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Introduction

The effect of airgun source arrays on marine life remains an interesting and controversial topic. In this paper, we will start with a brief description of how this is measured.  After the reader has been resuscitated, we will go on to describe a high-grade calibrated airgun modelling package, Gundalf,  (Gundalf 2004), and use it to predict far-field broad-band acoustic radiation fields for typical marine arrays in the range 0-25kHz, the range for which good experimental data exists and for which good calibration can be achieved.

The predicted radiation fields will then be corrected for known audio sensitivity for various species and used to generate a wide-range of plots including minimum approach distance for marine mammal life using various degrees of geometric spreading as well as azimuthal directivity.

Four bandwidths in particular were studied, 0-40Hz (e.g., baleen, fin and blue whales), 10-100Hz. (e.g. bottlenose dolphins and beluga), 100-1000Hz (e.g. Pinnipeds generally) and 1000-20000Hz. (most marine species). of which the latter will be shown here.

The paper will go on to study the effects of gun-controller jitter and other essentially random effects both on the radiated acoustic field and also the radiated acoustic field corrected for published audiogram data before arriving at a number of conclusions.

Measurement of marine noise

The seismic acquisition and processing industry has always had a relaxed attitude to mixed units particularly with regard to airgun arrays where it is de rigueur to measure positions in metres but volume in cubic inches and pressure in pounds per square inch.  However, of all units, the humble decibel probably suffers the greatest abuse with a number of different meanings regularly used in the measurement of acoustic amplitude.  In the marine environment, the standard reference for this subject is (Richardson et. al. 1995) which encourages authors to be precise about the units they  use so they can be effectively compared.  In geophysics, the seminal paper of (Fricke et. al 1985) has been singlehandedly responsible for persuading everybody to use db. referenced to 1 microPascal / Hz at 1m. for compelling reasons and that is what we will use here unless contemporaneously stated.  In marine mammal studies, there is evidence that the mammal ear is sensitive to 1/3 octave levels, so the above units must be range corrected using an appropriate geometric spreading and then integrated over a 1/3 octave band around the centre frequency.  Finally, and this one of the main points of this paper, they should be corrected for the known audiogram sensitivity of marine species.

The modelling package used

The modelling package used was Gundalf, (Gundalf 2004).  Gundalf is the result of continual development of work published originally by Laws, Hatton and Haartsen (Laws 1991) itself built on earlier work by a number of authors including Dragoset, Parkes, Hatton, Haugland, Landro and Vaage, starting with pioneering work by Ziolkowski.  In recent years, the physics has been enhanced by the author to model the very close interaction occurring in modern arrays.  The models have been carefully calibrated against high-quality measurements in recent years for single, clustered and arrays of guns.  The latest calibration results are kept at http://www.gundalf.com/calib.html and are within experimental error across a wide range of gun types, volumes and scenarios.  Gundalf outputs all its models in .html format for Intranet distribution and study.

Calibration at high frequencies

Until relatively recently, the idea of pushing an airgun model out to beyond 200Hz or so simply was not contemplated on a regular basis because there was neither need nor data.  However given that marine life acoustic sensitivity can go up to 100kHz. and that the impact of high energy acoustic sources on the marine environment was of great interest to marine biologists, it was clear that there was a need to explore this region.

Very recently a high quality broadband experiment (0-25kHz.) was carried out in deep water, (IFRC  2003) and the data kindly made available to the author to estimate model quality.  In this experiment, a standard 18 kHz. depth transponder and a 3590 cu.in array at 6m. were discharged and recorded with a broadband hydrophone at 739m. in the range 0-25kHz.  The results were as follows:-

Source
Amplitude spectral value at 18kHz.

Depth transponder 
95.57 db ref 1microPa / Hz at 1m.

Measured 3590 cu.in. array
74.0 +/-3db ref 1microPa / Hz at 1m.

Gundalf modelled 3590 cu.in. array
76.7 +/-5db ref 1microPa / Hz at 1m.

The amplitude spectral values for the measured and modelled arrays were calculated as the mean of 10 randomly chosen values around 18kHz.  In principle, nearly all of the high frequencies of an airgun array are associated with the initial steep rise in pressure in the onset and the physics for a turbulent jet such as this is fairly thoroughly worked out so reasonable agreement at high frequencies was expected, however, as can be seen, the agreement is very good indeed.

Of equal interest is the fact that the standard depth transponder is more than 20db higher than a large airgun array at this frequency.  Although a depth transponder is relatively narrow band and as has already been stated, 1/3 octave bands are more representative of the effects of acoustic energy on the ear, this is indeed an interesting result.

The predicted far-field signatures are shown below as Figures 1 (measured) and 2 (modelled).  To match the signature peak amplitudes within normal calibration results for the gun type in use, an error of 4 degrees from the vertical was assumed.  This was within the accepted limits.  Given the normal uncertainties in real signatures such as gun controller and depth jitter as well as the effects of a non-flat sea surface, the model is gratifyingly close.
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Figure 1: The measured signature of the full array in the far-field hydrophone at 739m.
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Figure 2: The modelled signature of the full array at the far-field hydrophone.

Audiogram correction

A substantial amount of data is now available showing the responses of marine mammals to calibrated sounds.  Collectively these are known as audiogram data.  A detailed exposition of how to do this was given by Nedwell et al. 2004.  These authors argue persuasively that the aural sensitivity of marine life as a function of frequency should be factored into the effects of environmental noise and they present a detailed method for doing this.  Figure 3 below shows audiogram data for various species as used by these authors.
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Figure 3:  Audiograms of various species, as used to generate dBha(Species) levels

If we combine the mammal data into a simple composite distribution for both amplitude spectrum and range diagrams, we get corrected data as shown in Figures 4 (amplitude spectrum) 0-20000Hz and 5 (minimum tolerable range) for the 1000-20000Hz band computed for 1/3 octave distribution.
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Figure 4: Audiogram corrected amplitude response in the 0-20000Hz band

In Figure 5, spherical and cylindrical spreading curves are shown  in blue and red respectively with an estimated spreading in this case near spherical, shown in green.  The yellow line shows the 500m. range.  The graph should be read by selecting points on the green estimated spreading curve. For example, the closest comfortable range for 90db. levels after audiogram correction is 250m.  For 80db it is just under 500m.
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Figure 5: Audiogram corrected closest comfortable range in the 1000-20000Hz band

Naturally occurring perturbations

At sea, various factors can influence the radiated field such as gun-controller jitter and perturbations in depth control and sea surface.  Of course, these factors cannot destroy parts of the radiated field, they simply redistribute it.  In the experiments tried here, perturbations of rms 0.0005 msec in the gun controller and about 0.5m in the gun depths were used to get some idea of the redistribution of the acoustic field.  There is insufficient space here to show the results but the overall redistributions of a few db. observed do not affect the central conclusions.

Conclusions

Sophisticated airgun models appear to be perfectly capable of predicting the far-field of an airgun array with very considerable accuracy far beyond the normal seismic spectrum of 5-100Hz and well into the spectrum of interest to marine biologists, in this case out to 25kHz.  With this capability, detailed directivity and safe range diagrams for an airgun array can be generated quickly and reliably in the computer, secure in the knowledge that over a substantial part of the broadband spectrum relevant to marine life, the models appear to be gratifyingly accurate compared with high-quality experimental data.

Finally, using audiogram corrected data gives a much more realistic appraisal of the true effects of an airgun array in terms of environmental noise which in the higher frequencies appears to be considerably less than other sources such as the depth transponder.
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