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For seismic air-gun arrays, ghost cavitation is assumed to be one of the main mechanisms for high-

frequency signal generation. Ghost cavitation signals are weak for seismic frequencies (<300 Hz)

and do not contribute to seismic reflection profiling. In the current experiment, the ghost cavity

cloud is monitored by a high-speed video camera using 120 frames per second. This is, as far as the

authors know, the first convincing photographic evidence of ghost-induced cavitation. In addition

to video recording, acoustic signals were recorded with a sampling rate of 312.5 kHz using broad-

band hydrophones suspended 17 m below the array. The pressure drop around the source array is

estimated using air-gun modeling followed by a phenomenological modeling of the growth and col-

lapse of each vapor cavity. The cumulative effect of cavity collapses is modeled based on linear

superposition of the acoustic signals generated by individual cavities. The simulated acoustic ghost

cavitation signal and the corresponding cavity cloud show good agreement with the field data.
VC 2018 Acoustical Society of America. https://doi.org/10.1121/1.5040490
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I. INTRODUCTION

In marine seismic reflection profiling where the geologi-

cal structure beneath the seabed is delineated, marine seis-

mic sources such as air-guns, water-guns, and marine

vibrators are used (Duren, 1988). The objective of such

exploration surveys is usually to find hydrocarbon resources.

Other applications are academic research and mapping of

Earth’s subsurface. By far, air-gun arrays have been the most

prevalent and efficient marine seismic source (Duren, 1988;

Barger and Hamblen, 1980) and still are (Watson et al.,
2016). An air-gun generates acoustic pressure waves from

expansion and contraction of an air bubble which is formed

by releasing high-pressure air (typically 2000 psi) into the

surrounding water within a short time (Caldwell and

Dragoset, 2000). Instead of using a single air-gun, several

air-guns with different air chamber volumes are arranged in

arrays and fired simultaneously to produce and direct an

intense pulse towards the seabed (Dragoset, 2000).

It is the low-frequency band (<300 Hz) that is analyzed

in seismic reflection profiling (Caldwell and Dragoset, 2000)

and hence ideal air-gun arrays should produce acoustic pres-

sure waves containing all energy concentrated below 300 Hz.

However, measurements with broadband hydrophones have

revealed that the acoustic signal from air-gun arrays contains

frequencies up to tens of kHz (Goold and Fish, 1998;

Tashmukhambetov et al., 2008; Landrø et al., 2011; Guan

et al., 2015). Such high frequencies are much weaker than the

low-frequency parts and do not benefit seismic imaging, but

they can be used, for example, to detect targets of size between

0.5 and 20 m in the water column (Banda and Blondel, 2016)

or for detection of potential gas leakage from an oil and gas

production field or a CO2 storage site (Landrø et al., 2017).

These high frequencies might impact cetacean species that are

sensitive to acoustic signals in the high-frequency range

(10–150 kHz) (Ketten, 2004; Landrø et al., 2011).

Several mechanisms are responsible for high-frequency

acoustic wave generation by air-gun arrays. The rapid move-

ment of air from the air-gun into the water generates some

amount of high frequencies. To reduce these high frequen-

cies, a new air-gun has been designed and tested (Coste

et al., 2014; Gerez et al., 2015) which releases the pressure

over a longer time period compared to standard air-guns and

hence the signature has a gentler slope and the peak ampli-

tude is reduced (Groenaas et al., 2016). To reduce the high-

frequency generation due to the steep rise time of pressure,

another solution is to use sources with lower operating pres-

sures and larger volumes (Chelminski, 2015). For example,

the tuned pulse source has a large air chamber filled with

low-pressure air and generates acoustic pulses with long rise

times (Ronen and Chelminski, 2017). King et al. (2015) and

King (2015) suggest that the reflected ghost pressure wave

from the sea surface interacts with the air-gun bubble and

give rise to high frequencies between 400 to 600 Hz.

