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Acoustic signals in air and water generated by very shallow
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ABSTRACT:
When a marine seismic source, like an airgun, is fired close to the water surface the oscillating bubble interacts with

the water–air interface. The main interest for seismic applications is how this effect impacts the acoustic signal

propagating into the water. It is known that the sound transmission into air is abnormally strong when the sound

source is very close to the sea surface relative to the emitted wavelength. Detailed insight into how the acoustic

signal changes when the source depth is changed is useful in seismic data analysis and processing. Two experiments

are conducted in a water tank with two different types of seismic sources. In experiment A the source is a small

cavity that is sufficiently far away from the water–air interface so that it can be assumed that no interaction between

the cavity and water surface occurs. In experiment B the source is a larger air bubble that is very close to the

water–air interface, and hence interaction between the bubble and water surface occurs. The effects on the water

surface, oscillating bubble, and emitted acoustic pressure into air are discussed. It is demonstrated that the moving

surface contributes significantly to the acoustic signal measured in air. VC 2020 Acoustical Society of America.
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I. INTRODUCTION

In marine seismic acquisition and underwater acoustics

the focus is naturally on the sound pressure wave that propa-

gates in water. However, a part of the sound pressure wave

is also transmitted into the air. The fraction of the signal that

is transmitted depends, among other things, on the distance

between the source and the water–air interface. For an oscil-

lating bubble as the source, the bubble interacts and disturbs

the water surface when excited close to the interface and the

moving interface could emit additional sound waves into the

air. Hence, we might define two main effects that radiate

sound waves into the air. First, a sound pressure wave is

transmitted through the interface. Second, the water surface

is set into motion by the expanding bubble and radiates a

sound wave into the air. How strong the signals are that are

transmitted into the air, and reflected back into the water,

respectively, is of interest in marine seismic applications.

Here, the sources are close to the water–air interface and the

signal that is reflected back into the water has a major

impact on the measured data (Amundsen et al., 2017;

Landrø and Amundsen, 2014; Wehner et al., 2019).

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 incident on the inter-

face the transmission depends on the angle of incidence,

while for spherical waves incident on the interface it

depends also on the frequency, source-interface, and

interface-receiver distance (Aki and Richards, 2002;

Brekhovskikh and Lysanov, 1991). The strongest difference

between a spherical transmission response and the plane

wave transmission coefficient could be observed for low fre-

quencies, or more precisely for wavelengths larger than the

source-interface distance as demonstrated by Li et al.
(2017a, 2017b) and Yan et al. (2017) for amplitude versus

offset analysis of seismic data between two acoustic media.

In addition, an increased amount of the acoustic signal could

be transmitted into air caused by the evanescent component

of the wave inside water which can be converted to a homo-

geneous 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 acous-

tic wavelength by Godin (2006), McDonald and Calvo

(2007), Godin (2008), and 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), Voloshchenko and Tarasov (2013),

and Voloshchenko and Tarasov (2019). We like to mention

that reversed experiments for the transmission from air to

water are presented by several authors. The transmission

from a sonic boom generated by an aircraft at different ele-

vations above the ocean is investigated by Sohn et al.
(2000). Lubard and Hurdle (1976) demonstrate the increased

transmission from a speaker source in air caused by a

rougher ocean surface.
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The behaviour of oscillating bubbles and explosions

close to the water–air interface is studied 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 surface with small bubbles,

in the millimeter range up to a few centimeters, is demon-

strated by Oguz and Prosperetti (1990), Chahine et al. (1995),

and 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) and Longuet-Higgins (1983). The

interaction between the free surface and intermediate bubble

radii, in the range of a few tens of centimeters, is demon-

strated by Hung and Hwangfu (2010) and Cui et al. (2016)

using small explosives. They also investigate the interaction

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 laboratory scale airgun fired close

to a solid boundary and free surface are conducted by de

Graaf et al. (2014). 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), and Ballhaus and Holt (1974). Another example

