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A simple model is developed to evaluate the acoustic scattering environment of 

sediments based on the envelope function of digital sub-bottom sonar data. 

Scattering pressure and intensity histograms are produced from model results. 

These histograms are compared to the theoretical distributions expected for scattering 

event pressure and intensity. Sediment t:omposition is inferred from the determined 

acoustic scattering environment. The model has been applied to X-Star digital sub

bottom data taken in the vicinity of St. John's Harbor, New Brunswick. Model 

results are compared to ground truth (Borehole logs) taken within the survey area. 

This comparison ind icat~s generaltrl'llds within the sediment scattering environment 

which may be linked to sediment composition . Distinct differences in model results 

were noted over areas of differing sediment types. 
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Chapter 1 

Introduction 

Remote sediment classification through acoustic methods has the potential 

to drastically reduce the cost and effort required with current classification 

methods. With the development of a quantitative seismic profiler used to 

generate high resolution reflection profiles, acoustic returns of sufficient 

resolution and repeatability are now readily available for the implementation 

of appropriate acoustic models. 

Currently, models based on attenuation and impedance are under 

development. The attenuation model generates an approximation of 

sediment attenuation based on the instantaneous frequency (relaxation time) 

of the acoustic return. This attenuation value can then be correlated to the 

attenuation properties of known sediments. The impedance model develops 

the impulse response of the sediment through a least squares fitting of 

properly weighted source wavelets to the acoustic return. The impedance 

information developed can then be correlated to known values of sediment 

impedance. 

Signal reverberation has long been of interest in sonar applications. 

Specifically, reverberation from bottom sediments has been studied with 

regard to long range acoustic propagation in the sea. The acoustic return 

produced by a reverberating volume is dependant on the number and type 
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of scatterers within the volume. This property could conceivably be used as 

a method of sediment classification with the use of an appropriate sub

bottom proftler. By correlating the acoustic return to the scattering nature of 

known sediments, a method of remote sediment classification could be 

implemented. 

This study will develop, implement and evaluate the use of a volume 

reverberation model for remote sediment classification. Data from a broadband 

digital sub-bottom profiler for several sediments and areas is used. A 

comparison of this method to in-situ classification (cores) is also performed. 
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Chapter 2 

Studies of Sonar Scattering 

The scattering nature of the marine environment has traditionally been a subject of 

considerable interest The overall sum of received signals from all scattering 

sources is of critical importance in determining the overall performance of a given 

sonar system. For this reason a significant effort has been made in identifying the 

sources and understanding the properties of scattering within the marine 

environment. Reverberation phenomena within the sea have been observed to 

originate from two basic types of scatterers. Inhomogeneities within the volume of 

the ocean are a broad source of sonar scattering. Variation in seawater physical 

properties with depth and a host of biological and inanimate objects are all common 

causes of volume controlled scattering. Inconsistencies at the ocean 

boundaries, however, are the other major cause of sonar reverberation. Sea surface 

and bottom reverberation are primarily due to a two dimensional distribution of 

scattering events along the surface of these boundaries. At high angles of incidence, 

scattering events within the volume of sediment complicate the surface reverberation 

character of the bottom boundary (Urick 1983), though even at normal incidence 

scattering due to the water-boundary interface is still preeminent. 
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2.1 Scattering within the Water Column 

The major cause of reverberation within the water column has been observed to 

be clearly biological in nature. Reverberation due to inanimate scatterers has been 

shown to be only of secondary importance in most instances (Urick 1983). Volume 

reverberation within the sea exhibits a frequency selective scattering behavior 

(Burdick 1991). This has been attributed to the complex distribution of organisms 

which are likely scatterers. Considerable temporal and spatial variation has been 

seen in volume reverberation within the water column, though a concentration of 

scattering events has been observed at depth (the Deep Scattering Layer). The 

statistical variation of the pressure amplitude from water column reverberation of 

simple sonar configurations has been found to conform to a Rayleigh type 

probability density function (Cron and Schumacker 1961), while the statistical 

fluctuation of reverberation due to the sea surface followed a more nearly Gaussian 

probability density function. 

2.2 Scattering within Sediments (Bottom Reverberation) 

The scattering nature of seafloor sediments has long been of interest in 

the study of long-range acoustic behavior in the sea. Scattering strength 

of the ocean bottom is often necessary for the solution of the sonar equations for a 

given operating system (Urick 1983). Several studies have been conducted to 

evaluate the scattering strength in-situ as well as to determine what parameters effect 
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this value. Various methods and experimental apparatus have been used in these 

studies, from explosive charges (Urick 1962) to standard transducers (McKensey 

1961,Wong 1968). Both monostatic and bistatic configurations have been adopted. 

Beyond the difference in approach, relative agreement for values of the 

scattering strength parameter were observed for both sinusoidal signals and 

explosive charges (Urick 1962). Scattering strength was found to be 

independent of frequency (Urick 1962 and Mackenzie 1961). However, a clear 

angular dependance on the level of backscattering was clearly shown (McKinney 

1963). This dependance appeared to be on the order of sine or sine squared 

of the grazing angle, depending on the extent of the grazing angle and 

sediment type. At low grazing angles (.5 to 6 degrees), the backscattering 

was shown to remain relatively constant (Wong 1968). 

The effect of bottom composition on the amount of bottom scattering has 

also been clearly demonstrated. Tabulated values for of the scattering 

strength parameter for basic sediment types are presented in Urick (1983) and 

elsewhere. In general, the amount of reverberation varies with bottom 

composition with rocks showing the highest values and clays the least (Wong 

and McKinney). Unfortunately, surficial scattering strength is an 

insufficient estimator of bottom composition (Wong). This is due to the high 

variation of the scattering strength parameter within similar sediments as 

well as a certain amount of overlap between basic sediment types. 
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This variation and overlap has been shown to be due primarily to 

inconsistencies in packing and surface roughness (Nolle 1963 and Wong). Even 

under controlled laboratory conditions, variations in scattering strength were 

observed in sand of uniform grain size. This variation was found to 

correspond to a Gaussian distribution of local scattering amplitudes (Nolle). 