Another mechanism related to air-gun arrays, which

generates high frequencies up to tens of kHz, is the ghost

cavitation phenomena (Landrø et al., 2011). Landrø et al.
suggest that a cavity cloud is formed by the hydrostatica)Electronic mail: babak.khodabandeloo@ntnu.no
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pressure drop in some locations around the array: acoustic

pressures from individual air-guns in a marine seismic air-

gun array are reflected from the water–air interface with neg-

ative polarity. Constructive interference of the sea-surface

reflected acoustic waves “add up” and the absolute hydro-

static pressure drops close to zero in some regions which

results in water vapor cavity growth and subsequent collap-

ses (Landrø et al., 2013; Landrø et al., 2016). This phenome-

non was numerically modeled based on air-gun modeling

and bubble dynamic equations (Khodabandeloo et al., 2017).

Air-gun modeling (Ziolkowski et al., 1982) is used to obtain

notional source signatures of individual air-guns in the array.

Using linear superposition of the pressure generated by indi-

vidual air-guns, the temporal and spatial distribution of

regions where the pressure is close to or below zero are

determined. Afterward, Prosperetti bubble dynamics equa-

tions (Prosperetti and Lezzi, 1986) are used to estimate

vapor cavity growth and collapse. The signal from collapse

of several single vapor cavities within the cloud will also

generate a low-frequency response (Khodabandeloo and

Landrø, 2017a) in addition to the high frequencies. The

strength and energy of the high-frequency ghost cavitation

signal can actually be decreased while the energy in the use-

ful frequency band increases. This depends on the configura-

tion of the air-gun array (Khodabandeloo and Landrø,

2017b). Essentially, the ghost cavitation can be reduced by

increasing the distance between the guns (Landrø et al.,
2016).

Liquids are prone to cavity formation and subsequent

collapse where they experience pressure drop below the

vapor pressure or partial pressure of dissolved gases

(Mellen, 1954; Plesset, 1970). Acoustic cavitation is the

term used for the vapor cavity induced due to the oscillating

pressure when an acoustic wave propagates through a liquid

(Frohly et al., 2000; Apfel, 1984). In the case of pure water

and in the absence of impurities or cavitation nuclei, there is

a very high negative pressure (��26 MPa) required to rup-

ture the water and form the cavity (Caupin and Herbert,

2006; Herbert et al., 2006). Availability of cavity nuclei

facilitates the cavity generation (Apfel, 1984; Brennen,

2013). This is shown in a Venturi nozzle experiment

(Harrison, 1952) and an experiment by seeding cavities by

electrolysis (Arakeri and Shanmuganathan, 1985) where it is

observed that undissolved air bubbles with the size of typi-

cally 50 lm are excellent cavitation nuclei sites. It is esti-

mated that microbubbles with the size between 18 and

350 lm are uniformly distributed down to 36 m depth in sea-

water at around 6 knots wind speed (Medwin, 1977).