of the interaction between a fluid-air interface and large bub-

bles, in the range of a few meters, is related to volcanic erup-

tions. 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 results of two experiments with

different marine seismic sources and the focus is on the

acoustic signal that is recorded in air. The main difference

between the experiments is the bubble size created by the

source. In experiment A the radius of the cavity generated

by a watergun is small, approximately 2–3 cm, and the dis-

tance between the cavity and water–air interface is large rel-

ative to the cavity radius. Therefore, no interaction between

the source and the water surface is expected for the source

depths in the experiment. In experiment B the radius of the

bubble generated by an airgun is much larger, approxi-

mately 20–25 cm, and hence the bubble strongly interacts

with the water surface when excited at depths smaller than 4

times the maximum bubble radius. Three different scenarios

of source-interface interaction can be defined: (1) only the

acoustic pressure is transmitted through and reflected from

the interface and superpose with the down-going acoustic

signal from the oscillating bubble, (2) the water–air inter-

face is set into motion by the oscillating bubble, and (3) the

air bubble bursts at the water surface into the air. We

investigate how the interaction between the source and the

water–air interface influences the acoustic signal emitted

into air and focus on scenarios (2) and (3).

II. THEORY

The two main effects, signal transmission through the

water–air interface and an acoustic signal emitted by a mov-

ing surface, are briefly discussed in the following.

The acoustic pressure from a source underwater trans-

mitted 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 ¼ pi Tc exp iðxt� kax sinðhaÞ � kaz cosðhaÞÞ½ �; (1)

where pi is the pressure incident on the water–air interface,

Tc is the transmission coefficient, ha is the angle of refrac-

tion in air, and ka ¼ x=ca where ca is the sound velocity in

air and x ¼ 2pf with f as the frequency. The coordinates x
and z are as shown in Fig. 1.

The acoustic pressure in air generated from a moving

surface could be computed similar to a vibrating membrane

as (Harris, 1981)

pmðtÞ ¼
qa

2p

ð
dS

€h t� ra

ca

� �

ra
dS; (2)

where qa 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 €h is the second time

derivative of the water surface displacement h (Fig. 1). The

surface displacement caused by an oscillating bubble is

related to the distance of the source from the water surface

and the bubble size (Chahine, 1977). Here, we use an ad hoc
model for the surface displacement accounting for these

components, similar to the model presented by Chahine

(1977) and adjusted to the experimental observations, as

h ¼ Rm

5ðr2 þ z2
s Þ

3=2

4

3
pR3; (3)

FIG. 1. Sketch illustrating the displacement h of the water surface caused

by an oscillating bubble underwater. The receiver in air and water are

denoted as Ha and Hw, respectively.
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where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xsÞ2 þ ðy� ysÞ2 þ z2

s

q
is the distance

between the center of the bubble and the horizontal plane at

the water–air interface, R is the bubble radius, and Rm is the

maximum bubble radius (Fig. 1). It should be noted that the

model presented by Chahine (1977) is derived for small cav-

ities and it is valid under the assumption that the bubble is

sufficiently far from the water–air interface, so that it can be

represented as an oscillating source of variable intensity

with time. As this requirement is not always fulfilled for our

experiments we note that Eq. (3) is used as a phenomenolog-

ical model adjusted to our experiments. The water surface

displacement caused by an oscillating air bubble underwater

is illustrated in Fig. 1.

