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LONG-TERM GOALS 
 
1) Deep-water ambient noise profiling

 

 Profile the spectral, temporal and spatial properties of 
ambient noise from the surface to the bottom of the deepest ocean trenches over a broad 
frequency range (3 Hz – 40 kHz). 

2) Marine sediment acoustics

 

 Develop a unified, physics-based model of sound wave and shear 
wave propagation in saturated, unconsolidated marine sediments. 

3) Doppler geo-spectroscopy

 
OBJECTIVES 
 

 Develop the use of a light aircraft as a sound source in an inversion 
technique for returning the geo-acoustic parameters of the seabed in shallow water. 

1) The scientific objective of the deep-water ambient noise research is to measure the ambient noise 
in the deep ocean as a function of depth, from the sea surface to the seabed, in the deepest ocean 
trenches. This includes the Challenger Deep in the Mariana Trench, at a depth of almost 11 km. 
Of particular interest is the behavior of the noise at and below the critical depth. Environmental 
and system data will also be depth-profiled, including temperature, salinity, pressure and sound 
speed, along with all system motions (yaw, pitch, roll and horizontal/vertical translations). 
Theoretical modeling of the spectral, spatial and temporal properties of the ambient noise will 
also be performed. 

 
2) The sediment acoustics research is aimed at developing a unified theory of wave propagation in 

marine sediments in the form of two sets of dispersion relations, one for compressional and the 
other for shear waves. Besides the frequency dependencies of the wave speeds and attenuations, 
these expressions will also return the dependence of the wave parameters on the geo-acoustic 
properties of the sediment, including porosity, density, grain size and overburden pressure. 
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3) The Doppler geo-acoustic spectroscopy technique is in support of the sediment acoustics 

research, providing a means of measuring the sound speed in the sediment at frequencies between 
80 and 1000 Hz.  

 
APPROACH 
 
1) Deep-water ambient noise profiling

 

 A deep-diving Autonomous Instrument Platform (AIP) 
known as Deep Sound has been designed and developed by two members of my research group, 
Fernando Simonet (engineer) and David Barclay (graduate student).  Deep Sound consists of a 
Vitrovex glass sphere housing a microprocessor, along with data acquisition and storage 
electronics. External to the sphere are several hydrophones (bandwidth 3 Hz – 40 kHz, and 
calibrated under high hydrostatic pressure to equivalent depths of 7 km), which may be arranged 
in various configurations, and an environmental sensor package (CTD). The system is untethered 
(autonomous), descending under gravity at a rate of 0.6 m/s, and, after dropping a weight at a 
pre-assigned depth, returning to the surface under buoyancy at the same rate. Throughout the 
descent and ascent, acoustic and environmental data are continuously recorded. Three beacons 
(high intensity strobe, radio antenna, and Argos GPS) aid recovery of the system. Numerous fail-
safe devices are onboard, intended to ensure that the weight is indeed dropped, thus allowing the 
system to return to the surface. 

In support of the experimental work with Deep Sound, I am developing an analytical model of 
ambient noise in the deep ocean. The theoretical model is based on a bi-exponential sound speed 
profile, which resembles profiles found in the deep ocean inasmuch as it exhibits a sound speed 
minimum, and thus acts as a waveguide in which sound is trapped and may propagate for long 
distances. An advantage of the model is that it allows the temporal and spatial properties of the 
noise to be examined in the vicinity of the conjugate depth. 

 
2) Marine sediment acoustics

 

 My theoretical approach involves the development of the 
compressional and shear wave dispersion relations, based on inter-granular interactions. In the 
latest version of the grain-shearing theory, the viscosity of the pore fluid is included in the 
analysis, which leads to low frequency (< 10 kHz) compressional wave behavior that is in accord 
with measurements made during the ONR-supported Sediment Acoustics Experiment 1999 (SAX 
99). At higher frequencies, above 10 kHz, the effect of pore fluid viscosity is negligible and again 
the new theory fits the compressional wave data. 

