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Abstract—Airgun source systems generate low frequency un-
derwater sound used in reflection and refraction seismology for
mapping ocean bottom stratigraphy with important applications
in ocean geosciences, such as understanding plate tectonics, ascer-
taining ocean geological history and climate change, and offshore
hydrocarbon prospecting. Seismo-acoustic airgun signals from
geophysical surveying activity were recorded at very long ranges,
spanning roughly 175-195 km, on a large-aperture densely-
populated linear coherent hydrophone array in the Norwegian
Sea during Spring 2014. Off the coast of Alesund, airgun signals
were detected with 8 s inter-pulse intervals for 3 to 24 hour
time periods per day over the 4 days of hydrophone array
operation in that region. Here we provide a time-frequency
characterization and bearing-time estimation of the received
airgun pulses. By correcting for transmission losses in the range-
and depth-dependent Norwegian Sea environment, we estimate
the source level distribution back projected to a distance of 1 m
from the airgun source system. This back-projected source level
distribution is then applied to model the Probability of Detection
(PoD) region for the airgun signals with the coherent hydrophone
array as the receiver in the Norwegian Sea employing the passive
ocean acoustic waveguide remote sensing (POAWRS) technique.
The estimates of back-projected source level distribution and
PoD region provide an understanding of the horizontal spatial
propagation extent of the signals from the airgun source system in
the shallow and deep water regions of the Norwegian Sea. These
results can also be applied to studies of the potential impact of
airgun signals on marine organisms.

Index Terms—seismic airgun source, passive ocean acoustic
waveguide remote sensing, source level

I. INTRODUCTION

Airgun source systems are employed as seismo-acoustic

sources in reflection and refraction seismology for mapping

ocean bottom stratigraphy with important and critical appli-

cations in ocean geosciences [1]–[8]. These include under-

standing ocean plate tectonics, developing geological models

of the continental and ocean crust, ascertaining ocean geo-

logical history and climate change, as well as in offshore

hydrocarbon prospecting. Seismic surveys are essential in

hydrocarbon exploration to help reduce the risk of unnecessary

drilling by predicting potential reservoir locations. To mitigate

absorption losses in the sea bottom and ensure significant

bottom penetration depth of several kilometers, airgun source

systems often generate intense seismo-acoustic signals. This

is accomplished with an airgun array comprised of multiple

airgun elements with specified inter-element spacing whose

radiated signals can coherently combine to raise the overall

sound pressure level, especially in the main beam of the

airgun array, directed towards the sea bottom. Low frequency

airgun signals can sometimes be found in underwater passive

acoustic recordings of the ocean environment with single or

multi-channel hydrophone monitoring systems [9]–[11]. When

present, they are highly repetitive and can be a significant

source of low frequency man-made sound. The intensity of

the airgun signals have generated concerns leading to investi-

gations of the potential impact or lack of on marine organisms

[12]–[17].

Here we provide an analysis of repetitive airgun pulsed

signals found in the recordings of a large-aperture densely-

sampled linear coherent hydrophone array system located at

very long ranges, spanning 175 km to 195 km, from an airgun

source in the Norwegian Sea. The coherent hydrophone re-

ceiver array data is processed using the passive ocean acoustic

waveguide remote sensing (POAWRS) technique [18]–[22] to

provide automatic detection, bearing-time estimation and time-

frequency characterization of the received airgun pulses. We

estimate the back-projected source level distribution of the

received airgun signals, back projected [23] to a distance of

1 m from the airgun source system by correcting for trans-

mission losses in the range- and depth-dependent Norwegian

Sea environment. The back-projected source level distribution

is then applied to calculate the Probability of Detection (PoD)

region for the airgun signals in both the shallow and deep

water regions of the Norwegian Sea.

As discussed in [23], the standard measure of a source

array's strength is estimated by correcting the received pres-

sure level measured in the far-field of the source with the

transmission loss that corrects for geometrical spreading and

absorption loss, back to a notional distance of 1 m from

the source array's geometrical center. This resulting estimated

back-projected source level is not achieved in reality because
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the array elements are not adding coherently in the nearfield

vicinity very close to the source array elements. Despite this,

the back-projected source level is still a useful quantify for

calculations and applications in the far-field.