III. EXPERIMENTS

The experiments are conducted in a water tank with the

dimensions given in Figs. 2 and 3. The walls of the tank are

equipped with 5 cm thick foam mattresses. The mattresses do

not act as perfectly absorbing boundaries, but reduce the impact

of wall reflections. However, the main peak of the source signal

from an air gun does not vary significantly between experi-

ments performed in the tank and free field as demonstrated by

Langhammer and Landrø (1996). The Br€uel & Kjær hydro-

phones of type 8105 (Nærum, Denmark), which are used as

receivers for all experiments in the tank, have a flat frequency

response from 0.1 Hz to 100 kHz. Additional hydrophones of

the same type 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, an S15 watergun from Sercel (Nantes,

France) with one cylindrical gun port and a gun volume of

15 in3 (ca. 0.25 l) is used (Fig. 2). The source creates a col-

lapsing cavity caused by a 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 approxi-

mately 2–3 cm (Fig. 2). The source is fired at different

depths ranging from zs ¼ 0.2 m to zs ¼ 0.7 m. Therefore, we

expect that only the acoustic pressure interacts with the

water–air interface (scenario 1).

In experiment B, a Mini G. Gun from Sercel (Nantes,

France) with four gun ports and a chamber volume of 12 in3

(0.2 l) is used (Fig. 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

(Fig. 3). The source is fired at different depths ranging from zs

¼ 0.1 m to zs ¼ 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 which allows having a photo approxi-

mately every 4.2 ms. For this experiment we expect a strong

physical interaction between the oscillating bubble and the

water–air interface (scenarios 2 and 3).

IV. RESULTS

A. Measurements

First, we compare the recordings in air from both

experiments. Second, we investigate the results from experi-

ment 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

Figs. 4 and 5 for experiment A and B, respectively. The

maximum bubble radius indicated in the figures for the cav-

ity Rmc and airgun bubble Rmb is estimated from the mea-

sured collapse time s (Rayleigh, 1917)

s ¼ 0:915Rm

ffiffiffiffiffiffi
qw

p0

r
; (4)

FIG. 2. Sketch of experimental setup in the water tank for experiment A.

The hydrophones are indicated as H5 and H6 where the x-, y-, and z-coordi-

nates 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 and

6 m, respectively.

FIG. 3. Sketch of experimental setup 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 (y-direction) and length (x-direction) of the tank are

2.5 and 6 m, respectively.
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where qw 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 acoustic signal in air is multiplied

by 300 (Fig. 4). The signal measured 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 acoustic signal

in air and water is high, the signal in air is most likely

caused by transmission through the interface only (scenario

1). That sound transmission from water to air is the only

mechanism 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 cavity is expected (Chahine, 1977) and it is

not observed in the experiments. The acoustic signal

reflected from the water–air interface does not alter the

shape of the recordings in water too much as demonstrated

in a modeled scenario (Wehner et al., 2018). They compare

the computed acoustic signal including an air–water inter-

face with the signal in a homogeneous water medium.

For experiment B the acoustic signal in air is multiplied

by 40 (Fig. 5) which indicates that the signal in air is stron-

ger 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 and 0.6 m, the signal in air in

experiment B is about 2 to 2.5 times stronger than in experi-

ment A relative to the signal in water. For shallower source

depths the increase of the acoustic signal in air is much

stronger and for the shallowest depths of 0.1 m the ampli-

tude in air is doubled compared to the second shallowest

depth of 0.15 m (Fig. 5). In addition, we observe that the sig-

nal shape is quite different between the measurements in air

and water, especially for the shallowest source depths. That

is related to the breaking of the air gun bubble into the sur-

rounding air at the water surface (scenario 3). We note a

strong negative peak around 0.023 and 0.026 s in air for

FIG. 4. (Color online) Measurements of watergun signature at H5 and H6

(Fig. 2) for different source depths zs in experiment A. Indicated is also the

ratio between the source depth zs and maximum cavity radius Rmc. Signal is

300 Hz low-pass filtered. The watergun is triggered at t¼ 0 s.

FIG. 5. (Color online) Measurements of airgun signature at H1 and H4

(Fig. 3) for different source depths zs in experiment B. Indicated is also the

ratio between the source depth zs and maximum bubble radius Rmb. Signal

is 300 Hz low-pass filtered. The airgun is triggered at t¼ 0.007 s.
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source depths of 0.1 and 0.15 m which is not visible in the

measurements in water. The measured time delay between

the positive main peak in water and air for all source

depths is between 7.2 and 7.5 ms which are slightly more

than 6.5–6.8 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 60.1 m for the

position of the receivers the expected time delay can vary

by 0.6 ms. As this is within our accuracy achieved in the

experiments the measured time delay still fits to the trans-

mitted acoustic signal through the water–air interface. In

addition, the main peak in air around 0.018 s is also broad-

ened for source depths between 0.15 and 0.4 m compared

to the signal in water and seems to consist of two peaks.

