35 times higher compared

to the value in unbounded water for kzs = 0.01. For kzs = 1 the value should be 1.5

times higher. It should be mentioned that McDonald and Calvo (2007) describe the ra-

diated power while we estimate the transmitted signal from peak pressure measurements.

We can compare our measurements to the results of Calvo et al. (2013) who also evalu-

ate pressure measurements corresponding to the same theory. They obtain similar results

in the range around kzs = 0.1, whereas for values approaching kzs = 0.01 they achieve

higher transmitted values than the results presented here. Hence, it should be noted that

an increased transmission due to evanescent waves might partly influence the achieved

measurements. However, the results fit also with the theoretical spherical wave reflection

response and the different ghost function (Figure 3.16) can still be expected. It should be

mentioned that the enhanced transmission might be an explanation why we hear airguns

during marine seismic acquisition louder than expected while a sufficient amount could be

also transmitted through the hull of the seismic vessel.

Secondly, the physical interaction of the source and interface could lead to changes of the

source signature and would have an impact on the measured data in air and water. The

limit within interaction between the cavity and the interface happens is zs < 3 rcav , where

rcav is the maximum radius of the cavity (Chahine, 1977). The minimum source depths

within our experiments is zs = 0.2 m. We can estimate the cavity radius from the collapse

time τ of the measured data as (Rayleigh, 1917)

τ = 0.915 rcav

√
ρw
p0

(3.14)

where ρw is the water density, p0 the hydrostatic pressure and 0.915 is an exact number

derived from gamma functions by Rayleigh (1917). With a measured collapse time of 2τ
= 0.03 s from the shallowest source depths a cavity radius of rcav = 0.023 m is estimated

similar to the approach by Safar (1986). This is more than eight times the source depths zs
= 0.2 m and therefore we consider the effect of source-interface interaction as negligible

for our experiments. Within seismic acquisition where the bubble of the air gun is much
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larger than the cavity in our experiments, this effect has to be considered. It should also be

mentioned that further phenomena as cavitation and the shot effect (Loveridge, 1985) are

expected during air gun operations at shallow source depths.

3.8 Conclusion

The experimental results indicate an increased transmission for smaller distances between

the source and water-air interface. The measured data fits to the model and theory of a

spherical wave reflection response which reveals a decreased reflection from the sea sur-

face for shallow sources and large wavelength relative to the source-interface distance.

It should be noted that the increased transmission from water to air might be also partly

explained by the evanescent waves in water which could convert to homogeneous waves

in air for certain wavenumbers. However, considering the results together with the model

and theory, very shallow seismic sources seem to be beneficial for an enhanced very low

frequency signal in marine seismic acquisition. As the highest noise levels in marine seis-

mic acquisition are also in the low frequency range below 2 Hz, it depends on the source

strength and low frequency noise level at the receivers whether the difference between the

plane and spherical wave assumption can be recognized or not.
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4.1 Abstract

In marine seismic acquisition the enhancement of the amplitude of frequencies below 5

Hz is of special interest since it improves the image of the subsurface. The frequency

content of the air gun, the most common marine seismic source, is mainly controlled

by its depth and the size. While the depth dependency on frequencies above 5 Hz is

thoroughly investigated, for frequencies below 5 Hz it is less understood. However, recent

results suggest that sources fired very close to the sea surface might enhance these very

low frequencies. Therefore, dedicated tank experiments are conducted to investigate the

changes of the source signal for very shallow sources in more detail. A small volume

air gun is fired at different distances from the water-air interface including depths where

the air bubble directly bursts into the surrounding air. The variations of the oscillating

67



bubble and surface disturbances, which can cause changes of the reflected signal from

the sea surface, are explored to investigate whether an increased frequency signal below

5 Hz can be achieved from very shallow air guns. The results are compared with field

measurements of a large volume air gun fired close to the sea surface. The results reveal

an increased signal for frequencies below 5 Hz of up to 10 dB and 20 dB for the tank

and field experiments, respectively, for the source depth where the air gun bubble directly

bursts into the surrounding air. For large volume air guns an increased low frequency

signal might also be achieved for slightly deeper source depths. From these observations

new considerations in the geometry of air gun arrays in marine seismic acquisition can be

suggested.

4.2 Introduction

The enhancement of signal amplitudes of frequencies below 5 Hz is a desirable objective

in marine seismic data acquisition as it would have several benefits. The penetration depth

of the signal increases and imaging below complex overburden structures like basalt or salt

would be improved if low frequencies are enhanced. In addition, low frequencies are ben-

eficial for waveform inversion as they increase the likelihood to find the correct velocity

model (ten Kroode et al., 2013). However, the generation of low frequencies by seismic

air guns, which are the most common marine seismic source, is a major issue due to two

counteracting effects. These are the interference of the first reflected signal from the sea

surface, referred to as the ghost, with the downgoing wavefield and the oscillating air bub-

ble produced by the air gun (Hegna and Parkes, 2011). Deep towed sources give stronger

low frequency amplitudes due to the ghost effect compared to shallow ones. In contrast,

the oscillating air bubble generates stronger low frequency amplitudes at shallower source

depths. This is due to longer oscillations of the bubble caused by less hydrostatic pressure.

While the bubble time period controls the frequency output approximately between 5 Hz

to 15 Hz depending on the source depth, the impact of the depth on frequencies below

5 Hz is less understood. However, a few studies indicate that shallow sources might be

more likely to produce these very low frequencies (Mayne and Quay, 1971; Landrø and

Amundsen, 2014a; Amundsen et al., 2017).

The behaviour of oscillating bubbles close to interfaces is studied by several authors for

different sizes of air bubbles as mentioned in the following. The differences between air

bubbles generated by sparks and explosives close to a solid and free surface is investigated

by Hung and Hwangfu (2010) using high speed photography and pressure gauges. In a

similar experimental set up Cui et al. (2016) study the behaviour of underwater explosions

in the vicinity of one and two different boundaries, e.g. the free surface and a solid plate

with a circular hole. The acoustic signal of small bubbles in the vicinity of interfaces gen-

erated by a discharge between two electrodes is discussed by Krieger and Chahine (2005).

A numerical model for bubble oscillations close to a plane free surface is demonstrated

by Oguz and Prosperetti (1990). An experimental study using a small scale air gun with

a volume of 0.88 in3 (14.5 cm3) is presented by de Graaf et al. (2014b). They investigate

the bubble oscillation period and pressure field for different distances to a steel plate and
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free surface. The variation of the bubble period from an air gun close to the free surface is

also discussed by Haavik and Landrø (2016). The interaction of air bubbles in a clustered

air gun array, when the sources are close to each other, is studied by Strandenes and Vaage

(1992) and Barker and Landrø (2012). The general conclusion of all these studies is that

the bubble period increases in the vicinity of a solid boundary, while it starts to decrease

close to a free surface when the bubble surface distance reaches a critical point.

The ghost reflection depends on the water-air interface and when a seismic source is fired

at very shallow depths the acoustic pressure that strikes the surface can be large. This

could lead to disturbances of the water surface. The accompanying energy loss could

lead to a reduced ghost reflection. In seismic acquisition the effect is referred to as the

shot effect (Loveridge, 1984, 1985; Parkes and Hatton, 1986). The effect of pressure

pulses on a free surface leading to disturbances is also discussed by Temperley and Trevena

(1979). The estimated pressure amplitude needed to break the surface tension and disturb

the surface varies for different studies between values of less than one bar to values over

100 bar (Weston, 1960; Nyborg et al., 1972). In addition to the disturbance of the interface,

cavitation below the interface can occur caused by the negative reflected pressure pulse

(Wentzell et al., 1969). This could also lead to energy losses from the ghost reflection.

Another interesting effect that changes the interface shape are Faraday waves (Faraday,

1831). These surface waves can be generated at fluid-fluid interfaces by a periodic vertical

motion within one of the fluids which in case of the air gun is caused by the oscillating

bubble. Several experimental (Douady and Fauve, 1988; Douady, 1990) and numerical

(Périnet et al., 2009, 2012) studies demonstrate the surface wave patterns generated due to

harmonic motions in the fluid.

A few more studies should be mentioned that discuss different ways to enhance the low fre-

quency output in marine seismic acquisition. Dellinger et al. (2016) present a vibrator-type

source, called Wolfspar, that is designed to create specific ultra-low frequencies needed

for the computation of velocity models in full waveform inversion (FWI). A marine dipole

source is illustrated by Meier et al. (2015) which would change the ghost notches and

hence would amplify the low frequency amplitudes. Ronen and Chelminski (2018) present

a new pneumatic source, called the Tuned Pulse Source (TPS), that has much larger vol-

umes and lower operating pressures compared to conventional airguns. They propose that

this source enhances the low frequency signal while reducing the high frequency content

which can be harmful for marine life. In addition, using the signal apparition approach

in simultaneous source acquisition (Robertsson et al., 2016) could produce signals with

more low frequencies and less high frequencies compared to conventional seismic source

acquisition.

We investigate the effects on the air gun signal for sources fired very close to the sea

surface in more detail by performing experiments in a water tank and compare those to

field measurements (Amundsen et al., 2017). The variations of the bubble period and

ghost effect are discussed for sources fired at these shallow depths. In the tank experiment

a small volume air gun is fired at different depths including the point where the bubble

bursts directly into the surrounding air, breaks the water surface and hence no oscillations

occur in water. The surface disturbance caused by the acoustic pressure striking the water-
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air interface is also investigated further depending on the source depth. The results should

reveal how valuable very shallow air guns could be for an enhanced low frequency signal

below 5 Hz in marine acquisition and which depths might be optimal to achieve these

increased low frequency signals.

4.3 Theory

The two main effects that are described in the following are the change of the bubble

time period in the vicinity of the free surface and the impact of a reduced ghost reflection

on the frequency spectrum. The mechanisms that could be responsible for a decreased

ghost reflection are described. For the variation of the bubble time period we follow the

explanation given by Haavik and Landrø (2016).

The first description of an oscillating bubble in an inviscid, incompressible and infinite

medium is given by Rayleigh (1917) that neglects the effect of the free surface on the

bubble. The maximum bubble radius can be estimated using the assumption of adiabatic

expansion (Willis, 1941). This leads to the Rayleigh-Willis equation which is commonly

used in seismic acquisition to estimate the bubble time period as (Rayleigh, 1917; Willis,

1941)

TRW = C
P

1/3
f V

1/3
g

p
5/6
h

(4.1)

where Pf is the firing pressure and Vg the volume of the air gun. The constant C is specific

for the design of the gun and ph is the hydrostatic pressure. The impact of an interface as

the free surface was described first by Herring (1941) which corrects the Rayleigh-Willis

equation leading to

THe = TRW

(
1 + r

Ra

4zs

)
(4.2)

where Ra is the average bubble radius within one period and zs is the distance from the

interface to center of the bubble. In case of a free surface the reflection coefficient is r =

-1 while for a rigid boundary r = 1. Similar to this Haavik and Landrø (2016) derive an

expression to correct the bubble time period for the case where the bubble is close to an

interface. They suggest to compute the bubble time period as (Haavik and Landrø, 2016)

THL = TRW

1

2

√
A(κ, r) (4.3)

where

A(κ, r) =
4κ+ 4r − r2ln

(
κ−1
κ+1

)
κ

+
2r2

1− κ2
, κ ≥ 4. (4.4)

The parameter κ describes the ratio of the distance to the interface and the equilibrium

bubble radius Req as κ = 2zs/Req . The radius Req is the bubble size when the pressure

inside and outside the bubble is equal. The change of the bubble time period as a function

of source depth zs for different gun sizes is illustrated in Figure 4.1. We notice that the
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bubble time period increases for decreasing source depths zs until a turning point (Fig-

ure 4.1, circles). For source depths shallower than this turning point the bubble period

decreases again and hence the low frequency content is not increased anymore due to the

oscillating bubble. An interesting observation is that the ratio zs/Rmax between source

depth and maximum bubble radius, assuming an oscillating bubble after Rayleigh (1917)

at the turning point decreases for increasing air gun sizes as zs/Rmax = 2.34 (100 in3),

1.86 (500 in3) and 1.67 (1200 in3).
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Figure 4.1: Change of bubble time period Tb in an infinite medium (TRW) and close to a free surface

(r = -1) for the different models, THe and THL. Tb is modelled for different air gun sizes of 100

(solid), 500 (dashed) and 1200 (dotted) in3 and a firing pressure of 137 bar. The circles indicate the

maximum bubble period.

For a simple illustration of the ghost effect on the frequency content we assume a point

source that emits a spike function. The frequency spectrum of this time signal s(t) can be

computed using the Fourier transform as (Ikelle and Amundsen, 2005)

s(t) =
1

2π

∫ +∞

−∞
S(ω) e(iωt)dω (4.5)

S(ω) =

∫ +∞

−∞
s(t) e(−iωt)dt (4.6)

where t is the time of the signal and ω = 2πf is the angular frequency component, with

f as the frequency. If we assume a perfect reflection at the water-air interface, with a

reflection coefficient of r = -1, the signal and frequency spectrum can be computed for

different source depths zs as illustrated in Figure 4.2 (dashed line). The time delay td of

the ghost reflection corresponds to td = 2zs/c, where c = 1500 m/s is the sound velocity in

water. This is valid in the far-field where the source-receiver distance is much larger than

the source-interface distance and hence amplitude differences between the direct spike and

ghost spike due to the distance 2zs can be neglected. If we assume that the ghost amplitude
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Figure 4.2: Spike functions and their ghost reflections from the sea surface (top) and the corre-

sponding frequency spectra (bottom). Dashed lines indicate a prefect reflection at the surface. Solid

lines indicate a reduced ghost reflection with amplitudes given as Agh, computed from Equation 4.7.

is reduced due to energy losses at the surface related to the acoustic pressure that strikes

the surface, we could assume a smaller ghost amplitude for shallower sources (Loveridge,

1984, 1985). For the reduced ghost shown in Figure 4.2 (solid line) we use the empirical

relation presented by Hatton (2007) which leads to variations of the reflection coefficient

r as

r = 1.3
(pp
zs

)1/5

− 1.7 (4.7)

where pp is the zero to peak pressure in bar-m. For the example in Figure 4.2 a peak

pressure of pp = 1 bar-m is assumed for all source depths. It should be noted that the

reflection coefficient might only vary temporarily when the acoustic pressure exceeds a

critical value at the surface. The spectra in Figure 4.2 can also be described by the ghost
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function, assuming vertically travelling plane waves, as (Amundsen and Zhou, 2013)

|G| = |1 + r e(2i
2πfzs

c )| (4.8)

where c is the sound velocity in water. We notice in Figure 4.2 that a reduced ghost

reflection fills up the notches related to the source depth, e.g. at 187.5 Hz and 250 Hz for

a source depth of 3 m and 4 m, respectively. This could also be of special interest for low

frequencies. For the shallowest source at 2 m this leads to a higher frequency content of 5

- 15 dB between frequencies of 1 - 5 Hz compared to the deeper sources.

