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ABSTRACT
Underwater measurements of acoustic backscattering coefficients 

from gravel surfaces at oblique incidence were made in a laboratory 
tank. A side scan geometry was adopted in these measurements using a 
convenfionij, 300kHz, side scan transducer to insonify an area which is 
beam width controlled in one direction and a pulse length controlled in 
the other. As the pulse travels along the rough surface the variation 
of the backscattered signal with grazing angle was studied.

In the second set of measurements a normal incidence geometry was 
adopted to investigate the dependence of the backscattering coefficient 
upon range from the rough surface insonified. Two different frequencies 
(IMHz and 250kHz) and two different rough surfaces (a pressure release 
and a gravel surface) were used in this experiment. The backscattered 
signal was measured by a small LC5-2 hydrophone which was inserted on 
the acoustic axis of the transmitter.

The experimental results were compared with the theoretical values 
developed using the Helmholtz-Kirchhoff integral. In the oblique 
incidence case the Fraunhofer phase approximation was used to evaluate 
the scattering integral. Ihe predicted values compared well with the 
experimental results measured for the gravel surfaces. The 
backscattering coefficient was found to vary rapidly with angle at low 
grazing angles while this variation was not so obvious at grazing angles 
between 30 to 60.

In the normal incidence mode the scattering integral derived using 
the second order, Fresnel, approximation was used to predict the 
theoretical backscattering coefficient values. A good agreement with 
the experimental results was obtained even at ranges close to the rough 
surface. The normal incidence backscattering coefficient of a rough



surface is shown to be dependent upon the surface properties alone, only 

in the farfield region of the scattering area. In the nearfield of the 

surface, the backscatterintg coefficient is shown to be depending on the 
surface reflection coefficient only. In the region between these two 

ranges the backscattering coefficient is shown to be depending upon both 
the surface statistics and the measurements geometry.
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LIST OF SYMBOLS

A Effective insonified area

c Velocity of sound in water

C Normalised autocorrelation function of the surface

height (eg 2-50)

D Directivity function of the transducer (eg 2-24)

F Angular correction (eg 1-23)

g Roughness parameter = k^h^y^

G Contains the source term (eg 2-3)

h rms height of the surface

H One way transmission loss

Source intensity at a reference distance 

k incident wave number (27Tf/c)

K Surface wave number

Secondary (scattered) pressure 

? 2  Incident pressure

r^ Range from the source to the insonified area

r^ Range from the receiver to the insonified area

r^ Radius of curvature of the surface

R Reflection coefficient of the surface

Rq Range from the source to the origin on the surface

Rj Range from the receiver to the origin on the surface

Sj&S^ Are defined in eg (2-42); they are associated with the

second order phase approximation, 

rms slope of the surface 

T Surface correlation length



W Half length (= half width) of the normally insonified area

X 1/e half length of the insonified area

Y 1/e half width of the insonified area

a sinOj-sinO^cosO^

3 -sinO^ sin6^
Y - (cos 0^ + COS 0 2 )

C Surface height above a mean level

0^ The grazing angle

0^ Angle of incidence

02 Angle of reflection

0^ Angle between incidence and scattering plane

p Density

0 Standard deviation of surface height

T Pulse length

(}) 3 dB horizontal beam angle of the transducer.
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1.1 Review
Underwater scattering of sound is of wide interest in both the 

military and civilian field. The main interest in the military side is 
to improve target detection techniques. The civilian aspects includes, 
among other things, fish school detection and sea bed sediment 
movement.

Extensive studies have endeavoured to explain quantitatively as 
well as qualitatively the behaviour of the scattered energy from 
different boundaries. In this investigation the scattering of acoustic 
waves from a rough boundary when the source and the receiver are both 
in the same half space is the main subject of interest. A review by 
Horton (1972) and another by Fortuin (1970) on scattering and 
reverberation gives a good background to the subject and shows the 
various theories used to model scattering from different types of rough 
surfaces. The growing interest in sea bed mapping, surveying, laying 
communication cables on the sea bed and target tracking requires the 
development of advanced remote sensing systems. These systems, as in 
any communication system, consists of a transmitting and a receiving 
unit between which information is conveyed. The medium through which 
the information is carried is known not to be perfect. The transmitted 
signal will be affected by variations in the speed of propagation and 
will suffer amplitude attenuation.

The inhomogeneity of the medium is caused by temperature 
gradients, pressure variation, small particles and to a lesser extent 
due to salinity. A factor called, volume reverberation is used to 
describe the effect of such inhomogeneities on sonar signal. The



transmitted signal can travel directly or reflects from the sea surface 
or sea bottom before reaching the receiver. Therefore the need to 
study the boundary conditions in signal processing was introduced.

A large number of reports concerning sound propagation and 
scattering have been published during the past twenty years. Different 
types of surfaces have been used following the parameters needed and 
the aim of the study. Surfaces used have varied from the sea surface 
and sea bed to model rough surfaces, to study the angular dependence, 
the effect of wind speed, roughness of the bottom and frequency on the 
signal scattered from these surfaces.

Systems, like the echosounder,C're first developed to measure the 
depth of the water in order to map the channels through which big and 
heavy ships can safely pass. The transducer, such a system uses, 
typically resonates at 30 kHz and it is normally mounted on the hull of 
the ship. For an economic and fast mapping of a large area on the sea 
bed, another system, called the side scan sonar, was developed. The 
transducer is normally mounted in a fish towed astern of the ship and 
below the sea surface. It is generally long and the frequency used 
depends on the nature of the experiment, about 100 kHz for the short 
range sonar. This transducer generates a fan shaped beam with a small 
beam angle in one direction (1 or 2 degrees) and very large beam angle 
in the other ("30-40 degrees), Heaton (1984). Echo sounders provide 
the depth within typically ± 10 centimeters by recording the elapsed 
time between the transmitted pulse and the received echo. Measuring 
the water temperature at the same time helps to improve the sound 
velocity prediction. The side scan system interpretation depends upon 
the intensity of the scattered signal received on the transducer at



each grazing angle, being the angle between the incident beam and the 
sea bed. The intensity of the scattered signal depends in turn upon 
the sediment type and the sea bed topography. For a grossly flat sea 
bed the factor that causes the variation in the scattered intensity is 
the roughness or texture of the surface. This parameter is widely used 
in the scattering theory and it depends upon the root-mean-square, 
r.m.s., height of the surface, the wavelength of the incident radiation 
and the grazing angle. Kunze (1957) and Chesterman, Clynick and Stride 
(1958) conducted some experiments utilizing this phenomena for mapping 
the sea bed surface. Since then a lot of work has been devoted towards 
the ability to discriminate between different types of sediments and to 
provide quantitative identification of them.

King (1967) used an echo sounder operating at 14 kHz to map the 
geological features of Scotian shelf. He used the echogram in the 
classification procedure depending on the shape of the surface of the 
bottom, as well as the relative degree of compaction of the bottom 
sediments as interpreted from the depth of sound penetration. Parrott, 
Dodds, King and Simpkin (1980) studied the same area and measured the 
reflectivity of the sea bottom to be used as a tool for sediment 
classification and geological mapping. Wong and Chesterman (1968) used 
the side scan return to measure the backscattering coefficient of the 
sea bottom and related that to the type of sediment. Tyce (1976) used 4 
kHz 0.5-1 ms duration acoustic source typically towed about a hundred 
meters above the sea bed to measure the small scale horizontal 
variation in sound reflectivity of the sea floor. These variations 
could be attributed to variation in the bottom characteristics. The 
records of a side looking sonar was also presented for comparison.



Pace and Dyer (197 9) used some side scan records to identify the 
type of sediments these records represented. The method of texture 
quantification developed by Haralick, Shanmugam and Dinstein (1973) was 
adopted and via a pattern recognition technique, the sediment type in 
each record was identified to a good degree of accuracy. Czarnecki 
(1979) also used the pattern recognition technique in his 
classification of the sea bed sediments from a side scan record. He 
utilised two distinguished features in the process, the texture and the 
tone variation of the sonograph record. Czarnecki concluded that the 
tone features is useful in separating bottom type with sufficiently 
different scattering strengths while the texture measurement is useful 
in separating bottom types with similar scattering strength but 
different roughness.

1.2 MEASURING TECHNIQUES AND RESULTS
Several techniques have been used to measure the scattered energy 

from a rough surface. The source receiver combination varies according 
to the nature of the experiment and the type of data needed. In the 
monostatic arrangement the transmitter is used as a receiver, a case 
widely used in the sidescan sonar systems. While in the bistatic 
geometry the two are separated. The sources of acoustic energy also 
differ depending upon the size of the area to be covered, the depth of 
penetration and the frequency of the transmitted signal. Explosives 
are widely used as well as air guns, boomers and, of course, 
piezoelectric and magnetostrictive transducers as sources of underwater 
acoustic energy.

Urick (1954) measured the backscattering strength (BSS) using a 
circular transducer in a monstatic geometry for the harbour bottom as a



function of grazing angle, frequency and pulse length. The measured 
scattering amplitude was corrected for the scattering area and 
converted to scattering strength by means of the reference echo for a 
calibration sphere. Results show no particular dependence on frequency 
while a clear dependence on grazing angle was observed. LaCasce and 
Tamarkin (1956) used a pressure release cork surface with sinusoidal 
corrugations in their experiment. A directional projector and receiver 
were used to measure the forward scattered signal from the rough 
surface in a laboratory tank. A flat cork surface was used to obtain 
the reference signal for comparison. The ratio of the measured 
amplitude to the reference amplitude was calculated and compared with 
the theoretical predictions using theories of Rayleigh, Eckart and 
Brekhovskikh respectively. The best agreement was obtained when the 
surface slope was small although similar results were obtained for 
surfaces with higher slopes. Urick (1956) used two transducers: one 
for transmitting and the other for receiving, to measure the scattered 
signal from the ocean surface and bottom as a function of wind speed, 
angle of incidence and bottom type. The system was calibrated so that 
the ratio of the backscattered intensity to the intensity of the 
incident signal at a unit distance could be measured. This ratio was 
expressed in terms of an absolute backscattering coefficient (BSC) 
per unit area. Urick divided the sea surface BSC versus angle graph 
into three regions and discussed the effect of wind speed on the 
measured amplitude at each region. The effect of sediments type on the 
sea bed scattering strength was also measured as a function of grazing 
angle.



Nolle, Hoyer, Mifsud, Runyan and Ward (1963) did some extensive 
studies on water saturated sand under laboratory conditions. Different 
types of transducers were used to provide the experimental frequency 
required, in addition some hydrophones were used for initial beam 
plots, critical angle and attenuations measurements. The transmission 
and reflection of sound at the water-sand interface was measured using 
two transducers: one acting as a transmitter and the other as a 
receiver. The signal reflected from the interface was compared with 
the signal reflected from a perfect reflector, air backed sheet of 
brass. The BSC was measured for each graded grain size as a function 
of grazing angle at two basic incident frequencies, 500 and lOOOkHz. A 
number of readings from different areas was taken at each angle and 
averaged. The standard deviation around the mean values was calculated 
and it represents a measure of the variation of the BSC from one area 
to another. The results shows that the BSC decreases as the grazing 
angle reduced below critical. For most of the higher angles there is 
not obvious dependence until a normal incidence geometry is reached.

McKinney and Anderson (1964) studied extensively the relation 
between the BSS and the sediment type of the ocean bottom. The 
scattered signal was measured using a set of transducers mounted on a 
tripod frame that rested on the ocean floor. The frequency used ranged 
from 12.5 to 290kHz and the range of grazing angle covered was between 
1 and 60 degrees for most of the measurements. A lOOkHz frequency was 
used to measure the BSS as a function of grazing angles for different 
sediment types. Initially the relative scattering strength was 
calculated by normalising the measured intensity with respect to the 
signal level from a 28 inch sphere whose target strength was determined 
experimentally for the frequency required. Later on, when the



calibration diagram of the system was available the absolute 
measurement of the BSS was made using the sonar equation:

R.L. = — 2H + S + A (1-1)

R.L. is the reverberation level in dB, relative to 1 microbar at the 
receiving transducer, is the projector source level in dBs relative 
to 1 microbar at 1 yard from the source, H is one way transmission 
loss, S is the reverberation strength per unit area and

A = lO log [(c t/2 Sec 0) (R 4>) ̂  (1-2)

is the effective scattering area which is a function of pulse length, 
velocity of sound, c, grazing angle, 0 , range from the source to the 
bottom, R, and the effective horizontal beam width of the projector- 
hydrophone combination. An overall increase of the BSS with increasing 
grazing angle was noticed for the three surfaces, gravel, sand and mud. 
However, there was also a weak dependence on the radiation frequency. A 
direct relation was found between the averaged BSS for a broad sediment 
class and the particle size at a fixed grazing angle. However within 
one particular sediment type, for example sand, a weak correlation was 
found between these two parameters. McKinney and Anderson postulated 
the reason for that could be related to the method of characterising 
the sand according to the mean particle diameter being more homogeneous 
in the coarse sand than in the finer particles or it may be the large 
size particles are dominating the backscattered signal measured.

Meharg (1965) used the sonar equation to calculate the BSS from 
different sediments sample under laboratory conditions. A sonar system



was constructed with a transmitting frequency of 112kHz to measure the 
reverberation level and the spatial correlation of the signal 
backscattered from a rough surface. The fall off of reverberation 
pressure with time was also measured and found to be different for 
different particle size. The statistical distribution of the return 
signal amplitude was also calculated and found that with 95% confidence 
the return amplitude has a Rayleigh type distribution. The spatial 
correlation function was calculated for two directions of transducer 
movement, one in which the receive was laterally translated normal to 
the acoustic axis and it was translated parallel to that axis in the 
other direction. It was found that the fluctuation spatial correlation 
for the lateral displacement was in the order of a wavelength which it 
was in the order of a pulse length in the longitudinal displacement.

Wong and Chesterman (1968) used a magnetostrictive transducer to 
transmit a pulse with a 48kHz frequency and variable duration. The 
transmitter was used as a receiver, the monostatic geometry. The sonar 
equation was also used to predict the BSS of the sea bottom as a 
function of grazing angle and for different types of sediments. The 
geometry of the setting was oriented to cover a range of grazing angle 
between 0.4 to 8 degrees. The results given in the paper show a clear 
dependence of the BSS on the bottom type. The scattering strength 
increased by about 25dB as the texture of the sea bed changes from 
fine clay particles to solid rocks.

Early acoustic measurements of the sea surface roughness were 
reported by Clay (1966). The method was based on the cross correlation 
of the signal received at two vertically separated hydrophones from a 
sound source near the sea surface. The correlation length was 
estimated by continuously transmitting pulses while the ship was



moving, the recorded reverberation, which had a ping-to-ping 
fluctuation was autocorrelated with ping number or time as parameter at 
specific ranges. The distance the ship travelled corresponding to the 
time required for the autocorrelation function (ACF) to fall to its e~^ 
value was taken as the lateral extent of the effective bottom 
roughness.

Urick and Sailing (1962) used an explosive charge as a sound 
source to measure the BSS of the deep sea bed over a wide range of 
angles and frequencies. The charge and the hydrophone were placed at 
50 feet depth in a very deep water. The BSS was calculated using Urick 
(1962) sonar equation for explosive sources. A generally good 
agreement was found between the scattering coefficient measured using 
explosives and the same parameters using conventional transducer at the 
same frequency as published by Mackenzie (1961). The wide range of 
angles covered (30-90 degrees) in a single shot is one of the 
advantages of using explosives. The extremely short pulse length 
permits the investigation of the return signal from the bottom at near
vertical incidence. As a function of grazing angle a weak dependence 
was observed between the BSS and the grazing angle between 30-65 
degrees. A greater rate of change at higher angles suggests 
reflections from normally inclined flat facets of the sea bed.

Chapman and Harris (1962) used five 1 lb charges of TNT as a 
source and an omnidirectional hydrophone at different depths from water 
surface. The aim was to measure the variation of the sea surface 
scattering strength with wind velocity, grazing angle and frequency. 
For a frequency range of 0.4 to 6.4 kHz the scattering strength S was 
obtained. Measured BSS was shown under two types of frequencies, the
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low and the high frequency results. In the low frequency case the 
results show that scattering strength is strongly dependent on grazing 
angle while the dependence of surface roughness is only obvious when 
the wind speed is >15 knots. As for the high frequency case the angular 
dependence of the scattering strength is only effective at high grazing 
angle but the variation with wind velocity occurs at low speed. 
Schmidt (1971) derived an equation for the bistatic as well as 
monostatic backscattering measurements from the sea bed. Explosives 
were used together with an omnidirectional hydrophone at different 
depths so that the incident and the scattering angle would be altered. 
The hydrophone and the charges were kept on the same vertical line. A 
good agreement was found between Schmidt's results and Chapman's 
results for the monostatic case using the same frequency. In the 
bistatic results the scattering strength shows a slight increase with 
frequency but its variation with the incident and scattering angle is 
not clear and need some more measurements. An interesting conclusion 
was drawn when both the monostatic and bistatic scattering strength was 
plotted against the BSS predicted using Lambert's formula (Mackenzie 
(1961))

S = 10 log Sin <p Sin 0) (1-3)

0 and are the incident and scattered angles and M is the scattering 
constant characteristic of the insonified surface. For a chosen value 
of \j the plot shows that for grazing angle of incident sound < 50 
degrees the scattering strength tend to follow Lambert's Law, but the 
deviation is significant above that angle. The same phenomena was also 
reported by Merklinger (1968) for a monostatic case and the BSS values 
roughly follow Lambert's Law for grazing angle between 5020 degrees.
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The study of sediments reflectivity in a normal incidence geometry 
has been the field of work for many authors. Breslau (1965) used a 
single transducer towed in a fish for transmitting and receiving a 12 
kHz rectangular pulse of 2ms duration. A technique for sediment 
classification was developed which was based on the assumption that the 
backscattered echo at normal incidence is influenced by the nature of 
the top layer of the sea floor. The bottom loss was plotted versus 
sediment porosity for areas where the geology had been studied 
previously. The relation between these two parameters agrees 
quantitatively with that predicted on theoretical bases. The acoustic 
relectivity measured reveals an interesting correlation with the grain 
size and the silt/clay content of the sediment and can be indicative of 
sediment type. The peak amplitude and the energy content of the return 
signal was first measured and converted to echo strength using the 
calibration curve of the transducer. All measurements were made on 
smooth surface, applying the same technique on very rough surface was 
reserved for a future experiment.

Hamilton (1970) also measured the normal incidence bottom loss 
(BL) and the sediment reflection coefficient (R) acoustically and 
compared that with the laboratory measurements of the same quantities 
using the relation:

B.L. = -20 log R (1-4)

where pc is the characteristic impedance of the two medium 1,2. The 
average computed bottom loss and porosity of various sediments types
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compare well with shallow water measurements performed by Breslau 
(1967). A general increase in bottom loss was noticed as the porosity 
of the sediments increase. Hamilton found that the most important 
measureable parameter is the bulk density and it has an important 
correlation with acoustic impedence. ^

Bezdek (197 3) made some high frequency (75kHz) measurements at 
normal incidence to obtain the acoustic reflectivity of the ocean 
bottom. Two spherical transducers were used for transmitting and 
receiving. The returns of a hundred echoes were observed at each of 
the four ranges from the bottom. These echoes were averaged and the 
mean value of the peak was assigned to represent the sound level return 
from the bottom at normal incidence. The area under investigation had 
been previously studied and its geology and sedimentology «/<•"€ well 
known. It was essentially flat with a nominal slope of .5%, although 
some local anomalies may have increased this value to 1%. For a plane 
reflector the amplitude reflection coefficient R can be calculated by 
means of the transmitted intensity 1^ and the peak intensity of the 
return echo, as:

2 —2I = R I^(2r) exp(-2ar) (1-6)

The reflection coefficient of the four ranges was calculated using the 
above equation. The received echo level as a function of range from 
the bottom can be indicative of the bottom roughness as will be 
discussed later. Besdek's results show a r dependence which is 
typical of smooth surface rather than a rough surface dependence of r~^ 
for coincident source and receiver. However, this conclusion was drawn 
from four data points only, more measurements were needed to verify the
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actual dependence of scattering strength on range and roughness 
parameters.