Emphasis on the relation of grain size to bottom reverberation has also 

been an interest of study. Results from McKinney concluded that mean grain 

size alone is an inappropriate gauge for bottom reverberation levels. 

However, in experiments of uniform grain size, a clear distinction was shown 

between sands of different diameter and scattering strength (Nolle). In 

general, sediments consist of a distribution of assorted grain sizes. Cohesion 

in silts and clays also effects the scattering nature of sediments (Wong). 

McKinney observed that scattering cannot be viewed as the sum of 

contributions from individual, small particles (grains) due to the 

independence of the scattering strength parameter on frequency. Instead he 

proposed that scattering within sediments may be more effectively 

modelled as a complex of scattering particles or scattering arrays of 

dimension comparable to the acoustic wavelength. Reverberation varies with 

grain size based upon the effect particle size has on these scattering arrays. 

Bottom texture at the water-sediment interface has been observed to play 

a direct role on the scattering strength parameter. This dependance explains 

the variation in scattering strength values for areas of similar composition 
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(Wong). A similar effect was noted for a bistatic sonar condition (Urick 

1959). In this study it was found that the localized variation of scattering 

strength could be mitigated through the observation of a sufficiently great 

bottom area. An isotropic bottom could be assumed based on a large 

sonified bottom. 
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Chapter 3 

Development of a Sediment Scattering 

Strength Statistical Model 

Given the return signal from an appropriate digital sub-bottom sonar, we are 

interested in determining sediment composition based on the acoustic scattering 

behavior of the sub-bottom. In general, scattering within sediments is quite a 

complex process. Any inhomogeneity, or variation in density on the order of the 

operating system acoustic wavelength may cause scattering. In the case of 

sediments, local variations in density may be due to a variety of causes. Rocks, 

debris, and entrained gas are all frequent scattering sources. Even uniform 

sediments themselves, where each individual grain is of insufficient dimension to 

produce scattering, exhibit reverberation phenomena. Sediment layering is also 

a frequent scattering contributor. 

Using a simplified model for scattering strength this study will investigate the 

statistical variation of scattering amplitudes for different sediment compositions over 

a fixed observation interval. While the expressions used are based in theory, this 

study is primarily empirical. For a fixed observation interval, it is assumed that 

scattering behavior will vary with sediment composition (a schematic of the 

Scattering Strength Model is shown in Appendix Figure A.l) 

The observation interval consists of a set of sixty successive digital sonar 

returns. Observation with depth is limited to two meters. Depth restriction is due 
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primarily to signal to noise considerations, though other factors such as multiple 

reflections and side-lobe influence are also contributing factors. This observation 

interval was found to be adequate in providing a sufficient number of scattering 

events to allow for the evaluation of both the pressure and intensity scattering 

probability distributions. 

The scattering model identifies local maxima within the envelope function of each 

received acoustic signal over the two meter depth interval (see Appendix Figure 

A.l). The volume scattering strength of each of these events is determined using the 

Sonar Equations for a volume dependent scattering field (a full derivation is 

provided in Appendix B): 

3.1 

Where !(tot) is the scattering intensity identified from the received signal envelope 

function at the given time t, r(t) is a range dependent correction for spherical 

spreading, Io is a sonar system calibration constant (source intensity), and V(t) is a 

range dependent correction for the instantaneous sonified volume at time t. The 

instantaneous volume is evaluated using range distance, the compressed pulse width 

and the effective beamwidth of the sonar system (Appendix Figure A.2). 

This relationship is based on the restriction that the scattering field is composed 

entirely of incoherent scattering events. It is important to note, however, that both 
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coherent and incoherent scattering sources exist within the sediment scattering 

environment. Coherent scattering is most obvious at specific sediment boundaries, 

the water-sediment boundary being the most prominent Coherence may also be 

observed within the sediment volume due to any object of sufficient spatial extent. 

Within the sediment volume, a significant number of incoherent scatterers may be 

observed which are more directly related to composition. As might be expected, 

these exhibit a lesser amplitude when compared to coherent scattering events, though 

conceivably incoherent events comprise the majority of scatterers observed 

within a given sub-bottom return. 

The amplitude of each scattering event identified by the model is directly related 

to the magnitude of incident acoustic energy. The equation for scattering strength as 

written corrects for loss due to spherical spreading only. Losses due to attenuation, 

though significant, are not considered. Reflection loss at the water-sediment 

boundary is compensated for with a bottom reflectivity estimation (see figure A.3). 

An evaluation of the acoustic reflection at the water-sediment boundary is 

performed, and is used to adjust the observed scattering event amplitudes 

s = · ~. 
v T' 3.2 

Where the transmission coefficient (T) can be defined in terms of the reflection 

coefficient by : 

3.3 
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Loss due to attenuation may be accounted for through the addition of an 

appropriate weighting to the original expression for scattering strength (equation 

3.1). Attenuation effects are assumed minimal over the 0-2 m observation depth. 

Model conclusions are also made on an empirical basis, rather than an exact 

calculation of the true scattering environment. 

Using equation (3.2) we may express the amplitude of each scattering event in 

terms of an adjusted scattering strength. The observed statistical distributions of 

both the scattering intensity (Sv) and pressure (the square root of Sv) are of interest. 