Potential mechanisms that lead to energy losses at the sea surface and therefore to a re-

duced ghost reflection are mentioned and further discussed in the Discussion section.

These effects can be related to the pressure wave striking the interface, the physical in-

teraction of the source (air bubble) with the interface as well as a rough surface caused by

wind and weather. When the amplitude of the pressure wave at the sea surface is strong

enough to break the surface tension, the reflected ghost signal is reduced by a certain

amount as suggested in Figure 4.2 (Loveridge, 1984; Hatton, 2007). Secondly, if the air

gun is so close to the surface that the bubble directly bursts into the air, the surface is

highly disturbed and the water-air interface almost vanishes at the point where the bubble

breaks. This could cause a strong decrease of the ghost reflection while it should be men-

tioned that the overall source signal strength is expected to decrease compared to deeper

sources. In addition, a rough surface impacts the reflected signal as discussed by many

authors (Brekhovskikh and Lysanov, 1991; Hovem, 2007; Jensen et al., 2011). However,

this mostly effects higher frequencies in seismic acquisition and hence stronger sea states

are expected to reduce the higher ghost notches (Jovanovich et al., 1983) but not the notch

at 0 Hz. Therefore, we do not elaborate more on the effect of a rough sea surface.

4.4 Experiments

For a detailed investigation of very shallow sources we conduct experiments in a water

tank where the source is fired almost at the water-air interface. In addition, we investigate

data from a field experiment where a large volume air gun is fired in a fjord at different

source depths (Amundsen et al., 2017).

4.4.1 Water tank experiments

The experiments are conducted in a water tank with the dimensions shown in Figure 4.3.

The walls of the tank are equipped with 5 cm thick foam mattresses. This damping material

leads to an improved signal reception with smaller side reflections indicated by previous

tests, although they do not act as perfectly absorbing boundaries. The source is a Mini G.

Gun with a chamber volume of 12 in3 which is fired at different depths during the exper-

iment, ranging from zs = 0.8 m to zs = 0.1 m (Figure 4.3). Brüel & Kjær hydrophones of

the type 8105 are used as receivers for all experiments in the tank which have a frequency
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Figure 4.3: Sketch of experimental set up in the water tank. The hydrophones are indicated as H1,

H2 and H3 where the x-, y- and z-coordinates in meters are given in brackets. The water depth in the

tank is 1.25 m and the width and length of the tank are 2.5 m and 6 m, respectively.

range from 0.1 Hz to 100 kHz. An additional hydrophone is located in air, denoted by

H3 (Figure 4.3), to record the signal transmitted through the water-air interface. The hy-

drophones of type 8105 have the same sensitivity in water and air for frequencies up to 3

kHz. Next to the hydrophone H3 camera 1 is placed to film the water surface while the air

gun is fired at different depths. For the same purpose the camera is also placed at a second

location denoted as camera 2. The recording rate of the camera is 240 frames per second

(fps) which allows to have a photo approximately every 4.2 ms. The video recordings

might provide additional information about the impact on the ghost reflection when an air

gun is fired very close to the water-air interface.

The experiment is also repeated several times where the hydrophones H1 and H2 are placed

at different depths to investigate the impact of the tank size. It could be concluded that the

main observations described in this paper are the same for all tests. The percentage of

non-repeatability of the air gun shots at each source depth is described by

δA =
1
N

∑N
n=1(Arms −An

rms)

Arms
· 100 (4.9)

where An
rms is the root mean square amplitude of a single recorded trace where n indicates

the shot number and N the total number of shots at one depth. Arms is the root mean

square amplitude of the stacked traces of all shots at one source depth. For an average

number of 10 shots at each source depths, which are 300 Hz low-pass filtered, a non-

repeatability of δA ≤ 5% is found.
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Figure 4.4: Sketch of experimental set up in the field. The hydrophone is indicated as Hf where the

x- and z-coordinates in meters are given in brackets. The water depth in the fjord is around 390 m.

4.4.2 Field experiments

We analyze data from a field test conducted in a Norwegian fjord (Amundsen et al., 2017).

The water depth at the test site is approximately 390 m and the weather conditions were

excellent during the test. A Bolt 1500LL single air gun with a chamber volume of 1200

in3, which is deployed from an A5 buoy, is fired at different source depths zs below the

sea surface (Figure 4.4). The signal is recorded with a Reson hydrophone TC4043 that

is located at a constant depth of 80 m nearly vertically below the source. The rope with

the hydrophone has a weight attached at the end to hold it straight. The x-coordinate for

the receiver position given in Figure 4.4 is an estimation and might vary slightly. The

hydrophone has a recommended frequency range between 2 Hz and 160 kHz. The air gun

was fired at source depths of zs = 1.3, 2.3, 3.3, 5.3, 7.3, 10.3, 20.3, 30.3 m. In addition,

one shot is conducted between 1.3 m and 2.3 m. The source depths is not exactly known

as the air gun is lowered due to a leakage in the A5 buoy. As the experiment was not

designed to test very shallow sources, only one shot is performed for the source at 1.3 m.

For all sources at a depth of 2.3 m and deeper at least six shots are fired. A more detailed

description of the experiment is given by Amundsen et al. (2017).

4.5 Results

The pressure recordings of the tank and field experiment are investigated and compared.

In addition, the variations of the oscillating bubble for different source depths and air gun

sizes is investigated.
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4.5.1 Water tank measurements

The measurements of the 12 in3 air gun fired with a pressure of 80 bar at four different

source depths are shown in Figure 4.5. The signal is corrected for geometrical spreading
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Figure 4.5: Measurements at H1 of 12 in3 air gun fired in water tank at different depths (top) and

the corresponding frequency spectra (middle) and a zoom on the low frequency part (bottom). A

300 Hz low-pass filter is applied to the data.

with 1/r where r is the source-receiver distance. The main peak of the air gun signature

is reduced with decreasing source depth and the same can be observed for the peak of the

oscillating bubble. For a source depth of 0.15 m only one bubble oscillation can be seen

around 0.05 s. The signature of the shallowest source depths of 0.1 m does not have any

bubble oscillation, indicating that the pressurized air from the gun directly bursts into the
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air. The maximum bubble radius for the different source depths could be roughly estimated

using Rayleigh’s equation for the bubble period (Rayleigh, 1917) and the measured bubble

period from the recordings. This reveals a maximum bubble radius for the different source

depths of Rmax(0.15 m) = 0.19 m, Rmax(0.3 m) = 0.23 m and Rmax(0.5 m) = 0.25 m. It

should be noticed that the bubble radius is larger than the source depth for the the source at

0.15 m for this simple approximation. That the bubble vanishes for the shallowest source

is visible in the frequency spectra (Figure 4.5, middle). While the source at 0.15 m still

has energy at the first bubble peak at 23 Hz, peaks at higher frequencies related to a 2nd

or 3rd bubble oscillation are not present. In addition, the first notches around 36 Hz and

58 Hz related to the bubble oscillation are not present for the source at 0.15 m compared

to the deeper sources. The spectrum for the shallowest source at 0.1 m is nearly flat and

has no energy related to the oscillating bubble. A close up on the low frequency end of

the spectrum (Figure 4.5, bottom) illustrates that the energy drops for decreasing source

depth except for the shallowest source without an oscillating bubble. For the shallowest

source depth a higher low frequency signal between 2 Hz and 5 Hz can be observed with a

gain up to 10 dB compared to the deeper sources. It should be mentioned that frequencies

below 0.5 Hz are filtered out. Figure 4.6 shows photos taken when the air gun is fired at a

source depth of 0.15 m in the water tank.

Figure 4.6: Photos of air gun fired at a depth of 0.15 m (taken by Stian Rørheim). The time between

each photo is 13 ms.

A detailed investigation on the variation of the bubble period is shown in Figure 4.7. The

minimum source depth on the x-axis is the depth where zs ≈ Rmax. The measured

bubble time period for source depths between 0.2 m and 0.8 m is compared to the modeled

period following Equations 4.1, 4.2 and 4.3. The Rayleigh-Willis equation (TRW) has

the largest deviation as it assumes an infinite medium. The measured data has the best

fit with Equation 4.3 given by Haavik and Landrø (2016). However, the difference to

Equation 4.2 from Herring (1941) is small. In general, a decreasing bubble period with

decreasing source depths can be observed for the measured data. Therefore, the highest

peak in the spectrum, around 25 Hz, produced by the oscillating bubble is shifted towards

higher frequencies as indicated in Figure 4.5 (middle) for the 12 in3 used in the tank. The
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turning point where the bubble period starts to decrease with decreasing source depth is at

zs ≈ 3.2 Rmax.
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Figure 4.7: Measured bubble time period of 12 in3 air gun for different depths fired in the water

tank compared to theoretical curves from Rayleigh-Willis equation, Herring and Haavik (Eq. 4.1,

4.2, 4.3). The gray area indicates source depths which are smaller than four times the maximum

bubble radius.

4.5.2 Field measurements

The measurements of the 1200 in3 air gun fired with a pressure of 137 bar at four different

source depths are shown in Figure 4.8. We estimate the source depth of the second shal-

lowest source to be at 1.8 m from a notchlike event around 400 Hz and from the bubble

period indicated by the peak around 5 Hz in the frequency spectrum (Figure 4.8, bottom).

However, as it is not exactly known and only one shot is conducted we denote the depth

in quotation marks. The main peak amplitude of the air gun signature is reduced with

decreasing source depth from 7.4 bar at zs = 3.3 m to 6 bar at zs = 1.3 m. The signal is

corrected for geometrical spreading using 1/r to get the amplitude at 1 m distance from

the source. A large amplitude difference can be observed for the bubble peak which is also

reduced for decreasing source depths. For the shallowest source at 1.3 m no oscillating

bubble can be observed in the time recordings, again indicating that the pressurized air

from the gun might directly burst into the air. For the source at ”1.8” m at least one bub-

ble oscillation could be observed in the frequency spectrum (Figure 4.8, bottom) where

the notch around 8 Hz is still pronounced compared to the shallowest depth, although

the bubble oscillation is difficult to identify on the pressure recordings (Figure 4.8, top).

The maximum bubble radius for the different source depths is estimated using Rayleigh’s

equation (Rayleigh, 1917) and the measured bubble period from the recordings. This re-

veals a maximum bubble radius for the different source depths of Rmax(1.8 m) = 1.19 m,
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Figure 4.8: Measurements of 1200 in3 air gun fired in the fjord at different depths (top) and the

corresponding frequency spectra (middle) and a zoom on the low frequency part (bottom). A 300

Hz low-pass filter is applied to the data.

Rmax(2.3 m) = 1.22 m and Rmax(3.3 m) = 1.23 m. While the source at 2.3 m still has suf-

ficient energy from the oscillating bubble visible at frequencies below 50 Hz, the spectrum

for the shallowest source at 1.3 m is nearly flat according to the vanishing bubble oscil-

lation (Figure 4.8, middle). In addition, the ghost notch for the source at 3.3 m is visible

around 200 Hz. A close up on the low frequency end of the spectrum (Figure 4.8, bottom)

illustrates that the energy drops for decreasing source depths related to the reduced energy

of the bubble oscillation. For the shallowest source at 1.3 m a higher low frequency signal

between 0.5 Hz and 2 Hz can be observed with a gain up to 20 dB compared to the deeper

sources. It should be mentioned that frequencies below 0.5 Hz are filtered out. In addition,
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the recommended frequency range of the hydrophone used for the field test is between 2

Hz and 160 kHz and hence care must be taken when investigating these low frequencies.

However, an enhanced low frequency content can be observed similar to the experiments

in the tank (Figure 4.5).

A detailed investigation on the variation of the bubble period is shown in Figure 4.9. The

measured bubble time period for source depths between 1.8 m and 30.3 m is compared to

the theory. The best fit between the measured and modelled bubble time period for this data

is given by Herring (1941). However, the difference between THe and THL for the range

of measured source depths is very small. In general, an increasing bubble time period Tb

with decreasing source depths can be observed for the measured data which should lead

to an enhanced low frequency signal produced by the oscillating bubble, assuming that

the amplitude would be constant. It should be noted that the bubble period increases for

source depths as shallow as zs ≈ 1.6Rmax. Therefore, the turning point where the bubble

period starts to decrease with decreasing source depth is shallower than for the small 12

in3 air gun (Figure 4.7) relative to the maximum bubble radius.
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Figure 4.9: Measured bubble time period of 1200 in3 air gun for different depths fired in the fjord

compared to theoretical curves from Rayleigh-Willis equation, Herring and Haavik (Eq. 4.1, 4.2,

4.3). The gray area indicates source depths which are smaller than four times the maximum bubble

radius.