Several experiments demonstrate that the collapse of

cavity bubbles produce intense noise and damage (Kim

et al., 2014; Reisman and Brennen, 1996; Franc and Michel,

1988). In some cases, it is valid to neglect the influence of a

bubble on the neighboring bubbles. Then the resulting acous-

tic signal generated by several bubbles is simply equal to the

sum of the acoustic pressure generated by individual cavities

(Harrison, 1952). In the case of coherent cavity collapses

within the cloud, the noise and damage are greater than

expected from a random cumulative effect of individual cav-

ity collapses in the cloud (Wang and Brennen, 1999). It is

shown (Arakeri and Shanmuganathan, 1985) that it is possi-

ble to predict the noise spectrum generated by a cavity cloud

based on single cavity bubble dynamics if the bubble volume

fraction or void fraction, a, is small (<0.1). For example,

when the void fraction is small, the noise spectrum increases

over the whole frequency range by increasing the number of

cavities. However, if the number of cavities within a cloud

increases beyond a certain limit, the generated noise

will decrease [see Fig. 6 in Arakeri and Shanmuganathan

(1985)]. This might be caused by the physical overlap of

bubbles and distortion in the cavity bubble shapes near their

maximum radii. It is shown that interaction of bubbles

within the cloud can be neglected if the cloud interaction

parameter [b¼ a0(1�a0)A0
2/R0

2] is less than one (Wang and

Brennen, 1999; Brennen et al., 1999). In this relation, a0 is

the initial void fraction, A0 is the initial cloud radius (assum-

ing spherical cloud) and R0 is the initial bubble radius. For

large values of the cloud interaction parameter, the bubble

collapse pattern produces an inward acoustic wave and the

corresponding shock wave is strengthened as a result of

geometric focusing effects (Wang and Brennen, 1999).

In the current experiment, the ghost cavitation cloud is

visualized from high-speed video recordings of a seismic

air-gun array consisting of two subarrays. The video images

show the generation of multiple cavities and these images

strengthen the ghost cavitation hypothesis. Even though the

time resolution is not excellent (8.3 ms between two frames),

it is possible to observe the creation and disappearance of

the ghost cavity cloud. The shape of the cloud at different

stages is also possible to study by looking at several shots

since they have slightly different time zero compared to each

other. The air-gun firing system is not synchronized with the

video recording. The ghost cavity cloud and the correspond-

ing acoustic signal is simulated using the numerical model-

ing procedure proposed by Khodabandeloo et al. (2017).

The cavity clouds observed by video recordings are com-

pared to modeled cavity clouds. Finally, we compare the

measured acoustic signal to the modeled signal.

FIG. 1. (Color online) Air-gun array configuration used for the field experi-

ment. There are 20 air-guns arranged in two subarrays and the air chamber

volumes (in cubic inches) are shown next to the gun number within the

parentheses. Single air-guns are shown by white rectangles and clustered

air-guns by gray. The video camera is mounted on one of the subarrays

(near guns 3 and 4) and its approximate view angle is shown as a yellow

cone. The approximate location of the hydrophone is shown by the blue

triangle.
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II. THE FIELD EXPERIMENT

The field experiment was conducted in 2011 offshore

Congo in water depths between 1500 and 3000 m. The

weather condition was good and the sea state was calm dur-

ing the experiment. The source vessel was moving at a speed

less than 2 knots (�3.7 km/h). Field data that are used in this

paper are from the source array configuration shown in Fig.

1. It consists of two subarrays where each one includes ten

individual air guns. A high-speed underwater camera, with

recording speed of 120 frames per second, was mounted on

one of the subarrays with a view angle as shown in Fig. 1. A

broadband hydrophone (bandwidth¼ 520 kHz) was sus-

pended 17 m below the source array. There is an uncertainty

related to the precise positioning of the hydrophone relative

to the source array and most likely it deviates a few meters

backward (off the vertical) due to towing effects. Top view

of the approximate position of the hydrophone relative to the

air-guns is shown in Fig. 1 (blue triangle).

The acoustic signals were recorded using a sampling

interval of 0.0032 ms, and no gain was applied. The hydro-

phone sensitivity is 204 dB re 1 V/lPa. Measured signals

beyond 60.5 V were saturated (clipped). More details of the

experimental setup can be found in Landrø et al. (2016).

A. High-frequency signal measurement

For a source depth of approximately 9 m and a subarray

separation distance of approximately 8 m, a typical measured

signal is shown in Fig. 2 (left). It is observed that some

parts of the signal are saturated. For example, saturation

occurs between �30 and 31 ms, �34 and 35 ms, �36 and

37.5 ms, and �47.5 and 48.5 ms. Fortunately, the ghost cavi-

tation signal which is the focus of the experiment is not

affected heavily by clipping. The reason is that the ghost

cavitation signal arrives with some delay (�6–20 ms) after

the primary peak (Landrø et al., 2011; Landrø et al., 2013;

Khodabandeloo et al., 2017). For the signal shown in Fig. 2,

the ghost cavitation signal is slightly affected by saturation

effects for the time interval around 47.5–48.5 ms.