This could indicate a contribution from the moving sur-

face caused by the oscillating air bubble (scenario 2) as

the time delay of the motion of the water surface is

expected to increase more with increasing source depths

compared to the sound transmission. This could be

explained by the lower wall velocity of the expanding bub-

ble of � 100 m/s, estimated from modeling, compared to

the sound velocity in water of 1500 m/s. However, as the

camera recordings are not synchronized with the trigger

system of the seismic source it is difficult to quantify this

effect.

For a comparison of both experiments we estimate the

acoustic signal that is transmitted into air depending on the

source-interface distance as the ratio between the maximum

amplitude in air and water (Fig. 6). The error bars indicate

the computed standard deviation of the ratio from the mea-

sured data. The theoretical amplitude ratio using the plane

wave transmission coefficient Tp for vertical incidence on

the water surface is shown as a reference. The data seem to

converge toward the plane wave transmission coefficient

with increasing ratios of zs=Rm which means that the source

is at a large depth 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. It should be

noted that the stronger amplitude ratios of the airgun experi-

ment can be due to two mechanisms. First, an increased

transmission caused by the smaller ratio of zs=Rm as theoret-

ically demonstrated by Godin (2008). Second, due to the

interaction of the bubble with the water surface which also

can emit sound waves into the air (scenarios 2 and 3)? In

contrast, there is no direct interaction between the source

and water–air interface in the watergun experiment (sce-

nario 1).

Two further observations from experiment B are dis-

cussed in the following. First, an interaction between the

source and the water–air interface is expected for all depths

as 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 Fig. 7(a). The photos show the surface lift due to the

expanding airgun bubble (scenario 2). The variation of the

maximum surface lift with time is measured from the videos

and marks on the rope [Fig. 7(b)]. Each still photo of the

video, every 4.2 ms, was inspected and the maximum lift,

max(h), was measured from the ruler indicated in Fig. 7(a).

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.

However, we get a rough estimate for the surface elevation

and the estimation for the deeper sources could be per-

formed 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 maximum bubble radius is reached when the acoustic

pressure has a minimum [Fig. 7(b), gray 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 angles between the vertical line through the

source and the plane from the water–air interface to the

receiver. Therefore, we compare the recorded signals mea-

sured at H2, H3, and H4 (Fig. 3) within different frequency

filter bands (Fig. 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. When comparing the amplitudes, we observe

that receiver H4 records stronger signals at higher frequen-

cies compared to the other two receivers. The shape of the

recorded signal is similar at all receivers and in all fre-

quency bands within the first 0.3 s. At later times the differ-

ences between the recordings increase, especially between

FIG. 6. (Color online) Ratio of maximum peak amplitude measured in air

Aair and water Awater for both experiments 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 fil-

tered signal. Dashed line shows theoretical ratio using the plane wave trans-

mission coefficient Tp.
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receiver H4 and the other two hydrophones (H2, H3). These

variations could be explained by reflections from different

obstacles in air inside the work hall as the receivers are

located at different positions. While reflections might also

impact the amplitudes, further explanations for these dif-

ferences are evaluated in Sec. V. The results are compared

to the findings of Godin (2008) and Calvo et al. (2013)

which demonstrate that the transmission into air depends

on the source-interface distance and the wavelength of the

signal.