A more detailed study on the effect of range from rough surface’ on 
the behaviour of the return signal at normal incidence was the one by 
Mikeska and McKinney (1978). Four, statistically different, pressure 
release surfaces were used in this experiment. Each surface was 
mounted in a frame positioned at the far field of the transmitter which 
has a 3dB beam width of 9.8 degrees at lOOkHz. A bistatic geometry 
was adopted in all measurements where a small hydrophone moves along 
the acoustic axis of the projector beam. The experiment was set to 
investigate the inverse-square and the mirror image behaviour of the 
return echo in conduction with the reflecting surface roughness. Ihe 
possibility of defining a scattering apperture and its near field- 
farfield boundary was also studied. All measurements were made 
relative to the signal reflected from a plane reflecting surface of the 
same material. The echo level for the four surfaces was plotted as a 
function of range and arbitrary displaced vertically for clarity. The 
shape of the curves resembles a small slope nearfield region and a 
steeper slope farfield region with the crossing points marking the 
boundary between the two regions. Ihe location of this boundary varied 
with respect to the rms height and the correlation length of the 
surface. It was concluded that the range dependence of the echo from 
rough surfaces can vary between the mirror image behaviour and 
spherical spreading depending on the relative roughness, range and 
grazing angle.
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. This experiment was one of the earliest attempts to clarify the 

range dependence problem but provided only relative signal levels and 
is not supported with a theoretical analysis.

Medwin and Novarini (1981) modelled the wind-driven water surface 
oP

as composed^a number of finite size conjoint series of wedges. The 
probability density function (p.d.f.) of the wave heights and of the 

surface slope were shown to be Gaussian. The BSS was calculated as a 

function of range and wind speed at normal and oblique incidence. At 

30 degrees grazing the scattered intensity follows the r~^ rule only 
when the wavelength of the incident signal is comparable to or greater 
than the surface correlation length. At high frequency the 

backscattered intensity was shown to follow the r~^ rule for the same 
grazing angle. At normal incidence the range dependence is a function 
of the number of facets that contribute in reflecting the incident 
energy. At short ranges large number of facets were found oriented to 

produce reflection and the range dependence follows the r” rule. As 
the range increases the number of reflecting facets decrease and the 
return signal becomes dominated by diffraction process yielding a r~^ 
type of range dependence. At greater ranges it was shown that the 
interference between the wedge scatter causes the scattered intensity 

Igg to follow the r~^ rule. Therefore, the authors concluded that the 

BSS should be defined as:

I N + 2BS r / 1 T\BSS = 10 l o g ^ Q ------15--  11-71
I r Ao o

a proper value of N should be chosen depending on the percentage of 
reflecting facets in the scattering area (A), the wavelength of 

incident signal and the range r from that area, r^ is a unit distance.
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1.3 Theoretical Background

The problem of wave scattering from corrugated surfaces has been 
under investigation since the end of the 19th century when Lord 

Rayleigh (1895) studied the scattering of sound waves from an infinite 

periodical rough surface due to a normally incident plane wave. The 
diffracted plane waves were assumed to scatter in discrete modes 
making an angle (e) with the vertical, the direction of these waves is 
given by the grating formula:

Sin 9^ = Sin 0 + m ^  (1-8)

m = 0 ± l ± 2  - - -

K and k are the surface and the incident wave number respectively. The 
amplitude of the scattered field was calculated making an assumption 
that the total field can be written as an infinite sum of discrete 
planewaves and a solution was obtained for the wave equation. 
Rayleigh's second assumption was that this solution holds everywhere 
above and on the boundary. Ihe amplitude coefficients were expressed 
in terms of an infinite system of simultaneous equations. Rayleigh 
solved these equations for the limiting case where the wavelength of 
the scattering surface as well as the incident signal were large 
compared with the surface height (h). That is to say for a gentle 
slope and small roughness surfaces.

After developing Rayleigh's theory to become applicable to any 
angle of incidence, LaCasce and Tamarkin (1956) compared the theory 
with experimental results obtained under controlled conditions. Three 
pressure release sinusoidal surfaces were used with different surface 

parameters in their experiment. The theoretical and measured values 
for both, the specular reflection amplitudes and the backscattered 
amplitude were presented. For both cases, it was concluded that



16

Rayleigh's theory compared well with experimental results only for 

surfaces with relatively small surface slopes.

Rayleigh's method was further developed by Meecham (1956) and Heaps 

(1957). Their development was mainly concerned with the boundary 
conditions assumed by Rayleigh. Marsh (1963) gave a general solution 

to Rayleigh's method applicable to the scattered field for a one 

dimensional random surface.
The problem of wave scattering from a sinusoidal surface was also 

investigated by Uretsky (1965). A different approach was followed to 

calculate the amplitude of the scattered field when a plane sound wave 
is incident on an infinite pressure release sinusoidal surface. The 
scattered field at a distance r from the surface can be predicted using 
Helmholtz integral in terms of Green's function. This integral was 
utilized to solve an infinite set of linear equation by successive 
approximations. No assumptions were made concerning the frequency of 

the incident pressure or the rough surface parameters. A general 
solution was then obtained and Uretsky reached the same conclusion of 

restricting the application of Rayleigh's method to surfaces with small 
undulations. Barnard, Horton and Miller (1966) used Uretsky's theory 

to calculate the amplitude and the order of the scattered signal from a 
sinusoidal surface. The theoretical predictions, as a function of 

grazing angle, were compared with the measured normalized reflected 
signal from a pressure release surface for both scattering and specular 

reflection. The specularly reflected signal from the same rough 
surface was also measured as a function of the frequency of the
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incident radiation. A good agreement was noticed between the 
theoretical predictions and experimental values on both cases.

One of the leading publications concerning the scattering of sound 
from a randomly rough surface was the paper by Eckart (1953}. In 
predicting the scattered field at any point in the same hemisphere of 
the source, Eckart used Helmholtz integral together with the Kirchhoff 
approximation in the solution. Helmholtz integral may be considered as 
a mathematical description of Huygen's principle in which the 
scattered field at the observation point can be expressed as the 
integral over the field induced by the incident wave over a particular 
area. Each incremental area becomes a new source of Huygen's wavelets 
which expands spherically to the observation point. The Helmholtz 
integral is given by day and Medwin (1977)

3 P -3 exp(i kr) exp(ikr) 1
1 3n r r 3n ds (1-9)

Where ds is the element of area, insonified, r is the distance between 
(ds) and the observation point, n is the normal to (ds) drawn towards 
the half space containing the source and the receiver, and and 3P^/3n 
are values of the secondary pressure and its normal derivative on the 
surface. To solve this integral, an assumption has to be made for the 
values of P^ and 3 P^/sn since the exact value of these quantities is 
not known. Eckart made use of the Kirchhoff method to approximate these 
quantities, at any point insonified on the rough surface, by those that 
would exist if a tangent plane was drawn at that point. The boundary 
conditions on the surface can be written in terms of the known incident
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field (P̂ ) and the Rayleigh reflection coefficient (R) to be:
P, = PP. (1-10)-L 1
3P 3p.

PgCp Cos 0^ - Cos 8 2

PgCg Cos 0^ + Cos 8 2

0^ and 0 2 are the angle of incidence and reflection respectively and pc

is the imped&nce of the medium with suffixes 1 and 2 referring to the
medium. For these boundary conditions to be valid Eckart assumed that

the surface slopes must be small, surface undulations are generally

smooth and no acoustic overshadowing imposed by the large

irregularities exist on the rough surface.
The accuracy of the assumed boundary condition was discussed by 

Mintzer (1953) for a highly irregular surface. He argued that the 
assumptions made in equations (1-10 and 1-11) are valid only for a plane 

surface while for a rough boundary the two values of P^ and 
aP^/ 3n are related and cannot be asigned independently. Eckart 
calculated the average scattered intensity from a two dimensional rough 

surface. Using his average intensity a dimensionless quantity, namely 

the scattering coefficient, was calculated for two regimes of high and 
low frequency of the incident radiation. In the high frequency case 
where the incident wavelength is small compared with the surface 
wavelength, the scattering coefficient was given by:

SH = (1/8ti aB) exp (a/ac) + (b/gc) ) ( 1 - 1 2 )
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and for the long wavelength case the scattering coefficient is

SL = (k^c^/4n)^ s (ka , k b) ( 1 - 1 3 )

where a, b, c, are the sums of the x, y, z directional cosines of the 
incident and scattered rays, a and 6 are the rms slopes of the sea 
surface in the x and y directions and s(ka, kb) is the two dimensional 
power spectrum of the rough surface.

In the low frequency case the scattering coefficient does not 
depend upon the height distribution of the surface, however, it only 
varies with the spatial spectrum of the surface and the inverse fourth 
power of the incident wavelength. The high frequency scattering 
coefficient, for a bivariate Gaussian height distribution, is 
independent of the incident wavelength and depends only upon slope of 
the sea surface in the x and y directions.

The theory of Eckart was extended by Proud, Beyer and Tamarkin 
(1960) to provide a solution that can be applied to all frequencies. 
Experimental data was gathered using two pressure release randomly 
rough surfaces. The first surface was made to have a Gaussian height 
distribution function and used to investigate the dependence of the 
specular reflected intensity on the acoustic wave number, angle of 
incidence and surface roughness. The second surface was designed to 
have an analytical correlation function and was used to investigate the 
dependence of the reflected intensity on the surface correlation 
function. The first and second surfaces were also used to estimate the 
rms height and the correlation function respectively, through some 
experimental and theoretical procedure.
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The application of Eckart's theory on surfaces with a Gaussian 
height distribution and different autocovariance functions was 
performed by Horton and Muir (1967) for high and low frequency cases. 
Their results showed that if the effective correlation distance is much 
larger than the rms height of the surface, the scattered energy is 
highly directional and concentrated mainly about the direction of 
specular reflection.

Gardner (1970) combined Eckart's scattering theory with Wagner's 
(1967) shadowing theory to study the effect of shadowing on the 
backscattering strength of the water surface calculated for a very 
small grazing angle. Ihe shadowing theory was developed and introduced 
in Kirchhoff's second boundary condition to become:

3P 3Pi p -I
9n

where x(8,x) is the shadowing function with a value of zero if the 
surface is insonified completely and (-2) if it is in deep shadow. The 
theoretical and experimental results obtained for the backscatter ing 
strength of the sea surface at very low grazing angle wer-e remarkably 
different from other existing theories. A slight increase of 
scattering strength with decreasing grazing angle was noticed in the 
results. The scattering strength was also observed to be inversely 
proportional to the wind speed, a case which was related to the 
shadowing effect. Hall (1974) has critically analysed Gardner's BSS 
versus grazing angle results. He postulated that the source of 
discrepancy with Garndner's theoretical values arose from the 
unjustified devision of the scattering strength by a factor of cosine 
the grazing angle which was first introduced by Horton and Muir (1967),
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the neglection of a factor of (4n) in the definition of the spatial 
power spectrum of the surface waves and finally the approximation 
Gardner made concerning the exponential term, exp (-i/g) = 1-i/g, which 
appears to be invalid for some cases, e.g. when 6 = 10 degrees, wind
speed = 20 knots and rms height = 0.8 meter. Hall also studied the
validity of Kirchhoff's approximation on the sea surface and found, 
after calculating the backscatter ing strength at high and low frequency 
case, that there is a possible overestimation of about 38 dBs when 
Xirchhoff's approximation was used to calculate the BSS for the water
surface at low grazing angle. The good agreement of Gardner's
experimental data with his theory. Hall added, was due to bottom 
reverberation which can yield a value of -25 to -30dB, which is 
basically similar to the values obtained by Gardner.

One of the most elaborate and detailed studies of sound scattering 
from randomly rough surfaces is the one given by Beckmann and 
Spizzichino (1963). In particular the solution to the signal scattered 
from a two dimensional rough surface when the surface is given by a 
random stationary process in two directions. The Helmholtz integral 
was used together with the kirchhoff approximations mentioned earlier. 
However, instead of approximating the values of and3P^/3non ds by 
its value if the surface is plane, these values were approximated by 
the same value that would be present on the tangent plane at that 
point. This approximation would be valid when the radius of curviture 
of the irregularities is large compared with the incident wavelength r. 
The relation between these variables was given as:

4 7Tr Cos 0 »  A ( 1 1 5 )c
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is the radius of curviture of the irregularity and 0 is the local 
angle of incidence. Ihe solution was obtained for all frequencies and 
the final expression was normalised with respect to the field reflected 
in the specular direction by a smooth, perfectly conducting plane 
surface with a reflection coefficient value of unity.

In the formulation of the problem the total scattered intensity 
was separated into coherent and incoherent components. The coherent 
part was obtained from the ensemble average of the scattered pressure 
with respect to phase, while the incoherent component is the mean 
intensity which remains after the coherent part is removed from the 
total scattered intensity. This latter quantity can be expressed as:

<pp*> = <i>, + <p>^ (1-16T Ic c

where < > indicates the ensemble average, PP* is the product of the 
scattered pressure with its complex conjugate and T, Ic and c are the 
total, incoherent and coherent notations respectively. The actual 
values of the two components depends largely on the surface roughness. 
If the scattering surface is smooth, the variance of the scattered 
signal becomes small and the coherent component of intensity dominates. 
As the surface roughness increases the variation of the scattered 
intensity will increase and the coherent component will tend to zero 
while the incoherent component becomes equal to the total scattered 
intensity.

The model surface used by Beckmann and Spizzichino in their 
theoretical predictions was assumed to be isotropically rough with a 
Gaussian height distribution and a Gaussian autocorrelation function. 
Ihe general solution of the normalised scattered intensity from a two
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dimensional, randomly rough surface was given by:

2 oo n
= D exp ( -g) + ^  exp (-g) Z  exp ( - V k T / 4 n )  (1-17)

o n = 1

F =
1 + Cos 8^ Cos 8 2  - Sin 0^ Sin 0 2  Cos 0^ 

Cos 8^ (Cos 0^ + Cos 0 2 )

2 2 2 g is the roughness parameter = k h (Cos 9^ + Cos 9^)
D is the directivity function = Sin ax Sin By

2 2 2 and V = a + B
where a = Sin 0  ̂ - Sin 82 Cos 8^

and 6 = -Sin 82 Sin 8^

<I>T is the total average scattered intensity, normalized by, 1^ the
specular intensity obtained using a plane perfectly reflecting surface. 
0 ̂ is the angle of incident, 82 is the scattering angle in the same 
plane as 0 ̂ and 0 ̂  is the angle between the incident and scattering 
plane, 0 ^ = 0  for specular and backscattering geometry. T and h are 
the correlation length and the rms height of the surface and X and Y 
are half lengths of the insonified area A, where A = 4XY. The 
condition that (T<<X,Y and A) must be valid since in the contrary case 
the rough surface insonfied will have only one or two irregularities 
rather than an area of surface roughness. The general solution given 
in equation (1-17) consists of two terms, the specular, coherent, term 

and the scattering, incoherent, term. As the directivity function is 
constant for a particular source, the coherent term seems to decrease 
exponentially as the roughness parameter g increases from a very smooth
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(g=0) to a very rough (g»l) surface. To explain the dependence of the 
coherent term on g the specular reflection geometry was assumed 
where V = 0 and F = 1. The incoherent component of the total scattered 
intensity can be studied for low and high values of g respectively. 
Equation (1-17) can be written for both cases to give:

T = e"^ + S I 2 L  g « i  ( 1 - 1 8 )Io

<I> 2
— J  ^  g » l  ( 1 - 1 9 )lo Ag

Using the inequality given earlier one can notice that the incoherent 
term in equation (1-18) becomes very small for g<<l and the coherent 
term dominates. At high frequency when g>>l the exponential term 
vanishes and the scattered intensity is totally incoherent as in 

equation (1-19).
Clay and Medwin (1964) developed and applied Beckmann's high 

frequency approximation to study the acoustic backscattering from the 
sea surface as a function of grazing angle. They also calculated the 
surface scattering factor due to the bubble layer existing underneath 
the sea surface. The high frequency approximation was found to be 
useful to describe the contribution of the rough surface to the 
scattering over angles near normal incidence. For a rough surface the 
scattering strength was found to be independent of frequency. This 
later result agrees with Chapman and Scott (1964) measurements 
conducted in the sea for a frequency range of 0.1 to 6.4kHz and a 
maximum grazing angle of 80 degrees. They also found that the 
agreement with the high frequency scattering theory is good for near 
normal incidence measurements. Hayre and Kaufman (1965) extended the
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general Kirchhoff solution for a perfectly conducting surface given by 
Beckman and Spizzichino (1963) to a surface composed of a correlated 
large- and small-scale roughness.

Clay (1966) studied the coherently reflected acoustical radiation 

from the sea bottom. The same theory of Eckart and Beckmann and 
Spizzichino was used in calculating the coherent component of the 
scattered intensity. Clay obtained the same normalized expression for 

the coherent intensity given as:

<L>^ = R^exp(-g) (1 — 20)
but he calculated this expression using an equation with a term 

containing the plane surface solution. Upon solving this integral an 
image solution could be obtained. Clay did not do that explicitly but 
he mentioned it and normalised the coherent component with respect to 
the plane surface solution and obtained the result shown in equation 
(1-20) .

Medwin (1967) modified Beckmann and Spizzichino's theory to 
include a source with a well defined directivity function. Ihe normal 
incidence solution was obtained for the backscattered intensity and 
compared with the experimental results from a wind agitated water 
surface. The rms height and rms slope were acoustically determined 
from the backscattered signal at normal incidence. Melton and Horton 

(1970) pointed out the superiority of Fresnel over the Fraunhofer 

approximation in predicting the intensity specularly reflected from a 
randomly rough surface. It was found that the theoretical values 
calculated using the Fresnel approximation show a better agreement 

with the observed data than that using the Fraunhofer approximation. 
However, in both cases the theoretical formulas predict scattering 
coefficient values smaller than the experimental results.
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Clay and Sandness (1971) studied the effect of the transmitter 
beam width on the intensity of the scattered signal at normal 
incidence. They used the Fresnel approximation discussed previously by 
Melton and Horton (1970) together with Eckart theory to obtain the 
ensemble average of the mean square scattered signal. The directivity 
function was assumed Gaussian and the scattered intensity was 
normalised with respect to the signal reflected from a smooth surface, 
h = 0. The measurements were performed in a combination of different 
beam width transmitters and a very wide beam width receiving hydrophone 
so that the illuminated area was controlled by the transmitter. The 
acoustic axis of the transmitter was pointed normally to the wind 
agitated water surface with a degree of roughness depending on the wind 
speed. Both theoretical and experimental results show the dependence 
of the normalised scattered signal from the rough surface on the beam 
width of the transmitting transducer. Other variables, like the rms 
height and correlation length of the surface were kept constant by 
fixing the wind speed and the signal backscattered from that surface 
was measured as a function of beam width. Ihe authors argued that for 
small rms value and large beam width one can estimate the rms height of 
the surface acoustically if the surface reflection coefficient is 
known.