From theory we may derive explicit expressions for the Probability Density 

Functions of both parameters (a full derivation is provided in Appendix C). Based 

on the restriction imposed previously that incoherent scattering predominates, the 

scattering pressure Probability Density Function can be expressed by a Rayleigh 

distribution of the form (Cron 1961) : 

x x2 
P(x) = (-., )exp(--., ); 

cr 2cr 3.4 

Where: 

3.5 
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Scattering intensity, however, conforms to an exponential decrement Probability 

Density Function of the form (Cron 1961): 

P(y) = ~2 exp( -----;. ); 
CJ 2CT 3.4 

Where: 

y = Sv; 3.5 

Using the amplitude information from the sub-bottom signal envelope function, 

we can construct an empirical probability distribution for the sediment scattering 

environment. This is accomplished through a histogram representation of the 

corrected scattering pressure and intensity events identified within the fixed 

observation interval. A comparison of this representation to the expected Probability 

Density Functions allows us to evaluate the ability of a purely incoherent scattering 

model to fully explain the statistical variation of scattering strength observed over a 

fixed sediment interval. In the case of scattering intensity, the coefficients of the 

Probability Density Function can be easily determined by a least squares fitting of 

the expected intensity distribution to the intensity histogram (Figure A.4). These 

function coefficients may then be used to characterize the sediment scattering 

environment. 
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Application of this process to acoustic sub-bottom data over a range of sediments 

provides an indication of the scattering behavior inherent in each sediment type. 

This information may then prove useful as a method of classifying sediment type 

based on model results for areas of known composition. 
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Chapter 4 

Application of the Scattering Model to 

X-Star Sub-Bottom Data 

Digital sub-bottom sonar data was collected in the vicinity of St. John's 

Harbor, New Brunswick, using the X-Star Full Spectrum Digital Sub-Bottom 

Profiler. This data was taken in conjunction with the Hy-Gro 1992 Sediment 

Classification Experiment. Areas coinciding with pre-existing core sites were 

surveyed. Sonar position was determined using differential GPS, and several 

passes were made over the sites of interest. Sub-bottom data was saved to Exabyte 

tape in digital form for further study and comparison to borehole logs. 

4.1 The X-Star Sub-Bottom Sonar 

The X-Star digital sub-bottom sonar utilizes a linear swept FM pulse over a 

selectable band with. This signal allows the application of certain signal processing 

techniques to improve system performance. The X-Star system applies a match

filtering to the return signal, improving the signal to noise ratio by 20-30 dB. 

Matched filtering also provides increased signal resolution, and allows the 

transmission of a higher energy, longer duration signal without the reduction in 

resolution inherent in single frequency impulse systems (Schock and LeBlanc 

1990). 
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Pre-processing of the signal eliminates transducer ringing. Additionally, 

windowing of the signal is performed to reduce spatial side lobes. The complete 

reliance of the X-Star system on linear electronics produces a precise and repeatable 

signal. This is essential in the acquisition of quantitative acoustic data. 

The system operates on a Sun Spare II computer system in a Unix environment. 

Digital conversion is performed on an SD NO board. The sonar operating system is 

based in UNIX C. GPS positioning may be read directly into the system. Data is 

saved in digital format to Exabyte or DA T tape. 

The transducer platform is ·composed of separate send and receive transducers 

oriented normal to the seafloor. Transmission is accomplished using a piston source 

while the signal is received using a multiple element line array. 

4.2 Operating System and Model Considerations 

Several issues must be addressed in the application of the scattering model to 

X-Star sub-bottom data. To evaluate an explicit expression for scattering strength, 

several assumptions have been made, the most important being a sufficiently 

narrow pulse width. The validity of the model in determining volume scattering 

strength has been evaluated for FM pulses over a range of sweep widths and pulse 

lengths (Keane 1968). Based on this study we may conclude that a slight error in 

the determination of the scattering strength may be incurred due to the operating 
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pulse width of 20 ms (a pulse width of 10 ms or less was observed to show 

negligible error). This error, however, may be mitigated through the effective 

reduction of pulsewidth produced by the matched filter processing performed by the 

X-Star system. For the evaluation of instantaneous sonified volume the compressed 

pulse width of the operating system was used (.3 ms as opposed to the 

uncompressed pulse width of 20 ms). The compressed pulse width is defmed as the 

3 dB pulse width of the impulse corresponding to the autocorrelation of the 

transmitted FM pulse. The reduction in pulse width and increase in resolution is due 

to the correlation processing inherent in the X-Star operating system. 

The bistatic configuration of the operating system produces separate send and 

receive beam pattern functions. The expressions used in the determination of 

scattering strength are based on an idealized, combined send and receive beam 

pattern function. This may be approximated by the evaluation of data in the far field 

of the operating system (the near-field of the X-Star system extends approximately 

three meters from the transducers). In practice, the broadband FM signal and 

bistatic configuration produce an exceedingly complex beam pattern function. An 

accurate approximation of this beam pattern function, however, has been determined 

based on the correlated off-axis response of the combined send and receive 

configuration., and has been used in the evaluation of instantaneous sonified 

volume. 

An evaluation of system noise inherent in the operating system has been 

conducted. A sufficient signal to noise ratio is necessary in the estimation of 

scattering strength. This is especially true when considering Gaussian noise, which 
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should conform to a Probability Density Function similar to that expected for the 

observed scattering environment. In general, the system noise of the X-Star 

system is quite low. A comparison of the received scattering event amplitudes to the 

observed noise amplitude was performed for the sub-bottom data used in this study. 

It was determined that the scattering amplitudes identified by the model were on the 

order of twenty times the magnitude of the observed noise in the sub-bottom 

data set. 