B. Comparing modeled and measured signatures

We compare the measured data to a simple model to

explain the acoustic signal in air observed in experiment B

(Fig. 5). The signal might be partially explained by the

FIG. 7. (Color online) (a) Photos at

water surface for airgun experiment B

fired at different source depths zs taken

ca. 20 ms after air gun is triggered,

when bubble radius R is close to its

maximum. Sketch shows the setup and

how max(h) is measured. (b) Measured

maximum surface displacement h for

different source depths. Shaded area

indicates the error. Gray line is the nor-

malized measured acoustic pressure in

water for the airgun fired at zs ¼ 0.3 m.
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movement of the water surface and the bubble venting into

the surrounding air when it breaks the surface, in addition to

the acoustic signal that is directly transmitted through the

water–air interface. The effect is investigated using the phe-

nomenological model that describes the movement of the

water surface as a function of the bubble radius [Eq. (3)].

We compute the airgun bubble parameter in water using a

damped Kirkwood-Bethe equation as (Kirkwood and Bethe,

1942; Landrø and Sollie, 1992; Ziolkowski, 1970)

€R¼
1þ

_R

C

� �
Hþ 1�

_R

C

� �
R

C
_H�3

2
1�

_R

3C

� �
_R

2�a _Rþb _R
2

R 1�
_R

C

� � ;

(5)

where R, _R, and €R are the bubble radius, velocity, and accel-

eration, respectively. The sound velocity in water at the bub-

ble wall is denoted by C, H is the enthalpy, and a and b 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 (Fig. 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

assumed to be Rc ¼ 1.5zs estimated from the video observa-

tions and acoustic recordings in water. We assume that the

growth of the bubble radius and hence the surface displace-

ment stops abruptly when the critical radius is reached

(Fig. 9). Although this is a very simplistic model, we

observe on the video recordings that the bulge at the water

surface for the shallowest source depth of zs ¼ 0.1 m is kept

almost constant for a long time compared to the deeper sour-

ces (Figs. 13 and 14). Similar observations for an almost sta-

tionary water surface displacement during a collapsing

cavity are demonstrated by Robinson et al. (2001).

The surface displacement h is computed using Eq. (3)

and the general shape of the water surface is explained well

by this ad hoc model. We note that the similarity between

the modelled and measured surface displacement is also due

to the fact that we have adjusted Eq. (3) to our experiments

as mentioned in Sec. II. The acoustic signal at the receiver

can be computed from the surface movement using Eq. (2).

The model and measurements are compared in Fig. 10. A

lower high-cut filter than in Fig. 5 is used as higher frequen-

cies are more complicated to model due to the splash and

other non-linear effects at the water surface. Differences

between the measurements and model could be due to the

assumption of an abrupt stop of the bubble radius which is

way more complex in practice compared to the simple

model used to describe the surface lift. This point needs 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 peak in air could be repro-

duced by the model (Fig. 10). The negative peaks in air for

the depths of 0.1 and 0.15 m are explained by the negative

acceleration of the surface displacement caused by the

abrupt stop of the bubble (Fig. 9) (scenario 3). When the

bubble does not break the surface immediately, at 0.3 m, the

signal in air is a repetition of the bubble movement in water

(scenario 2). Hence, the movement of the water surface

FIG. 8. (Color online) Measurements of airgun signature in air at H2, H3,

and H4 (Fig. 3) with different bandpass filters applied as indicated, cor-

rected for spreading with 1/r and aligned in time. The source depth is zs

¼ 0.3 m. Note the different amplitude scales for the each plot.

FIG. 9. (Color online) 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 dotted line indicates the modelled

bubble radius if it had not broken the water–air interface. A 150 Hz low-

pass filter is applied to €h. Each value is normalized to its own maximum

value, respectively.
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contributes 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 investigate the coupling between an elastic

medium and air, some phenomena seem to be similar.

Furthermore, investigations on volcanic eruptions conducted

in the field of infrasound reveal similar acoustic signals

received in air (Johnson, 2003; Yokoo and Iguchi, 2010).