After applying a 10 kHz high-pass filter to the signals

shown to left in Fig. 2, the result is shown in the middle

picture of the same figure and the absolute values of the

high-pass filtered signal and the smoothed envelope using a

moving average filter are shown to the right. For four differ-

ent shots, smoothed amplitudes of the 10 kHz high-pass fil-

tered signals are plotted in Fig. 3. The curves indicate that

the pattern and envelope of high-pass filtered ghost cavita-

tion signals are highly repeatable. All the high-pass filtered

signals share the same pattern: the energy is accumulated

with a smaller rate in the beginning than at the end which

causes a fast cessation of the signal at the end.

B. Field video recording

Air-guns 11 to 16 (Fig. 1) are present in the camera

frame and four successive recorded frames are shown for

four different shots in Fig. 4. Each row represents frames

from one shot. The first image of each row is the first frame

for each shot and shows the initial phase as the air escapes

FIG. 2. Unfiltered measured signal for with a broadband hydrophone suspended around 17 m below the array (left). The saturated parts are indicated by gray

vertical ribbons. Ten kilohertz high-pass filtered (middle). Absolute values of high-pass filtered data and its smoothed envelope (right). The source depth is

9 m and the subarray crossline separation distance is 8 m.

FIG. 3. (Color online) Smoothed abso-

lute values of four 10 kHz high-pass

filtered measured signals (shots).
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through the gun ports. Since the air-gun firing system is

not synchronized with the video recording, the images in

the first column do not correspond to the same stage after

the guns are triggered. If time zero (t¼ 0) for each shot is

the time when the earliest air-gun is fired (opening of air-

gun ports), an approximate time can be estimated for the

first frame. In the first frame of the first and second shots

(rows) in Fig. 4 (denoted shot 1a and shot 2a, respectively)

air is only observed escaping gun 15 (G15) as indicated by

the red arrow. If time zero (t¼ 0) for the first source firing

is when ports of gun 15 become open, based on the amount

of air that has exited from gun 15 in shot 1a, the time

instant corresponding to this frame (shot 1a) is estimated

to be �1 ms. Using the same method for the other shots, a

FIG. 4. (Color online) Video recording of part of one subarray using a high-speed camera (120 fps) mounted on the other subarray. Each row represents frames

from one firing of the source array; a, b, c, and d refer to successive images from the same shot. Guns 11, 13, and 15 are in the camera frame and indicated by

G11, G13, and G15. Red arrows indicate air escaping the air-gun(s) in the first frame of each shot. In shot 1a and shot 2a air is seen exiting gun 15 while no air

is seen escaping gun 13 and 11. In shot 3a and shot 4a the air is only observed escaping gun 15 and 13 as indicated by the red arrows. The cavity cloud is

observed in shot 1c, shot 2c, shot 3b, shot 3c, shot 4b, shot 4c, and indicated by blue dashed ellipses. If zero time is opening of air-gun ports, the associated

time to the recorded frame time is assigned depending on amount of air exiting the gun(s) in the first frame: �1 ms for first and second rows (shot 1a and 2a)

and �2 ms for third and fourth rows (shot 3a and 4a).
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time instant for the first column is estimated, as shown in

Fig. 4.