The POAWRS technique has been previously employed

to detect and characterize various underwater sound sources

received using a coherent hydrophone array, such as marine

mammal vocalization signals from both baleen and toothed

whale species [18], [19], [22], [24], [25], as well as sounds

generated by ocean vessels [20], [21]. Off the coast of Nor-

way, in both the Norwegian and Barents Seas, the POAWRS

technique has been applied to examine vocalization types,

as well as quantify call rates and spatial distributions of fin

whale vocalizations [19] recorded in the same data set as

that analyzed here. The POAWRS technique has also been

applied to detect, characterize and localize multiple surface

ships over instantaneous wide areas of the Norwegian and

Barents Seas, spanning 100 km or more in diameter, from

their sounds radiated underwater [20], [21].

Passive acoustic methods have been used in the past to

examine, characterize and estimate the back-projected source

level and sound exposure levels of airgun signals [23], [26].

Propagation of airgun signals in the shallow continental-shelf

region (≤ 200 m depth) of the Norwegian Sea has been

modelled using ray tracing and verified with experimental data

acquired using standalone hydrophones located at a maximum

distance of 30 km from the source [10], applied to assess the

potential impact of airgun signals on fish populations.

II. MATERIAL AND METHODS

The seismo-acoustic airgun signals analyzed here were

recorded during the Norwegian Sea 2014 Experiment

(NorEx14), conducted by a collaborative team from the Mas-

sachusetts Institute of Technology, Northeastern University,

NOAA-Northeast Fisheries Science Center, Naval Research

Laboratory, Penn State University, and the Woods Hole

Oceanographic Institution in the United States, as well as the

Institute of Marine Research-Bergen (IMR) in Norway. The

NorEx14 was conducted from 18 February to 8 March 2014,

in conjunction with the IMR survey of spawning populations

of Atlantic herring off the Alesund coast, the Atlantic cod off

the Lofoten peninsula [27], and the capelin off the Northern

Finnmark region. Airgun signals were present in underwater

acoustic recordings off the Alesund region from 18 February

to 21 February 2014, but absent in recordings off the Lofoten

peninsula and the Northern Finnmark region for the remaining

duration of the experiment.

In NorEx14, recordings of underwater sound were acquired

using a horizontal linear coherent hydrophone array towed at

an average speed of 4 knots (roughly 2 m/s) along designated

tracks for 8-24 hours per day. To minimize the effect of

tow ship noise on the recorded acoustic data, the coherent

hydrophone array was towed approximately 280-330 m behind

the research vessel so as to confine this noise to the forward

endfire direction of the array, which is the forward direction

parallel to the array axis. The tow ship noise in directions

Fig. 1: Coherent array processing enhances the SNR to aid

in the detection of repetitive seismo-acoustic airgun signals.

Compare single hydrophone measured spectrogram in (a)

with spectrogram after coherent beamforming in (b) with

64-element ULF sub-aperture of POAWRS 160-element hy-

drophone array.

Fig. 2: Water-column sound speed profiles derived from XBT

measurements in the shallow water region off Alesund coast

in the Norwegian Sea.



Fig. 3: (a) Spectogram of beamformed seismo-acoustic airgun

signal received on the coherent hydrophone array. (b) Received

pressure level of the corresponding airgun signal.

Fig. 4: Normalized power spectral density (PSD) of received

airgun signals. The gray curves shows the PSD of 1482 signal

detections. The black curve is the mean PSD and the blue

dotted lines bound the -10 dB bandwidth with fL = 22 Hz

and fU = 107 Hz respectively.

away from the forward endfire was negligible after coherent

beamforming. The water depth ranged from 100 to 300 m at

the array locations, and the array tow depth varied from 45 to

70 m in NorEx14.

The coherent hydrophone array is composed of multiple

nested sub-apertures with 160 hydrophones in total, spanning

Fig. 5: Bearings of received airgun signals from true North and

array heading measured on 18 February, 2014, in the Alesund

region. The green dots are the calculated bearings of the ocean

vessel, MV Vestland Mistral, that match well with the true

bearings of airgun signal detections. The light gray bar at the

bottom show the coherent hydrophone array recording time

intervals.

a frequency range from below 15 Hz to 4 kHz for spatially

unaliased sensing. The mean sensitivity of each hydrophone is

a constant in this frequency range. A fixed sampling frequency

of 8000 Hz was used so that acoustic signals with frequency

contents up to 4000 Hz were recorded without temporal

aliasing. Two linear nested sub-apertures of the array, the ultra

low-frequency (ULF) and low-frequency (LF) sub-apertures,

each consisting of 64 equally spaced hydrophones with inter-

element spacings of 3 m and 1.5 m respectively, were used

to analyze the seismo-acoustic airgun signals with dominant

frequencies below 500 Hz.