Boyd and Deavenport (1973) pointed out that most of the previous 
theories could not be applied for surface with small roughness because 
they could not obtain the image solution when the rough surface was 
replaced by an infinite plane surface. That is because these theories 
mistakenly used the Fraunhofer approximation to calculate the coherent 
component of the scattered field rather than using the correct Fresnel
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phase approximation. Boyd and Deavenport used Green's function in 
solving the wave equation of the scattered field and the coherent 
intensity was obtained by successfully evaluating the scattering 
integral using a stationary phase method, the coherent component of 
the scattered intensity was given as:

<I>c = - -  -   ----  <exp(ikhy)>^ (1-21)
(*o +

where G contains the source term and Y = -(Cos 9^ + Cos 82). The 
characteristic function for a surface with a Gaussian height 
distribution is given as:

<exp(ikhY)>^ = exp(-g) (1-22)

as the roughness parameter decreases the exponential term increase 
until, for zero roughness, it becomes unity; in which case the image 
solution is obtained for equation (1-21).

The general solution of the total scattered intenity was derived 
by Boyd and Deavenport after developing Beckman and Spizzichino's 
approach for the incoherent component and the results normalised with 
respect to the image solution to give:

<I>T 2 AF^k^(R^ +
—  -- = D exp(-g) +  =--- z------

O 27TR R,

2 2
^ T T 2^ —  exp(--— ---- ) (1 - D exp(-g)),n!n 2 4nn=lo 1

where: ^1-23)

=  k^ (Sin 8^ - Sin 0 2 )^

1 + Cos 0 Cos 0 - Sin 0 Sin 0
F  = _____________ - _________ - ____________   —

Cos 0^ + Cos 0 2
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the right hand side of equation (1-23) is composed of two terms: the 
coherent term and the incoherent term. Because of the normalising term 
the incoherent term is different from that of equation (1-17) while the 

coherent intensity is indentical. Experimental data from statistically 

different model rough surfaces were obtained from Wei ton, Frey and Moor 
(1972) and compared with Boyd and Deavenport's theoretical predictions. 

The agreement was found to be very reasonable, a case which was 
reasoned to the validity of the normalising factor used.

Clay, Medwin and Wright (1973) assumed that the coherent component 
of the scattered intensity and the probability density function (pdf) 
of the surface height are fourier transforms of each other. When a 
Gaussian pdf was used in the theoretical prediction a discrepancy was 
noticed between the coherent intensity measured specularly from a wind 
driven surface and the predicted values. This was related to the 
deviation of the surface height distribution from Gaussian and the 
ignoring of the shadowing effect. The disagreement was more obvious 
for larger values of g and small grazing angle.

Clay and Medwin (1977) outlined the methods used by Tolstoy and 
Clay (1966), Clay (1971) and Clay and Leong (1974) in their evaluation 
of the scattered intensity from rough surfaces. In their calculation 

Clay and Medwin retained the second order Fresnel approximation in the 
phase term of the scattering integral. Thorne (1982) developed this 
approach to predict the scattered intensity from a randomly rough 
surface with a Gaussian height distribution and a Gaussian 
autocorrelation function. The theoretical values of the scattered 
intensity were normalised with respect to the image solution and 
compared with the experimental data for a range of frequencies.
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Reasonably good agreement was observed between the two values 
especially when the second order phase approximation was used in the 
theoretical prediction.

1.4 The Present Work

Two prime subjects have undergone an extensive investigation in 
this work. These are the study of the backscattering coefficient (BSC) 
as a function of grazing angle and the dependence of the backscattered 
signal from a rough surface upon the range between the scattering patch 
and the receiver.

As shown in the preceding sections a number of measurements of 
the angular dependence of the scattering strength have been conducted 
for different types of rough surfaces. A detailed and comprehensive 
study of the backscattering of sound from rough surface which includes 
experimental and theoretical calculations under controlled conditions 
was felt to be needed. A complete statistical study of the rough 
surface under investigation provided the surface parameters required in 
the theoretical predictions. Obtaining these parameters in the sea is 
usually not possible. Attention was drawn particularly to the side 
scan sonar geometrical arrangement and the advantages of using this 
system for sea bottom investigations.

The ensemble average of the backscattered intensity from three 
different particle size sediments was measured as a function of grazing 
angle in a laboratory tank. Side scan configuration was adopted with 
the same transducer used as a transmitter and a receiver. This 
transducer generates a fan shaped beam narrow in the plane parallel to 
the transducer's long axis and wide in the other perpendicular plane. 
This side scan arrangement enables the size of the scattering area to



30

be adjusted by changing the pulse length of the incident signal. The 
backscattered measured voltage was converted into absolute measurements 
of pressure using the calibration curve of the transducer, and the 
intensity was calculated as the square of the pressure. The BSC was 
obtained from the scattered intensity using the definition given in 
Chapter 2. The image solution has not been used in normalising the 
scattered intensity, however, the incident intensity at the scattering 
surface was used for normalisation.

The statistical distribution of the three surfaces was thoroughly 
studied and the results show the rough surfaces to have a near 
Gaussian-height distribution and autocorrelation function. The rms 
height h and the correlation length T was measured, using a contour 
follower, for each surface and used in the theoretical predictions of 
the BSC values. These values were then compared with the experimental 
data obtained for each surface as a function of grazing angle.

The second experiment was designed to measure the ensemble average 
of the backscattered intensity as a function of range from the rough 
surface. The study of the effect of range dependence of the normal 
incidence incoherent backscattered intensity in terms of geometry and 
rough surface statistics on the scattering coefficient is the aim of 
this work. It was mentioned in the previous sections that although 
some authors adopted a Fresnel phase approximation in their theoretical 
developments of rough surface acoustic scattering problems, few of the 
treatments address themselves to explicit discussion of the range 
dependence of the scattered intensity in what may be termed the 
nearfield of the scattering patch. In the present work attention is 
thus focused upon the existence of the scattering patch nearfield and
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the transition from nearfield to farfield range dependence of the 

ensemble average backscattered intensity at high frequencies.

Two circular transducers and a very small hydrophone were used in 

this work. Each transducer resonates at a different frequency and 

remained at a constant range from the scattering surface, while the 

hydrophone was free to move along the acoustic axis of the transmitter. 

This provided a fixed area of insonification and different receiver 

ranges from the bottom. The ensemble average backscattered intensity 

was measured by moving the transmitter-receiver combination to fixed 
positions above the rough surface and recording the scattered signal at 

each positon corresponding to a certain range. Results are obtained at 
two frequencies using two rough surfaces. One is a pressure release 
surface accurately constructed to have Gaussian statistics and the 
other was constructed from carefully graded gravel. The results 
obtained were compared with the theoretical predictions.

The theoretical development adopted in this work follows the 
approach presented by Clay and Medwin (1977) and Thorne (1982) and is 

based on the Helmholtz-Kirchhoff integral with a particular emphasis on 

the second order phiase approximation especially in the range dependence 
investigations. A Gaussian statistics was assumed for the rough 

surface in evaluating the scattered integral. Ihe directivity of the 
transmitted beam was also assumed Gaussian as well as the receiving 

directivity of the transducer. A general solution was obtained for 
scattering from randomly rough surfaces with the above specification 
for any angle of incidence and any frequency. Ihe theory neglects the 

effect of shadowing and multiple scattering on the backscattered 

signal.
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CHAPTER IWO 
THEORETICAL APPROACH

2.1 Introduction
There are two common ways in which the BSS may be defined. For 

example (Thorne (1982)) one definition is the ratio between the total 
mean intensity scattered from a rough surface and the intensity 
reflected from a plane perfectly reflecting surface, taken as the image 
solution.

The other definition which was the one adopted in this work for the 
backscattering strength of a rough surface is (Medwin and Novarini
(1981):

I R ^ 2
3SS = ^  ,2-1,

I R  ̂ A o ref

where:
= Backscattered intensity at the source.
= Source intensity at unit distance.

R^,R^ = Distance from source (or receiver) to surface.
= Reference distance equal to unity.

A = Effective area insonified.

Ihe surface was assumed to be in the farfield of the radiating aperture 
so that the incident wave is spherically spreading from the source. The 
scattering coefficient as a function of both ranges from the scattering 
surface and the angle of incidence was measured using two transmitter 
apertures. One was circular and had an axisymmetrical beam pattern and 
the other was rectangular and had a fan shape beam; in the latter case
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the insonified area was limited by the pulse length in the plane where 
the beam is very wide.

As mentioned in Chapter 1, the scattering theory presented in this 
work is based upon the Helmholtz-Kirchhoff integral for the scattered 
pressure. This integral will be solved below using the Kirchhoff 
approximations for the boundary conditions. A general equation for the 
normalised scattering strength from a rough surface with Gaussian 
statistics will be derived, and by retaining the second order phase 
terms will include the near field effect of the scattering surface. 
Equations for special cases such as the normal incidence case, the 
specular reflection case and the backscattering case will also be 
presented at the end of this chapter.

2.2 The Scattering Integral and Geometry
Ihe Helmholtz-Kirchhoff integral given by Clay and Medwin (1977)

is:
ikri ikr^

It: aTT* '2-2)

where p is the scattered pressure from the surface at the observation 
point a distance (r̂ ) from the surface. Figure (2.1). The Kirchhoff 
approximations were introduced in Chapter (1) to solve Helmholtz 
integral for rough surfaces which has a large radius of curvature 
relative to the incident wave length and satisfies equation (1-15).

Shadowing was neglected because it has little or no effect on the 
scattering strength of a surface for angle of incidence less than 80 
degrees (Garnder, 1970). All the present scattering strength
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measurements were taken at incidence angle of less than 80 (the angle of 
incidence being the angle between the normal and the incident beam). 
Multiple scattering is also neglected in this theoretical development.

For a directional source with spherically spreading radiation, the 
incident pressure (with time factor neglected) is:

e x p (1 kr )
= CD -------—  (2-3)

o

where G is a function which contains the source terms, D is the 
directivity function, and r^ is the distance from the transmitter to the 
rough surface.

Substituting 2-3 into 2-2 gives:

exp(Ikr ) exp(ikr ) exp(ikr )
P(r ) = ^  / D{ 9 (------_J_) + 11 4tt s r 3n r, r.

exp(ikr )
h  (■— - ^ ) ) d s  (2-4)

o

o r

o 1

From Figure (2.1) r^ and rj can be expressed as:
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r = Ro o 1 +
2 2 2 2x Sin 8, 2; Cos 8̂X + y + ;  1 ____________ 1

and:
2 2 2 2x Sin 0^ Cos 0, 2y Sin 0^ Sin 0^x + y + C  2 3 2 31 + - —̂ 2   - ---------------------

^  ’'i \

2c Ces 0
R.

r + r, = R o 1 o 1 +
2x Sin 0^ 2ç Cos 0^ 2 2 . ,2 -j ^

+ R. 1 +
(-2x Sin 8 2  Cos 0^) 2y Sin 8^ Cos 8^

(2-5)

where c is the surface height above the mean level.

2.3 Expression fot the Normal Derivative:
The normal derivative for any function can be expressed as:

^  = Vf . ndn (2-6 )
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where f is a scalar function and n is a unit normal vector. For the 
case of a spherical wave:

f = exp(ikr)/r

where the range from the origin, r, is given using Cartesian 
coordinates as, r^ =
Then equation (2-6) can be simplified as:

exp,..r, ( 1 - ^ )

and for kr>>l gives

3 e x ^ j U ^  iiexp(.kr) (2-7)9 n r ' r 9 n

Assuming R^, are much greater than x,y, ; so that (l/r^), (l/r^) can 
be replaced by (l/R^), (l/Rj), then using equation (2-7) in (2-4) gives:

= 3 Ü V  J  “ 'a/* (2-8)O 1

Using equation (2-6) with (2-8) yields.

= 4 ^ 8 %  s-'’ ° 5 - 7  (r^ + r^) e x p d  k(r^ + r^)) ds (2-9)
o 1



38

Bourn and Kendall (1967) showed that for a surface such as Z = ;(x,y) 
has:

+ 2)// + ^  + 1) (2-10)

2 2
ds = / ( — —  + -— ^ + 1) dx dy (2-11)

3x By

The main dependence on x,y is the phase term, i.e. in the 
exponential term of equation (2-9), and in the directivity function D. 
An appproximation for (r^ + r̂ ) in the gradient term can be made, for 
the case of a highly directional source with the assumption that x and y 
are less than and Rj. Also for a surface of small reliefs, ; is less 
than Rq and Rj and the Binomial expansion of equation (2-5) gives after 
keeping only the first order terms in x,y and s

+ ax + 3y + yC (2-12)

where: a = Sin 0^ - Sin 0^ Cos 0^

= -Sin Sin 6^ (2-13)

Y = -(Cos 0^ + Cos 0^)

Solving equation (2-9) by using equation (2-10), (2-11) and equation (2- 
12) in the gradient term gives:

P (r^) = 4 r g/ D(- a _  - 6 + y) exp (ik(r^ + r^))dxdy (2-14)
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Tolstoy and Clay (1966) show that for a Gaussian illuminiation 
function (D), and when the area insonified is much larger than the 
acoustic wavelength, equation (2-14) can be simplified by an integration 
by parts of the terms involving B;/Bx and 9C/9 y . This yields:

2 2 2 ™

P(r^) = — —  -----^ // D exp(ik(r^ + r )) dxdy (2-15)
o 1 ^  -O’ °

This can be written as:

1V RnF" oo ^  exp(ik(r^ + r^)) dxdy (2-16)
o 1

where

1 + Cos 8^ Cos 0^ - Sin 0^ Sin 0^ Cos 0^

Cos 0^ + Cos 0̂

Equation (2-16) was obtained by assuming the insonified area to be 
much larger than the acoustic wavelength, also the transmitter and 
receiver distance from the rough surface was assumed to be much longer 
than the surface reliefs and the area of insonification.

Ihis requires the second order expansion for the term r^ + r̂  in 
the phase term. Clay and Leong (1974) and Thorne (1982) showed that a
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second order expansion was sufficient to obtain the image solution when 
the surface becomes plane.

2 2+ ax + Gy + yC + x + y (2-17)

where
2 2 2 , I Cos 9, , Sin 6„ Cos 6 ■

u = 1  ̂  ̂ ^X 2 R R,C o  1
and (2-18)

1 r 1 1 . Sir.2 02 Sin^ 0^
u  =  —  —y 2| R,

substituting (2-17) into (2-16) gives:

P(r ) = - // D exp(ik(R + R, + ax + By + yC + x^U + y^U )) dxdy1 2ttR R, -oo o 1 X yo 1
(2-19)

Equation (2-19) is the expression for the scattered pressure 
resulting from an incident continuous wave signal. Identical 
expressions were obtained by Clay and Leong (1974) and Clay and Medwin 
(1977) and used to calculate the scattered intensity for any frequency 
and for arbitrary ranges and incident angles.

It should be noted that equation (2-19) gives the Fraunhofer 
approximation expression if and Uy are put equal to zero, i.e. the 
farfield approximation is made.
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2.5 The Derivation oL I M  Scattered Jntgnsity
Two components of the total scattered intensity can be derived 

using equation (2-19) , one is the coherent component of the scattered 
intensity and the other is the incoherent component. Ihe derivation for 
both components will be given below. The expression for the total 
scattered intensity will be presented later.

2.5.1 The. Coherent Conponent o t Scattered Intensity
The coherent component of the scattered signal is the ensemble 

average of the scattered pressure with respect to phase. The random 
distribution of the signals scattered by the surface can be related to 
the distribution function of the surface. So the averaging process will 
be taken over the surface height function, ;, with <> indicating 
ensemble average value. Using equation (2-19) the ensemble average of 
the coherent component of the scattered intensity can be written as:

<p( ^-'WRGF
1 c 2nR R o 1

“ r 2 2 1/ / D expj I k (R^ + R^ + ax + By + U^x + u^y )

<exp(ikYC)> dxdy  ̂̂

The random character of the surface enters only in ; . The 
characteristic function of the height probability density distribution 
w(4) is given by:
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<exp(ikyc)> w(c) exp(ikyç) d( (2-2 1 )

Therefore the average coherent pressure contains the product of the 
reflection from a smooth surface, that is C = 0, and the effect of the 
randomness of the surface. Equation (2-20) can be written as:

<P(r,)> = -ikRGF
1 c 2ttR R̂  o 1

<exp(ikyc)> f f  D exp ik(R^ + R^ + a y +  6y +

+ Uy y I dxdy (2-2 2 )

where the terms inside the integral have no dependence on the surface 
height, ;. The integral in equation (2-22) can be written, after taking 
the constant term exp (ikCR^ -f R̂ )) outside the integral as:

r 2 2I - ff D exp ik(ax + 6 y + U x  + U y )  
_ X y

dxdy (2-23)

If the beam is assumed to have a Gaussian directivity function given by:

2 2 X VD = exp - i—  + ^ )
X Y

(2-24)



The integral in equation 2-23 can be written as:

4 3

2 2
I = // exp - + ~ )  exp ( ik (ax + By + U x + U y )) dxdy

X Y * y
(2-25)

then

2 I 2 1I = // exp(- X (-^ - ikU^) + ik.ax) . exp (-y (—  - iku ) + ikBy) dxdy (2-26)

using the standard form:

2 2 /tt/ exp (-P r + qr) dr = exp(-^^) —
4P

(2-27)

to solve the integral of equation 2-26 gives:

/ti /nI = exp
r 2 2 r ,2.2- k a . exp -k 6

4 ( \  - 1 kU ) 
y2 yM  ( ^  - 1 kU ) ,

(2-28)
which can be rewritten as:

TTXY 1
2 ’ 2 

/ (1-lkU X ) /(1 - ikU Y )X y
exp

r 2 2 2 . r 2^2 2 n-k a X . exp -k 6 Y
_4 (1 - Iku x \

0
_4(l-ikU Y^)

(2-29)
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putting equation (2-29) back into equation (2-22) gives:

<P (r, )> = - ikRGF
1 c 2R R.o 1

XY  e x p ( i k ( R  + R ) < e x p  (ikyÇ) >  ---------------
 ̂ /(l-lku^x5

/(1-iku Y )y
. exp

2 2 2-k a x
244(1 - ikU X )4

X

.exp
^4 (1 - ikU y \y

(2-30)

Equation (2-30) is the coherent scattered pressure from the rough 
surface at any angle of incident and scattering. Unless both a and g 
are close to zero the coherent pressure is small. If a = 6 = 0 this 
corresponds to the specular case of 8 ̂ = ^2 = 9 and 0 ^ = 0  in this 
case:

U = R Cos' X s

U = Ry s

o 1
(2-31)

and equation 2-30 becomes:

<P (r )> = 1 kRÇF XY exp(Ik(R + R )) o 1
o 1 /(I - ikX R Cos 0) /(I - ikY R )s s

<exp(IkyC)> (2- 32)
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Equation 2-32 is the coherent scattered pressure from a surface in the 
specular direction. It does not represent the image solution for a 
plane surface because X and Y can have any value. To get the image 
solution the assumption that the directivity function is a slowly 
varying function has to be made, this means that the area of 
insonification is large, i.e. X and Y are large.