III. MODELING THE GHOST CAVITY CLOUD

The simulation method is summarized in the Appendix

and for more details of the simulation technique, we refer to

Khodabandeloo et al. (2017). Using the source array shown

in Fig. 1, pressure variations at different locations around the

air-gun array are estimated by adding the pressure from each

air-gun to the hydrostatic pressure of the corresponding loca-

tion. The response of a stable free microbubble with an equi-

librium radius of 20 lm to the estimated pressure variations

is estimated by Eq. (A1) in the Appendix. In the simulation,

due to the observed delays between air-gun firings in the first

image of each row in Fig. 4, all the air-guns are not fired

simultaneously and some of them are fired with some minor

delays. We have assumed the guns in each cluster (for exam-

ple, guns 15 and 16 form one cluster) are fired simulta-

neously. Furthermore, we assume that the two subarrays

have same performance which means for example gun 5 and

6 are activated simultaneously with gun 15 and 16. It is the

same for guns 3, 4, 13, and 14. Guns 1, 2, 11, and 12 are fired

simultaneously as well. The remaining guns which are not in

the images, that is guns 17 to 20 and guns 7 to 10 are fired

simultaneously with gun 15.

For an air-gun, the peak pressure occurs approximately

at the time when the air escapes through the ports. For sim-

plicity, we choose the time when the first air is visible at the

port opening as time zero. Selecting the time when the mod-

eled pressure of earliest gun(s) reaches its peak value as zero

time (t¼ 0) in the simulation, ensures having roughly the

same time reference between the simulated and the photo-

graphed cavity cloud.

Based on the amount of air released from the guns in the

first image in each row in Fig. 4, we estimated a time delay

of 2.5 ms for guns 1, 2, 11, and 12 and a time delay of 1.5 ms

for guns 3,4, 13, and 14.

The temporal and spatial distributions of minimum pres-

sures are obtained from air-gun modeling and are shown in

Fig. 5. The computational domain uses a three-dimensional

grid with a spatial resolution of 0.2 m and it is assumed that

FIG. 4. (Color online) (Continued)

FIG. 5. (Color online) Simulated mini-

mum pressure distributions for four

time instants (t¼ 10.5, 12, 13.5, 15 ms)

for the case of firing some guns

delayed with respect to the others in

the array.
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a cavity is formed if the pressure drops below a certain level

(�0.1 bar) at that grid location. The temporal sampling inter-

val for the simulations is 0.1 ms.

Cavity lifetimes (growth þ collapse times) at different

locations are estimated using Eq. (A1), given in the

Appendix, are shown as a function of minimum external

pressure and depth in Fig. 6.

The time when the pressure reaches its minimum and

fulfills the requirement (<�0.1 bar) for cavity creation is

considered as the initiation time for that specific cavity.

Having the initiation time (Fig. 5) and the lifetime of each

cavity (Fig. 6), we know the timing when each cavity

appears in the cloud. Modeled cavity clouds for six time

instants are shown in Fig. 7.

The modeling predicts that a cavity cloud is formed

above the source array. Then it moves slightly downwards

and to the right (Fig. 7). The cloud shape and pattern resem-

ble the photographed cavity cloud. Simulation results indi-

cate that the cavity cloud is present for around 10 ms, which

means if it is video-recorded every 8.3 ms, it will appear at

most in two frames which is in agreement with the video

recordings shown in Fig. 4.

If all air-guns are fired simultaneously, the modeled cav-

ity cloud will be somewhat different, as shown in Fig. 8.

The cloud is initiated somewhere in the middle top of

the array and then moves to both sides and extends down-

wards. Figures 6 and 5 will also be different for the case

when all guns are fired at the same time.

IV. COMPARISON OF NUMERICAL MODELING AND
FIELD MEASUREMENTS

The simulated cavity cloud assuming relative delays in

air-gun firing times (Fig. 7) better resembles the photographed

FIG. 6. (Color online) Cavity lifetimes (growthþ collapse times) at different

locations around the array as a function of the minimum pressure of external

pressure that each cavity had been exposed to for the case of firing some air-

guns with the delay in the array. Bubble dynamic Eq. (A1) is solved for

each cavity to estimate its lifetime.

FIG. 7. (Color online) Simulated cavity cloud for the case where some air-guns are fired with some delay in the array.
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cavity cloud than assuming that all guns are fired simulta-

neously (Fig. 8). To have a closer look at the modeled and

photographed cavity cloud, the image from the video recording

and the corresponding simulated cavity cloud are shown in

Fig. 9 for a time instant of 17.6 ms. To compare with the pho-

tographed cavity cloud, a cut section of the modeled cloud

(Fig. 9; right) is shown to include only one subarray in the

image.