The detection of long-range propagated sounds is signif-

icantly enhanced by spatial beamforming and spectrogram

analysis which filters the background noise that is outside

of the beam and frequency band of the airgun signals. The

high gain of the coherent 64-hydrophone sub-apertures, of

up to 10 log
10

64 = 18 dB, enabled detection of the airgun

signals with higher signal-to-noise ratio (SNR) than a single

omnidirectional hydrophone, which has no array gain as in

Figure 1. The actual array gain, which may be smaller than

the full 18-dB theoretical array gain, is dependent on noise

coherence and signal wavelength relative to array aperture

length. For example, the array gain for the airgun signals

recorded here near peak frequency of 60 Hz is 8.9 dB.

Physical oceanography was monitored by sampling water-

column temperature and salinity with expendable bathy ther-

mographs (XBTs) and conductivity-temperature-depth (CTD)

sensors at regular intervals of a couple of hours each day. The

water-column sound speed profile measured in the continental-

shelf region off Alesund, is shown in Figure 2. The sound



Fig. 6: Track of ocean vessel carrying airgun source system (in

red) and locations of the coherent hydrophone receiver array

(in blue) on 18 February, 2014.

speed profile for water depths deeper than roughly 250 m in

the Norwegian Sea, required for transmission loss modeling,

is interpolated according to Figure 4(b) of [28] and Figure 10

of [29].

Airgun signal detection, bearing estimation and temporal-

spectral characterization

Seismo-acoustic pressure time series measured by sensors

across the receiver array were converted to two-dimensional

beam-time series by beamforming [30]. A total of 64 beams

were formed spanning 360 degree horizontal azimuth about

the receiver array for data from the ULF sub-aperture. Each

beam-time series was converted to a beamformed spectrogram

by short-time Fourier transform (sampling frequency = 8000

Hz, frame = 2048 samples, overlap = 3/4, Hann window).

Significant sounds present in the beamformed spectrograms

were automatically detected by first applying a pixel intensity

threshold detector [19], [20], [31] followed by pixel clustering,

and verified by visual inspection. The horizontal azimuthal

direction or bearing of each detected signal, measured from

array broadside, is estimated by coherent beamforming that

selects the bearing in which the beamformed, band-pass fil-

tered pressure-time series contained maximum energy during

the time duration of the signal and in the same frequency band.

The estimated relative bearings, measured with respect to array

broadside are then converted to absolute bearings, measured

from the array centre with respect to true North.

The airgun signal detections are automatically grouped by

cluster analysis of the time-frequency features extracted from

pitch-tracking of the signal detections. The pitch-tracking and

cluster analysis of POAWRS data is described in [19]–[21].

The extracted airgun signal detection clusters are verified by

visual inspection of their pitch tracks and randomly selected

spectrograms. The airgun source system location is next found

by identifying the seismic survey vessel that deployed the

airgun source system. The true bearing-time trajectory of re-

ceived airgun signal detections are overlain with true bearings

of known ocean vessels in the Alesund region, calculated

Fig. 7: The horizontal separation distance between airgun

source system and coherent hydrophone receiver array in

the Alesund region on 18 February 2014, is shown in (a).

Calculated received pressure level of 1482 seismo-acoustic

airgun signal detections measured by the coherent hydrophone

array on that day is shown in (b). The light gray bar at the

bottom shows the coherent hydrophone array recording time

intervals.

from the global positioning system (GPS) locations of each

vessel and the hydrophone array. The seismic survey vessel

is identified by matching the bearing-time trajectory of the

detected airgun signals with those of known surface ships.

Back-projected source level estimation and Probability of

Detection (PoD) region modeling for the airgun signals

The back-projected source level SL(r0) of each seismic

airgun signal is estimated from its received pressure level

RL(r) via the passive sonar equation [19], [32], [33],

SL(r0) = RL(r) + TL(| r− r0 |). (1)

where r is the location of the coherent hydrophone array center

and r0 is the location of the airgun source system.

The received pressure level (RPL) of the airgun pulse is es-

timated as the RMS value of the maximum instantaneous time-

domain signal bandpass-filtered between upper fU and lower

fL frequencies and beamformed to the azimuthal bearing of

the received airgun signal, over a time window encompassing

over 90% of the total signal energy. The upper fU and lower

fL frequencies are determined as the -10 dB end points relative

to the signal peak in the power spectrum.