4.5.3 Energy vs. Depth

The energy variation of the acoustic signal with source depths for the tank and field exper-

iments is investigated for the measurements in water and air. The acoustic energy of the
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air gun for different source depths is estimated from the frequency spectra as

E =

∫ fu

fl

|S(f)|2df (4.10)

where S(f) is the Fourier transform of the recorded, stacked traces for each source depth

zs and fl, fu are the lower and upper frequency limit used for the integration. The stacked

traces are corrected for geometrical spreading with 1/r where r is the source receiver

distance. The results in Figure 4.10 illustrate the energy variations with source depths

in the frequency band from 1 Hz (fl) to 400 Hz (fu). The energy in air, measured at

H3 (Figure 4.3), increases with decreasing source depth (Figure 4.10, top). In contrast

to that, the energy in water from the tank experiment decreases with decreasing source

depth. In general, the comparison between the energy in air and water illustrates that

the loss in water anticorrelates well with the increase in air for the measurements in the

tank, although the absolute energy difference between water and air is large. The field

measurements (Figure 4.10, bottom) have the same trend as the results in the tank with

a decrease in energy for shallower sources. Despite the increased energy for frequencies

below 5 Hz and 2 Hz for the shallowest sources in Figure 4.5 (bottom) and Figure 4.8

(bottom), respectively, the acoustic energy can be expected to be smaller for very shallow

sources compared to deeper ones. The main reason is the reduced energy of the oscillating

air bubble for decreasing source depths. For air gun arrays that are tuned on the main peak

and a reduced bubble oscillation the decrease of acoustic energy with source depth might

be less pronounced.

4.6 Discussion

The effects and mechanisms that have an impact on the low frequency signal from very

shallow air guns are discussed. This is the changing bubble time period with distance to

the interface and the vanishing bubble oscillation when the bubble breaks the surface. In

addition, as the source depth is decreased the water surface is disturbed caused by the pres-

sure striking the surface and the expanding bubble. All these effects acting on the water-air

interface can be expected to cause changes of the ghost reflection. We also discuss recom-

mended depths and air gun volumes for a potential enhancement of frequencies below 5

Hz.

A possible mechanism for energy loss of the ghost reflection is the disturbance of the water

surface caused by the acoustic pressure striking the interface. We follow the explanation

by Weston (1960) and Loveridge (1985) that a critical pressure pc is required to break

the surface tension at the sea surface. We assume that the pressure radiates spherically

from the source as shown in Figure 4.11(a). Video recordings are used to determine the

radius d of the disturbed surface, estimated from marks along the rope in Figure 4.11(b).

The critical distance rc is calculated from the known source depth as rc =
√

d2 + z2s .

For an estimation of the critical pressure we use measurements of 15 shots recorded at

the receivers H1 and H2 for source depths of zs = 0.2, 0.3, 0.4, 0.5, 0.6 m. The critical
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Figure 4.10: Estimated, normalized energy E using Equation 4.10 computed for different source

depths for the tank experiments in air and water (top) and the field experiments (bottom).

pressure is computed as

pc =
1

2

2∑
i=1

1

N

N∑
n=1

max(pi,n)
( ri
rc

)m

(4.11)

where max(pi,n) is the maximum measured pressure of shot number n at the receiver

number i, where i = 1,2 and N is the number of recordings. The source-receiver distance

is denoted by ri as shown in Figure 4.11(a). The factor m = 1,2 accounts for a linear and

quadratic spreading correction, respectively. Assuming a linear spreading correction for

the amplitudes an average critical pressure from both hydrophones of pc = 1.11±0.20 bar

can be estimated for unfiltered pressure recordings. For the quadratic spreading correc-

tion, the critical pressure is pc = 1.09±0.16 bar. The small variation between both results

can be explained by small differences of the distances rc and ri. Although this is a rough

estimation and the tank size could influence the measurements, the results agree with ob-

servations made from field tests. In a fjord test with a 600 in3 air gun (Haavik and Landrø,

2016) the shot effect can be observed from video recordings down to a source depth of 5

m. A zero-to-peak pressure of approximately 5 bar-m is measured for these tests, which

would result in a pressure of 1.25 bar striking the water surface for a source depth of 5

m when a linear spreading correction is assumed. It should be noted that the shot effect

could lead to an increased low frequency signal for very shallow sources as indicated in
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(a)

(b)

Figure 4.11: (a) Sketch illustrating the critical pressure pc needed to disturb the surface area with

the radius d. (b) Photos taken by camera 1 shown in Figure 4.3 of the air gun fired at different

depths with a firing pressure of 80 bar. The photos are taken shortly after the main bubble radius was

reached, at ca. 0.045 s (Figure 4.5).

Figure 4.2, especially for large volume air guns with a high zero-to-peak pressure ampli-

tude.
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Another effect is the bubble time period Tb and the amplitude of the bubble signal and its

impact on the low frequencies with a peak at the bubble frequency fb = 1/Tb. Although

it is commonly assumed that the bubble enhances the low frequency signal due to an

increasing period with decreasing source depths, at a specific depth close the surface the

bubble period decreases again, indicated as the turning point in Figure 4.1 (circles). This

turning point depends on the gun size and for larger gun volumes the sources can be towed

shallower relative to its maximum bubble radius (zs/Rmax) before this point is reached.

This hypothesis is supported by the measurements as the turning point for the 12 in3 air

gun is at zs/Rmax ≈ 3.2 (Figure 4.7) and for the 1200 in3 air gun it is at zs/Rmax ≈ 1.6

(Figure 4.9).

In the tank experiment only near-field signatures are measured and it could be argued that

the enhanced amplitudes at low frequencies vanish in the far-field due to the ghost effect.

The far-field ghost is not added to the measured data as the effect of the reduced sea surface

reflection caused by the surface disturbance is difficult to quantify. However, the similar-

ities for the signal of the shallowest source in the tank, at 0.1 m (Figure 4.5), and in the

field, at 1.3 m (Figure 4.8), at low frequencies indicate that the ghost is strongly reduced.

Therefore, an enhanced low frequency signal in the far-field could still be expected.

As an attempt to summarize the impact of the source depth on the low frequency part

of the signal, characteristic depths are defined (Figure 4.12) which are explained in the

following.

I No relevant interactions between the source and the water-air interface are expected

within this range that have an impact on the source signal.

II ps = pc: this depths indicates when the emitted acoustic pressure at the surface ps
equals the critical pressure pc which was estimated in the experiments and is illus-

trated in Figure 4.11. Therefore, the surface can be disturbed by the shot effect for

sources that are fired shallower. Although it is difficult to quantify this effect it could

reduce the ghost impact as indicated in Figure 4.2 which could lead to increased low

frequencies.

III zs < 4 Rmax: for all depths smaller than 4 · Rmax the bubble is expected to interact

with the sea surface (Chahine, 1977) which leads to a smaller increase of the bubble

period than predicted by the Rayleigh-Willis equation (Figure 4.7 and 4.9). Therefore,

the increase of low frequencies is lower than assumed, which would counteract the

effect described in point 1. For large gun volumes the shot effect could be strong

within this range while the bubble period still increases (Figure 4.9). This could be an

explanation for the increased low frequencies between 0.5 Hz and 2 Hz for the 1200

in3 air gun fired at a depth of 3.3 m (Figure 4.8, bottom).

IV Tb decreases: this depths indicates the turning point from which on the bubble pe-

riod decreases with decreasing source depths (Figure 4.1, circles) and hence the low

frequency enhancement due to the bubble is stopped. This effect is even more pro-

nounced by a reduced bubble amplitude. Therefore, measurements within this range

could have a reduced low frequency signal. This hypothesis can be supported by the
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12 in3 air gun fired at 0.15 m (Figure 4.5) and the 1200 in3 air gun fired at ”1.8” m

and at 2.3 m (Figure 4.8).

V Rmax ≥ zs ≥ Rmax/1.5: within this range it is expected that the bubble breaks the

surface. It can be observed from the measurements with the 12 in3 air gun that the

depth might has to be smaller than the maximum radius to break the surface. However,

the value of 1.5 is a rough estimation from the observations. Within this range the low

frequency signal below 5 Hz is expected to be enhanced the most. This could be due

to a highly reduced ghost reflection as the surface is strongly altered by the bubble

breaking the surface. For even shallower source depths the energy in water could be

highly reduced and more energy goes into air as discussed (Figure 4.10). The other

issue is that the low frequency content does not seem to be increased when the air gun

is slightly deeper than this depth.

It should be mentioned that this is a simplified explanation as the shot effect and nonlinear

effects, when the bubble breaks the surface, are difficult to quantify. The source depths for

ps = pc is estimated as zs = (pp/pc)+1 m where pp is the zero-to-peak amplitude in bar-m
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Figure 4.12: Characteristic depths for different gun volumes Vg and a firing pressure of 137 bar as

explained in point I to V. Rmax is the maximum bubble radius, Tb the bubble time period, zs the

source depth, ps the emitted acoustic pressure at the surface and pc the critical pressure as indicated

in Figure 4.11(a).
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computed at 4 m depths with a commercial software. This can be a valid assumption, at

least for guns larger than 200 in3, as the peak amplitude does not vary significantly with

depth within the range between 5 m and 12 m (Vaage et al., 1983). The critical pressure

pc is estimated from experiments with a flat surface and this value could vary when the

surface is already disturbed due to weather or waves. The maximum bubble radius Rmax

is estimated as a mean value of all maximum radii computed for source depths between

0.1 m and 10 m (increment 0.1 m) using a damped Kirkwood-Bethe equation as in Landrø

and Sollie (1992). Despite all these simplifications the scheme (Figure 4.12) explains the

main effects and observations in the measured data and could act as a guideline for further

field experiments.

To enhance the frequency part below 5 Hz in marine seismic surveys it can be beneficial

to place a few sources very shallow as suggested by Amundsen et al. (2017). The depths

should be around the range Rmax ≥ zs ≥ Rmax/1.5 as indicated in Figure 4.12. It is

recommended to use large volume air guns due to several reasons. They do not loose as

much energy from the oscillating bubble as smaller sources when towed that shallow. Only

one or two big air guns (e.g. 1200 in3) might be sufficient to increase the low frequency

signal noticeable. They can be towed at depths around 1 m and not as shallow as 0.5 m or

less which would make the towing even more complicated. In addition, it seems promising

that a 1200 in3 air gun also enhances the low frequency content for depth between 3 m to

4 m (Figure 4.8). It should be mentioned that the towing of air guns as shallow as 1 m or

less is a challenging task, especially when the sea state is high. However, when this issue

is solved the addition of a few very shallow sources to a conventional air gun array is very

likely to enhance frequencies below 5 Hz. The energy related to the oscillating bubble that

is lost for very shallow sources need to be compensated by the conventional part of the

array.

To investigate the effect on the ghost in a field trial in more detail air guns with small

bubble oscillations, e.g. GI Guns with two chambers, should be tested, while near- and

far-field signals are recorded. This allows to focus on the main peak and its ghost as the

bubble is a strong factor that impacts the signal very close to the sea surface. This test

would continue the work done by Mayne and Quay (1971).

4.7 Conclusion

An enhanced low frequency signal for frequencies below 5 Hz can be observed in the ex-

periments for sources at a depth where the air gun bubble bursts directly into the air and

hence no oscillations occur. For large volume air guns the low frequency signal might be

also increased for slightly deeper sources as the high zero-to-peak pressure leads to strong

disturbances of the sea surface caused by the acoustic pressure. This could result in a re-

duced ghost reflection and enhanced low frequency signal as observed in the data. In com-

parison to small air guns, large volume air guns can be towed at shallower depths relative

to their maximum bubble radius before the bubble period starts to decrease in the vicinity

of the free surface. Recommended depths are given where guns of different volumes could
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be placed to achieve an increased signal for frequencies below 5 Hz. In addition, depths

are indicated where the oscillating bubble looses most of its energy and where the ghost

might start to be reduced. As very shallow air guns, which burst directly into the surround-

ing air, loose the energy related to the oscillating bubble, a combined source array of a few

very shallow air guns and a conventional set up can be a good compromise. Further field

trials are required to verify the results in common marine seismic acquisition surveys and

to investigate the feasibility and source signal repeatability of towing air guns as shallow

as 1 m, especially during higher sea states.
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Chapter 5

The Coupling of Marine Seismic
Source Signals into Air

Daniel Wehner1, Peter Svensson2 and Martin Landrø2

1 NTNU, Department of Geoscience and Petroleum, 7031 Trondheim, Norway
2 NTNU, Department of Electronic Systems, 7491 Trondheim, Norway

Extended investigation and discussion on Chapter 3 and 4; manuscript in preparation

5.1 Abstract

When a seismic airgun is fired very close to the water surface the oscillating bubble in-

teracts strongly with the water-air interface. The main interest for seismic applications is

how this effects the acoustic signal emitted into water. However, the signal that is radiated

into air could be also influenced by the source-interface interaction. We elaborate more on

the signal measured in air by expanding the discussion of chapter 3 and 4. In chapter 3 the

acoustic source is a small cavity that is sufficiently far away from the water-air interface so

that no interaction between the cavity and water surface occurs. Therefore, only the emit-

ted acoustic pressure strikes the water surface. In chapter 4 the acoustic source is a large

air bubble that is very close to the water-air interface and hence strong interaction between

the bubble and water surface occurs. The main focus is on the source that directly interacts

with the water-air interface. The effects on the water surface and oscillating air bubble for

very shallow depths are discussed in more detail. We find that the moving surface could

contribute to the signal that is measured in air.
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5.2 Introduction

In marine seismic acquisition and underwater acoustics the focus is naturally on the signal

that propagates in water. However, a part of the signal is also transmitted into the air. The

signal amount that is transmitted depends, amongst other things, on the distance between

the source and the water-air interface. For an oscillating bubble as the source, the bubble

interacts and disturbs the water surface when excited close to the interface and the moving

interface could emit further signal into the air. Hence, we might define two main effects

that create a signal in air. First, the signal in air is transmitted through the interface.