The reflected coherent intensity can be calculated as:

<i> - <p>c 2

c 2pc

<!> . bM c V     <e_xp(,kvC)> ^ ,>
8pc R^ /(I + k X Rg Cos 0) /(I + k Y Rg )

(2-33)

For large values of X and Y equation (2-33) can be simplified to:

R^G^
< I >  =  2 < e x p ( i k y ; ) >  <exp -  ( i kyc ' ) > ( 2 - 3 4 )

2pc (R + R, ) o 1

which is the image solution
A similar expression for equation (2-34) was derived by Thorne

(1982) using a stationary phase method where the directivity function 
was assumed to vary slowly at or near the origin.

To evaluate the coherent component further the characteristic 
function in equation A-34 is needed. This will be introduced later in 
the Chapter.
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2.5.2 The Incoherent Component of Scattered Intensity
Ihe incoherent component is the mean intensity which remains after 

the coherent part is removed from the total scattered intensity. 

Equation (1-16) gives the definition of this value. The average 

incoherent scattered intensity can be written using equations (2-19) and 

(2-22) as:

2 2 2 2
<I>, = - ^ V  ■■ .--  //// DD' expIc ^ 2 28 tt R R pc 

o 1

2 2ik { a ( x  - X ' ) -t- B(y - y ' ) + U ^ ( x  - x ' )

2 2 + U y ( y  - y ' ) } < e x p ( i k y (4 - 4 ’ ) ) >

- <exp(iky 4 )> < e x p (-iky4')>

d x  d y  d x ' d y ' (2-35)

where pc is the product of the ambient density and velocity of sound in 

the water.
The ensemble averages within the integral represent the surface 

characteristic function. It is assumed that the surface roughness has a 

Gaussian distribution function over the illuminated area. For a 

bivariate height distribution the characteristic function is given as:

<exp(iky (4 - 4'))> = f f  W(4,4') exp (iky(4 - 4')) d 4d4' (2-36)

The transmitter directivity function (D) is also assumed to be Gaussian 

and is given as:

2 2

D = exp(-(^y + y^l) (2-37)
X Y
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Two types of transducers were used in this work, one circular and 
the other rectangular. In the circular transducer X = X̂ y'cos 0 p and 
Y = Yq where X^ and Y^ are the 1/e points on the beam pattern. X^ and 
Yq are equal for an axisymmetrical transducer, and 0 i is the angle of 
incidence to the surface.

The radiation pattern of the rectangular transducer is a fan shaped 
beam being very narrow in one direction and wide in the other 
perpendicular direction, resembling a side scan configuration. Figure 
(2.2) shows that the 1/e point can be defined on the beam pattern in the 
y direction and it is given by:

Y = R $  (2-38)o 2

where <{> is the 1/e horizontal beam width in radians. In the x direction 
the beam is very wide and the 1/e point is effectively controlled by the 
pulse length, and so,

' = <2-39)

where c is the velocity of sound in water 
T is the pulse length

The integral in equation (2-35) can be simplified after changing the 
variables as follows:

X = X '' + e/2 y = y '' + n/2

(2-40)

X ' = X '' - e/2 y ' = y '' - n/2
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(a) VQrtical plane showing the X dimension of 
the scattering area.

l/e POINT

PQUGH SUPFACF

(b) Horizontal plane showing the Y dimension of 
the scattering area.

Fig 2.2 The oblique incidence experimental geometry.
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the integration is carried out in Appendix (A-1) to give:

2 2 2 2k R n F XY 2 2<I> =       // exp (- c s ) exp (- n s ) exp(ik (ac + Bn ) )
16ti R PC

o 1

{<exp(iky(C - Ç'))> - <exp(ikyC)> <exp(-ikyÇ ')> }

where dcdn (2-41)

, 2 2 2 2  ̂s, = 1/2 (1/X + k X )

2 2 2 2 = 1/2 (1/Y + k Y Uy )

(2-41a)

Equation (2-41) is the incoherent component of the scattered intensity. 
Finite values of s^ and S2 are associated with the second order phase 
approximation, it gives the equation a more general application 
concerning the shape of the illuminated area. If s tends to zero 
equation 2-41 becomes the Fraunhofer or first order phase approximation 
of the scattered intensity, s^ and S2 can be written as:

1 2 2 2 2 2 
^1 Y ^ ( / X  ) + g(X ) / h  y )

1 2 2 2 2 2 

= 2 = Uy )/h Y )

(2-4 2,

where g = k'h y is often called the roughness parameter, h = root mean 
square height of the surface.
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For a normal incidence, axisymmetrical beam, s^ = S2 = s 
and X = Y = W; then equation (2-41) can be written as:

2 2 2 2 2
<L> = k F W   y y exp(-(e^ + n^)s) exp(ik(ae + Bn))

1 6 tt R R^ p c  o 1

{<exp (iky (Ç - Ç ') )> -<exp( ikyÇ)> <exp - (ikyÇ ’ )}

dcdn (2-4 3)

Equation (2-43) is identical to the incoherent intensity derived by 
Thorne (1982) for a circular transducer.

2.6 The Total Scattered Intensity
The combination of the coherent and incoherent components of 

scattered intensity, using equation (2-34) and (2-41) gives the total 
scattered intensity as:

<I>^ = -------------- 2 <exp(ikyc)> <exp(-ikyc')>
2pc(R + R,)o 1

2 2 2 2k R G F X Y  2 2+ ----- 2-- 2--  f f  exp(-e s ) exp(-n s ) exp(ik(ae + Bn)
1 6 ttR R^ PC o 1

<exp(iky(A - C') )> <exp (ikyç )> <exp (-ikyç ' )>

dcdn (2-44)
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For a surface with Gaussian statistics, the characteristic 
functions in equation (2-44) can be simplified as follows:

<exp ( ik> r )> <exp (-I ky - cxp(-g) (2-45)

<exp(Iky(Ç-C'))> = exp(-g (1-C)) (2-46)

where C is the normalised autocorrelation function for the surface and
is given by:

c = <cc ‘>/<ç^> (2-47)

Equation (2-44) can thus be written as:

^ V, k^R^G^F^XY 2 2<I> =  2 exp(-g) +    exp(-E s ) exp(-n s )
2pc (R + R ) 16ttR R, pco 1 o 1

exp(ik(ae + 6n)) {exp(-g(l-C)) - exp(-g)}

dcdn (2-48)

The characteristic function inside the integral can be written in 
the form of a series as.

He n
exp(-gd-c)) - exp(-g) = exp(-g) E -— ;—  (2-49)

n = 1 " -

2 2
C = exp( - (2-50)

Ti
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is the autocorrelation function of the surface height and Tj and T2 are 
orthogonal autocorrelation lengths which need not be equal. After 
taking the summation out the integral in the right hand side of the 
equation (2-48) can be written as:

I - ff 2 2 2 2G x p ( - c  ) exp(-n s^) G x p ( i k a c )  exp(ikBn) e x p ( - c  / T^ )n

2 , 2Gxp(-n /T^ )n dedn ( 2 - 5 1 )

I = // exp(-e^(s^ +  ikae) exp(-n^(s2 + —^ )  + ikBnH dcdn (2-52)
L T  T  j

utilising the standard form

/ exp ( (-£^/a^) + I üb ) dî. = /rr a exp(-a^b^/4) ( 2 - 5 3 )

Equation (2-52) can be simplified uing (2-53) to give:

A  ^1 2 2 2 2 exp(-T^ k a /4(s^T^ + n)) A  ^2
- / (s^ + n

2 2 2 2exp(-T^ k 6 /^(s^T^ + n) ) (2-54)

Equation (2-48) can be written as:

<i> =
2pc (R + R J  o 1

R^G^F^XY ^1^2 exp(-g) +       Z(g)
IGR^^R^ PC h Y

(2-55)
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oo n

Z(g) = g exp(-g) Z { ^ e x p (  ^ --- ) e x p -(------^ -----
n=l + n ^2,72 + n)

2 ■ 2 } 
/ (s^T^ + n) / (s^T^ + n)

(2-55a)

^ m2 2where .. T a

and

4h2y2

Equation (2-55) is an expression for the mean total intensity scattered 
from a surface with Gaussian height and correlation statistics when 
illuminated with a Gaussian profiled beam.

2.7 The Normalised Total Scattered Intensity
The scattering coefficient of a surface was defined in equation 

(2-1) as:

I R A o ref

where I^ is the source intensity at unit distance Rj-gf and is given by:

2
I = — ----  (2-56)
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and A is the full effective area insonified by the incident beam

A = 2 XY (2-57)

using equation (2-1), (2-56) into equation (2-55) gives:

2 2R R 2 2 T  T
Sc = R^ exp(-g) —  ----   2 '~2~ ~2 ^(g) (2-58)

(R + R ) A Y ho 1

Equation (2-58) represents the normalised total average scattered 
intensity from a rough surface with a Gaussian statistics.

The scattering coefficient of the surface depends upon the 
roughness of the surface, the range to the transmitter and receiver, the 
area insonified, the correlation length and the angle of incidence and 
scatter.

Thorne (1982) presented a similar expression for the scattering 
coefficient of equation (2-58), the difference being the normalising 
factor. Here, the normalisation is with respect to the incident power 
on the surface whilst in Thorne's work it is with respect to the image 
solution. A further difference to the presence of Sj and S2 in this 
work which accounts for the shape of the insonified area. At normal 
incidence X s Y = W and s^ = S2 = s then the terms containing s^ and S2 
in equation (2-58) will be similar to their counterpart in Thorne's 
equation.

2.8 Specific Cases of the Scattered Intensity
Some specific cases will be discussed here because it has a direct 

relation with the work done in the experiment. These are the high 
frequency case, the normal incidence case and the backscattering case.
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The effect of the roughness parameter g and the assymptotic value of 
Z(g) will also be discussed.

2.8.1 High and Low Frequency Approximations
For the high frequency case where g>>10, the coherent part of 

equation (2-55) disappears. A simple approximation can be made to the 
value of Z(g) in the incoherent part. Using the specular scattering 

case^ 9 2 " ® 2  ̂  ̂ 8^ = O
Equation (2-49) can be written as:

exp(-g (l-C))- exp(-g) = exp(-g(l-C)) (2-59)

for the high frequency approximation.
The integral (2-52) can be written using (2-50) and (2-59) as:

1 = f f  e x p ( - E ^ ( s  +  ) +  i k a c )  e x p ( - n ^ ( s 2 +  +  i k g n )  d e d n

G
(2-60)

the integral can be solved as before to give:

2 2 2 T T^ - R G F XY 1 2
T UF  ̂ 2 2 2 2 " 9 )  (2-61)

16 pc R R h  Y o 1 '

where

-gM - gN
(s^T^^+g) (S272^ + 9)

H(g) = -------   — ---- r----  ^ (2-62)
/(s^T^ + g) /(s^T^ + g)

g>10



Sf,

oo

en
M

TTT

en
CHw»-
LUX<
CH<Q-
cnco
LUzXLD3O
CH

O
II
(f)
LOLi
en
L014U01E
0 
L 
□ Q_
(/)(001 
C ü 
en 
D0 
L
U)
Dü)
L01 >
en
N

m
f\i

en

U-

o
d

o o
o
d

M



S7

For low frequency case where g < 0.1 equation (2-49) can be written as;

exp (-g (1-0) - exp(-g) = g exp(-g)C (2-63)

Ihe same procedure can be used to solve equation (2-52) to give:

2 2 2 2 2 T T
^ ----- r -  exp(-g) + - 1 Z  L(g, (2_64)

2pc(R + R,) 16pc R R, h Yo I o 1

where

-gM -gN
2 (^1^1 (s-T-^ + 1)

3_______________!_______ e (2-65)L(g) = e x p(-g)

Figure (23) shows a plot of the values of Z(g) in equation (2-55a)
for different values of g for S2̂ = S2 = 0, 6 ^ = 0 2  = 0 and 8y=0  ̂ i.e.
the linear phase approximation and a specular reflection case.

The plot shows that at high g values, that is at high frequency,
the values of Z(g) - 1; while at low frequency the values of Z(g) = g^

. Therefore the approximation in (2-62) and (2-65) are valid. 
The effect of the factor s becomes significant as the receiving point 
moves towards the scattering area where the nearfield of the insonified 
area become effective, figure (2.4) shows the effect of s on Z(g) as the 
range from the surface to the receiving point become smaller (assuming 
normal incidence of axisymmetrical transducer X - Y = W and Tq = ?2 "
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2.8.2 The Normal Incidence Case
For the normal incidence case 

y--2. For this case F = 1. The scattering coefficient is then:

2 2R R 2 T T
Sc = R^ exp(-g) —  --   j    Z(g)

(R + R ) A 32 o 1
(2-66)

Z(g) = g ex p ( - g )  Z

In the experimental work an axisymmetrical transducer was used for the 
normal incidence work, that makes s^ = S2 = s
where

s - (2-66a)

o 1

and if = T2 = T, Z(g) in equation (2-66) can be written as:

Z(g) = g exp(-g) Z (2-66b)
n = l (sT + n)
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2.8.3 Backscattering off
In this case 8 ̂ = -e^ and 6^=0. Then F = 1/Cos 0^ , a = 2 Sin 8^ 

3 = 0  and y = 2 Cos 0̂ . For backscattering off normal incidence the 
coherent part of the scattering coefficient tends to zero and the 
incoherent part dominates. Then equation (2-58) can be written as:

Sc = - y y  z(g) (2-67)
Y h

where

and

oo n
Z(g) = g exp(-g) Z 2__ exp( ---  )

n=l "' + n

2 2 T tan 0
B = --

(2-67a)

4

The correlation length T^ and the root mean square of the surface h are 
to be measured directly from the surface, while the reflection 
coefficient R is to be measured acoustically by averaging the return 
signal from the rough surface at normal incidence. These methods are to 
be discussed in other Chapters.
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CHAPTER THREE 
ROUGH SURFACES AND THEIR

3.1 Introduction
One of the objectives of this work was to measure the 

backscattering strength as a function of angle for different surface 
roughness. A lot of work has been performed at the sea (McKinney and 
Anderson (1964); Wong and Chesterman (1968)) to investigate this 
problem, but comparing the measured data with the theoretical 
calculations presents problems. In order to make the comparison 
knowledge of the rough surface statistics in the form of its correlation 
length (CL) and the root mean square (rms) height \s required. 
Collecting such information at sea is possible in principle but in 
practice is prohibitively expensive. Experiments on model rough 
surfaces under laboratory conditions can provide both the measured 
angular dependence of the backscattered signal together with the surface 
statistics so enabling comparison with theory.

For the angular dependence experiment a relatively large scattering 
surface was required in comparison with that which was sufficient for 
the normal incidence range dependence experiment to be performed. For 
the latter experiment both a constructed model rough surface and one 
formed from the surface of gravel were used. Constructing a number of 
large model surfaces is a difficult and time consuming procedure, so it 
was decided to use naturally occurring material for the angular 
dependence experiment. In this chapter these rough surfaces will be 
discussed in detail and their measured statistics will be given.
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3.2 Model

Model rough surfaces constructed in a variety of ways have been 
used for different purposes. Some of these models will be discussed 
below together with those used in the present work.

3.2.1 Types ot_ Model Bough Surfaces
Model rough surfaces which have been employed from acoustic 

scattering experiments range from the extreme of wind agitated water 
surface to solid steel surfaces.

Salkield (1975) used some real sediments in a laboratory tank to 
investigate the effect of the granular size and shape, surface relief, 
variation of packing and sediments depth and substrates on the measured 
backscattering coefficient. Gurcan (1981) uŝ d the surface of gravel 
chippings randomly distributed to study the incoherent backscattered 
power spectra at different angles of incidence. He also used real sand 
with average particle size of 0.125mm for the same investigation 
purposes. Pace (1977) used a parametric array with a narrow beam and 
short pulse to measure the on axis coherent return at normal incidence 
from five different grain size sediments. The roughness of the surface 
was calculated from these measurements together with the grain size of 
the sediments.

Using real sediments in laboratory tank experiments provides a 
realistic approach to the problem of scattering from a sea bed or other 
real sediment surfaces. However, man made model surfaces are also used 
for these kind of studies, mainly because they are easier to handle and 
accurate statistical information can easily be obtained from such
surfaces as will be discussd later. The use of synthetic granular

e
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material has also been reported, Gurcan (1981) stuck glass marbles of 
12.7mm diameter on a piece of butyl rubber, while Salkield (1975) and 
Pace (1974) used solid glass sphere sediments (Ballotini) in their work 
on the scattering problem.

The man made surfaces can present some difficulties in 
construction especially in modelling some topographic surfaces. 
Sculpturing a rough surface with a randomly distributed reliefs is not a 
straightforward procedure. Horton et al., (1967) used some model 
surfaces made of low density expanded polystyrene to study the angular 
dependence of the backscattering coefficient. The surface relief in 
their model was distributed following an aeromagnetic map of the 
Canadian Shield. Other authors have used the same model for different 
other studies (for example Wei ton et al., (1972) and Boyd and Deavôjiport 
(1973)). A model rough surface made of expanded polyurethane was used 
for some of the present work. It is a pressure release surface with a 
density of 47 kgm”  ̂and it has a Gaussian height distribution and a 
Gaussian correlation function. A full description of this surface can 
be found in Thorne (1982).

Steel has also been used in making model surfaces. Fung and 
Leovaris (1969) used a rough surface made of mild steel sheets to verify 
the Kirchhoff theory of wave scattering from a statistically known rough 
surface. Moore and Parkins (1966) used a similar surface to measure the 
scattering cross section as a function of angle of incidence. In both 
cases the rough surface was made by striking the steel sheet with a ball 
hammer in random positions.

Wind agitated water surfaces in laboratory tanks have been used as 
a model of the sea surface. Clay et al., (1973) used such a surface to 
measure the effect of the probability density function of displacements
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of the rough surface in the coherent component of specularly scattered 
signal. Medwin (1967) used a similar surface to study the specular 
scattered pressure as a function of frequency.

3.2.2 UiÊ Pnesent Rough Surfaces

The surface of gravel of three different particle sizes were used 
in a set of experiments to study the backscattering coefficient as a 
function of incident angle over the range of 10 to 40 degrees. The 
gravels have average grain diameter of 5.2, 8.5 and 24mm respectively 
and their surfaces will be referred to in this work as surface A, 
surface B and Surface C respectivley. Surface B together with a model 
pressure release surface was used in another set of experiments where 
the normal incidence scattering coefficent was measured as a function of 
range from the rough surface. Smaller size sediments like sand or silt 
were not used in this work because the radius of curvature of the grains 
is of the same order as the incident wavelength, this can violate the 
assumption made in the second chapter that the local radius of curvature 
of the rough surface is greater than the incident wavelength (equation 
1-15). On the other hand very large pebbles will cause many problems in 
obtaining a grossly flat surface and the effect of shadowing on the 
backscattered signal will become significant at low grazing angle.

The rough surfaces used in this work provide a wide range of 
roughness parameter g for the study. At normal incidence the roughness 
parameter g has values of 8, 22, 100 for surface A, B and C 
respectively. The sediments were obtained from West Bay Quarry and 
sieved to the desired size. The air was removed from the sediment»by 
putting them in a container and evacuating it until most of the air was
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removed. Water was then let into the container under vacuum. The 

sediment was then transferred to the tray under the water. Once the 

sediment was in the tray it was levelled out using a piece of metal and 

a spirit level. The tray itself was levelled first and the sediments 

were levelled then with respect to the edge of the tray to ensure that 

there was no major trend or morphological structure in the surface.