An appropriate calibration of the X-Star system was not conducted prior to the 

collection of the data set used in this study. Calibration of the data set mitigates the 

effect of source level on scattering amplitude and is essential in determining an 

accurate estimation of the scattering strength parameter. A system calibration 

constant was calculated using the received signal from a known target observed in 

the data set and the Sonar Equations. Several eight inch diameter foam spheres were 

positioned one meter off the bottom in the vicinity of the core site area for use in 

an unrelated acoustic study. Data from the X-Star was taken over these targets 

(Figure A.5). Based on the scattering amplitude received from these targets and 

their calculated target strength, a reasonable calibration constant was determined for 

the sub-bottom data used in this study. 
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Chapter 5 

Sediment Scattering Model Results 

Digital sub bottom data corresponding to core sites in the St. John's harbor 

survey area was used for comparison of the scattering model results to in-situ 

sediment composition. The majority of core areas were indicative of glacial deposits 

covered by a loose layer of fluidized mud. The acoustic record suggested the 

presence of entrained gas as well as varve type layering within some 

areas. The sediments within the core areas consisted of a mixture of a range of grain 

sizes, from cobbles to fine clay. In general, this type composition is not an ideal 

candidate for the application of the scattering strength mod~l due to the high 

incidence of layering within the sediment and the mixture of sediment types. Certain 

core areas within the survey area, however, were more uniform, and were identified 

for application of the scattering model. Due to the mixture of a range of grain sizes 

present in most areas, an accurate gauge of mean grain size could not be performed. 

Instead composition is reported in terms of a range of grain sizes based on the major 

constituents reported in the borehole log. 
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5.1 Comparison of Model Results to the Expected 

Probability Density Functions 

Model results over a 0-2 m depth interval suggest the influence of two separate 

controlling mechanisms within the scattering pressure and intensity histograms 

(Figures A.6 and A.7). The lower amplitude distribution conforms to the expected 

Rayleigh PDF in terms of scattering pressure and an exponential decrement PDF in 

terms of scattering intensity. The high amplitude concentration of scattering events 

may be attributed to the observation of coherent scattering events. Further 

inspection indicates that the high amplitude coherent distribution occurs exclusively 

within the first half meter of sediment depth, suggesting control by the water

sediment boundary on the high amplitude distribution. A distinct separation of these 

two mechanisms does not occur in all data samples (Figures A.8 and A.9), though 

in all cases high amplitude scattering events occur only within the first half meter. 

Observation over a .5-2 m depth interval removes the presence of boundary effects, 

and shows a greater than eighty percent fit to the expected incoherent Probability 

Density Functions for all areas studied. 

Results from the first half meter were found to be primarily indicative of coherent 

scattering in the vicinity of the water-sediment boundary. Not all events, however, 

occur precisely at the boundary. Coherent scattering events which occur below the 

water-sediment interface may be due to curvature within the operating system beam 

pattern (figure A.lO) , or the sub-bottom interface between a thin surface layer of 

19 



fluidized silt and denser underlying sediment. Based on the high prevalence of 

coherent scattering within the frrst half meter, the observation interval for the 

incoherent scattering model was reduced to a .5-2 m depth interval. Results from 

the frrst half meter, however, were used in evaluating the magnitude of incident 

energy on the .5-2 m observation interval. 

The identification of scattering within the 0-.5 m interval as predominantly 

coherent required a compensation of the scattering intensity amplitudes (a spreading 

dependence on the order of twice the range squared as opposed to the fourth power 

dependence indicative of incoherent scattering). The theoretical distributions of 

coherent scattering are also different from those determined for incoherent 

scattering. Coherent scattering should conform to a Gaussian Probability Density 

Function in terms of pressure (Burdick 1991) and a multi-degree of freedom Chi

Squared distribution in terms of intensity (Figures A.11 and A.12). Due to the 

limited number of coherent scattering events identified, a clear match did not occur 

between the expected distributions and the coherent scattering amplitude histograms. 

Scattering strength within the frrst half meter was corrected for coherence, and the 

mean amplitude of the pressure distribution was used in determining the reflectivity 

of the 0-.5 m interval (Table A.1). Interval results indicate some discrepancy 

between in-situ composition (cores), and calculated reflectivity due to the thin layer 

of fluidized silt present in the survey area. For example, a reflectivity of .34 was 

calculated for an area of sand (Site D) which is in reasonable agreement with 

expected reflectivity values. However, reflectivity for an area of similar composition 
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was found to be .2178, due most probably to the thin layer of fluidized silt over this 

area. Reflectivity for an area of coarse sand and gravel (Site B), was also found to 

be unusually low due to a surface layer of fluidized silt. As a sole parameter, 

calculated reflectivity values were found to be insufficient to adequately characterize 

sediment type within the survey area. Reflectivity measurements, however, do 

provide a good indication of incident energy on the .5-2 m observation interval. 

The transmission coefficient for each area was calculated based on the maximum 

coherent scattering event amplitudes identified within the 0-.5 m interval averaged 

over sixty sonar returns. This coefficient was then used to compensate scattering 

amplitudes within the .5-2 m interval for boundary loss. The scattering model was 

applied to the .5-2 m interval, and results were compared to borehole sediment type. 

(fable A.2). The scattering pressure and intensity histograms produced compared 

favorably to the theoretical incoherent Probability Density Functions. 

Within the model results, certain trends coincide with sediment composition. The 

mean pressure amplitudes calculated from the pressure histogram of each area show 

an increase in mean pressure amplitude over the .5-2 m interval with increased grain 

size. Function coefficients calculated based on the theoretical incoherent intensity 

PDF can also be linked to sediment type. Both the zero intensity amplitude 

coefficient (Ao) and the exponential decrement coefficient (a) decreased with 

increased grain size. Differences in the function coefficients can easily be seen in a 

comparative plot for each representative area (Figure A.13). Mean scattering 

strength increased with grain size with the sand and gravel area showing the highest 

mean scattering strength. Silt exhibited the lowest mean scattering strength. 
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Model results for the two sand areas (Site C and Site D) showed a remarkable 

similarity in function coefficients (fable A.2 and Figure A.14). This similarity is 

even more striking when taking into consideration the difference in reflectivity 

calculated for both areas (fable A.1). Over a 0-2 m observation interval, the 

coherent and incoherent distributions developed for Site D were clearly separate, 

while Site C showed an overlap of coherent and incoherent scattering distributions 

due to a thin layer of silt over the area. Results for the incoherent scattering model. 

however, indicate a similar sediment type which corresponds well to the borehole 

records for these two areas. 