V. DISCUSSION

First, we discuss potential mechanisms that could

explain the amplitude differences observed in Fig. 8.

Second, we elaborate more on the observations of the

water–air interface while the airgun in experiment B is fired.

One explanation for the higher amplitudes with higher

frequencies measured at receiver H4 compared to the

receivers H2 and H3 (Fig. 8) might be evanescent waves in

water which are transmitted 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=k� 1, where k is the wave length in water. Calvo et al.
(2013) compute the transmitted signal into air using wave-

number integration which demonstrates that most of the sig-

nal is confined inside a cone, when only homogeneous

waves in water are assumed (Fig. 11). The angle of the cone

corresponds to the critical angle between water and air.

When evanescent waves are taken into account, the radia-

tion into air is close to omnidirectional for small zs=k ratios

as shown for an example with the ratio zs=k ¼ 0.034 by

Calvo et al. (2013). In our experiments (Fig. 8) the ratio is

zs=k ¼ 0:005 for the lowest frequency band, assuming

FIG. 10. (Color online) Measured (solid) and modelled (dotted) signals

from the 12 in3 airgun recorded in water at H1 and in air at H4 as indicated

in Fig. 3 for different source depths zs. A 150 Hz low-pass filter is applied to

the data.

FIG. 11. Two-dimensional (2D) section of experimental setup shown in

Fig. 3. The transmitted signal into air from a monopole sound source is

sketched accounting only for homogeneous waves (black line) and includ-

ing the evanescent part (gray line), adopted from Calvo et al. (2013).

FIG. 12. 2D section of experimental setup shown in Fig. 3. The directivity

for a vibrating baffled piston is shown schematically for three different fre-

quencies. The piston radius is denoted as a and arbitrary amplitudes are

assumed.

J. Acoust. Soc. Am. 147 (2), February 2020 Wehner et al. 1099

https://doi.org/10.1121/10.0000691

https://doi.org/10.1121/10.0000691


f¼ 25 Hz, while it is zs=k ¼ 0:1 for the highest frequency

range, assuming f¼ 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 13.4�

cone, which is the case for receiver H4 (Fig. 8). It should be

noted that the theory is developed for a monopole sound

source which is not fully valid for the airgun fired close to

the interface.

Another explanation for the higher amplitudes with

higher frequencies measured at receiver H4 compared to

receivers H2 and H3 (Fig. 8) could be the radiation pattern

of the moving water surface. If we assume that the water

surface acts like a loudspeaker or a circular baffled piston,

the directivity of the emitted sound depends on the fre-

quency (Hambric and Fahnline, 2007; Morse and Ingard,

1986). The variations of the radiated acoustic signal with

frequency are schematically shown in Fig. 12. For simplic-

ity, we estimate the far-field acoustic pressure from a baffled

piston as (Hambric and Fahnline, 2007)

piðri; hiÞ ¼ ixqaa2v
J1ðkaa sinðhiÞÞ

kaa sinðhiÞ

� �
e�ikri

ri
; (6)

where v is the piston velocity and a its radius, and J1 is the

first order Bessel function. The angle and distance between

the origin of the coordinate system and specific hydrophone

i¼ 2, 3, 4 is denoted as hi and ri, respectively (Fig. 12). It

should be noted that the moving water surface in the experi-

ment is varying in size while a constant piston size is

assumed in the model. We compute the theoretical ampli-

tude ratios p4=p3 and p4=p2 for three different frequencies to

estimate the relative variations of the amplitude between the

hydrophones. For 50 Hz the ratios are p4=p3 � p4=p2 � 1,

for 200 Hz the ratios are p4=p3 � 3 and p4=p2 � 10, and for

400 Hz the ratios are p4=p3 � 5 and p4=p2 � 83. If we com-

pare the ratios with the measured results in Fig. 8, we note

that they agree well for the lowest frequency of 50 Hz. For

higher frequencies the ratios for p4=p3 of 3 and 5 are still

comparable with the measured amplitudes while the com-

puted ratios for p4=p2 does not agree with the observed

results. Therefore, this effect could partially explain the

FIG. 13. (Color online) Photos of air-

gun fired at a different source depths zs

taken at different times as indicated.