Second, the moving water surface, due to the interaction with the source, emits an acoustic

signal into the air.

The signal that is transmitted through an interface depends on the transmission coefficient

of the interface. For the water-air interface the transmission coefficient is low due to the

high impedance contrast between water and air (Kinsler et al., 1962). For plane waves in-

cident on the interface the transmission depends on the angle of incidence, while for spher-

ical waves incident on the interface it depends also on the frequency, source-interface and

interface-receiver distance (Brekhovskikh and Lysanov, 1991; Aki and Richards, 2002)

as discussed in chapter 3. The strongest difference between a spherical transmission re-

sponse and the plane wave transmission coefficient could be observed for low frequencies,

or more precisely for wavelength larger than the source-interface distance as demonstrated

by Li et al. (2017a), Li et al. (2017b) and Yan et al. (2017) for AVO (amplitude versus

offset) analysis of seismic data between two acoustic media. In addition, an increased

amount of signal could be transmitted into air caused by the evanescent component of the

wave inside water which can be converted to a homogeneous wave in air for particular

wave numbers. This is discussed in theory for monopole sound sources in water where

the source depth is much less than the emitted acoustic wavelength by Godin (2006), Mc-

Donald and Calvo (2007), Godin (2008) or Glushkov et al. (2013). Experimental results

verifying the increased transmission from water into air, when accounting for evanescent

waves, for a frequency range between 1 and 20 kHz are presented by Calvo et al. (2013)

and Voloshchenko and Tarasov (2013).

The behaviour of oscillating bubbles and explosions close to the water-air interface is stud-

ied by several authors for different sizes of air bubbles and an overview of bubble dynamics

and potential applications is given by Wang et al. (2018). The interaction of the free sur-

face with small bubbles, in the millimeter range up to a few centimeters, is demonstrated

by Oguz and Prosperetti (1990), Chahine et al. (1995) or Krieger and Chahine (2005). A

critical distance where the interaction between the bubble and free surface takes place is

theoretically and experimentally investigated by Chahine (1977). The effect of surface

tension on the water-air interface displacement caused by the bubble and acoustic pressure

is demonstrated by Lu et al. (1989) and Cinbis et al. (1993). When small bubbles burst

at the water-air interface a jet is formed as presented by Boulton-Stone and Blake (1993)

in a numerical model and experimentally demonstrated by Blake and Gibson (1981) or

Longuet-Higgins (1983). The interaction between the free surface and intermediate bub-

ble radii, in the range of a few tens of centimeters, is demonstrated by Hung and Hwangfu

(2010) and Cui et al. (2016) using small explosives. They also investigate the interaction
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with solid boundaries. High-speed photography for these experiments indicates cavitation

near the surface due to the negative acoustic pressure reflected from the surface and the

formation of a jet through the bubble (Cui et al., 2016). Experiments with a small labora-

tory scale airgun fired close to a solid boundary and free surface are conducted by de Graaf

et al. (2014a). The interaction between the ocean surface and large spherical underwater

blasts emitting a shock wave is theoretically described by Chan et al. (1968), Collins and

Holt (1968) or Ballhaus Jr. and Holt (1974). Another example of the interaction between

a fluid-air interface and large bubbles, in the range of a few meters, is related to volcanic

eruptions. The infrasound signal recorded from gas bubbles breaking at the surface of a

lava column is presented by Vergniolle and Brandeis (1994, 1996), Vergniolle et al. (1996)

and Johnson (2003).

Here, we compare the two experiments from chapter 3 and 4 with a focus on the signal

that is recorded in air. The main difference between the experiments is the bubble size of

the source. In chapter 3 the radius of the cavity from the watergun is small, approximately

2-3 cm, and the distance between the source and water-air interface is large relative to

the cavity radius. Therefore, no interaction between the source and the water surface is

expected for the source depths in the experiment. In chapter 4 the radius of the bubble

is much larger, approximately 20-25 cm, and hence the source strongly interacts with the

water surface when excited at depths smaller than 4 times the maximum bubble radius.

5.3 Theory

The two main effects, signal transmission through the water-air interface and an acoustic

signal emitted by a moving surface, are briefly discussed in the following.

The acoustic pressure from a source underwater transmitted through the water-air interface

and measured in air can be described for a flat fluid-fluid interface and plane waves as

(Kinsler et al., 1962)

pt = pi Tc exp[i(ωt− kax sin(θa)− kaz cos(θa))] (5.1)

where pi is the pressure incident on the water-air interface, Tc is the transmission coeffi-

cient, θa is the angle of refraction in air and ka = ω/ca where ca is the sound velocity

in air and ω = 2πf with f as the frequency. The coordinates x and z are as shown in

Figure 5.1. For the transmission plane waves or spherical waves might be assumed as

discussed in chapter 3.

The acoustic pressure in air generated from a moving surface could be computed similar

to a membrane as (Harris, 1981)

pm(t) =
ρa
2π

∫
dS

ḧ
(
t− ra

ca

)
ra

dS (5.2)

where ρa is the density of air, dS is a surface element in the horizontal plane of the water

surface, ra is the distance from the water surface to the receiver and ḧ is the second time
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Figure 5.1: Sketch illustrating the displacement h of the water surface caused by an oscillating

bubble underwater.

derivative of the water surface displacement h (Figure 5.1). The surface displacement

caused by an oscillating bubble is related to the distance from the water surface and the

bubble size (Chahine, 1977). Here, we use an ad-hoc model for the surface displacement

accounting for those components, similar to the model presented by Chahine (1977), as

h =
2

(r2 + 1)3/2
4

3
πR3 (5.3)

where r =
√
(x− xs)2 + (y − ys)2 + z2s is the distance between the center of the bubble

and the horizontal plane at the water-air interface and R is the bubble radius (Figure 5.1).

The model presented from Chahine (1977) is valid under the assumption that the bubble

is sufficiently far from the water-air interface, so that it can be represented as an oscillat-

ing source of variable intensity with time. The water surface displacement caused by an

oscillating air bubble underwater is illustrated in Figure 5.1.

5.4 Experiments

The experiments are conducted in a water tank with the dimensions given in Figure 5.2 and

5.3. The walls of the tank are equipped with 5 cm thick foam mattresses. Brüel & Kjær

hydrophones of the type 8105 are used as receivers for all experiments in the tank which

have a frequency range from 0.1 Hz to 100 kHz. Additional hydrophones are located in

air to record the signal transmitted through the water-air interface. The hydrophones of

type 8105 have the same sensitivity in water and air for frequencies up to 3 kHz. Two

different experiments are conducted that mainly differ in the seismic source used for the

experiment.

In Experiment A, a S15 watergun with one cylindrical gun port and a gun volume of 15

in3 (ca. 0.25 l) is used (Figure 5.2). The source creates a collapsing cavity caused by a
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Figure 5.2: Sketch of experimental set up in the water tank for Experiment A. The hydrophones are

indicated as H5 and H6 where the x-, y- and z-coordinates in meters are given in brackets. The water

depth in the tank is 1.25 m and the width and length of the tank are 2.5 m and 6 m, respectively.

Figure 5.3: Sketch of experimental set up in the water tank for Experiment B. The hydrophones are

indicated as H1, H2, H3 and H4 where the x-, y- and z-coordinates in meters are given in brackets.

The water depth in the tank is 1.25 m and the width and length of the tank are 2.5 m and 6 m,

respectively.
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high velocity water jet that is pushed out of the gun port when fired. The maximum radius

of the cavity in our experiment is in the range of approximately 2-3 cm (Figure 5.2). The

source is fired at different depths ranging from zs = 0.2 m to zs = 0.7 m.

In Experiment B, a Mini G. Gun with four gun ports and a chamber volume of 12 in3

(0.2 l) is used (Figure 5.3). The source creates an oscillating air bubble caused by the

sudden release of highly compressed air from the gun chamber. The maximum radius of

the bubble in our experiment is in the range of approximately 20-25 cm (Figure 5.3). The

source is fired at different depths ranging from zs = 0.1 m to zs = 0.6 m. In addition to

the pressure recordings a camera is placed slightly above the water-air interface during

this experiment to film the water surface while the airgun is fired at different depths. The

recording rate of the camera is 240 frames per second (fps) which allows to have a photo

approximately every 4.2 ms.

5.5 Results

First, we compare the recordings in air from both experiments. Secondly, we investigate

the results from experiment B in more detail as the source strongly interacts with the

water-air interface which is not the case for experiment A. The pressure recordings in

water and air are shown in Figure 5.4 and 5.5 for experiment A and B, respectively. The

maximum bubble radius indicated in the figures for the cavity Rmc and airgun bubble Rmb

is estimated from the measured collapse time τ (Rayleigh, 1917)

τ = 0.915Rm

√
ρw
p0

(5.4)

where ρw is the water density, p0 is the hydrostatic pressure and 0.915 is an exact number

derived from gamma functions by Rayleigh (1917). The radius Rm is replaced by Rmc

or Rmb for the respective experiment. It should be noted that the signals are corrected for

geometrical spreading with 1/r and that the signal in air is enhanced by multiplication with

a constant factor to make it comparable with the recordings in water.

For experiment A the signal in air is multiplied by 300 (Figure 5.4). The signal in air

has nearly the same shape as the signal in water. The delay between the signals fits with

the delay corresponding to the difference in source-receiver distances and different sound

velocities in water and air. As the similarity between the signal in air and water is high,

the signal in air is most likely caused by transmission through the interface only. This is

also in agreement with the distance between the source and water-air interface where the

shallowest source is still at a depth larger than 8 times the maximum cavity radius Rmc.

Therefore, no interaction between the interface and source is expected (Chahine, 1977).

That the signal reflected from the water-air interface does not alter the shape of the record-

ings in water too much is demonstrated in chapter 3. The measured transmitted signal is

slightly stronger as expected from the theoretical plane wave transmission coefficient Tp ≈
0.0006 which could be due to the spherical wavefront or evanescent waves as discussed in

chapter 3.
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For experiment B the signal in air is multiplied by 40 (Figure 5.5) which indicates that the

signal in air is stronger than in experiment A relative to the signal strength in water. For the

range with comparable source depths zs in both experiments between 0.2 m and 0.6 m, the

signal in air in experiment B is about 2 to 2.5 times stronger than in experiment A relative
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Figure 5.4: Measurements of watergun signature at H5 and H6 (Figure 5.2) for different source

depths zs. Indicated is also the ratio between the source depth zs and maximum cavity radius Rmc.

Signal is 300 Hz low-pass filtered.
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to the signal in water. For shallower sources the increase of the signal in air is much

stronger and for the shallowest depths of 0.1 m the amplitude in air is doubled compared

to the second shallowest depths of 0.15 m (Figure 5.5). In addition, we observe that the

signal shape is quite different between the measurements in air and water, especially for
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Figure 5.5: Measurements of airgun signature at H1 and H4 (Figure 5.3) for different source depths

zs. Indicated is also the ratio between the source depth zs and maximum bubble radius Rmb. Signal

is 300 Hz low-pass filtered.
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the shallowest source depths. We note a strong negative peak around 0.23 s and 0.26 s

in air for source depths of 0.1 m and 0.15 m which is not present in the measurements in

water. The main peak in air around 0.18 s is also broadened for source depths between

0.15 m and 0.3 m compared to the signal in water and seems to consist of two peaks. The

time delay between the main peak in water and air is about 7.3 ms which is slightly more

than 6.5 ms which is expected from the source-receiver distance and sound velocity in air.

If we account for an error in the acquisition geometry of ± 0.1 m for the position of the

receivers the expected time delay can be 7 ms.

For a comparison of both experiments we estimate the signal that is transmitted into air

depending on the source-interface distance as the ratio between the maximum amplitude

in air and water (Figure 5.6). The errorbars indicate the computed standard deviation of

the ratio from the measured data. The theoretical amplitude ratio using the plane wave

transmission coefficient Tp is shown as a reference. The data seems to converge towards

the plane wave transmission coefficient with increasing ratios of zs/Rm which means that

the source is at a large depths or the bubble radius of the source is small. The amplitude

ratio strongly increases when zs/Rm < 1. It should be noted that the source bubble

interacts with the interface for small zs/Rm values and hence the plane wave transmission

coefficient might not be a fair comparison. However, it acts as a descriptive reference.

Two more observations from experiment B are discussed in the following. First, an in-

teraction between the source and the water-air interface is expected for all depths as the

the deepest source depth of 0.6 m is less than 2.5 times the maximum bubble radius Rmb

and hence it is within the critical range for interaction (Chahine, 1977). The impact of the

airgun bubble on the water-air interface can be observed in Figure 5.7(a). The photos il-
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Figure 5.6: Ratio of maximum peak amplitude measured in air Aair and water Awater for both exper-

iments depending on the ratio between the source depth zs and maximum bubble size Rm. Rm is

replaced with Rmc and Rmb for the respective experiment. Computed for a 300 Hz low-pass filtered

signal. Dashed line shows theoretical ratio using the plane wave transmission coefficient Tp.
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(a)

(b)

Figure 5.7: (a) Photos at water surface for airgun experiment B fired at different source depths

zs taken ca. 20 ms after airgun is fired, when bubble radius R is close to its maximum. Sketch

shows the set up and how max(h) is measured. (b) Measured maximum surface displacement h
for different source depths. Shaded area indicates the error. Grey line is the normalized measured

acoustic pressure in water for the airgun fired at zs = 0.3 m.
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lustrate the surface lift due to the expanding airgun bubble. The variation of the maximum

surface lift with time is measured from the videos and marks on the rope (Figure 5.7(b)).