While the borehole logs for all three sand areas indicate the presence of gravel, 

the function coefficients for the area with a high proportion of gravel were 

significantly different than the other two sand areas. This may indicate the presence 

of gravel as the predominant scattering cause within the survey area. The observed 

scattering from such a source would also be linked to sediment composition 

surrounding the object, since the ability to scatter acoustic energy is directly related 

to a change in relative density. No gravel was indicated within the silt area (Site A), 

though incoherent scattering events were observed. Scattering intensities within the 

silt, however, were significantly lower than those observed in the sand areas. 

No trend with composition was identified within the number of scattering events 

identified by the model. Silt showed the greatest number of events within the fixed 

observation interval (211 events) while sand and gravel showed the next greatest 

number (199). No correlation could be made between the error in the least-squares 
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curve fitting process and sediment composition. While all areas showed a greater 

than eighty percent fit between the observed intensity and theoretical curve, the 

'goodness of fit' did not indicate a link to composition. 

While the specific mechanisms responsible for the scattering of acoustic energy 

within sediments are not known, the incoherent scattering model does indicate an 

ability to differentiate between sediment types based on the scattering behavior of the 

sub-bottom. As well, the method requires only limited computation, and provides a 

statistical basis for the evaluation of sediment type. 

It is important to remember that model results are based on the assumption that all 

incoherent scattering events observed within the interval are representative of the 

local sediment scattering environment The mean scattering strength estimate is an 

average over the entire interval. The model is most appropriately applied over an 

interval consisting of fairly homogeneous composition. This interval may be 

different than the interval used in this study (.5-2 m), though in any case the depth 

interval must be applied to a sufficient number of returns. The model may be 

applied to successive intervals with depth, in which case the mean scattering strength 

of each layer may be used to determine energy transmission to deeper observation 

intervals in a similar manner to the boundary transmission correction applied in this 

study. 

While coherent reflections were removed from the observation interval in this 

study, reasonable model results may still be attained over an interval with 

overlapping coherent and incoherent distributions. Only a slight error is incurred in 

ignoring the overlapping incoherent distribution 'tail' when applying the least 

squares curve fitting to the scattering strength histogram. 
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Though the function coefficients of the expected incoherent distribution have 

been evaluated in this study, mean scattering strength may prove the most useful 

estimator of sediment type. This would require the evaluation of the mean scattering 

strength of specific sediment types for comparison. A statistical threshold could 

then be applied to these values, and a running estimate of mean scattering strength 

over a prescribed interval could be used to estimate composition. 
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Chapter 6 

Topics of Further Study 

Several areas of further study have been identified through the course of this 

investigation. The model formulated in this study provides a simplified 

interpretation of a very complex system. An expansion of this model to include 

energy loss with depth due to .attenuation and signal reflection would provide a more 

accurate explanation of the sediment scattering environment. The use of a simplified 

sub-bottom sonar would also allow for a more precise modelling of the scattering 

environment. 

Results from the model could be improved through an increase in available 

ground truth information. Accurate grain size determination with depth would 

provide greater interpretation of model results. Application of the model to a broader 

range of sediment types over a greater geographical area would provide an increased 

understanding of acoustic scattering within marine sediments, and would also 

provide a database of model results for further comparison. The glacial dependent 

sediments utilized in this study may not be optimum for application of the scattering 

model due to the mixture of sediments of varied grain size and the presence of 

layering. Application of the model to areas with homogeneous sediments of uniform 

grain size may be more appropriate. 
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This study has identified the need to gain a greater understanding of the 

mechanisms involved in the acoustic scattering of sediments. The specific elements 

responsible for scattering over the range amplitudes observed need to be identified. 

The relationship between coherent and incoherent events needs to be investigated 

further. 

The ability to estimate sediment composition through acoustic means may be 

improved drastically through the application of this model in conjunction with other 

acoustic classification methods. Impedance and attenuation models are already in 

existence, and may provide an added dimension to the ability of each individual 

model to interpret sediment composition. Impedance, attenuation and scattering are 

all closely linked parameters. A combined investigation would seem the next logical 

progression. 
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Appendix Tables And Figures 
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Table A.l : Calculated Reflection Coefficients (by Area) 

Borehole 
Area 

Site A (silt) 

Reflection 
Coefficient 

.1186 

Site B (sand+ .1485 
gravel) 

Site C (sand) .2178 

Site D (sand) .3432 

Standard Major Constituent 
Deviation I Grain Size Range 

.0296 .01-.09 mm 

.0169 .90-50 mm 

.0295 .10-1.3 mm 

.0391 .10-1.3 mm 

Values Determined Based on Coherently Weighted 0-.5 m 

Scattering Pressure Distribution 
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Table A.2 Combined Scattering Model Results C.5-2m interval) 

Fitted curve of the form : 

Borehole 
area 

Site A (silt) 

Site B (sand + 
gravel) 

Site C (sand) 

Site D (sand) 

Ao 

.6723 

.1127 

.2689 

.2625 

y = Aoe-aX 

a 

259.75 

72.64 

167.08 

184.01 

%of 
return 

82.92 

88.81 

93.62 

85.38 

# of scat Pressure dist. 
events I mean amp. 

211 .0489 

199 .0945 

194 .0638 

186 .0572 

.5-2 meter Depth Interval; 60 Returns Averaged 
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I dent try Local Maxima within the Return Signal Envelope Function 

De term lne Instantaneous Scattering 
Strength Based on Local Maxima Position 
and Intensity: 

Sv(tl • l(tl • r!tl"4 
lo • v<tl 

Correct ror Spreading Loss 

SHl• 5Y.ill 
T 

where : 

. T • I - R"2 

R • Reflectivity 

Produce Histograms of Scattering 
Strength and Scattering Pressure 

De term lne Mean Scattering Pressure 
from Pressure Histogram 

Take the Logarithm or the Intensity Histogram 
and Determine the Function Coefficients Based on 
the Slope and Intercept or the Linearized Data. 