3.3 Bough Surface St.at.i£tlc£

3.3.1 Size Distribution Measurements
A set of sieves were used in these measurements having a mesh 

diameter range of 2.8 to 45mm. A particular weight was measured from 
each sediment and sieved. The size distribution histogram for the three 
sediment sizes are shown in Figure (3.1). The measurements indicates 
that the mean grain size for sediment A, B and C are 5.2, 8.5 and 24mm 

respectively.

3.3.2 Sections Profile Measurement

The surface statistics which includes the height distribution and 

the correlation function were measured for the four rough surfaces. A 

device termed the contour follower was used in these measurements, 
Figure (3.2) shows a diagram of this device. Thorne (1982) used the 
contour follower to measure the statistics of the pressure release 

polyurethane surface. Ihe surface is 65 x 60 x 3.5cm with a flat base, 
the measurements were made by placing the surface on a flat sheet of 
aluminium and sampling the sections profile with the contour follower. 
Sample points were taken at 2mm interval and the sampled section was 

then referred to a fixed height above the surface. The sampling



6 7

PLATE 1 The plaster cast of the gravel surface (B)

CONTOUR FOLLOWER

R O U G H  s u r f a c e  CAST

Fig 3.2 The contour follower used in the rough surfaces 
height measurements .
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sections were taken in 5cm intervals. An example of the sampled section 
from this surface is shown in Figure (3.3a).

The same method could not be adopted when the surface is composed 
of loose gravel, because in order to get the profile of the surface 
sections the pins in the contour follower have to be pushed down on the 
surface. Another method was used to obtain the shape of the rough 
surface. A molding flexible rubber was obtained from Vinatex Limited 
called Vinamold. An angle iron frame with dimensions of 35 x 35 cm was 
constructed, it was pushed into the sediments until these sediments 
occupied half the frame volume. A special air bath container was used 
to melt the rubber which has a melting temperature of about 160 degrees, 
the molten rubber was then poured into the frame until it filled the 
half empty space and was left to cool. The rul±>er mold was peeled off 
and cleared from the gravel grains still stuck on it. After trimming 
off deep undercuts the mold was placed on a flat sheet of aluminium 
inside the same angle iron frame and a plaster mixture (dental plaster) 
was poured over the mold until it filled the volume of the frame. The 
upper surface of the plaster was kept as horizontal as possible until it 
dried off. By this method the same rough surface was reconstructed 
again with solid plaster upon which the statistical measurements could 
be made using the contour follower. This plaster surface was placed on 
a flat sheet of aluminium which has two rails to hold the contour 
follower on top of the rough surface.

Ten sections were plotted for each rough surface at 2cm intervals 
between sections for surfaces A, B and 3cm for surface C, and each 
section was sampled at 1mm interval. The contour follower was then 
traced, digitized at 1mm spacing to be stored on computer tape for
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further analysis. An example of the sampled section from a 
reconstructed gravel surface is shown in Figure (3.4a).

3.3.3 Statistical Measurements
Some statistical data are needed to calculate the theoretical 

backscaterring strength of the rough surfaces, these are the rms height 
and the correlation length of the surface. Both the surface statistics 
and the autocorrelation function (ACF) were assumed Gaussian in the 
theory.

The surface height data was grouped together into fifteen areas 
which were comparable in dimension with the area associated with the 
observed scatter. The rms height for each area was calculated and 
listed in Table (1). The data was treated in this way to minimise the 
effect of any low frequency trend in the surface on the rms height 
calculation. The overall rms height of the surface was calculated 
using:

h =

2where J is the number of areas and -, is the variance of each area1
given as:

2 1 ^  - 2 
= N  ̂ (3-2)i = l

where is the height value at point i, x is the mean height in the 
area and N is the number of points in each area.
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TABLE 1
GRAVEL SURFACES STATISTICS

Area
Number

surfaces rms height mm
A B C

1 1.428 1 . 553 3 . 755
2 1.13 1.589 3. 317
3 0.997 1.809 5.153
4 1. 19 1.726 4.625
5 1.0 2.131 3.705
6 1.293 1.875 4 . 406
7 1.223 1.767 3.549
8 1.06 1.732 2.957
9 1.174 2.289 3.28

10 1.011 1.902 4.84
11 1.01 2.081 4 . 294
12 1.022 1.847 3.255
13 1.087 1.777 3.975
14 0.939 1.724 4.339
15 1.119 1.638 4 . 237

Section
surfaces correlation lengths rrm
A B C

1 1 1-9 4.0 8.0
1 2 2.1 3.0 10.0
i 3 1.8 4.5 9.6
! 4 2.4 3.1 6.3
1 5 2.4 2.7 7.0

6 3.0 3.9 9.4
7 2.3 4.2 8.5
8 1.8 2.8 8.7
9 j 1.8 2.7 6.4

10 ' J 2.3 3.4 10.0
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The sample height distribution was plotted in a histogram form by 
dividing the height values into classes of fixed interval and 
calculating the number of height values (events) in each class. The 
mean and variance of the surface can be calculated using:

N
Z c . n .

1 = 1  ̂ ^mean = --- — ------  = m (3-3)
i

In. (c . -rn)
variance = --- — ------ (3-4)

i

where Cĵ is tbie mid value point for each cell 
and n^ is the frequency of appearance in the cell.
The mean and the variance of each sample was used to calculate the 
theoretical Gaussian distribution function given as:

1 -  2 2 p.d.f. = ----  exp(-(x-x) /2 0 ) (3-5)
o Æ

This value was then plotted on the same graph as the experimental 
histogram for visual comparison as shown in Figure (3.4b). Ihe overall 
height distribution of the three surfaces was also calculated and the 
histogram was plotted in Figure 3.5a, b, c for surfaces A, B and C 
respectively.

For each section the mean height was removed and the 
autocorrelation function normalised with respect to the sample variance 
was calculated. The autocorrelation function at a certain lag L is:

N-|L|-1
/V (3-6)C{l ) = ^ I z (x. ) (x.-L) 

" ' i=0 " 1



74

U

■ e

■ 0

■ 8

21-

m

sr

" 2

■ 2-

- y-

9-

XO
wX
LU>

LU
CH

<

y

C0
4->D-G
L-P(fi
TJ
C0
(fi(fiDOLD
JZ4J
> u
TD T)a C(_ Ooo_ 00E0 <u

(fi(fi Qtc U0 0Lup LD 3X) en
L j-P (Xen >o-Q (_enPJZ Qfen QtLQ» JZJZ P
01 a> XPp□ L—< 0a Luex

in
rn
en
Lu

o
of\j

o

A3N3n03üj



75

for L = 0, 1 If ±2 ... N - 1
and V = the variance = c[0]

The sample A.C.F is a good estimate of the true A.C.F. if the 
number of samples N is large compared with the lag L. The maximum value 
of L was taken to be = O.IN. A theoretical Gaussian autocorrelation 
function was calculated using:

2 2C{t} = exp(-(t /T )) (3-7)

where T is the correlation length.
The experimental A.C.F. was plotted and the correlation length 

value T was measured at the e~^ point. This value was used to 
calculate the theoretical A.C.F. which was then plotted on the same 
graph as in Figure (3.4c). The measured values of the correlation 
length for the three surfaces is shown in Table (1). The average values 
of the autocorrelation function for each surface was calculated and 
plotted in figure (3.6a, b, c) for surfaces A, B and C respectively.

The sampling interval for each section is one millimeter and the 
total number of points per section for surface A and B is 256 and forcsurface c) is 300 which corresponds to the length of the sections in each 
surface. This sampling interval was chosen in order to calculate the 
A.C.F. of the section, thus providing a highly correlated set of sample 
points. If an uncorrelated set of data points is needed to conduct some 
statistical tests the sampling interval has to be increased and the 
number of points per section will be reduced considerably. The A.C.F. 
plots in Figure (3.6) show that the correlation between the two
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adjacent sample points falls down to about half its original value at a 
distance equal to the correlation length. So if the sampling interval 
was taken at twice the correlation length, the degree of correlation 
between the two sample points is small. To get a more objective 
approach to this problem one has to follow a certain statistical method 
to estimate the number of independent points in each sample. A highly 
correlated set of data points can yield poor results in standard 
statistical tests. For example Benda t and Pier sot (1966) show that the 
variance in the estimated mean of a set of correlated data points is:

2(J oo

Var{x) - / C{l ) dL (3-8)
^ L « y

where C[L] is the correlation function of the series of points, Y is the 
sample length and is the population standard deviation.
For a Gaussian A.C.F. given in equation (3-7):

2_ o
Var{x}= —^—  t /ïï ^  (3-9)

the relation between the variance of the sample mean and the variance of 
the population is: 2

Varlx} = (3-10)n

where n is the number of independent points in the sample. Substituting 
equation (3-9) into equation (3-10) gives:

n = —  (3-11)
t /ïï

where the number of independent points in each sample is a function of 
the sample length and the correlation length of the sample measured at
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the l/e point. The number of independent points was measured for the 
sample sections of the different rough surfaces used in the experiment 
and used appropiately in the statistical test as shown in the next 
section.

The statistical parameters of the pressure release surface and the 
complete statistical measurements for that surface can be found in 
Thorne (1982).

Some statistical tests were carried out on the measured data to 
calculate the degree of similarity between them and a hypothetical 
Gaussian statistics. Other tests will show the degree of homogeneity 
between the different parts of the rough surface and the importance of 
the uncorrelated, independent, sample points in these tests.

3.4.1 The Chi-Squared Test
This test was applied on the height distribution of the rough 

surface to compare it with a hypothetical Gaussian distribution. The 
technique is called the goodness of fit, in which it is asssumed that 
the parent population from which the sample was drawn has a Gaussian 
probability density function. The sample height values were divided 
into segments having different height ranges and a histogram was 
constructed. The expected frequency of occurrence within each segment 
was calculated using the same mean and standard deviation of the 
original data. The standard value

X  . -  X

can be calculated where x^ is the upper boundary limit of each class.



The area under the curve is given as

~  2area = / e dZ (3-12)
y2ii

can be found in the standard statistical tables for any value of 2. The 
expected frequency value then compared with the observed sample 
frequency that falls within the same segments. The chi-squared 
statistic can be calculated by:

2 K (O. - E.
X  ̂ E. (3-13)

i=l 1

where is the number of the actual observations within the ith class 
and the is the expected number of events within the same class, K is 
the number of classes. If the expected value in each class deviates 
significantly from the observed values, it seems unlikely that the 
sample was drawn from a population with a Gaussian distribution 
function. Such deviation may be assessed by calculating the 
significance of the x test which depends upon the degree of freedom D.

D = K - 1 - E

where E is the number of estimates, which is in this case the mean and 
the variance of the samples. This test was applied to the height 
distribution curves of the three gravel surfaces with the right numbers
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of independent points used in them. The results are:

for surface A % = 16 D = 7
surface B % ̂  = 36 D = 7
surface C % ̂  = 12 D = 7

From these results it appears that the null hypothesis that the sample 
distribution was drawn from a Gaussian population can be rejected for 
surface B. It can not be rejected at the 2.5% significant level for 
surface A and at the 5% significant level for surface C.

Before the acoustic measurements were taken an attempt to make the 
rough surfaces as flat as possible was made by pressing the rough 
surface with a piece of metal to make sure that there were no ripples or 
trends on the surface which might affect the rms height calculation. 
When the angular dependence measurements were finished, the surface 
statistics were measured as explained earlier, pressing and levelling 
the gravel could have caused the deviation of the measured statistics 
from Gaussian, because by such a process individual gravels were 
reoriented to yield a surface with a uniform particles height. 
Measurements taken from the plaster surface showed a high frequency of 
occurrence for height values which are larger than the mean. This 
caused the skewness in the height distribution histograms shown in 
Figure (3.5).

It is a common practice to calculate the amount of skewness in the 
population after calculating the test. This quantity is also called 
the third moment about the mean which equals to zero for the Gaussian
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distribution. The variation from that value could indicate a 
discrepancy between the distribution of the sample under investigation 

and the Gaussian distribution.

The coefficient of skewness can be calculated using:

(x -  (J ) ^
Y, = "1 30

to calculate the sample estimate of this coefficient

- 3
N (x . -  X  ) . f .

. Z    L (3-H)
i = 1 o

where is the mid point value of class i, x is the mean of the 
histogram, f i s  the frequency of that class and o is the histogram 
standard deviation. y has a value of unity for the normal 

distribution. The value of f was calculated for the three surfaces and 
yields :

Surface A y = -0.1
Surface B y = -0.4
Surface C y = -0.2

The negative skewness results from the fact that the high values of Xj; 

are bunched close to the mean while the low values extend far above the 

mean. This will produce a negative skewness since the large negative
- 3contribution from (x^ - x) obtained when Xĵ  is less than x will 

predominate over the small positive contribution when x e x ceeds x . 

The calculated values of y for the three surfaces indicate that the
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height distribution of surfaces A and C is more close to Gaussian than 

the height distribution of surface B which confirms the results obtained 

using the x test.

3.4.2 Comparison of Variances Test

This is oftenly called the homogeneity test, whereby the variances 

from different areas of the surface are compared to calculate how 
significantly they differ from each other. This also shows whether all 

these areas ccme fran the same parent population.

The first of these tests is the variance ratio test, commonly known 

as the F-test, the null hypothesis was also adopted in this test, as in 

other tests of significance, which in this case is the variance of the 
two samples belonging to the same population as:

2
F = (3-15)

F is always >1 so > S2. and S2 are the maximum and minimum 

standard deviation values in the sample. The degree of freedom in this 

test is:
V = n - 1

where n is the number of independent points in the area. Because the 
sample was divided into a number of areas having the same number of 

independent points then and S2 will have the same degree of freedom 

for each sample.

Each section in the rough surface was divided into three zero mean 
subsections which were grouped together to form fifteen areas and the 

variance of each area was calculated. Grouping these subsections was
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done to reduce the effect of a possible trend in the surface, and to 
give a more realistic estimate of the population variance of the 
surface. Results of the F-test are:

For surface A using equation (3-15) gives a value of F = 2.3. The 

number of independent points in each area is 43, so for 42 degrees of 

freedom and one percent significance level the null hypothesis that the 
two variance values used came from the same population cannot be 
rejected. The rms height for surface A was calculated using equation 
(3-1) to give:

h = 1.12 ± 0.1mm

Surface B has an F value of 2.1 and 29 independent points in each area. 
For 28 degrees of freedom and 2.5% significance level the null 
hypothesis cannot be rejected. The rms height was calculated for 
surface B using equation (3-1) to give: 

h = 1.8 ± 0.2mm

Surface C, F value is 3.0 and the number of independent points is 14 in 
each area. Therefore at the three percent significance level and 13 
degrees of freedom the null hypothesis that the two variances used are 
from the same population cannot be rejected. The rms height was 
calculated for Surface C using equation (3-1) to give: 

h = 4.08 ± 0.6mm

The second test of variance is the Bartletts' test, in which all 
the variance values in the sample were used to calculate the x value of 
this test.

2 -2 K 2y = 2.3026 (n - 1) (k logs - Z log S. } (3-16)
i -1 ^

— Owhere n is the sample size, S is the pooled estimate of the variance.
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2Sĵ is the variance estimate for sample i and K is the number of samples 
whose variances are being compared. The calculated value of is then 
compared wih the critical value given in the chi-squared tables for a 
specific degree of freedom and level of significance. The degree of 
freedom v = k-1, if the calculated x̂  value exceeds the critical value 
then the null hypothesis can be rejected and the variances drawn from 
different samples are inhomogeneous. The result of x test on the 
surfaces are:

Surface A K = 15
= 16

at 14 degree of freedom and 25% significant level the null hypothesis 
that all the 15 area variances are homogeneous cannot be rejected. 
Surface B

K = 15 
= 9.5

The null hypothesis cannot be rejected for 14 degree of freedom and 
75% significant level.
Surface C, for this surface,

K = 15 

X^ = 9.5
Then at 14 degree of freedom and 75% significantTthe areas 

variances are homogeneous and was drawn from the same hypothetical 
popultion, so the null hypothesis cannot be rejected for this surface.

3.4.3 Error in the Entimted A.C.F,
For each sample the autocorrelation function was calculated and the

- 1correlation length was measured at the e point. For a sample of N
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points the variance V in the estimate of the Lth lag normalised A.C.F. 

is given by Kendall and Stuart (1976) as:

„ N-l-L
V{l}= —  L

^ r=0 -
C^{r) + C{r-L) * C{r + L] - 4 C{r) C(l } C{r + l ) 

+ 2 C{r}^ C{l}^ (3-17)

where C[r] is the true A.C.F. which is assumed to be C[r] = exp(-r^/T^) 

where T is the correlation length. For the purpose of this study the 

lag position was chosen to be the average correlation length of the 
normalised A.C.F. of the samples. The calculated variance of the A.C.F. 

at this lag position can be used to work out the spread in the estimated 

A.C.F. of the samples at that particular lag position.

The value of C[r] at the correlation length position is e~^ so

exp(-T^/C^) =  e  ^  ±  standard deviation (3-18)

then the upper and lower limits of the correlation length can be 

calculated using equation (3-18) for each surface. The calculated 

spread in this value is then compared with the actual measured values of 
the correlation length to see whether they lie in the calculated range. 

If they do then the measured correlation length values did come from a 

surface with a Gaussian A.C.F.

Surface A

T = 2.2 mm L = 2.2mm 

N = 256

applying equation (3-17) gives
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V = 0.0151 

then s.d = 0.123

Applying equation (3-18) to calculate the spread in the correlation 

length values give:

exp(-(2.2)2/c2) = 0.368 ± 0.123 

the lower limit of C is 1.8mm and 

the upper limit of C is 2.6mrri.

It is shown in Table (1) that the measured values of the 

correlation length do fall within this region except for section A6 

where the correlation length = 3mm.

Surface B
T = 3.3mm, L = 3.3mm, N = 256 

Then V = 0.0213 

and s.d. = 0.146 
The spread in the correlation length at this lag positon is:

exp(-(3.3)2/c2) = 0.368 ± 0.146.

The lower value of C is 2.6 and the upper value is 4. In the 
measured A.C.F. at this lag position, eight out of ten correlation 

length values fall within this interval, the other two have higher 

values. This may be due to the fact that this position of the rough 

surface was pressed and flattened out more than the other part of the 

same surface.

Surface C
T = 8mm, L = 8mm, N = 300
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then V = 0.04 
s.d. = 0.2

Using equation (3-18) the spread in the correlation length is between 6 
and 10.6 as the lower and upper value of C. The measured correlation 
length values do all fall within this range and therefore the spread in 
these values do not differ significantly from that which would be 
obtained from a surface with a Gaussian A.C.F.

The statistical study for the pressure release surface can be found 
in Thorne (1982).

3.5 SUT4MARY
The three gravel surfaces were statistically analysed using the 

height data measured from the plaster cast of each one and a contour 
follower. Each of the ten sections taken from the rough surface was 
divided into three subsections from which the mean value was removed. 
To minimise the effect of a low frequency trend that might exist in the 
surface, areas rather than sections, were used with dimension equivalent 
to the acoustically insonified area. Several tests were carried on the 
sample height values; these tests were used to show whether or not the 
samples can be rejected as coming from a Gaussian population at a 
particular significant level. The right number of uncorrelated data was
calculated for each area and used in the tests.