Only two videos for each source depth are evaluated and the estimation of the shallowest

sources, zs < 0.3 m, is more a guess due to the splash and other non-linear effects. How-

ever, we get a rough estimate for the surface elevation and the estimation for the deeper

sources could be performed more accurately for the first bubble oscillation. We note how

the surface lift decreases with increasing source depth. In addition, the correlation of the

maximum bubble radius and maximum surface displacement can be observed. The maxi-

mum bubble radius is reached when the acoustic pressure has a minimum (Figure 5.7(b),
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Figure 5.8: Measurements of airgun signature in air at H2, H3 and H4 (Figure 5.3) with different

band-pass filters applied as indicated, corrected for spreading with 1/r and aligned in time. The

source depth is zs = 0.3 m. Note the different amplitude scales for each plot.
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grey line). We also note that the surface is almost instantly lifted when the gun is fired. It

should be noted that the gun trigger and video recording are not synchronized. We estimate

time zero for the video recordings from the first sign of released air from the gun.

Second, we investigate the measured signal in air at different refraction angles from the

water-air interface location vertically above the source. Therefore, we compare the recorded

signals measured at H2, H3 and H4 (Figure 5.3) within different frequency bands (Fig-

ure 5.8). We observe that the signals are almost the same at all receivers for the lowest

frequency band, below 50 Hz, while the difference increases with increasing frequency.

That might be explained by different reflections of obstacles in air as the receivers are

located at different positions. When comparing the amplitudes, we observe that receiver

H4 records stronger signals at higher frequencies compared to the other two receivers.

While reflections might also impact this observation, evanescent waves could be another

explanation as discussed in the next section.

5.6 Discussion

First, we discuss a potential mechanism to explain the amplitude differences observed in

Figure 5.8. Secondly, we present a simple model that could explain the main features of

the signal recorded in air from experiment B (Figure 5.5).

The higher amplitudes with higher frequencies measured at receiver H4 compared to the

receivers H2 and H3 might be explained by evanescent waves in water which are transmit-

ted as homogeneous waves into air. As discussed for a monopole sound source by Godin

(2008) and Calvo et al. (2013) more signal could be transmitted into air with decreasing

frequencies and source depths when zs/λ � 1, where λ is the wave length in water. Calvo

et al. (2013) compute the transmitted signal into air using wavenumber integration which

demonstrates that most of the signal is confined inside a cone, when only homogeneous

waves in water are assumed (Figure 5.9). The angle of the cone corresponds to the critical

angle between water and air. When evanescent waves are taken into account, the radi-

ation into air is close to omnidirectional for small zs/λ ratios as shown for an example

with the ratio zs/λ = 0.034 (Calvo et al., 2013). In our experiments (Figure 5.8) the ratio

is zs/λ = 0.005 for the lowest frequency band, assuming f = 25 Hz, while it is zs/λ =

0.1 for the highest frequency range, assuming f = 500 Hz. Therefore, evanescent waves

might be one explanation that we observe the same signal amplitude at all receivers for

the lowest frequencies. For the highest frequencies, when the evanescent component is

less pronounced, the amplitudes are stronger close to the 13.4o cone, which is the case for

receiver H4 (Figure 5.8). It should be noted that the theory is developed for a monopole

sound source which might not be fully valid for the airgun fired close to the interface.

The signal in air measured in experiment B might be partially explained by the movement

of the water surface and the bubble venting into the surrounding air when it breaks the

surface, in addition to the signal that is directly transmitted through the water-air interface.

The effect is investigated using a phenomenological model that describes the movement
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of the water surface as a function of the bubble radius. We compute the airgun bubble in

water using a damped Kirkwood Bethe equation as (Kirkwood and Bethe, 1942; Landrø

and Sollie, 1992)

R̈ =

(
1 + Ṙ

C

)
H +

(
1− Ṙ

C

)
R
C Ḣ − 3

2

(
1− Ṙ

3C

)
Ṙ2 − αṘ+ βṘ2

R
(
1− Ṙ

C

) (5.5)

where R, Ṙ and R̈ are the bubble radius, velocity and acceleration, respectively. The sound

velocity in water at the bubble wall is denoted by C, H is the enthalpy and α and β are

damping and empirical coefficients accounting for energy losses of the bubble oscillation.

We adjust the damping parameters to fit the measurements in water at H1 (Figure 5.3).

In addition, we assume that the bubble breaks the surface and vents into the air when a

critical bubble radius Rc is reached depending on the source depth. This radius is Rc =

1.5zs estimated from the video observations and acoustic recordings in water. We assume

that the bubble radius and hence the surface displacement stops abruptly when the critical

radius is reached (Figure 5.10). Although this is a very simplistic model, we note that the

bulge at the water surface for the shallowest source depth of zs = 0.1 m is kept almost

constant for a long time compared to the deeper sources (Figure 5.12 and 5.13). Similar

observations for an almost stationary water surface displacement during a collapsing cav-

ity are demonstrated by Robinson et al. (2001). The surface displacement h is computed

Figure 5.9: 2D section of experimental set up shown in Figure 5.3. The transmitted signal into

air from a monopole sound source is sketched accounting only for homogeneous waves (black) and

including the evanescent part (grey), adopted from Calvo et al. (2013).
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Figure 5.10: Modelled bubble radius R and surface displacement h vertically above the source.

The critical radius Rc, when the bubble breaks the surface, is reached at 1. The black dashed line

indicates the modelled bubble radius when it does not break the water-air interface. A 150 Hz low-

pass filter is applied to ḧ.

using equation 5.3 and the general shape of the water surface is explained well by the ad-

hoc model. To fit the amplitude of the modelled surface displacement to the measurements

(Figure 5.7(b)) we scale equation 5.3 with 0.3/zs. The acoustic signal at the receiver can be

computed from the surface movement using equation 5.2. The model and measurements

are compared in Figure 5.11 for normalized amplitudes. The negative peaks in air for the

depths of 0.1 m and 0.15 m are explained by the negative acceleration of the surface dis-

placement caused by the abrupt stop of the bubble (Figure 5.10). When the bubble does

not break the surface, at 0.3 m, the signal in air is a repetition of the bubble movement

in water. The amplitudes are normalized as the model predicts 5 times higher amplitudes

than observed in the measurements. That could be due to the assumption of an abrupt stop

of the bubble radius which is way more complex and the simple model used to describe

the surface lift. In addition, the Kirkwood-Bethe model for the bubble does not account

for a breaking bubble. These points need to be investigated in more detail to quantify the

amplitudes as the breaking point is crucial for that purpose. However, the general shape

with the negative peaks in air could be reproduced by the model (Figure 5.11) and hence

the surface lift could contribute to the signal in air for very shallow source depths. Similar

signals and mechanisms are discussed by Bowman et al. (2014) who conduct experiments

with small explosives at different burial depths close to the surface. Although they in-

vestigate the coupling between an elastic medium and air, some phenomenons seem to

be similar. Furthermore, investigations on volcanic eruptions conducted in the field of in-

frasound reveal similar signals received in air (Johnson, 2003; Yokoo and Iguchi, 2010).

In Figure 5.12 and 5.13 we note that the water surface has changed for all source depths
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between time 0 and 4.2 ms. A white foam lifted from the surface is visible at 4.2 ms for

source depths of 0.1 m and 0.15 m that is not visible for the source depth of 0.3 m. That

might be water vapor molecules lifted from the surface due to the high pressure incident

on the water-air interface (Loveridge, 1985). In addition, we note that water droplets are

created above the water surface starting at 21 ms. This observation can be best recognized

when the photos at 21 ms (Figure 5.12) and 25.2 ms (Figure 5.13) for a source depth of 0.3
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Figure 5.11: Measured (solid) and modelled (dotted) signals from the 12 in3 airgun recorded in

water at H1 and in air at H4 as indicated in Figure 5.3 for different source depths zs. Measured

and modelled data are normalized to each maximum value, respectively. A 150 Hz low-pass filter is

applied to the data.
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m are compared. The time correlates with the beginning contraction of the airgun bubble

and hence the downward movement of the water-air interface (Figure 5.7(b)). The large

surface spike at the center above the bubble, generated for source depths of 0.1 m and

0.15 m over time (Figure 5.12 and 5.13), is also demonstrated by many authors for the

interaction of spark- or laser-induced cavities with the water-air interface (Blake and Gib-

son, 1981; Longuet-Higgins, 1983; Robinson et al., 2001) and for underwater explosions

(Rogers and Szymczak, 1997). The strong surface lift is associated with a jet formation

that is directed away from the free surface and propagates through the center of the bubble

(Gibson, 1968; Robinson et al., 2001; Supponen et al., 2015; Zhang and Liu, 2015). The

surface spike and jet are caused by a high pressure region between the bubble and free sur-

Figure 5.12: Photos of airgun fired at a different source depths zs taken at different times as indi-

cated. The source depths correspond to the recordings shown in Figure 5.11. Pressure recordings

and camera are not synchronized.
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face (Pearson et al., 2004) and hence the pressure above the bubble is larger than below.

If we assume that the bubble directly bursts at the water-air interface, one might expect

that the jet is directed towards the surface again. The evolution and height of the surface

spike for collapsing cavities is investigated by Longuet-Higgins (1983) and Pearson et al.

(2004). It should be noted that there are two main differences between cavities or underwa-

ter explosions and the bubble generated by an airgun. These are the existence of the airgun

body at the bubble center and the shape of the bubble that is not exactly spherical due to

the gun ports of an airgun (Langhammer and Landrø, 1996; de Graaf et al., 2014a). How

this could impact the bubble oscillation in the vicinity of a free surface is experimentally

investigated for a laboratory scale airgun by de Graaf et al. (2014a).

Figure 5.13: Continuation of Figure 5.12.
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5.7 Conclusion

This investigation expanded on the signal in air generated by marine seismic sources,

corresponding to chapter 3 and 4. The model and measurements indicate that the moving

water surface, caused by the interaction with the oscillating bubble, could contribute to the

signal measured in air for very shallow source depths. In addition, the radiation pattern

in air might get closer to omnidirectional for decreasing source depths and frequencies.

To quantify the contributions from the moving surface to the signal measured in air, the

mechanism needs to be investigated in more detail. However, this extended discussion and

the additional information can be helpful to understand the behaviour of seismic sources

fired close to the surface and how the signal in air could be generated.
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6.1 Abstract

In marine seismic acquisition airguns are the most common source and in recent years

research on the their impact on the marine environment has increased. The main focus is

on the reduction of emitted high frequencies, approximately above 200 Hz, which are not

useful for seismic imaging. Therefore, potential ways to reduce the high frequencies from

airguns are investigated and the development of alternative source types has increased. We

investigate the impact of bubble curtains on the source signature from seismic airguns as

bubble curtains are know to mitigate high frequencies in other applications, e.g. pile driv-

ing for offshore windfarms. We conduct tank experiments with two different configura-

tions of bubble curtains around a single airgun and compare the results to the conventional

source signature without a bubble curtain. The two different bubble curtains vary in its

size and the way they are fixed to the airgun. The amount of injected air into the bubble

curtains is varied for both configurations. We compare the measured results to simulated

data using a common model for airgun source signatures. The results indicate a reduced

peak amplitude with an increasing air injection into the bubble curtain. This corresponds
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to a gradually decreasing frequency content for frequencies above 50 Hz. The frequencies

of the source signal below 50 Hz are nearly unaffected by the bubble curtain. In addition,

the bubble time period of the source signal is slightly increased with an increasing amount

of air injection into the bubble curtain. The main cause for the reduced peak amplitude is

thought to be a buffer effect of the bubble curtain on the released air. Hence, a bubble cur-

tain concentrated around the airgun ports could be the most efficient and practical solution

to reduce the high frequency emission from airguns when bubble curtains are considered.

6.2 Introduction

Marine seismic acquisition is one of the major techniques to actively acquire geophysical

data in the oceans. The most commonly used source for these surveys is the airgun which

releases high pressure air within a few milliseconds from a metal chamber into the sur-

rounding water. This leads to an acoustic signal starting with a sharp peak followed by an

oscillation corresponding to the expanding and contracting air bubble. The advantages of

the airgun are its signal repeatability and its reliability over long acquisition times. While

the source produces a strong signal in the seismic frequency band between 5 Hz to 200 Hz

it also emits energy above this range up to 5 kHz or more which could have an impact on

the marine environment, e.g. disturbing the communication of marine mammals (Di Iorio

and Clark, 2010). As these high frequencies are not used for seismic imaging and often

are not even recorded as the data is commonly sampled with 1 kHz or less on the receiver

side, a reduction of the emitted high frequency signals in marine seismic acquisition is of

interest for research and commercial surveys.

The sound attenuation caused by air bubble curtains underwater is studied by several au-

thors for different applications. An overview on historical applications for bubble curtains

is given by Domenico (1982a). In a second paper, Domenico (1982b) demonstrates the

impact on bubble barriers on watergun signatures in a pond experiment. Koschinski and

Lüdemann (2013) and Würsig et al. (2000) describe different set ups for bubble curtains

around pile driving operations for the construction of offshore wind farms. They report

attenuated noise levels for frequencies starting at a few hundred hertz and a maximum in

the range of a few kilohertz with a reduction of up to 20-25 dB. How these bubble curtains

can reduce the impact on marine mammals, e.g. harbour porpoises, is discussed by Lucke

et al. (2011). Mitigation effects of underwater explosions due to bubble curtains are exper-

imentally investigated by Croci et al. (2014) and compared to modelled data (Grandjean

et al., 2012) including gas fraction and bubble diameters. Modelled and measured results

indicate a mitigation of the acoustic signal while the experimental data reveals a stronger

mitigation than expected by the model. The difference in acoustic signal attenuation for

different bubble sizes and distributions is investigated by Rustemeier et al. (2012). In

addition, low frequency signals, smaller than approximately 200 Hz, might be reduced by

encapsulated gas bubbles and resonance effects as indicated by dedicated tank experiments

and modelled data (Lee et al., 2010, 2012).