I Determine Mean Scattering Strength Based on Fitted Curve I 
+ 

(Compare Mean Value to Known Sediment Scattering Strength Values 

Figure A.l Scattering Model Schematic 
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Scattering Events and Signal Envelope Function 
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Figure A.2 Scattering Events and Signal Envelope Function. 
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Water-Sediment 
Boundary 

Source 

Reflected 
Energy 

Transmitted 
Energy 

Scattered 
Energy 

Figure A.4 Sediment Scattering Energy Budget.. 
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Incoherent Scattering Intensity and Fitted Curve 
0. 12 ~--------~--------~--------~--------~--------~ 

0.1 
.. 
'' 

\': ·. 
' ' 

' 

I 

j 
;:>.. 0.08 \ ·· .. 

i 
I 

§ 
.D 
~ 

.D 

£ 
"2 
[: 
Q) 

"' .D 

0.06 \. ~ 
0 0.04 

'·\··:· .. 
' ' ' 
'' ' 

I 

~ 

0.02 ~ 
•' \ \_ 

·~ ' 

···.~~·· ..... ·~· · . . . 
\ I I 1 ' ; I 

I I I < \ I \; \ I • \ 

,' I I ' o I I \ 

' ' ' ' ' ' i 
I ,, ', ' ' I 

' I ' ' I ! 

oLI ------~------~--~·· ----~ .. ==·· ============~' 
0 0.005 0.01 0.015 0.02 0.025 

Scattering Strength (per cubic meter) 

Figure A.S Incoherent Scattering Intensity and Fitted Curve. 
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Calibration Target Sonar Return 
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Figure A.6 Calbration Target and Sonar Return 
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Scattering Pressure Probability Distribution (0-2m interval) 
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Figure A.7 Scattering Pressure Probability Distribution with Distinct 
Coherent and Incoherent Scattering Distributions. 
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Scattering Intensity Probability Distribution (0-2m interval) 
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Figure A.8 Scattering Intensity Probability Distribution with Distinct 
Coherent and Incoherent Scattering Distributions. 
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Scattering Pressure Probability Distribution (0-2m interval) 
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Figure A.9 Scattering Pressure Probability Distribution with Overlapping 
Coherent and Incoherent Distributions. 
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Scattering Intensity Probability Distribution (0-2m interval) 
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Figure A.lO Scattering Intensity Distribution with Overlapping 
Coherent and Incoherent Distributions. 
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Scattering Pressure Probability Distribution (0-.Sm interval) 
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Figure A.l2 Coherent Scattering Pressure Distribution. 
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Scattering Intensity Probability Distribution (0-.Sm interval) 
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Figure A.l3 Coherent Scattering Intensity Distribution. 
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Comparison of Intensity Fitted Curves 
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Figure A.14 Fitted Incoherent Scattering Curves (by Area). 
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Figure A.18 Grey-Scale Image of Digital Sub-Bottom Data (Site A). 
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Figure A.l9 Borehole Log, Site B (Sand and Gravel). 
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Figure A.20 Grey-scale Image of Digital Sub-Bottom Data (Site B). 

49 



BH-8 

BORING LOG (SOILS) 

C\.t (Nf PUBliC WOf'>\S CANADA ~ ~H tH •II 17). •to 

I O•' f 
LOC lfiOOo ( 7)075) ISlA MO fi.I:V -'I . 4 5 .. ; 

2 ' s r 
1 ~--

:-__ 

N 5015414 I OAT VIlli . L .. T 

./ 
25 · 2! i: .. 

10 II i · 
I j • . . . ; 5ecx:rni.nq 1l!li. '\l y ~ ·.zo 
, . I l • .5).,',!) ._.:..t.i, t..r&:es of -;rave.i , 

~ ~ .1rd 51.lt be lo-t l. 5 ± !D : 

91!8 

l o f l 

·"' I --
·-:- 1 . ~ , ·• 741 I r : j 

r- 2)0 j 39, . ••.j ) .17 ~. 
l ~-, ---~ --: --!--,~-~~~~~o-f_ho_l_e __ •t--l-.-1-7-a----~-!2 . 6 ---,~--~~.~-.-----.~ 

. [: , •s...,:: i er fell l6lder sel! 
I . ....,l-;r.t ~ -10 .36 m 

I sub-sell ~ad fJ...rn> 

1 • at ::.."u. s depth 

1
• 3lows of 380J ~ 
I 

<!r i 'll.nq 50 !ll1l CXl side
.... a ~ler 

I 
I 

Figure A.ll Borehole Log, Site C (Medium Sand). 

50 

I ' 

f ) I 

I 



f 

' ·' 

• ·'/ •• tl., . . ' ~ ' t I ~ ' I . rf ·, ..a II • 
I . • ,' f• o ~ . • 

• ' ' • I • ... t f ., rt.),~ .-· · ~\j· · t, .· ,c ~-.. i~ ··.: ... • 

' '"· · I ' ' ' ~ . ' . • I ·' . " . . ' ,, 

't Jt ·• 
, .. ., 

• ,, ~ 
' I • , 

• ·' .... t 

Figure A.22 Grey-Scale Image of Digital Sub-Bottom Data (Site C). 

51 

• I 



BH- I 

BORING LOG 'SOILS) 

~o• ... o 1 'l .. J 

.. oc•ro-. E :t)l.,6J l 'U llO [LIY -7 · " 
' 1 OATUM L. N f 
I 

I I 

~ . 

wo. . ..... CJ"C ... 1 . • 

.0~~: 

s .... . , S u e"'q l" ll.'a .. , 
• 

i :a • •• .:JotiCil••t •O• (ll• ' ....... • ·· •rl ~ ,_. ; I • , l'•o••O+o •SG"'"'' •....._ r o ---~-='--~;.....::...,..---------------- 7 . 63 r-----~'""--~~'----....., 
I ~ 1 S :oiR I < 

11 '/ery 'oose t<"' ne'JHn 1e/\Soe ' · - '. ~---· - . 