3) Doppler geo-acoustic spectroscopy A light aircraft flown at low level over the ocean acts as a 
sound source, which is used as the basis of an inversion technique for extracting the recovering 
the speed of sound in the seabed. The sound from the aircraft consists of a series of harmonics, 
typically 80, 160, 240, ….. Hz. Some of this acoustic energy penetrates the sea surface and 
reflects off the seabed, picking up information about the sediment in the process. From 
recordings made on hydrophones in the water column and/or buried in the seabed, an inversion is 
performed which returns the phase speed of the compressional wave in the sediment. Once the 
compressional speed is known, the remaining geo-acoustic parameters are estimated using the 
correlations provided by the grain-shearing theory. 
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WORK COMPLETED  
 
Two versions of Deep Sound are now operational, designated the Mk. I and Mk. II. Both were 
deployed to a depth of 9 km on the Mariana Trench in November 2009, and both returned to the 
surface with high-quality ambient noise data sets for the whole water column. An invited paper1

 

 on the 
Deep Sound AIP has been published in a special issue of the Journal of the Marine Technology Society 
commemorating the Golden Anniversary of the dive of the manned submersible Trieste to the bottom 
of the Challenger Deep. The design of Deep Sound Mk. III is complete, and includes instrumentation 
additional to that on its predecessors, including a sing-around sound speed sensor, for comparison with 
computed sound speed from CTD measurements, and a high-resolution tri-axial accelerometer 
package, which will return all system motions, allowing the current-speed depth-profile to be 
determined. 

A theoretical analysis of spatial coherence and cross-correlation in anisotropic ambient noise fields has 
been completed and a paper2

 

 submitted for publication in the Journal of the Acoustical Society of 
America. 

The latest version3

 
RESULTS  
 

 of the grain-shearing theory of wave propagation in marine sediments has been 
completed and published in the Journal of the Acoustical Society of America. 

Deep Sound Mk. I and Mk. II were both deployed to a depth of 9 km in the Mariana Trench in 
November 2009, where they continuously recorded ambient noise data, along with environmental 
information, on the descent and the ascent. The spectral level of the noise was found to increase 
slightly with increasing depth, even through the critical depth, by an amount that depends on 
frequency. During an earlier deployment of Mk. I in the Philippine Sea in May 2009, the sound of 
several rain storms was captured by the system, and is clearly visible in the spectrograms. 
 
The theoretical treatment of cross-correlation in spatially homogeneous, anisotropic ambient noise 
fields identifies the conditions necessary for extraction of the Green’s function from the noise. Several 
examples of anisotropy are considered in the analysis, including Cron and Sherman’s4

 

 deep-water 
ambient noise field. In that particular case, because of the surface reflection, the Green’s function 
depends on the depth of the transducers, whereas the cross-correlation function is independent of 
absolute position in the water column. It is, therefore, impossible in this case to recover the Green’s 
function from the noise. 

The compressional and shear wave dispersion curves emerging from the grain shearing theory of wave 
propagation in marine sediments show good agreement with the SAX 99 measurements of sound speed 
and attenuation and shear speed and attenuation over a frequency range from 1 – 400 kHz. The 
compressional wave attenuation, in particular, is well represented by the theory, showing a linear 
dependence on frequency above 10 kHz, but transitioning into a frequency-squared dependence at 
lower frequencies, in excellent agreement with the data. 
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IMPACT/APPLICATIONS 
 
Deep Sound has the potential for making ambient noise measurements to a depth of 11 km in the 
ocean. Our Mk. I and II systems have already recorded ambient noise data, along with environmental 
information, to a depth of 9 km in the Mariana Trench. These are the deepest measurements of ambient 
noise ever made. Deep Sound has a unique capability, which is important in connection with the 
resurgence of interest in deep-water ocean acoustics. If successful, Deep Sound Mk. III will be the 
fourth vehicle ever to return from the bottom of the deepest part of the ocean, the Challenger Deep in 
the Mariana Trench. The first descent was by the ONR-supported Trieste in 1960, with Don Walsh and 
Jacques Picard on board. It was some 35 years before the second descent, by the Japanese ROV Kaikõ 
in 1995, which was subsequently lost; and the third descent was by WHOI’s hybrid ROV/AUV Nereus 
in May 2009. 
 
TRANSITIONS 
 
The acoustic and environmental data acquired by Deep Sound Mk. I during the Philippine Sea 
deployments have been provided to QinetiQ North America (Dr. Greg Duckworth). Their team is 
working under DARPA contract on the Deep Sea Operations Program (DSOP), and they needed 
Philippine Sea data in the 4-6 km depth range in order to support their development program on large 
acoustic arrays using standard optical fibers and a novel fiber interrogator. In particular, they needed 
information on the noise environment below the critical depth and temperature data below the critical 
depth, both of which we were able to provide. 
 
The BBC is making a documentary film on deep-sea exploration systems to commemorate the descent 
of Trieste to the bottom of the Challenger Deep in January 1960. A segment on our Deep Sound AIP is 
to be included in the film. 
 
RELATED PROJECTS  
 
As previously reported. 
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