The corresponding one-way broadband acoustic transmis-

sion loss, TL(| r− r0 |), from the location of the airgun



source system to the centre of the POAWRS receiver array, was

calculated using a calibrated parabolic equation-based range-

dependent acoustic propagation model (RAM) [19], [34], [35]

via,

TL(|r− r0|) = 10 log
10

(

∫ fU

fL

Q(f)〈|G(r|r0, f)|
2〉df

)

, (2)

where G(r|r0, f) is the waveguide Green function at fre-

quency f for the airgun source located at r0 and receiver at

r, Q(f) is the normalized airgun signal spectra, and fU and

fL are the upper and lower frequencies used for the bandpass

filter. The airgun source depth and the receiver array depth

used in the calculations are 25 m and 50 m respectively.

The model takes into account the environmental parameters,

such as the range-dependent water depth and sound speed

profiles (Figure 9(b)) measured in the Norwegian Sea to

stochastically compute the propagated acoustic intensities via

Monte-Carlo simulations following the approach of [36]–[38].

Internal waves are simulated by updating the sound speed

profiles in range every 200 m. Since it is not possible to predict

the exact characteristics of internal wave such as direction,

amplitude and frequency, the profiles are selected randomly

from the recording during the experiment. The water depth in

the region varied drastically, from less than 100 m in shallow

waters approaching shore-wards of Alesund to over 3000 m in

deep waters off the continental slope, significantly impacting

the propagation of the seismo-acoustic signals (Figure 9(d)-

(f)).

The POAWRS PoD region for the seismo-acoustic airgun

signals in the Norwegian Sea, as a function of range from the

coherent hydrophone receiver array is calculated following the

formulation provided in Appendix A of [19], [20].

III. RESULTS AND DISCUSSIONS

Here, results from analysis of the seismo-acoustic airgun

signal detections in the 10 to 200 Hz frequency range mea-

sured by the coherent hydrophone array off the Alesund region

in the Norwegian Sea on 18 February 2014 are presented

and discussed. An example spectrogram containing repetitive

airgun pulsed signal detections is shown in Figure 1. Even

though the spectogram in Figure 1 indicates the airgun signals

have a broad spectra ranging from 10 Hz to 500 Hz, we find

most of the energy concentrated in the 10-200 Hz frequency

range. As shown in Figure 4, the -10 dB bandwidth for the

power spectral density is 85 Hz wide, bounded by 22 Hz

and 107 Hz. We analyze a subset of 1482 airgun signal

detections received on the coherent hydrophone array on 18

February 2014 that is devoid of overlapping signals from other

sound sources, such as marine mammal vocalizations and

broadband ship-radiated underwater sound measured during

the experiment. The bearing and time of beamformed airgun

signal detections in the 10-200 Hz frequency range that stand

at least 5.6 dB above the local ambient background noise are

shown in Figure 5. When the bearing of the known ocean

vessels in the Alesund region for that day are overlain, it

Fig. 8: Histogram of back-projected source level estimates of

1482 seismo-acoustic airgun signal detections off the Alesund

region in NorEx14. The estimated back-projected source levels

range from 210 to 235 dB re 1 µPa at 1 m with mean and

standard deviation of 228.8 ± 3.2 dB re 1 µPa at 1 m.

was found that the bearing-time trajectory of the vessel MV

Vestland Mistral coincides well with the true bearing-time

trajectory of the airgun signal detections. Figure 6 shows the

location and track of the MV Vestland Mistral that deployed

the airgun source, as well as the locations and track of the

coherent hydrophone array deployed from a separate research

vessel during the experiment. It was found that the horizontal

distance of the airgun source system from the receiver array

varied between 175-195 km as shown in Figure 7(a).

The received pressure level (RPL) of the majority of airgun

signal detections are found to range from roughly 125 dB re

1 µPa to 140 dB re 1 µPa, as shown in Figure 7(b). The

corresponding back-projected source level distribution derived

from the received pressure levels of the airgun signals detec-

tions after correcting for transmission losses in the Norwegian

Sea environment are shown in Figure 8. The estimated back-

projected source levels of the airgun signals range from 210

to 235 re 1 µPa at 1 m. The mean and the standard deviation

of the estimated source level distribution is 228.8 ± 3.2 dB re

µPa at 1 m. The transmission losses in three distinct azimuthal

directions as a function of range and water depth are plotted

Figure 9(c-f). The modeled transmission losses are strongly

dependent on bathymetry.