I 
:_..._ \ j 12 

, ' fl!le SA.'() ~t.~ t.ca.ces ot ~- . . 
1 

I

. , _ 2 s• . ~ : 2 I silt anc~ c lay r .... 

- I 610! ~0 I • . I • 

- J S 2-' ' · ~J...~q s1.:'"4Y ~ ·o4"'M! ~~. • 

l---- : ,. 
5 70 l6 ' 

24 

· uace -:>f .;r.t\--el !tfl.t.'"'' ie-pr..'"l. :. - - -..........------------' 

~----~---
: ~----+---

---------~-L~~l~-~8~3 _______________ :0.51;-----------r---~ ! 
~ l 

' 

I 
' . 
I 
; ~ 

. -

;
r 

• h 
;..... 

' 

J' 

I I 

I I 

I 

i 
' . 

I I I 
I 

Erd ot hole .at 2. 83 11 

~ reoovery Oorith split 
spoon tot ~le '=-"-' 
ur..k.er. ~ th s;.otted .idl'l'l'le.r [ 

:~ .. , fb ! o> ~er.r.:..,..t...:l 

?n:m~-:'.J.l'"e~r" :.ue t..J 

rouc;h seas . 

; L 10 C-.--'----'--"---''------------·----' l. __ ....L..,_...__..L...,._---J 

Figure A.23 Borehole Log, Site D (Medium Sand). 

52 



Figure A.24 Grey-Scale Image of Digital Sub-Bottom Data (Site D). 
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Appendix 8 

An Explicit Expression for Scattering Strength 

Any discontinuity in the propagating medium of an acoustic wave has the 

potential to scatter incident sound. With regard to sonar, scattering of the 

transmitted signal forms the primary limitation on system performance. The sum 

total of all individual scattering events observed by a system is termed 

reverberation. The magnitude of reverberation, or Reverberation Level, may be 

quantified for a specified scattering environment and operating system. Using the 

Sonar Equations for reverberation, we may acquire a relationship between the 

received signal and scattering strength. 

In the development of an explicit expression for the scattering environment, 

certain assumptions must be made. Reverberation Level is expressed in terms of an 

equivalent plane-wave intensity. This is defined as the intensity of a 

corresponding axially incident plane wave which would produce the same 

reverberation magnitude as that observed. Reverberation is therefore defined in 

terms of far field behaviur. 

It is also necessary to place restrictions on the scattering environment . These 

are summarized below : 

1. Only straight line propagation paths are used (no refraction occurs). 

2. All forms of attenuation other than spherical spreading are neglected. 
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3. The scattering field is comprised of a random, homogeneous arrangement of 
incoherent scatterers throughout the sonified volume. 

4. Scatterer density is of sufficient magnitude to insure that a sufficient number 
of scatterers occur within an elemental volume. 

5. Propagation effects over the range extension of an elemental volume are 
neglected. 

6. Multiple reverberation is negligible. 

8.1 The Scattering Strength Parameter 

The fundamental ratio used in the development of Reverberation Level is known 

as the scattering strength parameter, and is defined by the ratio of the sound 

intensity scattered by a unit area or volume to the incident plane wave intensity : 

I 
S = scat . 

S,V f . ' 
me (B.l) 

In general, scattering strength is assumed as either a volume or area dependent 

phenomenon. When used as a parameter in the sonar equations, scattering strength 

is normally expressed in decibel units : 

S = 10 •log(/scat J = 10 •log(s ); s,v f . s,v 
me (B.2) 

The scattering strength parameter is usually defined for scattering in the direction 

back towards the sonar receiver, and is more specifically termed backscattering 
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strength. For a bistatic system where the source and receiver are separated 

significantly, scattering in other directions may be of primary importance, and the 

scattering strength parameter may be defined accordingly . . Scattering strength is 

defined for the Sonar Equations in the same manner as Target Strength, and may be 

considered as the Target Strength of a unit scattering event for a specific scattering 

environment. 

B.2 Reverberation Theory 

Consider a directional source operating in a medium which adheres to the 

restrictions stated previously. Let the source beam pattern be expressed by the 

function Beta. At unit distance the axial intensity is defined as Io. For our 

purposes, scattering events observed within sediments are assumed to be an average 

of individual scatterers sonified at any given moment. At any one instant of time, 

a volume at distance r from the source is sonified. Individual scatterers within this 

volume contribute to the overall backscattering observed from this given instant in 

time. Over a time interval, successive layers are observed with depth. Scattering 

strength for each level is detennined, and the variation and amplitude of scattering 

strength is used as an estimator of the scattering environment. 

Let us consider a single scattering event of spatial extent dV, a distance r from the 

sonar source. The intensity of sound incident on this small scattering volume is 
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dependent on the source intensity, beam pattern function and volume distance from 

the source by the following relationship (Urick 1983) : 

(B.3) 

The ability of this element to backscatter this incident sound can be expressed 

using the scattering strength parameter and equation (B.3) 

(B.4) 

Sound is scattered incoherently from each individual point scatterer within the 

elemental volume. The elemental volume itself acts like a source, re-radiating 

incident sound. 

Back in the vicinity of the sonar receiver, sound re-radiated by the elemental 

volume is received. Since the re-radiation of sound by the elemental volume is 

JV 

---a 0 - cr - 2 

Figure B.l Source and Scattering Volume Configuration 
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source-like, the sound intensity observed at the receiver is governed by spreading 

loss between the scatterer and receiver as well as the receiver beam pattern. For 

monostatic systems, the source and receiver beam patterns are identical. However, 

for bistatic configurations the source and receiver beam patterns will differ. 