The effect of bubble curtains on seismic airguns is not investigated in detail so far. How-
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ever, the impact on airgun signatures of viscosity, heat transfer or mechanical effects is

demonstrated by different authors. The effect of viscosity on the airgun signal, especially

the behaviour of the oscillating bubble, is studied experimentally by Langhammer and

Landrø (1993a) or numerically by de Graaf et al. (2014b) and King (2016). The impact

of heat transfer at the interface between the bubble and the surrounding water is discussed

by Ziolkowski (1982). Langhammer and Landrø (1993b) and Landrø (2014) discuss the

impact of varying water temperatures on the acoustic signal produced by the airgun. How

mechanical effects of the airgun itself, e.g. mass throttling, impact the source signature

is demonstrated by de Graaf et al. (2014b) or Groenaas et al. (2016). An overview of the

combined effects described above is given by Li et al. (2010) and de Graaf et al. (2014b).

It should be mentioned that Coste et al. (2014), Gerez et al. (2015) and Groenaas et al.

(2016) present a newly designed airgun, referred to as eSource, where the air release can

be controlled to reduce the emission of high frequency signals. This source was developed

to reduce the impact of seismic surveys on marine life.

We continue to investigate the impact of air bubbles in water on the source signature from

airguns (Wehner and Landrø, 2018). We conduct experiments with a common airgun

where an air bubble curtain is generated around the gun ports in two different settings.

First, a tube ring is fixed around the gun ports that injects the air for the bubble curtain. In

a second test, a metal frame with an injection tube is attached to the airgun and therefore

the volume of the bubble curtain is increased. In contrast to most other applications where

bubble curtains are used, the airgun is a moving source in water. This important practical

issue needs to be considered when testing a bubble curtain for airguns. The bubble oscil-

lation and main peak with an active bubble curtain are compared to the case without air

injection. The results should demonstrate the impact of air saturated water on the airgun

signature and if bubble curtains could reduce high frequency emission from airguns in

marine seismic surveys.

6.3 Theory

When air is injected into the water surrounding the airgun, the source signature could

be changed due to different mechanisms affecting the source directly or the propagation

of sound in water. These effects can be complex and in the following general expected

changes of the airgun signature are described. The source, especially the bubble oscil-

lation, can change with varying medium parameters as density and compressibility. In

addition, the air release from the chamber can be different when the piston and gun ports

are surrounded by air saturated water which mainly has an impact on the main peak of

the source signature. The propagation of the acoustic signal can be influenced by the air

bubbles surrounding the seismic source.

The oscillation of an air bubble underwater is described by several authors, e.g. Kirkwood

and Bethe (1942), Gilmore (1952), Plesset and Prosperetti (1977) or Ziolkowski (1970).

We use the model from Kirkwood and Bethe (1942) with additional damping parameters
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(Landrø and Sollie, 1992) that is given as

R̈ =

(
1 + Ṙ

C

)
H +

(
1− Ṙ

C

)
R
C Ḣ − 3

2

(
1− Ṙ

3C

)
Ṙ2 − αṘ+ βṘ2

R
(
1− Ṙ

C

) (6.1)

where R, Ṙ and R̈ are the bubble radius, velocity and acceleration, respectively. The

sound velocity in water at the bubble wall is denoted by C and α and β are damping and

empirical coefficients accounting for energy losses on the bubble oscillation. We choose

α = 3.5 and β = -0.18 in the following. H is the enthalpy at the bubble wall given as

(Ziolkowski, 1970; Landrø and Sollie, 1992)

H =
n(p∞ +B)

(n− 1)ρ∞

[( Pb +B

p∞ +B

)(n−1)/n

− 1
]

(6.2)

where n and B are constants depending on the fluid and for water n ≈ 7 and B ≈ 3000

bar (Gilmore, 1952). The hydrostatic pressure is denoted by p∞, Pb is the pressure in the

liquid at the bubble wall and ρ∞ is the fluid density. The sound velocity at the bubble wall

can be described as (Ziolkowski, 1970)

C = c∞
( Pb +B

p∞ +B

)(n−1)/2n

(6.3)

where c∞ is the sound velocity in undisturbed water. The bulk modulus can be defined as

(Ziolkowski, 1970)

K = n(p∞ +B) (6.4)

and the pressure at the bubble wall can be written as (Ziolkowski, 1970; de Graaf et al.,

2014b)

Pb = p0

(R0

R

)3γ

(6.5)

where R0 and p0 are the initial bubble radius and internal pressure, respectively. These

values are assumed to be equal to the chamber volume and firing pressure of the airgun.

The polymetric index is denoted by γ, which is γ = 1 for isothermal conditions between

the bubble and surrounding water and γ = 1.4 for adiabatic conditions (de Graaf et al.,

2014b).

We assume two different variations in these equations related to air saturated water. First,

the heat transfer at the bubble wall could be increased due to increasing turbulences (Laws

et al., 1990; de Graaf et al., 2014b) and hence γ would change. Second, the bulk modulus

K, density ρ∞ and velocity c∞ in the water surrounding the airgun change due to an

increased air saturation. The new parameters for air saturated water are estimated using

Wood’s equation as (Wood, 1941)

ρ′∞ = Φρa + (1− Φ)ρw (6.6)

K ′ =
( Φ

Ka
+

1− Φ

Kw

)−1

(6.7)

c′∞ =

√
K ′

ρ′∞
(6.8)
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where Φ is the air saturation in water. The density and bulk modulus of air and water are

denoted by ρa, ρw and Ka, Kw, respectively.

The variations in the source signature with changing heat transfer and medium parameters

are shown in Figure 6.1 (top, middle). We observe a reduced bubble amplitude and in-

creased bubble time period with decreasing γ that is towards isothermal conditions at the

bubble wall. For an increasing saturation, accompanying lower ρ′∞ and c′∞, the bubble

time period and bubble amplitude is reduced. It has to be noted that the new bulk modulus

K ′ is included in c′∞ while the constants n and B in Equation 6.4 are derived for water.

If the parameters in Equation 6.4 are reduced to n ≈ 0.5 and B ≈ 214 bar accounting

for a change of the bulk modulus with an air saturation of 0.1% using Equation 6.7, the

amplitude of the main peak is doubled and the bubble period is reduced by 3 ms compared

to the conventional parameters. However, as we do not know the exact values of n and B
for air saturated water, the effect is not included in the model.

When considering the release of pressurized air from the gun chamber into the water the

bubble curtain surrounding the airgun could act as a buffer (Groenaas et al., 2016; Watson

et al., 2018), similar as for a GI gun (Landrø, 1992). In the model this effect could be ap-

proximated by assuming a larger initial bubble volume than the chamber volume (Watson

et al., 2018). The extended initial bubble radius could be estimated as

R′
0 = R0 +

(3VbcΦ

4π

)1/3

= R0 + (ΦR3
bc)

1/3 (6.9)

where Vbc and Rbc are the volume and radius of the bubble curtain surrounding the gun

ports, assuming that it is spherical and Φ is the air saturation inside that volume. The

variations for different initial radii R′
0 depending on the air saturation Φ are shown in

Figure 6.1 (bottom). We observe a reduced bubble amplitude and bubble time period

with increasing air saturation. In addition, the peak amplitude is noticeably reduced with

increasing air saturation.

The propagation of sound from the source can be influenced by the air bubbles in water due

to scattering and absorption. These effects are strongest at the resonance frequency of the

injected air bubbles that depends on its size. For a single spherical bubble the resonance

frequency fr can be described as (Minnaert, 1933)

fr =
1

2πa

(3γp∞
ρ∞

)1/2

(6.10)

where a is the radius of the bubble and γ, p∞ and ρ∞ are the same parameters as described

earlier. If a cloud of bubbles is treated as an effective medium the entire cloud can be

described similar to a single bubble as (Carey and Fitzgerald, 1993; Hwang and Teague,

2000)

fR =
1

2πRb

(3γp∞
Φρ∞

)1/2

(6.11)

where Rb is the radius of the bubble cloud and Φ is again the air saturation. From the

resonant frequency the damping effect of a pulsating bubble on an incident plane wave
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Figure 6.1: Modelled signature of 12 in3 airgun fired with 80 bar at a depth of zs = 0.6 m and

400 Hz low-pass filtered. Top: varying heat transfer γ. Middle: varying parameter c′∞, ρ′∞ with Φ
(Eq. 6.6, 6.8). Bottom: varying initial radii R′

0 with Φ, assuming Rbc = 3 cm (Eq. 6.9).

can be computed by the extinction cross-section as (Medwin, 1977)

σe =
4πa2δ/(κa)

[(fr/f)2 − 1]2 + δ2
(6.12)

where κ is the wavenumber and δ is the damping constant (Medwin, 1977, 1997). The

radius a and resonant frequency fr might be replaced by the terms Rb

√
Φ and fR for a

bubble cloud. The extinction cross-sections illustrating the resonant frequency, and hence

the strongest damping effect, for different radii of a single bubble are shown in Figure 6.2.

It should be noted that quite large bubbles are needed to have an impact on the frequency

range of interest that is approximately between 200 Hz and 5 kHz.
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Figure 6.2: Extinction cross-section σe (Equation 6.12) that indicates the sound attenuation for

different bubble radii a.

6.4 Experiments

The experiments are conducted in a water tank with the dimensions indicated in Figure 6.3.

The walls of the tank are equipped with 5 cm thick foam mattresses. The source is a

Mini G. Gun with a chamber volume of 12 in3 (0.2 l) that is fired at a constant position

(Figure 6.3) and firing pressure of 80 bar for all experiments. The experiments can be

divided into three basic settings as

1. Airgun only: measurements of the acoustic signal from the airgun without any de-

vices fixed to the source. 10 shots are fired.

2. Ring: a tube ring is fixed around the lower parts of the airgun ports (Figure 6.3).

20 holes with a spacing of 1 cm and a diameter of 3 mm are drilled into the tube

to inject pressurized air to the gun ports. Measurements of the acoustic signal from

the airgun without injected air and with three different amounts of injected air are

conducted. 10 shots are fired for each test.

3. Frame: a cylindrical metal frame was built and fixed to the airgun (Figure 6.3). The

length of the metal frame is L = 20 cm and the distance from the gun ports to the

bars where the tube is fixed is 12 cm. The size of the metal frame is chosen to be

slightly larger than the bubble radius that is reached when the main peak is emitted

which is estimated from the model described in Equation 6.1. This is thought to give

the best damping of the peak while still maintaining the frame as small as possible

for practical considerations related to the towing of airguns in seismic acquisition.

40 holes with a diameter of 1.5 mm are drilled into the tube to inject pressurized

air to the gun ports. The spacing between the holes is approximately between 3
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Figure 6.3: Photos and sketch of experimental set up in the water tank. The hydrophones are

indicated as H1 and H2 where the x-, y- and z-coordinates in meters are given in brackets. The water

depth in the tank is 1.25 m and the width (y-direction) and length (x-direction) of the tank are 2.5 m

and 6 m, respectively.

cm and 5 cm. However, the distribution is more randomly than for the ring setting.

Measurements of the acoustic signal from the airgun without injected air and with

three different amounts of injected air are conducted. 10 shots are fired for each test.

Brüel & Kjær hydrophones of the type 8105 are used as receivers for all experiments in

the tank which have a frequency range from 0.1 Hz to 100 kHz. A camera is placed in the

water to capture the bubble curtain (Figure 6.3). The underwater photos for the different

injected amounts of air for the ring and frame setting are shown in Figure 6.4 and 6.5,

respectively. The photos illustrate the distribution of the bubble curtain and can be used

to estimate the volume occupied by the air bubbles. In addition, noise measurements in

the tank are taken when only the air injection is active and no airgun shots are fired. For

the noise measurements an HTI-96 MIN hydrophone is used at the same position as H2.

The HTI hydrophone has a higher sensitivity as the Brüel & Kjær hydrophones and hence

is better suited for the noise recordings. The noise recordings are performed with two

goals. The first is to estimate bubble sizes of the injected air. However, no clear peaks

corresponding to the resonance frequencies of the bubbles could be observed on the noise

recordings. The second goal is to ensure that the noise level from the injected air is below

the signal from the airgun which could be confirmed from the noise measurements.
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Figure 6.4: Underwater photos of tube ring around air gun ports with different amounts of injected

air. Pressure indicates the value measured at the inlet valve for the air supply.

Figure 6.5: Underwater photos of metal frame attached to air gun with different amounts of injected

air. Pressure indicates the value measured at the inlet valve for the air supply.

6.5 Results

The measurements of the different experimental settings are investigated and the changes

are described. First, the variation of the bubble oscillation and main peak of the airgun

signature with active bubble curtains is investigated with a focus on the main peak of the

signal. Then, the bubble curtain is characterized from the underwater photos, amount of

injected air and acoustic measurements.

6.5.1 Acoustic Signal

First, we investigate the impact of the attached devices, the ring and metal frame, on

the airgun signature. The stacked measured data for all three settings is illustrated in

Figure 6.6. The signatures for the airgun without any device and with the tube ring fixed

to the gun ports is almost the same. This can be expected as the tube ring does not change

the shape of the airgun significantly. The signature with the metal frame attached has a

reduced main peak, bubble peak and an increased bubble time period compared to the

other two measurements (Figure 6.6, top). The damped bubble oscillation is also visible in

the frequency spectrum between 10 and 200 Hz (Figure 6.6, bottom). The variation of the

bubble oscillation can be related to the interaction between the metal frame and bubble. It

should be mentioned that errorbars of the experiment are plotted in the frequency spectrum

(Figure 6.6, bottom). However, there are small and hence not clearly visible.
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Figure 6.6: Comparison of signal measured at H2 without devices, with tube ring and with metal

frame attached to the gun. No air bubble curtain is present. Signal is 400 Hz low-pass filtered.