2The X test was applied to the height distribution of the samples. 
It showed that there is a chance of one in forty, for surface A, and one 
in ten, for surface C, of obtaining the samples value measured from a 
Gaussian population; but it also showed that the null hypothesis can be 
rejected for surface B because the chances are less than one in a 
hundred.
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The F test showed that nearly all the area standard deviations were 
homogeneous at the 2.5% level. Ihe test was performed by comparing the 
highest and the lowest area standard deviation for each surface. All 
the area standard deviations were used in the Bartlett's test, which 
showed that the roughness measured over these areas was strongly 
homogeneous. A Gaussian autocorrelation function was also fitted on the 
measured data and the variation of the correlation lengths was 
calculated and shown to be consistent with that expected from a Gaussian 
surface.



CHAPTER FOUR 

EXPERIMENTAL APPARATUS

4.1 Introduction

The measuring of the BSC as a function of grazing angle and range 

from the rough surface was the aim of this work. A number of 

transmitting and receiving arrangements were used to achieve this aim. 

This chapter will deal with the experimental requirements and give 

descriptions of the transmitting and receiving units, the transducers 

and hydrophones characteristics and the geometrical requirements.

4.2 Experimental Requirements
Two types of experimental arrangements for the measurement of the 

backscattering coefficient were adopted in this work. One was the 
oblique incidence side scan configuration and the other was the normal 
incidence arrangement. Both sets of experiments were conducted in a 
laboratory tank with internal dimensions of 515, 153, 177 cm 
corresponding respectively to its length, width and depth.

4.2.1 The Side Scan Mode

The first set of experiments used a side scan geometry to measure 

the BSC as a function of grazing angle for a set of rough surfaces under 

laboratory conditions. The transducer used for this experiment was 

9.7cm by 2.4cm in size and resonated at 300kHz. This frequency was 

chosen because of the limited size of the tank in which the experiment 

was carried out and the size of the tray in which gravel particles were 

placed. A small effective area of scattering was needed in this 
experiment so that a large number of independent scattering areas could
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be obtained in this limited size tray. Reducing the frequency by half 

while maintaining the same horizontal beam angle requires doubling the 

length of the transducer, which results in the near field of the 

transducer to becoming twice the original distance. The effective 

scattering areas will become larger and consequently fewer number of 

independent areas will contribute to the backscattering coefficient 

measurements. The other dimension of the area is governed by the 

duration of the transmitted pulse; the shorter the pulse length the 

small the scattering area, if the frequency is halved then half the 

number of cycles will appear for the same pulse length, this could cause 
an error if amplitude measurements were taken before the steady state 
was reached.

The pulse length was chosen as 2Cys for surfaces A and B and 40^ 
for surface C. This ensured a sufficient number of scatterers were 
illuminated in each scattering area and also that enough independent 
areas could be obtained in each scan from the size of sediment trays 
constructed.

The rough surfaces were formed by placing different size gravels in 
trays. The size of the trays (100 x 60 x 5cm) were carefully designed 

to allow for a sufficient number of independent readings (scattering 

areas) to be taken in the experiment.

In this experiment, as in many other experiments conducted in a 
laboratory tank using a wide beam angle transducer, the energy reflected 

from the walls, bottom of the tank, the water surface and the edge of 
the tray may interfere with the signal scattered from the rough surface. 

The position of the tray in the tank and the range from the transducer 
to the rough surface were adjusted to ensure that there was a time 
window during which the scattered signal could be received cleanly from



the rough surface under investigation. Figures (4.1) and (4.2) show the 
beam plots in both horizontal and vertical planes of the transducer 
used. The side lobes in the vertical plane are the ones that might 
cause the most significant interference with signal scattered from the 
rough surface. Due to the experimental orientation energy may be 
reflected from the water surface and the bottom of the tank immediately 
above and underneath the transducer. The water surface reflected energy 
can be adjusted to arrive in a time outside the scattered signal time 
window by changing the level of water until a clean time window is 
obtained, while the energy reflected from the bottom of the tank was 
directed away using a reflector. This situation was maintained and 
checked throughout the experimental work to ensure that the signal 
finally recorded is the signal scattered from the rough surface under 
investigation. This was done by placing a perfect reflector in a 
horizontal position on top of the rough surface and observing the same 
time window on an oscilloscope display. Typically, the interferring 
signal was measured to be of the order of 1% of the reflected signal 
from the water surface. The reflector was made of a flat sheet of 
aluminium l/8th inch in thickness on which a piece of air filled 
neoprene was glued.

A gantry system was specially designed for this experiment. It 
consists of a large trolley positioned to run on two rails fitted 
alongside the tank, another trolley was placed on the first which moved 
in a direction perpendicular to the rails. The transducer holder 
consists of a solid rod with the transducer holder fitted at its end. 
Mechanical adjustments fitted on the second trolley allowed the 
transducer to move up and down and rotated in a horizontal plane. The
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transducer holder was designed to enable the transducer to be tilted
eupward and downward so as to change the angle of incidnce on the rough 

surface. A schematic diagram of the experimental arrangement is shown 

in Figure (4.3a).

4.2.2 The Normal Incidence Mode

The second set of experiments was designed to measure the variation 

of the scattered signal with range from a rough surface, for different 

frequencies and surface roughness. A circular scattering area was 

needed for this work, and was provided by a circular aperture 

transducer. Two different transmitters were used in this work, one 

resonates at iMHz and the other at 250kHz.
A large size tray 200, 150, 5 cm was constructed and placed in a 

dexion frame on the bottom of the tank. Figure (4.3b) shows a schematic 
diagram of the experimental arrangement. A large number of independent 

readings were needed to be averaged for each hydrophone range. A 

computer controlled gantry system, which was designed and built in Bath 

University was used to automate this experiment. Computer programs were 

written to control the movement of this gantry system and record the 

scattered signal in the form of hydrophone output voltage.

The transmitter was attached to the gantry with its acoustic axis 

at normal incidence to the rough surface. The height of the transmitter 

above the rough surface was kept constant. The receiving hydrophone was 

placed on the axis of the incidence beam between the transmitter and the 

rough surface. A special hydrophone holder was constructed to minimize 

the distortion a hydrophone might cause to the incidence beam. A simple 

gantry system was constructed to allow the hydrophone to move up and 

down, forward and backward, side ways and rotate about its vertical axis
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with respect to the stationary transmitter. Some mechanical 

arrangements enables the fine adjustment of the hydrophone in the axis 

of the incidence beam. Care was taken in positioning the transducer and 

the receiving hydrophone to minimize any effect from the edge of the 

tray.

4.3 Th£ Transmitting üiiL

A block diagram of the apparatus used in transmitting the acoustic 
waves is shown in Figure (4.4). The first box was used to obtain a 

pulsed primary oscillation from a continuous wave oscillator. A 
rectangular pulse with variable length and repetition frequency was used 

to modulate the carrier frequency. This modulated signal was then fed 
to the amplifier, and the amplitude modulated output was then 
transmitted by the transducer.

A transmit/receive switch was constructed to allow the same 
transducer to be used for transmitting and receiving.

4.3.1 The Rectangular Transducer
This transducer which was made by Plessey, was used for the side 

scan model experiment. It consists of two rows of eight ceramic 
elements, each element has a dimension of 1 x .5 x .7cm. A diagram of 
this transducer is shown in Figure (4.5). The transducer resonates at 
about 300kHz, it has a Q factor of 7.4 and a band width of about 40kHz.

This small side scan transducer generates a fan shaped beam with a 

horizontal beam angle of 3 degrees and a vertical beam angle of about 25 
degrees. These angles were measured at the -3dB point and represent the 
full beam angle. The calculated and measured beam pattern for the two
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planes are shown in Figure (4.1) and Figure (4.2). The theoretical beam 
pattern was calculated using the directivity equation given by Tucker 
and Gazey (1966) for a line array

Sin(Ka/2 Sin(O)) Sin(NKd/2 Sin(O))U = — T--------------- •- ^ ----------  (4-1)
—  Sin (G) N Sin (—  Sin(O))

where K = wave number given as 2 tt / ^
d = distance between the centre of the elenents 
a = length of the element 
N = number of elonents in the array 
6 = angle between the normal and the receiving point.
The experimental beam pattern was measured using a hydrophone 

positioned in the far field of the transducer, the received voltage was 
measured for a range of angles by rotating the transducer about its 
vertical axis. This experiment was carried out using the computer 
controlled gantry system. A good comparison can be noticed between the 
calculated and the measured horizontal beam pattern. The side lobes are 
of the order of 13dB down with respect to the on axis pressure. The 
narrow (3 degrees) beam width is a typical side scan transducer 
specification.

A clear difference was noticed between the calculated and measured 
vertical beam pattern, also an asymmetry is observed in the measured 
beam pattern. The asymmetrical way in which the transducer is 
constructed as shown in Figure (4.5) could be the reason for this beam 
pattern asymmetry. A wide angle main lobe is a typical fan shape beam 
produced by the side scan transducers. The problem of the side lobes 
mentioned earlier was caused by the relatively high level of the side
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lobe at 65 degrees. The transducer was mounted in such a way that the 
mentioned side lobe is always facing the bottom of the tank, then a 
special reflector was used to direct the energy to a direction other 
than normal.

The transmitting and receiving response for this rectangular 
transducer was measured by the manufacturers and is shown in Figure 
(4.6). At the resonance frequency, 300kHz, the transmitting response of 
the transducer at one meter is = 63.6dB re. luB/1 Volt. While the 
receiving response at the same frequency is -89dB re. 1 volt/1 p B.

The transducer was recalibrated to confirm the already measured 
transmitting and receiving response at the resonance frequency. A 
calibrated Bruel and Kjaer (8103) hydrophone was used for this 
calibration. The diagram in Figure (4.7) shows the experimental 
arrangement, the transducer was mounted on a dexion platform which can 
be adjusted to orient the beam axis to be at right angle to the water 
surface. The B & K hydrophone was placed at a distance of one meter 
from the transducer and was positioned to be in the acoustic axis of the 
transducer. The transmitting response of the transducer was used to 
predict the pressure level at one meter form the source, while the 
pressure received at the hydrophone can be estimated using the received 
voltage and the receiving response of the hydrophone. The error between 
the two estimations was negligible.

The pressure level of the signal reflected from the water surface, 
at normal incidence, was measured at the face of the transducer using 
the transducers receiving curve. The pressure at the transducer was
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given, assuming spherical spreading, as;

p R '
p_ -2 2R"

Where is the pressure received by the hydophone. The value of 
?2 was then compared with the same value measured by placing the 
hydrophone at a distance equal to 2R" and using the receiving response 
of the hydrophone to predict the pressure at its surface. The agreement 
between the two values was found to be within half a dB.

4.3.2 The Circular Transducers
Because of the wide beam of the rectangular transducer in one 

plane, it could not be used in the experiment that requires a large 
number of independent areas insonified at normal incidence in a limited 
size tray. Also because of the nature of the experiment where different 
frequencies were needed, two circular transducers were used, one of them 
borrowed from lOS Taunton. One had a ceramic disc of 2.5cm in diameter 
and resonated at approximately IMHz primary frequency, the other was 
also a ceramic disc of 5cm diameter and resonated at 250kHz. Both of 
them were air backed transducers with quarter wavelength matching front 
layer of perspex. The diagram of the design of both transducers is 
shown in Figure (4.5).

The beam pattern for both transducers was measured using a Bruel 
and Kjaer 8103 hydrophone positioned in the farfield of the transducer 
while the transducer was rotated about its vertical axis. The 
theoretical beam patterns was calculated using an equation given by
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Tucker and Gazey (1966),

2j (X)
D = ------- (4-2)

where D = directivity function
J^(x) = first order Bessel function 

X = Ka sin 6 
a = radius of the radiating piston 
k = wave number

The IMHz transducer beam pattern was measured and Figure (4.8a) shows 
that it has a beam angle of 4 degrees measured at the -3dB point. A 
fair agreement is noticed between the calculated and measured beam 
pattern for this IMHz transducer.

The same procedure was followed for measuring and calculating the 
beam pattern of the 250kHz transducer, the result is shown in Figure 
(4.8b). The main lobe has a beam angle of 8 degrees at the -3dB point. 
There exist some discrepancy between the calculated and the measured 
beam pattern.

4.4 The Receiving Unit
A block diagram of the equipment used in the experiment is shown in 

Figure (4.4). In one experiment the transducer was used both as a 
transmitter and as a receiver, a transmit receive switch was needed for 
this experiment. In the other experiment the scattered signal from a 
rough surface was received on a Celesco LC5-2 hydrophone. A Bruel and 
Kjaer 8103 hydrophone was used to measure the cross sectional beam 
pattern of the transducers, the fall off pressure amplitude of the
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transmitted signal with range and for the calibration measurements of 
the rectangular transducer.

The receiving response of the B & K hydrophone is shown in Figure 
(4.9) measured by Hsu (1981) for a frequency range of IkHz to IMHz. The 
typical horizontal directivity in the X Y plane, of the hydrophone was 
quoted to be omnidirectional to within ±2dB at 200kHz, and the 
vertical directivity, in the XZ plane, to within ± 4dB at lOOkHz.

Because of the small size and a reasonably flat response over the 
range of frequency of interest, the LC5-2 hydrophone was used in the 
range dependence experiment. The frequency response of this hydrophone 
is shown in Figure (4.10), the typical horizontal directivity (XY plane) 
was quoted to be omnidirectional to within±2dB at 600 kHz. The 
frequency response of the LC5-2 is shown to be about 15dB less sensitive 
than the B & K hydrophane over the frequency range of interest. Because 
of the directivity of the LC5-2 hydrophone, care was taken to keep the 
same hydrophone orientation when scattering from the rough surface was 
compared with reflection from a flat perfectly reflecting surface for a 
certain frequency.

The effect of the LC5-2 on the insonifying beam pattern was also 
measured by placing the hydrophone along the acoustic axis of the beam 
at diferent ranges from the transducer and measuring the beam pattern 
with another LC5-2 at these ranges, the diagram for different beam plots 
is shown in Chapter 5.

The received signal voltage was amplified to the desired level 
using a Brookdeal 9452 amplifier which has a -3dB bandwidth of IHz to 
IMHz. The analog signal was then fed to the analog-to-digital 
converter, which was a Datalab transient recorder DL905. This transient
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recorder has a 1024 word memory and an amplitude resolution of one part 
in 256, that is 8 bits, so the amplitude of the scattered signal will be 
quantized into a maximum of 256 levels. The sampling frequency was 
chosen to be 2MHz for the 300kHz signal, which provides 7 points for the 
reconstruction of each cycle. This sampling rate was used because it is 
higher than the Nyquist frequency while at the same time low enough to 
provide a time window with the 1024 points in which a large area on the 
rough surface is covered with very little interference from the other 
parts of the tank. For the higher frequency, normal incidence, 
experiment at IMHz the sampling frequency was increased to lOMHz which 
yields a reconstructing intensity of 10 points per cycle. The gain of 
the Broockdeal amplifier was adjusted until the maximum amplitude of the 
return signal matched the dynamic range of the transient recorder. The 
transient recorder was interfaced to an HP9825 computer where the 
digitized signal was stored on tape for further processing.

To obtain the backscattering coefficient from the digitized signal, 
the envelope of the return signal must first be obtained. A computer 
program found the positions of local signal maxima and then by 
interpolation routines, the envelope was constructed at equal time 
intervals. Due to the limited number of points used to digitize each 
cycle, there exist a systematic error in the reconstructed signal 
envelope. This error occurs because the digitized points do not always 
coincide with the peak values at the carrier signal. Let n be the 
number of points per cycle and t the period of the sampled signal, then 
the nearest digitized point to the analog peak will lie with equal 
probability in the range of -t/2n to +t/2n about that peak. For the 
SOOKHz transmitted signal, t = 3.3 microseconds, n = 7 the actual 
amplitude of the scattered signal was found to be underestimated by
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about 3%. For the IMHz transmitted signal t = 1 microsecond and n = 10, 
the underestimation was found to be in the order of 2% only.

These results show that enough points were used to digitize each 
cycle of the actual scattered signal so that a small error was noticed 
in the envelope.
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FIVE 
PROCEDURE m i

5.1 Introduction
Two sets of experiments were carried out during the course of this 

work; one set was for the monostatic measurement of the backscattering 
coefficient at a single frequency as a function of grazing angle for 
different types of rough surface. The second set of experiments was to 
study the effect of range from the rough surface upon the scattered 
intensity of the received signal. Both sets of the measured results 
were compared with the theoretical predictions.

The first set of experiments was performed at oblique angle of 
incidence while in the second set the acoustic axis was at right angles 
to the rough surface under consideration. This Chapter will include the 
detailed account of each experiment. The reflection coefficient 
measurements of the gravel surfaces will be discussed in Appendix (A-2). 
The plots of the experimental results together with their theoretical 
counterpart will be presented and discussed.

5.2 Angular Dep^ndence Ihs Backscattering Coefficient
The backscattering coefficient has been defined by Medwin and 

Novarini (1981) as:

I . r / r '
BSC . /  i —  (5-1)

O  R  ̂A ref

where Igg is the backscattered intensity at the receiver, 1^ is the 
source intensity at the reference distance (1 meter), R^, R^ are
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the distances from the source and receiver to the rough surface 

respectively. In this experiment the source was also used as a receiver 

and Rq = = R. A is an effective area insonified. The definition

assumes that the scattering patch is in the farfield of the transmitting 

aperture, and that the scattered sound diverges spherically from the 

effective area insonified.

5.2.1 .Experimental Arrangement

The backscattering intensity measurements were made by placing the 
rough surface at a distance of 100cm from the transmitter, a 300KHz tone 

burst was transmitted with a 20 microseconds pulse duration for surfaces 
A and B and 40 microseconds for surface C. This was more than 
sufficient to ensure that a sufficient number of scatterers was included 
in each area insonified. The geometry of the setting was adjusted and 
the pulse length was chosen so that signals returned from other than 
the rough surface did not arrive during the time window of interest. 
Some reflectors were also used to achieve this situation (See Figure 

(2.2a).
The short time window used in this work results in a limited range 

of grazing angle being covered in each transmition. In order to measure 

the scattered signal over the full range of angles of interest the 
geometrical setting had to be changed several times until the full range 
had been covered.

The range of grazing angles for which the backscattered intensity 
was measured was 40 to 10 degrees for surfaces (A, B) and 60 to 20 

degrees for surface (C). The side scan rectangular transducer was used 
in this experiment. The fan shape beam this transducer generates has a 
total horizontal beam angle (4>) at the 1/e point of 3 degrees and a
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total vertical beam angle also at the l/e point of 25 degrees. The 
dimension of the area insonified depends upon the horizontal beam angle 
in one direction (the Y direction) and the pulse length and the grazing 
angle in the other (X) direction, the effective area insonified is 
defined as:

A = 2-5^rir%i f

where 8^ is the grazing angle.
At 100 centimeters distance from the transducer the Y-dimension of 

the insonified area is about 5 centimeters, while the X dimension varies 
with angle. For surfaces A, B, where a 20 microseconds pulse was used, 
the X dimension of the area at a grazing angle of 40 degrees is 2 
centimeters and at 10 degrees is 1.5 centimeter. For surface C, where 
the pulse length was 40 microseconds, the X dimension of the area at 60 
degrees grazing angle is 6 centimeter and it is equal to 3 centimeter 
for 20 degrees grazing angle. Figure (2.2) shows a schematic diagram of 
the geometrical arrangement of the backscattered intensity versus angle 
experiment in both vertical and horizontal plane. It can be noticed 
that the acoustic axis was oriented to be at the beginning of the tray 
to minimise the effect of the beam pattern fall-off on the return signal 
amplitude.