The estimated back-projected source level distribution for

the airgun signals are next applied to calculate the PoD region

for both the coherent hydrophone array as a receiver and for a

single hydrophone as a receiver. The 50% PoD region, plotted

in Figure 9(a), with the 64-element ULF sub-aperture of the

coherent hydrophone array as the receiver, extends over an

area more than 500 km in diameter depending on bathymetry

and azimuthal direction. In contrast the single omnidirectional

hydrophone provides no array gain and so the 50% PoD



Fig. 9: The PoD region for seismo-acoustic airgun signal

detections centered at 60 Hz, off the Alesund coast is shown in

(a). The tow tracks of the coherent hydrophone array during 18

February 2014 are indicated in solid black. The solid contours

provide the 50% PoD region for airgun signals received on

the 64-element subaperture of the coherent hydrophone array

after beamforming (in cyan) and the 50% PoD region for

airgun signals received on a single hydrophone (in orange).

Solid colored lines show three propagation paths with the

following directions: 8◦, 48◦, and 172◦. The sound speed

profiles used in the acoustic propagation model are shown in

(b). Transmission losses, as a function of range, calculated by

a calibrated parabolic equation-based RAM model are shown

in (c). The modeled broadband waveguide Green functions

averaged over 15 Monte Carlo simulations along the three

propagation paths are shown in (d)-(f) respectively.

region is significantly smaller. The detection range of the

airgun signals is decreased in shoreward directions due to

significant penetration and absorption in the sea bottom. The

detection range extends roughly 200 km from the coherent

hydrophone array for airgun source systems in azimuthal

directions pointing away from the shore and towards deep

water.

According to [11], [26], the source level of a single airgun,

which depends on the air volume, is assumed to range between

216-232 dB re µPa at 1 m, while a full array of airguns

generally used in seismic surveys is assumed to produce source

level of up to 258 dB re µPa at 1 m [23], [26]. Here, the

back-projected source level is found to be 228.8 ± 3.2 dB

re µPa at 1 m, which is roughly two orders of magnitude

less intense than that assumed for a full airgun source array,

and closer to the intensity assumed for a single airgun. The

airgun system back-projected source level estimates obtained

here are based on long range observations, 175-195 km range,

and therefore dependent on the transmission loss correction.

Measurements over a larger range span from close vicinity to

several hundred kilometer separation between airgun source

system and coherent hydrophone array, as well as larger

sample sizes would be necessary to gain a better understanding

of the effect of the environment on the propagation of these

low frequency seismo-acoustic airgun signals, as well as their

source level estimates, especially when there is significant

bathymetric variation over the PoD region such as in the

Norwegian Sea and many offshore regions of the world.

IV. CONCLUSION

Seismo-acoustic airgun signals have been detected and char-

acterized in the Norwegian Sea at long ranges (175-195 km)

from an airgun source system using a large-aperture densely-

sampled coherent hydrophone array employing the POAWRS

technique. Coherent beamforming of the hydrophone array

data is shown to significantly enhance the seismo-acoustic

airgun signal SNR and detection range by roughly an order

of magnitude over that of a single hydrophone. The detected

airgun signals have 10 dB down full bandwidth of 82 Hz,

bounded by 22 Hz and 107 Hz at the upper and lower

end of this bandwidth. The received pressured levels of the

airgun signals are quantified and applied to estimate the back-

projected source level distribution. The mean back-projected

source level of the airgun source system studied here is found

to be 228.8 ± 3.2 dB re 1 µPa at 1 m. The Probability

of Detection (PoD) region for these seismo-acoustic airgun

signals in the Norwegian Sea are calculated and shown to

extend over areas spanning roughly 500 km in diameter, when

employing a large-aperture densely-sampled linear coherent

hydrophone array as the receiver. This analysis provides an

understanding of the horizontal spatial propagation extent of

signals from an airgun source system located in the continental

shelf region of the Norwegian Sea. This work validates that

the POAWRS technique can be extended to monitor seismo-

acoustic airgun signals from long ranges and in complex ocean

envirnoments with highly varying bathymetry. The results of

this study can be applied to assess the potential impact of

airgun signals on marine organisms.
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