The source depths correspond to the

recordings shown in Fig. 10. Pressure

recordings and camera are not

synchronized.
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observations while the mechanisms become more complex

with increasing frequencies.

For a more detailed investigation of the impact on the

water–air interface in experiment B photos from the video

recordings are shown for three different source depths (Figs.

13 and 14). In these figures we note that the water surface

has already changed for all source depths for time instants

between 0 and 4.2 ms. A white foam lifted from the surface

is visible at 4.2 ms for source depths of 0.1 and 0.15 m that

is not visible for the 0.3 m source depth. That might be water

vapor molecules lifted from the surface due to the high pres-

sure incident on the water–air interface (Loveridge, 1985).

In addition, we note that water droplets are created above

the water surface starting at approximately 21 ms. This

observation can be best recognized when the photos at

21 ms (Fig. 13) and 25.2 ms (Fig. 14) for a source depth of

0.3 m are compared. The time correlates with the beginning

contraction of the airgun bubble and hence the downward

movement of the water–air interface [Fig. 7(b)]. The large

surface spike at the center above the bubble, generated for

source depths of 0.1 and 0.15 m over time (Figs. 13 and 14),

is also demonstrated by many authors for the interaction of

spark- or laser-induced cavities with the water–air interface

(Blake and Gibson, 1981; Longuet-Higgins, 1983; Robinson

et al., 2001) and for underwater explosions (Rogers and

Szymczak, 1997). An experimental study of underwater det-

onations close the water surface is conducted by Craig

(1974). The strong surface lift is associated with a jet forma-

tion that is directed away from the free surface and propa-

gates 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 surface

(Pearson et al., 2004) and hence the pressure above the bub-

ble 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 toward the surface again. The evolu-

tion 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 differ-

ences between cavities or underwater explosions and the

bubble generated by an airgun. These are the existence of

FIG. 14. (Color online) Continuation

of Fig. 13.
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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 (de Graaf et al., 2014; Langhammer and Landrø,

1996). 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. (2014).

VI. CONCLUSION

Our experiments show that the interaction of very shal-

low marine seismic sources with the water–air interface

contributes significantly to the acoustic signal emitted into

air. The model and measurements indicate that the moving

water surface, caused by the interaction of the water sur-

face with the oscillating bubble, and the breaking of the

bubble at the water surface contribute to the signal in air

similar as from a vibrating membrane. In addition, we

observe that the radiation pattern of the acoustic signal in

air gets closer to omnidirectional for decreasing source

depths and frequencies. The acoustic signal in air from a

small cavity is about 300–600 times weaker than the signal

in water for frequencies lower than 300 Hz. This is valid

for a cavity that is sufficiently far away from the water–air

interface so that there is no interaction between the cavity

and the water surface. For a bigger airgun bubble the

acoustic signal in air is about 40–300 times weaker than

the signal in water for frequencies lower than 300 Hz. The

stronger acoustic signal in air is caused by the emitted

sound pressure waves from the moving water surface, in

addition to the directly transmitted acoustic signal. For

very shallow airgun depths the signal consists of a positive

peak followed by a negative peak of the same magnitude.

The negative peak is attributed to the breaking of the

water–air interface as demonstrated in the modeling, and

supported by high speed photos. To quantify the contribu-

tions from the moving surface to the acoustic signal mea-

sured in air, the mechanism needs to be investigated in

more detail. However, the experimental results are helpful

to understand the behaviour of seismic sources fired close

to the surface and how the acoustic signal in air is gener-

ated. These findings could lead to new considerations in

the setup of marine seismic sources and might improve

seismic processing as the source signal is better

understood.
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