5.2.2 The Measured values
The ensemble average of the scattered signal was measured by 

averaging the instantaneous return signal amplitude. The time
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corresponding to each amplitude represents a particular grazing angle. 
Fifteen readings were taken at each angle by moving the transducer 
sideways by fixed steps of (r̂ 4)) centimeters where r ^  is the distance 
from the transducer to the beginning of the tray, is in radians. The 
size of the effective area insonified was chosen to allow for a maximum 
number of independent areas to be illuminated on each surface. Since 
there is no significance change in the scattered intensity within half a 
degree change in grazing angle, the return signal amplitude within that 
range was averaged for the fifteen readings taken. Figure (5.1) shows 
these averages for surface (A). One can notice the fluctuation in the 
values of the return backscattering coefficient at each angle. These 
measured return values can help to decide the number of intensity 
measurements one needs to obtain an acceptable estimate of the mean 
scattered intensity.

The insonified area of the scattering surface from which the 
average intensity was measured was confined to the middle of the rough 
surface to minimize the edge effect on the return signal. A reflector 
was used to check whether or not the return signal of interest did 
contain reflections from the sides of the tray when the transducer was 
moved from one side of the tank to the other.

The return signal was digitized, using the DL 901 Datalab transient 
recorded, into 1024 points with a sampling frequency of 2MHz. This 
digitized signal represents the return from the scattering area as the 
pulse travels along the rough surface. By sampling the peak points only 
from the carrier, the return signal envelope can be retained. This 
envelope was sampled at equal intervals of 1.5 microseconds using an 
interpolation routine to yield 340 points for every digitized return. 
These points are highly correlated, in order to have a set of
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independent points the separation between the adjacent points should be 
of the order of a pulse length. This was achieved by averaging sets of 
five points from the return envelope each set being separated from the 
adjacent set by five points. Ihe spacing between the adjacent averaged 
points was thus 15 microseconds, this provided independent points in the 
moving pulse direction; in the other, perpendicular, direction the 
transducer was moved by (r̂ ^̂ )) centimeters sideways.

In this manner the scattered signal intensities from independent 
areas to be used to calculate the backscattering coefficient at each 
grazing angle were obtained.

The scattered signal amplitude was converted into what could be 
called, the measured voltage, using the voltage full scale constant set 
on the transient recorder, the measured voltage was also converted into 
the open circuit voltage by compensating for the input impedance of the 
transducer and the amplifier. This in turn allowed the absolute 
pressure at the face of the transducer to be calculated using the 
receiving response calibration curve shown in Chapter 4 Figure (4.6) .

Assuming spherical spreading in both transmitting and receiving the 
backscattered intensity measured at the receiver is:

I bs '  ^  sc . A . ( 5 - 3 )

o

where the scattering coefficient (Sc) and other terms were defined 
before. Equation (5-3) used to calculate the experimental backscattering 
coefficient as a function of grazing angle. The experimentally measured 
backscattering coefficient versus grazing angle was plotted for the
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three gravel surfaces (A, B and C) under consideration, the plots are 
shown in Figures (5.2), (5.3) and (5.4) respectively. The experimental 
values are represented by plus signs with error bars. These error bars 
represent one standard deviation of the scattering coefficient around a 
mean value at each grazing angle.

5.2.3 Theoretical Estimation of the B.S.C.
In Chapter 2 the general development of the theory and the 

equations needed to calculate the scattered intensity were given for the 
general case. The case of interest in this section is the monostatic 
backscattered off normal configuration where 8̂  ̂= -82 and 8^ = 0. The 
receiver in this case (which is also the transmitter) will not be 
omnidirectional as assumed in the theoretical development of Chapter 2 
but it will have a beam pattern which will affect the amplitude of the 
return signal. The receiver beam pattern was assumed Gaussian; equation 
(2-35) can be rewritten with the receiver beam pattern introduced as:

<■>.0 ■ 4 % r -  " "
8 t t  R R pc o 1

exp(ik{a(x - x ') + 6 (y - y ')

+ U (x^ + x ’^) + U (y^ + y'^)} 
X  y

exp Ik y  (C-C') exp ( Iky;) exp(-ikyç)

d x d x ' d y d y ' (5-4)
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Following the same mathematical procedure of Chapter 2, equation (5-4) 
can be solved and normalised to yield the scattering coefficient as:

2 2R F
Sc   X D- L(g)

32 h y
(.5-5).

where:
L (g) =

n = l

2 2 2 2 exp(-k + n) }

exp{k^T26y 4 (s + n) )

, X^U 2 d

d  0 2 d

(5-6)

In the backscattering monostatic geometry equation (5-5) can be 
written as:

n
sc =

32 Cos'

T T 

h y n - 1

exp (-gB/ (s^T ̂  + n))

s^Ti+n s + n
(5-7)

This equation was used to calculate the backscattering coefficient for 
low grazing, that is when g<10. Sj and S2 are shown in equation (5-6)



1 I B

02

Ll

“ se

a
m
I

a
CM

!

O

II

LUUJcr
LDLU
CD
\
LU_J
C
z<

N<
cn
LD

C

01u□Cu
LD
(/>

L
O
u.

c nc
0

cnc
N□Lcn
COD(0L01 >
c01

U-Cu01ou
cn
c

L
0»
4_)4J
O
Ü
CO

u
o00

CM

LH

cn

CO
4->c
0)
CO
0)
LQ-01
L

01c

XI

CO
L
o
n

L
0  
L  
L01

X

04Jc01 
E

L01
CL
X01

I
LO

C
0

4->
□Dcr01

cn

T)
c
o

c
a01
E

cnc
CO
D

CO01D
>
0  
u

L>01 
L
001 

X
4 - '

01
X
L>

0P ‘ I N 3J3 I d d 300 0N J 3311V3S



11

to be a function of the area of insonification and range from the rough 
surface, therefore if this area is small compared with range from the 
rough surface then Sj and S2 have very small values.

If g is large ( > 10) the scattering coefficient can be calculated 
using the high frequency approximation (equation 2-59) and equation (5- 
5) can be written as (for = T = T):

2 2 exp{-gB/(S + g)}
S c =  ------------------  g------------------ 1---------  (5-8)

32 Cos e h y /  _2 /s^T + g  s^T + g

In the farfield the values of Sĵ T̂  « n  (i = 1,2) in the general solution 
in equation (5-7) and the scattering coefficient can be written as:

2 2 _ n
Sc =       - U "  g e ^  ^-7 —  exp(-gB/n) (5-9)

32 Cos^ 8 h ^

while in the large g case shown in equation (5-8) the scattering 
coefficient is:

Sc =     exp( -B) (5-10)
32 Cos 0 h Y

Where: ^ 0
4h^

These equations were used to calculate the theoretical 
backscattering coefficient of the surface. It was found that ignoring
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makes a little difference on the B.S.C. values. The importance of 
s^ and S2 increases as the distance between the transducer and the 
scattering patch becomes smaller or the roughness parameter g decreases 
to very low values (g<l).

The reflection coefficient value used in the calculation of the
B.S.C. was experimentally measured by averaging the coherent return of a 
normally incident ISOKHz signal on the 8.5mm gravel surface (surface B). 
The resulting average was normalised and used in calculating the 
reflection coefficient of the surface using:

<i>
= = e-9Io

assuming the rough surface with a Gaussian statistics. The average 
reflection coefficient calculated using the above equation was = 
0.63 ±,02. The details of the reflection coefficient experiment will be 
discussed in Appendix (A-2).

The values of r.m.s. height (h) and the correlation length (T) were 
measured directly from the surface for the three surfaces under 
consideration (Chapter 3) and the mean values were used in equations (5- 
9, 5-10) to predict the backscattering coefficient for each surface. 
The theoretical mean backscattering coefficient was plotted on the same 
graph of the experimental values and is represented by the solid line in 
Figure (5.2, 5.3 and 5.4) corresponding to the three surfaces A, B and
C. There is an inherent error in these predicted values of the 
scattering coefficient due to the uncertainty in the measurement of T 
and h. Squires (1968) shows that the combined standard error for the 
function:

F . f(x^, X g ------ x^)
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can be calculated using

2 2 2 E (F) = Z (A(x))^ . p^(x.) (5-11)
i =  l  ^

where A (x) is the first derivative of the function F evaluated at its 
mean value and P(x^) is the standard error of Xĵ .

This method was previously used by Thorne (1982) to calculate the 
error in the mean estimate of the normalized scattered intensity of the 
return signal at normal incidence. Thorne derived a simple equation 
after ignoring the errors in s and in the roughness parameter g. This 
simplification can justifiably be used in the case of high g values and 
normal incidence, but in the low grazing angle situation, where g 
values are small, the error caused by the parameters inside the 
summation in equation (5-7) becomes significant and these parameters 
have to be taken into consideration in applying the classical error 
equation (5-11). Differentiating equation (5-7) with T and h parameters 
appearing in different parts of the equation is feasable but very 
complicated and will result in a large number of highly complicated 
terms and the computations become both tedious and error-prone.

Further, it was found using the data from the rough surfaces, that 
there exists a certain degree of correlation between the variables h and 
T. Ihe average correlation coefficient between h and T was calculated 
(Appendix A-3) to be ( 0.4) for the three surfaces. Therefore another 
method was adopted for this work which takes into consideration the 
correlation between these parameters.

The Monte Carlo technique was employed to choose randomly 
distributed T and h values within one standard deviation and a
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correlation value of (0.4). Each pair of randomly correlated T and h 
was then used to calculate one estimate of the backscattering 
coefficient value. Twenty pairs were used to get twenty estimates of 
the scattering coefficient. The standard deviation around the mean 
value was calculated and represents the estimated error in the mean 
backscattering coefficient calculated using equation (5-7). A more 
detailed description of this method can be found in Appendix (A-3).

Figure (5.5) shows the plots of the theoretical backscattering 
coefficient as a function of grazing angle for the three gravel 
surfaces: the average experimental values are also plotted (+ sign) for 
comparison. Each plot consists of three solid lines, the middle 
represents the average theoretical value and the upper and lower lines 
enclose the error in the mean value calculated using the above mentioned 
method. It is worth mentioning here that the indicated error in the 
theoretical values is entirely caused by the uncertainty in the T and h 
values due to the limited number of measurements taken and the limited 
size of the rough surface mould upon which these measurements took 
place.

It can be observed that the error in the theoretical values is not 
equally distributed over the range of angles of interest, this could be 
referred to the sensitivity of equation (5-7) to the variation in T and 
h. The slope of the mean theoretical curve is steeper in the region 
where the grazing angle is less than 40 degrees while the slope is much 
gentler for higher angles, consequently the theoretical values will be 
highly sensitive to the small changes in T and h for low grazing angle, 
therefore the standard deviation will be higher while it is less 
sensitive at high grazing angle and produce small error bars. This will 
be explained in detail in Chapter 6.
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5.2.4 Summary of the

Experimental values of the B.S.C. versus grazing angle for the 
three gravel surfaces (A, B and C) were presented in Figures (5.2, 5.3 
and 5.4). The averaged measured B.S.C. was compared with the 
theoretical values calculated using equation (5-7). The predicted 
theoretical values of the B.S.C. agrees reasonably well with the 
measured values for the three surfaces under investigation. These 
experimental and theoretical results show an overall fall off in the 
B.S.C. when the grazing angle became smaller. The measured intensity 
scattered from different rough surfaces shows an average reduction of 
about 10 dB's over the range of angle of interest. The agreement 
between the measured and predicted values is much more obvious in 
surface A and B than in surface C. The range of angles over which the 
experiment was conducted was chosen to be between 40-10 degrees grazing. 
This range is experimentally easy to cover and the change in the B.S.C. 
values is noticeable over it, because unless the grazing angle became 
very large, i.e. near normal, the scattering coefficient change very 
slowly over the remaining range of angles. For surface C, which has a 
much larger particle size than surface A and B shadowing effect may 
become more important especially at low grazing angles. Since it was 
decided, in the theoretical development of Chapter 2 that the shadowing 
effect would be ignored, the experimental range of angles for Surface C 
was restricted to the range 60-20 degrees grazing.

The experimental B.S.C. falls within one standard deviation of the 
theoretical predictions for surfaces A and B. However some discrepancy 
can be noticed between these values in surface C, this could be due to
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the difficulty in handling and levelling this surface caused by the 
large size pebbles used.

5.3 Th& Range Dependence Experiment
This experiment was designed to investigate the relation between 

the range from the rough surface and the intensity of the scattered 
signal at normal incidence for unchanged incident pressure fields. It 
follows some preliminary work performed by Thorne (1982) on a 
polyurethane surface and extends that work to include other types of 
surfaces and other frequencies.

In this section the measurements of the backscattering coefficient 
as a function of range from rough surfaces will be presented for two 
different frequencies and two different rough surfaces. All 
measurements were performed at normal incidence. The backscattering 
coefficient has the same definition as that adopted in Chapter 2. The 
theoretical predictions of the backscattered intensity in terms of 
geometry and rough surface statistics will be presented for the large 
(g) case together with the experimental measurements.

5.3.1 Theoretical Calculations
The high frequency approximation of the total scattered intensity 

was given in the theoretical development of Chapter 2 equation (2-61). 
That equation can be rewritten for an axisymmetrical transmitting 
transducer where X = Y = W, = S2 = s, for an omnidirectional receiver 
and for T^ = T2 = T as:

o  i
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where -g ( --)
sT + g

H (g) = — 2 (5-12a)
sT + g

At normal incidence 8^ = and 8^-0. The scattering coefficient
2can be derived using equation (2-1) with A = ttW as the assumed 

effective area insonified at normal incidence, equation (5-12) gives:

32ïï h (ST + g)
(5-13)

where
o 1

(5-14)

as a = 3 = 0 ,  y = -2 and F = 1

Equation 5-13 can be written as:

,.2 2 
Sc = ---- ^

32tt h
^1

(5-15)

substituting g = k^h^Y^ in equation (5-15) gives:

T.2 2
s c = ---- ^

327T h

Y S ‘r-=7' T
(5-16)

This is the general solution of the normal incidence backscattering 
coefficient from a rough surface with the high frequency approximation.
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As the receiver moves away from the scattering surface, it will move 
towards the Fraunhofer region or the farfield zone of the scattering 
area, the term in the brackets in equation (5-16) will approach unity 
and the above mentioned equation can be written as:

which depends upon the surface statistics and the reflection coefficient 
only. So as the receiver reaches the farfield region the scattering 
coefficient becomes a constant value and it has no dependence upon range 
from the rough, scattering, surface.

5.3.2 Experimental Apparatus and Geometry
Two circular transducers and two hydrophones were used in this 

experiment. One transducer resonates at IMHz and the other at 250kHz 
and the hydrophones were the previously described LC5-2 and the B & K 
8103. Two rough surfaces were used in this experiment; one was made of 
an expanded polyurethane and was constructed by Thorne (1982) and the 
other was the surface of gravel with an average grain diameter of 8.5mm. 
The geometrical layout of this experiment is the normal incidence 
backscattering geometry, where the transmitter was oriented to have its 
acoustic axis at right angles to the rough surface; a schematic diagram 
of this geometry is shown in Chapter 4, Figure (4.3b).

Because of its buoyancy the polyurethane surface was weighted down 
to the bottom of the tank and it was adjusted to be as horizontal as 
possible. The gravel was smoothed out in the holding tray to reduce the 
effect of undulation. The whole tray was also levelled to minimize the
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slope in the mean scattering surface. The LC5-2 hydrophone was placed 
on the acoustic axis of the transducer with its holder mounted on a 
small trolley attached to the same platform holding the transmitter. 
The hydrophone was made free to move up and down so the height above the 
rough surface can be changed continuously. The beam pattern of the 
transducers used and the diagram of the normal incidence arrangement is 
shown in Chapter 4, Figures (4.9) and (4.3b).
5.3.3 Experimental Procedure and Results

The main experiment described here is the measurement of the 
average incoherent signal amplitude returned from different parts of the 
rough surface when the receiver moves from the nearfield of the 
scattering patch towards its farfield zone. Prior to the main 
experiment two preliminary sets of measurements were taken. The first 
set was to measure the effect of LC5-2 hydrophone on the incident beam 
pattern when the receiver occupies different ranges from the rough 
surface. The geometrical setting is shown in Figure (5.6). The 
distance between the transmitting transducer and the receiving 
hydrophone (B & K) was kept constant (150 centimeter) which is to be the 
height of the transmitter above the rough surface in the subsequent 
experiments. The LC5-2 hydrophone was inserted on the acoustic axis of
the incident beam and, using the B & K hydrophone, beam patterns were 
obtained for each of a number of LC5-2 hydrophones ranges from the B & K 
hydrophone. The results demonstrate the distortion in the incident beam 
pattern as the LC5-2 moves closer to the scattering area and thus the 
effect of this hydrophone on the size of that area encompassed by the 
1/e point of the beam pattern. This experiment was carried out for the 
two transmitters at the two frequencies chosen. Figure (5.7) shows the 
effect of the LC5-2 for the IMHz transducer, while Figure (5.8) shows
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Transmitter LC5_2 B & K  8103

Fig 5.5 Experimentol layout for meosuring the effect of LC5-2

hydrophone on the incident beam pattern . B&K (8103), the 

measuring hydrophone, was kept at a fixed distance from 

the transmitter while the LC5-2 was made free to move 

along the acoustic axis of the transmitter .
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the same effect for the 250kHz transducer. It can be noticed that the 
LC5-2 hydrophone causes more distortion to the beam pattern when it is 
placed in the acoustic axis of the IMHz transducer than when it is on 
the acoustic axis of the 250kHz transducer. This may be understood in 
terms of the wavelength which at IMHz is 0.15 cm and at 250kHz is 0.7cm 
relative to the size of the LC5-2. As the LC5-2 diameter (0.23cm) is 
slightly larger than the wavelength at IMHz, its presence will, because 
of shadowing causes the reduction of the on axis voltage and results in 
the deformation of the beam pattern.

A Gaussian curve was fitted on these deformed beam pattern plots 
using a least square curve fitting technique. It can be noticed that 
there is a little variation in the incident beam pattern at the e~^ 
point for the 250kHz transducer beam while for the IMHz beam pattern the 
distortion is more obvious especially at the distances of 90cm from the 
B & K  hydrophone which may be due to the interference caused by the LC5- 
2 hydrophone's holder radiation. Oi the whole these beam pattern plots 
for the field incident on the rough surface measured for different on 
axis hydrophones ranges are similar to a Gaussian curve with an 
acceptable degree of error.

The second set of experiments was to provide the data for the 
normalisation of the backscattered intensity. The same geometrical 
arrangement used in the previous experiment was followed in this 
experiment except that -an LC5-2 hydrophone was used to measure the 
incident pressure rather than the B & K  hydrophone. This LC5-2 was the 
same hydrophone that was to be used in the main backscattering 
measurements. The normalised backscattered intensity at a range from
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Fig. 5.7 Beam cross-sections for the IMHz transducer measured 

at 150cm with an LC5 hydrophone inserted on axis at different 

distances from the measuring hydrophone (surface position).

(— ) Fitted Gaussian curve.
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the rough surface can be defined as:

n V ^
normalised intensity e i (-^) (5-18)

i

where n is the number of observations. and are hydrophone output 
voltages corresponding to the scattered pressure received at the 
hydrophone, and the pressure received by the same hydrophone, at the 
same range (R^), if the rough surface was replaced by a smooth, 
perfectly reflecting surface. This is the image solution. in this 
experiment is the normalisation voltage. Ihe on axis voltage amplitude 
was measured for the ranges chosen and for the two frequencies used in 
the main experiment.