The impact of the bubble curtain, injected from the tube ring, on the airgun signature is

shown in Figure 6.7 and 6.8 for different frequency bands. We notice that the peak am-

plitude and bubble amplitude are reduced with increasing air injection (Figure 6.7, top).

In addition, the oscillation period of the bubble is slightly increased with increasing air

injection. The frequency content is gradually reduced for higher air injection above ap-

proximately 50 Hz while the variation at frequencies below 50 Hz is low, less than 1.5

dB (Figure 6.7, bottom). The repeatability of the signal below 100 Hz is high for all air

injection amounts as errorbars are difficult to identify. Above 100 Hz the signal repeata-

bility decreases with increasing frequency and air injection which could be due to the

time-varying medium around the gun ports caused by the bubble curtain. Including higher

frequencies, reverberations in the signal with no bubbles can be observed within the first

0.1 s that could be due to side reflections from the tank wall (Figure 6.8, top). These re-

verberations are visible in the frequency spectrum as two distinct peaks at 710 and 792

Hz (Figure 6.8, bottom). We note that the two peaks in the spectrum are shifted towards

lower frequencies and are strongly reduced with increasing air injection. For the highest
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Figure 6.7: Comparison of signal measured at H2 without and with bubble curtain of different

amounts of injected air using the tube ring as shown in Figure 6.4. Signal is 400 Hz low-pass filtered

and the shaded area indicates errorbars from the measurements (only in frequency spectrum).

injection of 6 bar the two peaks are not visible in the spectrum. The reduced reverberations

can also be seen in the time signal (Figure 6.8, top).

The impact of the bubble curtain, injected from the metal frame, on the airgun signature

is investigated in the same way as for the tube ring for two different frequency bands as

shown in Figure 6.9 and 6.10. We notice that the peak amplitude is reduced for an air in-

jection of 4 and 6 bar, but not for 2 bar. The bubble amplitude decreases and the oscillation

period increases with increasing air injection (Figure 6.9, top). The frequency content is

gradually reduced for higher air injection above approximately 50 Hz, except for the injec-

tion of 2 bar where the frequency content is increased above 250 Hz compared to the case

with no bubbles (Figure 6.9, bottom). For frequencies below 50 Hz the changes in the sig-

nal are small, less than 2 dB (Figure 6.9, bottom). The repeatability of the signal below 200

Hz is high for all air injection amounts as errorbars are difficult to identify. Above 200 Hz

the signal repeatability decreases with increasing frequency and air injection which might

be caused by the varying bubble curtain. Including higher frequencies, reverberations in
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Figure 6.8: Comparison of signal measured at H2 without and with bubble curtain of different

amounts of injected air using the tube ring as shown in Figure 6.4. Signal is 2000 Hz low-pass

filtered and the shaded area indicates errorbars from the measurements (only in frequency spectrum).

the signal with no bubbles can be observed within the first 0.1 s that are very similar to the

recordings with the tube ring (Figure 6.8 and 6.10, top). These reverberations are visible

in the frequency spectrum as two distinct peaks at 710 and 792 Hz (Figure 6.10, bottom).

We note that the two peaks in the spectrum are shifted towards lower frequencies and are

reduced with increasing air injection. However, the reduction of the peaks is less than for

the tube ring (Figure 6.8, bottom). The lower reduction of these wall reflections is also

visible in the time signal where reverberations are visible until 0.025 s for the signal with

6 bar air injection (Figure 6.10, top).

The changes of characteristic parameters of an airgun signature, the bubble time period

Tb and primary-to-bubble ratio P/B, are summarized in Figure 6.11. We note the stronger

variations of the bubble time period for the frame setting. This could be related to the

larger volume covered by the bubble curtain and hence it has a stronger impact on the

airgun bubble. The primary-to-bubble ratio is slightly increased for both settings with

increasing air injection compared to the case without any bubbles around the gun ports.
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Figure 6.9: Comparison of signal measured at H2 without and with bubble curtain of different

amounts of injected air using the metal frame as shown in Figure 6.5. Signal is 400 Hz low-pass

filtered and the shaded area indicates errorbars from the measurements (only in frequency spectrum).

Note the different filter compared to the previous figures. For Figure 6.11 a lower filter

is chosen according to the common frequency range used in seismic imaging and to the

stabilize the automatic picking of the parameters.

In the following investigation we focus more on the main peak of the signal. A zoomed

plot of the 400 Hz low-pass filtered data and 2000 Hz low-pass filtered data is illustrated

in Figure 6.12 and 6.13, respectively. In Figure 6.12 we note the decreasing trend of the

main amplitude for the ring set up with increasing air injection. For the frame set up the

amplitude increases first at 2 bar injection before it decreases at higher injection rates. This

observation is similar for previous experiments (Wehner and Landrø, 2018). It should be

noted that the errorbars for the measurements are quite small and hence barely visible.

The slope of the main peak, shown in Figure 6.12, can be used as an indicator for the

environmental impact (Ronen and Chelminski, 2018). For the ring set up the slope is

reduced by 38 % from no injection to 6 bar of injection, while the reduction for the frame

is about 28 %. It should be noted that the frame itself already reduces the peak amplitude
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Figure 6.10: Comparison of signal measured at H2 without and with bubble curtain of different

amounts of injected air using the metal frame as shown in Figure 6.5. Signal is 2000 Hz low-pass

filtered and the shaded area indicates errorbars from the measurements (only in frequency spectrum).

and hence the reduction of the frame set up with 6 bar injection is about 36 % compared to

the airgun without any device. In Figure 6.13 a similar trend for the main peak amplitude

can be observed as in Figure 6.12. Additionally, we observe a few more features in the

signals. First, the reverberations are noticed as peaks with a time of 1.5 ms in between.

The reverberations at 6 bar injection are almost vanished for the ring set up, while they are

more preserved for the frame set up. In addition, the peak amplitude for the frame set up

does not vary significantly between 4 and 6 bar injection. This leads to a larger slope of

the peak for the frame setting with higher air injection compared to the ring set up. The

reduction of the slope between no injection and 6 bar of injection is 57 % for the ring

set up and 20 % for the frame. Compared to the case with no device fixed to the airgun

the slope for the frame at 6 bar is reduced by 35 %. Another observation is the small

amplitude before the main peak, at 0.007 s, that only exists for the case with no bubbles

(Figure 6.13). This precursor is related to air that escapes from the gun ports through tiny

openings before the shuttle reaches the ports (Groenaas et al., 2016).
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Figure 6.11: Bubble time period Tb and primary-to-bubble ratio P/B for all experimental settings

as indicated. The signal is 150 Hz low-pass filtered.

Figure 6.12: Zoom on main peak in Figure 6.7 and 6.9 and the slope of the main peak for all

experiments. Errorbars are indicated as shaded area. Slope is computed as summed gradient between

start of signal (t = 0 s) and main peak amplitude and signal is 400 Hz low-pass filtered.

121



Figure 6.13: Zoom on main peak in Figure 6.8 and 6.10 and the slope of the main peak for all ex-

periments. Errorbars are indicated as shaded areas. Slope is computed as summed gradient between

start of signal (t = 0 s) and main peak amplitude and signal is 2000 Hz low-pass filtered.

6.5.2 Bubble Curtain

The bubble size of the injected air could be roughly estimated from the orifice size in the

tube (Davidson and Amick, 1956; Kulkarni and Joshi, 2005) as

a =
(3
2

roσ

Δρg

)1/3

(6.13)

where ro is the radius of the orifice, σ is the surface tension of water (72 dynes/cm) and

g is the gravitational acceleration. The density difference between water ρw and air ρa
is denoted as Δρ. Equation 6.13 gives a mean bubble radius of a = 0.31 cm for the

ring setting and a = 0.23 cm for the metal frame. These bubble radii have resonance

frequencies of 1100 Hz and 1500 Hz according to Equation 6.12. The interpretation of the

data above 800 Hz (Figure 6.8 and 6.10) is difficult due to the impact of side reflections.

Therefore, the impact of the resonance bubble frequency on the signal is not evaluated

here.
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We estimate the volume occupied by the bubble curtain that is symmetric around the gun

ports from the photos in Figure 6.4 and 6.5, assuming a simple rectangular shape. The

area above that volume is neglected for the estimation. The volume estimate for the ring

at 2 bar injection is Vr1 = hrardr = 0.20 m · 0.08 m · 0.20 m = 0.0032 m3. For 6 bar

injection the length ar is doubled and hence Vr2 = hr2ardr = 0.0064 m3. For the frame

setting the volume that is occupied by the bubble curtain is almost constant for the three

injection rates and is estimated to be Vf = hfafdf = 0.34 m · 0.2 m · 0.3 m = 0.02 m3.

We compute a rough estimation of the air saturation within this volume from the shift

of the peaks between 700 and 800 Hz in the frequency spectrum (Figure 6.8 and 6.10).

These peaks are due to wall reflections from the tank as mentioned before and illustrated

in Figure 6.14(a). If we assume that the shift of the peaks is only caused by the decreased

sound velocity inside the bubble curtain with radius Rbc ≈ ar, af (Figure 6.4 and 6.5), we
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Figure 6.14: (a) Top view of Figure 6.3 showing the path for the wall reflections and the bubble

curtain dimensions. (b) Estimated sound velocity and air saturation inside bubble curtain using

Equation 6.14 and 6.8.
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could compute the velocity inside the bubble curtain as (Landrø et al., 2017)

cbc =
fpRbcc∞

fp(Rbc −D) + c∞
(6.14)

where c∞ is the sound velocity in undisturbed water, fp are the measured frequency peaks

in the spectrum for all injection rates (Figure 6.8 and 6.10), Rbc the path inside the bubble

curtain and D is the length of path A and B in Figure 6.14(a). To adopt the equation

from Landrø et al. (2017) we use the relation c = λf , where λ is the wavelength. The

peak at the higher frequency is related to path B which is slightly shorter than path A. In

addition, the peaks for the ring set up and 6 bar injection are extrapolated from the other

injection amounts as they are hardly visible in the spectrum. The sound velocity cbc and

saturation Φ inside the bubble curtain can be estimated from Wood’s equation (Eq. 6.8)

using a density of ρw = 1500 kg/m3, ρa = 1.25 kg/m3 and bulk modulus of Kw = 2.15 GPa

and Ka = 0.15 MPa for water and air, respectively. The estimated saturation is illustrated

in Figure 6.14(b). Although simple estimations are made about the geometry and that the

shift in the frequency peaks is only explained by the velocity difference inside the bubble

curtain, the values seem reasonable as a higher saturation for the smaller volume from the

tube ring can be expected.

6.6 Discussion

In the following a few aspects are discussed regarding the validity of the results and appli-

cability of bubble curtains for airguns. This includes the potential cause for the observed

reduction of the main peak with increasing air injection. In addition, the directivity and

tank impact on the measured data is discussed. At the end, we shortly elaborate on the

applicability of bubble curtains in field measurements.

In the results section the measurements at receiver H2 are shown and a second receiver H1

is positioned slightly deeper (Figure 6.3). Receiver H1 is at an angle of δ1 = 26o from the

horizontal plane where the source is located and receiver H2 is at δ2 = -14o. By comparing

the reduction of the main peak and slope of the peak at both receivers for increasing air

injection we gain information about the directivity within this range. For the ring set up

the reduction of the main peak at H1 is about 3% less than at H2 for both filter ranges,

400 and 2000 Hz low-pass filtered (Figure 6.7 and 6.8). For the frame set up the reduction

of the main peak at H1 is about 4% less than at H2 for the 400 Hz low-pass filtered data

(Figure 6.9) and about 16% less for the 2000 Hz low-pass filtered data (Figure 6.10).

Hence, the ring reduces the amplitude consistently in that direction while the results for

the frame are varying more with direction, especially at higher frequencies. This could be

explained by the coverage of the bubble curtain around the gun ports. While the bubble

curtain is nearly equally distributed around the gun ports for the ring set up as it is attached

close to the gun, this is not the case for a bubble curtain generated further away from the

ports. This issue could be even more important when the airgun is towed in water during

seismic surveys.
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The impact of the tank dimensions on the measured data can be observed on the reflec-

tions from the wall as discussed (Figure 6.8 and 6.10). It is difficult to draw conclusions

for the variations in the frequency range above 700 Hz as several reflections might impact

the signal. However, the reflections are reduced for higher air injection and the reflected

peaks are completely vanished for the ring set up and an injection of 6 bar (Figure 6.8).

This might indicate that the main peak is reduced similarly in different directions. This

statement also includes that the tube ring leads to a more consistent reduction with direc-

tivity compared to the frame setting as reflected signals are still visible for the frame set

up (Figure 6.10).