The camera frame is approximately shown by the green

transparent plane in the modeled cloud shown in Fig. 9

(right). In our modeling, at each grid point a cavity grows—

and subsequently collapses—provided that a minimum pres-

sure threshold is fulfilled at that grid point. Hence, the grid

resolution determines the initial number of cavities in the

modeling. The actual number of cavities can be determined

by calibrating the model such that the amplitude, energy, or

FIG. 8. (Color online) Simulated cavity cloud for the case where all air-guns in the array are fired simultaneously.

FIG. 9. (Color online) Comparison of

the cavity cloud observed from video

recording and the corresponding

numerical modeling. In the modeled

cloud, the corresponding frame of the

camera is approximately shown by the

green plane.
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frequency content of the modeled ghost cavitation signals

matches the measurements. However, the calibration highly

relies on the calculated acoustic pressure signatures from

collapses of individual vapor cavities since there is a tradeoff

between the strength of each cavitation signal and the num-

ber of cavities. The calculated acoustic pressure signature

from collapse of individual vapor cavity seems to have a

very high peak compared to the experimental results of

single cavity collapses (Versluis et al., 2000). One cause

might be that diffusion of dissolved gases (Plesset, 1970;

Prosperetti, 2017) is ignored in the bubble dynamic equation.

Diffusion adds some permanent gas to the cavity and cush-

ions the collapse (Neppiras, 1984). The other reason might

be the interaction between the growing cavity and the pres-

sure fields from other cavity collapses. For a different air-

gun array but the same grid resolution as we used here,

Khodabandeloo and Landrø (2017a) calibrated the model

(on a trial and error basis) such that both the amplitude of

high-frequency modeled signal and its associated low-

frequency part matched the measurements. In that paper we

artificially reduced the peak pressure of individual cavity

collapse signatures and determined a single scaling factor

equal to 0.07 (�1/14) that gave a good match for both the

amplitude of the modeled high frequency signal and its asso-

ciated low-frequency part. This means that the assumed

number of cavities should be reduced by factor of 14.

Therefore, the number of cavities shown in the modeled

cloud in Fig. 9 is reduced compared to the corresponding

time (17.6 ms) in Fig. 7 by a factor of 14. As seen in the front

view of the modeled cavity cloud in Fig. 10, the majority of

the cloud is formed midway between the two arrays.

It should be noted that we do not claim that our model is

calibrated in a systematic manner, nor is it the scope of this

paper. For the current modeling results, we have applied a

calibration factor which was obtained for the same modeling

scheme using the same grid resolution but based on another

field experiment with a different air-gun array configuration

(three subarrays instead of two). Applying that calibration

factor to the current model, the agreement between the mod-

eled and the photographed cloud was improved. To calibrate

the model in a more systematic way, dedicated experiments

are required to estimate cavity sizes, the pressure signatures

from single cavity collapse, and non-clipped broadband

recorded signals at different locations are needed for more

than one or two array configurations.

The 10 kHz high-pass filtered measured signal is shown

in Fig. 11 (top). Modeled ghost cavitation acoustic signals are

shown in the second and third rows of Fig. 11. Simulation 1 is

the 10 kHz high-pass filtered modeled ghost cavitation signal

without including reflection of acoustic pressure of cavities

from the sea surface. In simulation 2, reflection of ghost cavi-

ties from the sea surface assuming a reflection coefficient of

�0.4 is included. For rough sea surface and high frequencies it

FIG. 10. (Color online) Front view of the modeled cavity cloud at 17.6 ms.

The number of plotted cavities is reduced by a factor of 14 compared to the

number of cavities based on selected grid resolution.