Accounting for this difference and the effect of spreading loss, the sound intensity 

observed at the receiver due to scattering from the elemental volume is given by 

(Urick 1983) : 

(B.5) 

Due to the assumptions stated previously, the elemental volume sonified by the 

sonar may be sufficiently small to allow for integral summation of the overall 

scattering contribution from the instantaneous sonified volume. The spatial 

properties of the medium are assumed constant. Therefore the scattering strength 

parameter may be removed from the integral expression. As well, for any given 

instant in time,the range distance rand source intensity Io are also constant and may 

be removed from the integral expression (Urick 1983) : 

1101 = 1o!v fvb(8;¢)b'(8,¢)dV; 
r (B.6) 

Equation (B.6) represents the total sound intensity received at one instant in time. 

To evaluate the integral expression, greater attention must be given to the elemental 

volume dV. The Elemental volume dV may be taken to be an elemental cylinder of 

. fmite extent. Each face of this cylinder may be expressed by a solid angle 
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representation. The range extent of the cylinder is restricted by the previous 

assumption that scattering from all portions of the elemental volume dV arrive at the 

receiver at the same instant of time. Therefore the range extent is dependent on the 

speed of sound in the medium and signal pulse width. This allows the elemental 

volume to be represented as : 

(B.7) 

Where Omega is the subtended solid angle corresponding to dV at the source and 

receiver combination, c is the speed of sound, and Tau is the pulse width of the 

operating sonar. Substituting (B.7) into (B.6) produces: 

(B.8) 

C!' 

source 

Figure B.2 Solid Angle Representation of the Elemental Volume 
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The plane angle of the equivalent two-way beam pattern allows the simplification 

of the integral expression by the following : 

4n ~ 

f b(8,¢)b'(8,¢)CJQ = f(lxl)()Q = l{l; 
0 0 (B.9) 

Where Si is the equivalent two-way ideal beamwidth. Substituting (B.9) into 

(B.8) we obtain the expression: 

Where: 

I = IosvV. 
tot 4 ' r 

V = cr llrr2· 
2 'f" , 

(B.lO) 

(B.ll) 

Rearranging, we may obtain an expression for the scattering strength parameter : 

I r 4 
s = ...lQ!__. 
v IV ' 

0 (B.12) 

Which may be expressed in the more familiar form of the Sonar Equations by 

taking the logarithm: 

Sv = RL + 40log(r)- SL -log(V); 

(B.13) 
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This expression relates the instantaneous scattering strength to the received 

signal, sonar source level and scatterer distance from the sonar. The scattering 

strength parameter is evaluated for an instantaneous sonified volume, which is a 

function of the operating system and range. Overall scattering strength 

may be determined through integration of the observed instantaneous scattering 

strength parameter over the entire received signal. 

It is important to note that only losses due to spherical spreading are accounted 

for in this expression. Losses due to attenuation and reflection, though significant, 

are not accounted for. These may be expressed by added loss terms in equation 

(B.l3). 
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Appendix C 

Statistical Properties of the Scattering Strength Parameter 

Given the envelope of the received signal from a digital sub-bottom sonar, we 

may evaluate the instantaneous scattering nature of the sonified sub-bottom through 

the expressions developed in the Appendix B. For a given scattering environment 

composed of a random distribution of discrete scatterers, it is important 

to evaluate the statistical variation of the received signal intensity and scattering 

strength parameter. Given the restrictions inherent in the Central Limit Theorem, the 

observed scattering strength values should converge to a Probability Density 

Function indicative of the specific scattering environment. 

C.l Development of a Scattering Intensity 

Probability Density Function 

Based on the expressions developed in Appendix B, we assume the scattering 

environment is composeJ primarily of incoherent scattering events. Incoherence 

implies that both the phase and amplitude of the envelope function are random. 

Satisfying the restrictions inherent in the Central Limit Theorem, we may model the 

statistical variation of the envelope function as a second order Gaussian variable of 

the form (Burdic 1991) : 
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U, = x+ jy; (C.8) 

Where x and yare statistically independent zero mean Gaussian variables of equal 

variance. Recalling the Probability Density Function of a simple Gaussian variable : 

1 x2 
P'(x) = (--2 )exp(- __2 ); 

2rra 2a- (C.9) 

We may derive the PDF for the complex variable through self-convolution of 

(C.9) : 

P(U,) = I P'( r) • P'(x- r)(h; 
(C.lO) 

Bounds may be placed on this expression through integration in the complex 

plane. expressing the integral in terms of Ur, the expression may be seen as the 

integral of a circle of radius Ur : 

2n Ur 
P(U,) = I I P'(r) • P'(x- r)JrJ8; 

0 0 (C.ll) 

an 

(f'.sr(t) 

n1 n2 n3 ...... .. . . n C(t) 

Figure C.l Envelope Function and Discrete Scattering Events 
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The angular component of this expression can be removed, leaving 

1 Ur 
P(U,) = (-z) f exp(-u,2 !2u'l)ar, 

a o 

Performing the remaining integration : 

P(U,) = (U~)exp(-U/ /2a2
); 

a 

This is a form of the Rayleigh Distribution, and represents the Probability 

(C.12) 

(C.13) 

Density function of the pressure amplitude received from the scattering field. We are 

primarily interested in the sound intensity, which we may take to be the square of 

the pressure amplitude : 

I -u2. 
r- r' 

Applying this to (C.l3), we can develop the PDF for the sound intensity 

Evaluating : 

1 
P(l,) = f1 P(U, = Fr); 

"VI, 

1 -I 
P(l,) = -? exp(___L_2 ); a- 2a 
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This gives us the Probability Density Function for the sound intensity received 

from an incoherent scattering environment A similar distribution may be 

determined for scattering strength by application of appropriate weighting to the 

observed scattering intensity (equation B.l2). Based on this equation, we would 

expect a distribution maximum to occur at zero scattering intensity. The same cannot 

be said for the scattering pressure PDF, which would exhibit a maximum occurrence 

at some scattering pressure amplitude greater than zero. 
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