To investigate the main effect responsible for the reduced peak amplitude we compare

the measured data to modelled results (Figure 6.15 and 6.16) using the estimated values

for the air saturation Φ (Figure 6.14(b)). The bubble radius of the bubble curtain Rbc

(Eq. 6.9) is assumed to be equal to ar and af in Figure 6.4 and 6.5, respectively. The
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Figure 6.15: Comparison of measured (top) and modelled (bottom) acoustic pressure for the ring

set up using the estimated saturation values Φ (Figure 6.14(b)) and dimensions of bubble curtain

(Figure 6.4). Model accounts for all effects explained in Figure 6.1. Signal is 400 Hz low-pass

filtered.
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index γ for the heat transfer is fitted to the measured data. The modelled data agrees

with the measurements quite well and explains the reduced main peak, except for the

increased peak amplitude for the metal frame and 2 bar injection (Figure 6.16). Further

deviations between the model and measurements can be due to the tank size, e.g. the small

reverberations after the main peak in the measured data with no bubbles (Figure 6.15 and

6.16). The increase of the bubble period with increasing air injection is mainly caused by

the variation of the heat transfer with changing γ. The reduced peak amplitude is mainly

due to the increased initial radius R′
0 (Eq. 6.9) that buffers the mass flow from the airgun

chamber to the bubble (Watson et al., 2018). The theory of an increased initial radius could

be supported by the vanished precursor in Figure 6.13 (at 0.007 s) for an active bubble

curtain as this signal might be fully buffered by the bubble curtain. The effect of varying

medium parameters (ρ′, c′∞, K ′) on the airgun signature is low and might be even less

pronounced in the measurements as the model assumes that the entire medium around the

gun has changed. This is not valid for the experiments where only a small volume around
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Figure 6.16: Comparison of measured (top) and modelled (bottom) acoustic pressure for the frame

set up using the estimated saturation values Φ (Figure 6.14(b)) and dimensions of bubble curtain

(Figure 6.5). Model accounts for all effects explained in Figure 6.1. Signal is 400 Hz low-pass

filtered.
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the gun ports is influenced by the bubble curtain. Scattering effects for the ring set up are

expected to be negligible as the bubble expands way beyond this bubble curtain and hence

the source dimensions exceed the bubble curtain. The bubble curtain from the ring set up

covers approximately 10% from the volume occupied by the maximum airgun bubble. For

the frame set up scattering might have a bigger impact on the data as it covers a larger space

that is 45% of the volume covered by the maximum airgun bubble. Scattering might be an

explanation for the variations of the main peak with changing air injection (Figure 6.10),

which could also explain the larger deviations between the modelled and measured data

(Figure 6.16). Watson et al. (2018) discuss further mechanisms that have an impact on the

main peak. One explanation are increased turbulences in water which could be modelled

by a varying damping factor α = ε|Ṙ| (Eq. 6.1), where ε is an empirically determined

constant factor. However, this leads to a strongly reduced bubble oscillation which does

not fit to the measured data and hence we keep the constant empirical factors α = 3.5 and

β = -0.18.

The observed reduction of the slope and amplitude of the main peak with increasing air

injection is more consistent and slightly stronger for the ring set up compared to the frame

set up. The main cause could be the buffer effect of a larger initial radius as discussed

before. This observation is beneficial for practical applications, as a tube ring is easy to

attach to a conventional airgun and does not interact with neighbouring guns which could

happen for a larger metal frames. In addition, the injected air is focused around the gun

ports and can be easily controlled from the vessel. A small bubble curtain around the

gun ports also has the advantage that it is less influenced by currents and the movement

of towed airguns. For larger frames it could be difficult to secure that the bubble curtain

always surrounds the gun ports in a similar way.

6.7 Conclusion

The results indicate a reduction of the main peak in the source signal with an increas-

ing amount of air injection into the bubble curtain surrounding an airgun. The emitted

frequencies above 50 Hz are gradually reduced with an increasing air injection while the

impact on the frequency content below 50 Hz is low. The main cause of the reduced peak

amplitude is thought to be a buffer effect from the bubble curtain on the released air from

the airgun. Therefore, a bubble curtain concentrated around the gun ports seems to be the

most efficient and practical solution to reduce the high frequency emission from airguns

when considering bubble curtains. Scattering and absorption effects are considered to be

negligible in our experiments due to the small size of the bubble curtains. The impact of

the bubble curtain on frequencies above 700 Hz is difficult to investigate in our experiment

due to reflections from the test water tank. While the tests should be repeated in field ex-

periments, the reduced main peak from airgun signatures caused by a small bubble curtain

surrounding the gun ports could be demonstrated in the experiments. Therefore, bubble

curtains could potentially be used to attenuate emitted high frequencies from seismic air-

guns. The maximum possible attenuation is also related to the amount of injected air that

can be supplied by the compressors on the vessel.
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Chapter 7

Concluding remarks

Summary

Several experiments have been conducted to investigate the acoustic signal generated by

single marine seismic sources, especially from airguns, and the mechanisms that can have

an impact on the lower and upper end of the emitted frequency band. The focus is on the

impact of the source depth on the ghost reflection from the water-air interface (Chapter 3,

4 and 5). In chapter 2 the impact of the rising airgun bubble on the source signature is

investigated. In addition, the potential use of bubble curtains for seismic airguns is dis-

cussed in chapter 6. The changes of an airgun signature due to the mechanisms discussed

in the chapters are schematically illustrated in Figure 7.1. The black line in Figure 7.1 is

the frequency spectrum of a single airgun signature computed with a conventional airgun

model. The colored lines sketch the deviations from this model caused by the mechanisms

discussed in the chapters. As Figure 7.1 is only an illustration, the absolute variations

between the signals should not be taken as a reference. The main mechanisms that impact

the source signature in Figure 7.1 are summarized below.

I Source signature of a 200 in3 airgun fired at a depth of zs = 5 m, recorded in the far-

field and assuming a reflection coefficient of Rc = -0.9994 for the water-air interface.

The signal is modelled using the damped Kirkwood-Bethe equation (Eq. 1.11) which

is commonly used for seismic airguns. This signal acts as a reference for the following

deviations.

II The signal at the very low frequency end (< 1-2 Hz) could be stronger than assumed

in the conventional model if the rising airgun bubble (Chapter 2) and spherical wave

front (Chapter 3) are taken into account which is commonly not the case. For the

rising bubble the signal strength depends on the bubble size, where a larger bubble

could lead to a stronger signal. However, the signal generated from the rising bubble

seems to be insignificant in marine seismic acquisition as the bubble radius needs

to be larger than 12 m to generate a signal above the noise level in calm weather
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conditions. This is demonstrated on a simple subsurface model considering a target

depths at 3000 m (Chapter 2). The impact of the spherical wave front increases with

decreasing source depth (decreasing distance between the source and interface). For

source depths shallower than 3 m the signal strength for frequencies below 1 Hz could

be increased by about 10 dB when the spherical wave front is considered compared

to the conventional model where plane waves are assumed (Chapter 3). However, the

noise level in the low frequency band is also high and a 10 dB increase below 1 Hz

might not be noticeable on the receiver.

III When an airgun is fired very close to the water surface, the airgun bubble bursts

directly into the air and hence there is no signal from an oscillating bubble (Chapter 4).

Therefore, the signal in Figure 7.1 (red) is reduced at the peaks around 10 Hz, 20

Hz, etc. which are related to the oscillating bubble. In Figure 7.1 we assume that

the bubble oscillation abruptly stops when a critical radius is reached as discussed

in chapter 5. In addition, a reduced reflection from the water-air interface might be

assumed as the interface is almost instantly altered when the source is fired. The

reduced reflection could also be related to energy loss mechanisms of the acoustic

signal at the water-air interface. A smaller reflected signal leads to reduced notches

caused by the ghost, also for the ghost notch at 0 Hz (Chapter 4). For the signal
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Figure 7.1: Sketch illustrating the frequency spectrum of a single airgun signature in the far-field

computed with a conventional airgun model (I). The deviations from the model caused by mecha-

nisms discussed in chapter 2, 3 (II), chapter 4 (III) and chapter 6 (IV) are shown and explained in

more detail in the text.
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in Figure 7.1 a randomly chosen reflection coefficient of Rc = -0.87 is assumed. It

should be mentioned that the source depth is still 5 m for the model and the bubble

would, in practice, not break the surface at this depth. However, the same source

depth is used for all computations to have a direct comparison.

IV The use of bubble curtains surrounding the gun ports of seismic airguns could have a

buffer effect on the released air from the gun chamber. This could lead to a reduced

peak amplitude and therefore mitigate the high frequency emission from the source

(Chapter 6). The experimental results indicate a gradually reduced signal for frequen-

cies above 50 Hz with an increasing amount of air injection into the bubble curtain.

The impact on the signal below 50 Hz is found to be low. In addition, a slightly in-

creased bubble time period with stronger bubble curtains is found in the experiments.

A reduction of 57% for the slope of the peak amplitude, which could act as an indica-

tor for the environmental impact, is found for a bubble curtain that is directly injected

at the gun ports with a pressure of 6 bar (Chapter 6).

Applicability

The mechanisms explained in point II (chapter 2 and 3) seem to be less important for

marine seismic acquisition as the differences to the conventional model are negligible

for frequencies above 2 Hz. For frequencies below 1-2 Hz the variations in the source

signature could make a difference caused by the spherical wave front. However, the noise

level is usually high at these low frequencies, especially on towed streamer data. The effect

might be of importance in low noise environments, e.g. ocean bottom surveys.

The effect explained in point III (chapter 4) seems promising to have a positive impact

on frequencies below 5 Hz in marine seismic acquisition. If an airgun is fired so close

to the surface that the bubble directly bursts into the air, the experimental results indicate

an increased signal of 10 - 20 dB for frequencies below 5 Hz. This could have direct

implications in field applications and seismic imaging. It should be noted that the overall

energy, especially at the main bubble frequency, is reduced due to the non-existence of

the oscillating bubble. This could potentially be compensated by deploying sources in an

array at different depths. Another important issue that needs to be solved is the towing

of airguns that shallow. This could be feasible at calm weather conditions while it is a

demanding task at higher sea states.

The test presented in point IV (chapter 6) might have some potential for reducing the high

frequency emission, above 50-100 Hz, in marine seismic acquisition. The reduction of the

main peak, and hence emitted high frequencies, could be feasible with a bubble curtain

surrounding the gun ports. The experimental results indicate that the low frequency part,

below 50 Hz, is barely influenced by the bubble curtain. In addition, a small frame for

the bubble curtain concentrated around the gun ports, which seems to be sufficient for the

peak amplitude reduction, can be easily attached to an airgun, even in airgun arrays.
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Outlook

Potential extensions and future research ideas related to the presented work are mentioned

below. One obvious continuation is the performance of field tests as most experiments

were performed in the tank and near-field. Therefore, some experimental set ups for field

experiments are suggested below and are illustrated in Figure 7.2.

A Similar to the field experiment presented by Amundsen et al. (2017) a single airgun is

fired at several depths zs between 0.5 m and 10 m, depending on the source volume.

The minimum depth should be around 0.5Rmax and the maximum depth should be

larger than 4Rmax, where Rmax is the maximum bubble radius. A GI Gun should

be used to remove the bubble oscillation as good as possible. In this way the ghost

effect can be investigated in more detail as the source signature is less influenced by

the varying bubble oscillation in the vicinity of the free surface. A near-field (Hn)

and far-field hydrophone (Hf ) should be deployed in water (Figure 7.2). In addition,

a hydrophone/microphone should be located in air (Ha) and a camera could film the

water surface. The microphone and camera should be decoupled from the vessel as

good as possible to reduce recorded noise and vibrations on the camera as indicated by

the springs in Figure 7.2. The camera should have a frame rate above 240 fps to reveal

some information about the surface disturbance. Ideally, all receivers and the camera

should be synchronized with the trigger of the GI Gun. This test might be seen as an

extension of the experiments from Mayne and Quay (1971).

Figure 7.2: Field experiments suggested to continue the work presented in this thesis. The experi-

ments A, B and C are explained in more detail in the text.
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B As the towing of airguns at very shallow depths could be a difficult task, a possibly

easier experiment can be a zero offset VSP measurement where the source is deployed

from a platform. The VSP should be performed at least three times where only the

source depth is changed. The shallowest source depth needs to be chosen so that the

bubble directly bursts into the air and the deepest source depth should avoid interaction

of the source with the water-air interface, e.g. at 10 m. In between, several source

depths could be selected depending on the time available for the acquisition. The VSP

recordings can be directly compared for variations, especially in the low frequency

band.

C The bubble curtain attached to the airgun can be tested in a similar set up as explained

in A. The frame or tube for the injection of the bubble curtain could be similar to those

presented in chapter 6. The tube ring could be replaced by a metal tube which will

have a longer lifetime. The source depth and firing pressure for the airgun should be

kept constant. The variable that should be changed is the amount of injected air into

the bubble curtain. It would be benefical to repeat the experiment with different airgun

volumes. To investigate the directivity of the source signal with an active bubble curtain

a source towed over one or several hydrophones is a variation to the suggested tests.

In addition to these field experiments, it could be of interest to investigate the water surface

disturbances for very shallow sources in more detail to get a better estimation of energy

loss mechanisms of the pressure signal that can impact the ghost reflection. The investi-

gation could include movies from a high speed camera (∼ 10000 fps) to clearly capture

the effects from the acoustic pressure and oscillating bubble. In addition, more advanced

modelling could be implemented which accurately accounts for the interaction with the

free surface, e.g. based on the boundary element method as presented by Zhang and Liu

(2015). That can improve the understanding of the acoustic signal emitted by the airgun

for very shallow source depths.

The signal that is transmitted into air from marine seismic sources could be further ex-

ploited in comparison with investigations conducted in the field of infrasound (Vergniolle

and Brandeis, 1994; Johnson et al., 2004; Mutschlecner and Whitaker, 2005). That could

include measurements in air from large airgun arrays conducted with microphones and

microbarometers to capture the low frequencies (< 5-10 Hz). The receivers could be de-

ployed on the vessel or on the nearby coast if applicable. This is mostly of academic

interest.

The future of marine seismic acquisition in the industry is difficult to predict as it is mainly

driven by its costs. Therefore, I do not expect that all airguns will be replaced by alternative

sources in the near future, although marine vibrators are a promising option. Especially

in academia the replacement of existing source systems for marine seismic acquisition

could be too expensive. While exploration surveys might decrease in the future due to

data sharing and less prospect areas, monitoring surveys might become more important in

the fields of enhanced recovery and carbon sequestration.
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