FIG. 11. (Color online) 10 kHz high-

pass filtered ghost cavitation signal from

field measurement (top), simulation 1

(second image from top) where the

reflection of cavity signatures from sea

surface is ignored. In simulation 2 (third

from top) reflection of cavity signatures

from the sea surface with reflection

coefficient¼�0.4 is included. In the

top panel, the gray vertical ribbon indi-

cates part of the signal that is clipped

and cannot be compared directly with

the modeled signal. Envelopes of abso-

lute values are smoothed using a moving

average method (bottom). All curves are

normalized to one.
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is reasonable to assume that the reflection coefficient is

reduced significantly (Clay and Medwin, 1977, Landrø et al.,
2013). Both synthetic and field data show a gradual amplitude

increase followed by a rapid decrease. When including the

ghost reflections of the ghost cavity signals from the sea sur-

face, the simulated signal predicts the observed long tail after

the rapid decrease in the field data (Fig. 11).

The envelope of absolute values of the field data, simu-

lation 1, and simulation 2 are smoothed using a moving aver-

age window and plotted in Fig. 11 (bottom). It is seen that

there is a good agreement between modeled and measured

curves regarding their time duration and shape of envelopes.

V. DISCUSSION

In the modeled cavity cloud, we have assumed one sta-

ble microbubble with radius 20 lm at each grid point in the

computation domain with cell sizes of 0.2 m� 0.2 m

� 0.2 m. The void fraction, a0, in our example is 0:07

�ð4=3ÞpR3
0=0:23 ¼ 2:9� 10�13; where 0.07 is the scaling

factor that we discussed in Sec. IV. By void fraction we refer

to those stable microbubbles within the sea water acting as

cavity nucleation site. Assuming the equivalent spherical cloud

radius equal to 5 m, then the cloud interaction parameter is

estimated by b¼ a0(1�a0)A0
2/R0

2¼ 0.018. Considering the

values of the void fraction and cloud interaction parameter, the

bubble–bubble interaction within the cloud can be neglected

(Wang and Brennen, 1999; Brennen et al., 1999; Arakeri and

Shanmuganathan, 1985). For an air-gun array the asynchronic-

ity between air-guns is normally less than 1 ms. Weighting the

assigned time delay of each air-gun by its air-chamber volume,

the average delay is 0.97 ms in this experiment. Even though

the allocated time delays for the air-guns in our modeling

seem a bit larger than the expected time delays in an air-gun

array, they improve the similarity between the modeled and

imaged cavity cloud. Moreover, we do not have access to the

detailed firing time delays in the current experiment where

the video recordings indicate that actual firing time delays

might be slightly higher compared to normal operations.

It should be noted that the shapes of the cloud pattern

observed from the video recordings vary from shot to shot

which is probably caused by slightly different firing time

delays for each shot. However, the recorded high-frequency

acoustic signal is highly repeatable. Even though cavity col-

lapse interaction and possible non-linear phenomena, as well

as effects of cavitation cloud on acoustic propagation such

as reduction in sound speed and increase in attenuation, are

ignored, there is a good agreement between the modeled and

field data in terms of the time duration and signal envelope

shape. However, the model needs calibration such that the

amplitude, energy, and frequency contents of modeled ghost

cavitation signals match the measured. To do so, it would be

necessary to record the non-saturated (non-clipped) acoustic

signature at several locations for more than one source array.

VI. CONCLUSION

The ghost cavity cloud generated by an air-gun array is

observed using a high-speed (120 frames per second) video

camera. The photos of the ghost cavity cloud support the

hypothesis of source ghost cavitation. From the images it is

clearly observed that multiples of cavities appear for a short

time interval (10 ms) after the guns are fired. Synthetic

modeling predicts an onset time as well as the time duration

of the cavitation signal that fits the field observations.

Furthermore, the modeled shape and position of the cavity

cloud resemble those of the video recordings. There is a

good agreement between the field-recorded high-frequency

acoustic signals and those from the modeling with respect to

their envelope shape and time duration. To calibrate the

model such that the amplitude, energy, and frequency con-

tent of the simulated signal match the measured one, it is

required to have non-saturated broadband field-recorded sig-

nals from two or more different air-gun array configurations.

For future field experiments to better capture the ghost

cavitation phenomenon, it is suggested to perform the video

recording with higher speed (>480 fps) and use two cam-

eras; one in front of the array and one at the side.
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APPENDIX: GHOST CAVITATION MODELING

An air-gun array consists of several individual air-guns

with different air chamber volumes. The array used for this

study consists of 20 air-guns arranged in two subarrays as

shown in Fig. 1. Hydrostatic pressure can drop below a certain

threshold at some locations around the array as a result of the

reflected acoustic pressure of individual air-gun from the sea-

surface. The pressure at two different locations around the

array are shown by dashed curves in Fig. 12. It is seen that the

hydrostatic pressure becomes negative based on linear theory

from the superposition of pressures from individual air-guns in

the array. From the initial part of the pressure curves, it is seen

that the one shown in the right graph belongs to a deeper loca-

tion since it has larges hydrostatic pressure. It is possible to

estimate the response of a tiny stable bubble subjected to the

external pressure, P, in the following bubble dynamics equa-

tion (Prosperetti and Lezzi, 1986):

1� 1

c

dR

dt

� �
R

d2R

dt2
þ 4l

qc

d2R

dt2

¼ � 3

2
1� 1

3c

dR

dt

� �
dR

dt

� �2

� 1

qR
2rþ 4l

dR

dt

� �

þ 1

q
1þ 1

c

dR

dt

� �
Pi tð Þ � P½ � þ R

qc

dPi tð Þ
dt

: (A1)
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In the above equation, R(t) denotes the time-dependent cav-

ity radius, c¼ 1500 m/s is the sound speed of undisturbed

water, r¼ 0.074 N/m is the water surface tension (Nayar

et al., 2014), q¼ 1000 kg/m3 is the density of water, and l
¼ 0:001 Ns/m2 is the dynamic viscosity of water. The pres-

sure inside the cavity is shown by PiðtÞ and is modeled by

Van der Waals equation. Substituting two pressure time

curves given in Fig. 12 as external pressure in Eq. (A1) the

response of a bubble with initial size of 20 lm are estimated

by solving the differential equation by means of the Runge-

Kutta method of order 5 (“ode45” algorithm in MATLAB) and

plotted as solid curves in the same figure. There are micro-

bubbles with the size between 18 and 350 lm uniformly dis-

tributed up to 36 m depth in the sea at wind speed of around

6 knots (Medwin, 1977).

Collapses of individual cavities generate acoustic pres-

sure and its signature in the far-field is estimated by

(Brennen, 2013; Leighton, 2012)

p tð Þ ¼ qR

r

�
2 _R

2 þ R €R
�
: (A2)

In the above equation, the superposed dot indicates a time

derivative. Acoustic pressure signature of individual cavities

obtained by Eq. (A2) is propagated from where it is gener-

ated to the receiver location:

ui t; rð Þ ¼
1ffiffiffiffiffiffi
2p
p

ðþ1
�1

Si fð Þ � e�c fð Þri � e�j2pf si

�

� e
�j 2pf=cð Þri

ri

�
ej2ptf df : (A3)

For the ith cavity, the distance between cavity source and its

measured location is denoted by ri, and si shows its forma-

tion time. In the propagation, geometrical spreading and

absorptions are included. Siðf Þ is the frequency domain rep-

resentation of the time signal from the collapse of the ith
cavity. c stands for absorption (Np/m) and is calculated from

the equation given by Francois and Garrison (1982). Adding

the pressure signature of individual cavities given in Eq.

(A3), it is possible to simulate the cavitation signal from the

cloud of cavities. Detailed modeling steps of the ghost cavity

cloud are given in Khodabandeloo et al. (2017).
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