If the rough surface is eventually to be placed at a distance 
from the transmitting transducer then Vĵ  can be measured as the output 
of the hydrophone when placed at (R^ + when a dummy hydrophone is 
also placed at (R^ - R^). This dummy was another LC5-2 hydrophone 
inserted on the axis of the incident beam to achieve the same 
geometrical configuration to be used in the main experiment. The 
measured voltage (V̂ ) was used to normalise the scattered voltage at the 
same range (R̂ ) as shown in equation (5-18). Ihe main experiment was to 
measure the average scattered voltage (V̂ ) at different ranges (R̂ ) from 
the rough surface. Fourteen ranges were chosen to conduct the 
experiment at, namely, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 80, 110, 130, 
140 centimeters from the rough surface. Due to the extremely low level 
of the scattered signal amplitude from the gravel surface the 
backscattered voltage at some distances away from the rough surface 
could not be obtained. The normal incidence geometry of Figure (4.3b) 
Chapter 4 was adopted in this work and at each range the average voltage
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scattered from different parts of the surface was measured by moving the 
transducer-hydrophone combination to scan the whole surface at fixed 
intervals so that an independent area was illuminated at each position. 
Care was taken to avoid measuring the reflection from the bottom of the 
tray and from its sides. It is worth mentioning that the orientation of 
the LC5-2 hydrophone used in measuring the normalised voltage was marked 
and the same orientation was maintained in this main experiment. This 
was done because of the directionality and response of the LC5-2 
hydrophone at the two frequencies used.

This experiment was repeated at each of fourteen ranges (R^ and 
for the two frequencies and the two rough surfaces, the normalised 
backscattered intensity was calculated at each range using equation 
(5-18).

5.3.4 Sunnvary af the NQUPal Incidence Experiment
The normalised backscattered intensity was directly obtained from 

the measurements rather than the backscattering coefficient. However, 
the normalised backscattered intensity (Î ) may be readily converted to 
the more generally useful backscattering coefficient (B.S.C.) as 
described in /^pendix (A-4).

BSC = I --     (5-19)
A(R +o 1

where R^, R^ are the ranges from the rough surface to the trasmitter and 
hydrophone respectively and A is the effective insonified area.
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Therefore the B.S.C. can easily be calculated from the measured 
backscattered normalised intensity providing the geometry is known and 
also that the definition of (A) is known. It should be noticed that to 
ensure independence from the geometry the definition requires the 
incident as well as the scattered intensity to vary inversely as the 
range squared while the definition (equation 5-18) requires only the 
incident signal to spread spherically from the source.

The experimental results calculated from equation (5-19), shown by 
asterix, together with the theoretical predictions of the backscattering 
coefficient, shown by a solid line, calculated using equation (5-16) 
were plotted as a function of range from rough surface for the two 
frequencies and the two rough surfaces. Figure (5.9) and Figure (5.10) 
shows the results from the polyurethane surface at 250kHz and IMHz 
respectively. Figures (5.11) and (5.12) shows the experimental and the 
theoretical values from the gravel surface at these two frequencies. In 
general a good agreement between the experiment and the theory can be 
noticed in these plots. The average backscattering coefficient at 
normal incidence for the polyurethane surface is higher than that for 
gravel surface. This is due to the statistical parameters (high T/h 
value for the polyurethane surface) and the reflectivity of these 
surfaces. The plots also show the B.S.C. when s = 0, dashed line , 
this is the Fraunhofer approximation given by equation (5-17) and is the 
regime where the B.S.C. does not depend upon the range from the rough 
surface. As the receiver approaches the rough surface the nearfield 
effect became more important, in fact equation (5-16) can be written:

sc = SCpp
2 2 2 4

(5-20)
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therefore the scattering coefficient of a rough surface will have a 
constant farfield value SCpp which undergoes reduction due to the 
effect of the nearfield components as the receiver approaches the 
surface.

Some discrepancy can be noticed between the experimental and 
theoretical values in Figures (5.11) and (5.12), this may be due to the 
volume reverberation in the gravel surface itself which was not taken 
into account in the theoretical prediction.
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SIX

6.1 Introduction
The main aim of this work was to carry out complimentary 

statistical and acoustical studies of the surface of real sediments and 
a model rough surface. These studies include the investigation under 
laboratory conditions of the variation of the acoustic BSC with angle of 
incidence and with range. Also to compare these results with the 
theoretical predictions to demonstrate those situations for which the 
second order phase approximation is required to predict the scattered 
signal as the receiver moves toward the scattering patch.

Although a certain amount of discussion was presented throughout 
the text, the whole work will be briefly reviewed in this Chapter, the 
experimental results will be discussed and the theoretical predictions 
of the BSC values given earlier will be compared with other peoples 
work. Further discussion concerning the normal incidence case will also 
be presented with particular attention being given to the definition of 
the scattering area.

6.2 Discussion of the Angular Dependence Experiment
The model adopted in the theory presented in Chapter 2 assumes the 

surface is rough and the individual gravel particles are randomly 
distributed with Gaussian p.d.f. of height and a Gaussian 
autocorrelation function. It also assumes that the radius of curvature 
of the scatterers is >> wavelength of the incident signal so that the 
Kirchhoff approximation holds.



1 4 4

The study of the gravel surface statistics in Chapter 3 shows that 
in most cases the height distribution and the autocorrelation function 
are similar to the Gaussian curve with an acceptable degree of 
confidence. The Gaussian function was adopted for the theoretical 
development because it is easy to derive and integrate mathematically 
and provides a realistic description of the surfaces studied. The 
deviation from Gaussian in the height distribution could be due to the 
limited number of independent height measurements used in the 
calculation which was caused by the difficulties in making a large mould 
for the gravel and the limited size of measuring equipment. On the 
other hand the discrepancy ccfLd also be due to the technique used to 
measure the sections profile of the rough surface cast. The finite 
width of the measuring "Pins" in the contour follower causes some 
underestimation of the overall height levels of the surface. The 
skewness observed in surface B and C histograms could be caused by 
surface levelling technique used as explained in Chapter 3.

In conclusion the average height distribution histograms for 
surfaces A, B and C have an approximate Gaussian p.d.f., and the average 
autocorrelation functions for these three surfaces closely resembles a 
Gaussian A.C.F. However, the error in calculating the root mean square 
height (h) and the correlation length (T) was taken into consideration 
when the theoretical values of the B.S.C. were calculated. Therefore, 
one can assume, with an acceptable degree of accuracy, that the 
theoretical model does represent the surfaces used in the experiment.

One aspect of the work was designed to investigate, using side scan 
geometry, the effect of surface roughness on the B.S.C. values measured 
over a chosen range of angles. The transducer resonates at 300kHz, the 
pulse length used was 20 microseconds for surface A and B and 40
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microseconds for surface C. The transducer generates a fan shape beam 
with a full horizontal beam angle of 3 degrees and a full vertical beam 
angle of 24 degrees both measured at the -3dB point. The source was 
kept at a 100cm distance from the edge of the tray which holds the 
gravel particles and the same transducer used to receive the scattered 
signal.

The three gravel surfaces used were formed from particles with a 
mean diameter of 5.2, 8.5 and 24mm respectively. The experimental mean 
B.S.C. values were calculated by averaging the instantaneous 
backscattered intensity using equation (5-1), the standard error of the 
mean values at each angle was calculated and plotted as an error bar. 
The measured T and h values were used to calculate the theoretical 
predictions of the B.S.C. for each surface using equation (5-7) which 
represents the general solution of the problem. Sj and S2 were 
sufficiently small to be ignored as the source/receiver was always in 
the farfield of the scattering patch. Measurements like this under 
controlled laboratory conditions together with the theoretical model 
have not been found in the published literature especially for real 
gravel sediments. Many variables which cannot be measured in the sea 
can readily be obtained in a laboratory tank.

Making measurements in a tank can impose some limitation on the 
work. Ihe use of a wide angle fan shape beam in a limited size tank can 
result in energy reflected from the bottom and the sides to appear in 
the time window of interest; careful design was needed to ensure the 
time window contained only the scattered signal from the rough surface. 
The limited size of the tank imposed a limitation on the frequency used 
and on the size of sediments holding tray employed. Using a sediment
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size less than the incident wavelength will violate the theoretical 
model assumption that the radius of curviture >> incident wavelength, 
also in using a very small size sediment the height distribution of the 
surface cannot be measured with the available height measuring 
equipment. On the other hand using large size sediments requires a 
longer pulse length to ensure a right number of scatterers is included 
in each scattering area which means that a large tray has to be 
constructed for the measurements. Therefore in the present work only a 
limited size pebble was used in the measurement, this was proved to be 
adequate from both experimental and theoretical aspects of calculation.

6.2.1 Comparison with the Theory
In the B.S.C. versus angle measurements shown in Chapter 5, the 

experimental values agree reasonably well with the theoretical 
predictions developed in Chapter 2 for the three surfaces under 
consideration. This gives good support to the mathematical model 
adopted in the theory. The B.S.C. results obtained over a range of 60 
to 10 degree grazing show a small variation with grazing angle for 
grazing angles higher than 40 degrees while a steeper slope can be 
noticed for grazing angles below 30 degrees. This is to be expected 
since the slope of the curve is sensitive to the roughness parameter g 
which in turn is proportional to Sin 8, 6 being the grazing angle.

If the results from the three surfaces are observed carefully 
together the level of the B.S.C. values does not noticeably vary from 
one surface to another over the same range of angles despite the fact 
that these surfaces have different roughness parameter g. This could be



147

oooo

01

02

oe

09

LU
LUCCLD
LUQ
LD
Z
C

LD

MC
q:LD

09

ÜL

08
r\jI CÛI

-»->ceu(_
euU-U-
"□
JZ-p

ILD
CO
-p
oDcreu
mc
enD
en
c
o
enD
enL
eu>
-p
c
eu

<4-u.
eu
ou
en
c
e
eup>-p
ou
enJe:ü
o-Q

□ü
4J
euLO
eu
JZ

CD

en
Lu

eoin
1 1 ’
eueu
o

œ
e \j
1 1 ’
eueu
o

II
eueu
o

JZe\i
II
LO

e
eu
eu
E
D
LOQ_
euCLo

<-uo
en
euD
ü>

ap ’iNOioiddaoo ONiaaiivosMova



1 4 8

related to the r.m.s. surface slope defined as:

s - ^ 2  (6-1)

This value is almost the same (0.7) for the three surfaces under 
consideration. The change in the g value was caused by the change in 
the surface r.m.s. height h but this change was always accompanied by a 
correlated change in the correlation length T which makes the r.m.s. 
slope always the same.

As the theory adopted in this work has been shown to be successful 
in predicting the B.S.C. against the experimental results from rough 
surfaces with similar surface slopes, it is of some interest to look at 
the predictions of equation (5-7) for the B.S.C. from surfaces with 
different r.m.s. slopes. The surfaces slopes, defined by equation (6- 
1), were chosen to vary from gentle slope (0.14) to steep slope (0.56) 
keeping the other parameters in the equation constant. Figure (6.1) 
shows the variation in the B.S.C. values as the surface slope changes 
for a range of grazing angle. It can be noticed that the variation in 
the B.S.C. values is much higher at low grazing angle than at high 
angles. This was expected since as the slope becomes gentler the 
incoherent part of the total intensity scattered back to the receiver 
reduces and the specular component of the scattered intensity increases.

6.2.2 Comparison with Other Work
It is of some interest to compare the present theory with some 

measurement results taken in the sea. Mckinney and Anderson (1964) 
collected data at 16 locations in the coast around the United States. 
They used a sidescan transducer with a l(X)KHz resonance frequency and
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measured the average signal level for 40 returns over a wide range of 
grazing angles and from different types of sediments. They used the 
same definition as used in this work to calculate the backscattering 
coefficient of the bottom as a function of grazing angle. From Figure 
(1) in McKinney's paper the B.S.S. values for a range of grazing angles 
5 to 55 degrees were digitized. This was done for their surfaces L and 
M which have a mean particle diameter size of 3.2 and 4.2 millimeter 
respectively. Surface (L) is described as 65% gravel and 33% sand while 
surface (M) is described as 70% gravel and 28% sand. To apply the 
theoretical model on these two surfaces the T and h values are needed. 
Since no statistical measurements were published in the paper, T and h 
are estimated as follows. The r.m.s. height of the surface was 
calculated using an equation (Williams 1978) of the relation between 
particle size (4>) and r.m.s. height given as: r.m.s. height = 0.71 * <t> . 
Figure (A 3.1) in Appendix (A-3) shows the plot of h versus T for the 
three surfaces used in the present work. From this figure the values of 
T for McKinney's surfaces is estimated. Since only three gravel 
surfaces yielding three points on the graph were used in Figure (A 3.1), 
the estimated values of T and h for surfaces (L) and (M) are likely to 
encounter a high degree of uncertainty.

Figure (6.2) shows a graph of McKinney's experimental values for 
surfaces (L) and (M) together with the theoretical predictions using 
equation (5-7), T was estimated to be = 0.32cm and h = 0.15cm. The plot 
shows a good agreement between the theory developed in this work and 
McKinney's measurements. The absolute level of the theoretical curve 
matches the experimental values, but its shape differs slightly from the 
measured curves especially at low grazing where the theoretical curve
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tends to be flatter. However, the change of the backscattering strength 
values for surface (L) is surprisingly sharp being about 20dBs in a 
range of 10 degrees in McKinney's measurements. Some more information 
about the uncertainty in the experimental measurements is needed to give 
a better and more objective comparison. Other suitable data for 
comparison has not been found in the literature.

6.3 Discussion oL the Bangs Dependence Expsriment
The B.S.C. as a function of range was measured from two different 

rough surfaces and at two different frequencies. The latter were 
obtained using two circular transmitters each resonate at a different 
frequency; the receiver in both cases was a small omnidirectional 
hydroî^ne. The polyurethane surface statistics was measured and showed

w h ik  ^r(V\)el evA.r'fCXCt 15 0Y\|y Xi w\a.V\ j  G'Oii»-SS i O-iD
a close resemblance to Gaussian statistics îwith a low degree of 
confidence. In order to discuss the general features of the B.S.C. it 
is convenient to re-express equation (5-16) in terms of 0̂ , the 1/e half 
beam angle of the transducer so that:

X Y
R R

for a circular transducer X = Y = W. Equation (5-16) becomes:

sc =
2 _2 r  T ^ e  ^  R  1

1+  ^  ( 1 + ^  ) (6-2)
32h 1 -I3271 h

where the surface correlation function has also been assumed to be 
circularly symmetrical with a correlation length T. The scattering



152

coefficient obtained from equation (6-2) is dependent upon the surface 
statistics, the reflection coefficient, the insonified area through 0^ 
and transmitter-receiver range from the surface.

Two extreme cases can be evaluated from equation (6-2), the first 
is the farfield condition whereby the second term in the square bracket 
is much less than unity, this case can be expressed as:

1 o

then the scattering coefficient can be written for the farfield case as;

s c  = 5^ ^
32 71

It is independent of geometry and depends only on the surface statistics 
and the reflection coefficient. In the other extreme, when the receiver 
is very close to the scattering surface the inequality becomes :

R
_ o  »  4 / 2h  _  ^  (6 - 5)
R, T O1 o

and gives after substituting (6-5) into (6-2) the nearfield scattering 
coefficient as:
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where 92A - 71G R o o

which is the same as the B.S.C. expected from a plane surface of the 
reflection coefficient R. In between these two extremes the scattering 
coefficient is a function of both range and surface statistics. The 
plots of Figures (6.3) to (6.6) show the experimental and the 
theoretical values of the B.S.C. as a function range. In these plots 
equation (6-4) and (6-6) are also plotted for comparison. The range 
from the scattering patch can be divided into three arbitrary zones 
which could be termed the nearfield zone 1, the intermediate zone II and 
the farfield zone III. The position of these zones was arbitrarily 
chosen to be where the value of the scattering coefficient of equation 
(6-2) is one dB less than the value for the same range using equation 
(6-6), for zone I/II, or one dB less than the value for the same range 
using equation (6-4), for zone II/III. The farfield zone can be 
expressed using equation (6-2) and (6-4) to give:

and equation 6-2 and 6-6 to give the nearfield range as:

^ -1)  ̂ (6-8)
o

so that the intermediate zone will be between these zones

Ro
2/2 h ■ 

o

-1 To A  , -| -1
< R, < R1 o 0 T o

(6-9)
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It is also convenient to define another range of what might be termed 
the medium range as that distance from the scattering patch at which 
the scattering coefficient of equation (6-2) is 3dB less than its 
farfield values calculated using equation (6-4). This range can be 
defined as:

R = R m o
4/2 h / -1

(6-10)

It is interesting to notice that this is the range of which the 
nearfield curve, equation (6-6), and the farfield curve, equation (6-4), 
intersect each other. These ranges are independent of incident 
frequency and depends only on the surface statistics and transmitter 
beam pattern.

6.3.1 Comparison with Theory
Absolute measurements of the B.S.C. for the polurethane surface 

shown in Figures (6.3) and (6.4) show a good agreement with the 
theoretical predictions while the results for gravel surface shown in 
Figures (6.5) and (6.6) show a lesser degree of agreement with theory. 
Concentrating first on Figure (6.3) which shows the B.S.C. measurements 
for the polyurethane surface at 250kHz, the B.S.C. values measured at 
large distances from the rough surface, above 0.5 meter range, is 
relatively constant with range. As the receiver moves towards the 
surface the B.S.C. values decreases gently and starts falling off
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rapidly close to the surface. Figure (6.4) shows a similar behaviour 
when a IMHz transducer was used. Difference betwen Figures (6.3) and 
(6.4) are due entirely to beam pattern. Measurements taken from gravel 
surfaces, Figure (6.5), (6.6), do not show as clearly as in the previous 
figures the relatively constant scattering coefficient at large 
distances and the lower values at close ranges, however, the trend is 
still observable.

Looking at figure (6.3) again, although few measurements were taken 
in the farfield zone the scattering coefficient does appear to become 
constant and follow the theoretical curve plotted using equation (6.4) 
in both shape and absolute level. It is interesting to note that as 
observation position approaches the surface then, as predicted on the 
bases of equation (6-6), the surface appears plane. The solid circles 
are measurements effectively taken from a plane surface. They are 
obtained by removing the rough surface and taking axial pressure 
measurement beyond the surface position. These values were reduced by 
the reflection coefficient of the rough surface and thereby results were 
obtained as if a plane surface had replaced the rough surface. These 
measured values follow the nearfield curve obtained using equation (6-6) 
and close to the surface have the same magnitude as the backscattered 
signal from the rough surface.

For the gravel surface measurements, the agreement with the 
theoretical values is not as close as for the polyurethane surface. 
This may be due to the fact that gravel surface statistics are Gaussian 
with a less probability than is the case for the polyurethane surface. 
It is thus interesting that there is such close agreement between the 
computed and measured data.
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6.3.2 Comparison with Other Work
The theory developed in this work can be further supported by 

comparing it with experimental data obtained by other researchers. 
Mikeska and McKinney (197 8) measured the range dependence of the 
backscattered intensity from four model rough surfaces at lOOkHz and 
presented them on an arbitrary scale against range. Their backscattered 
intensity data was digitized and compared here with the theoretical 
developments of Chapter 2. The surface parameters required to calculate 
the scattering coefficient of equation (6-2) are given in Table (2). To 
calculate the theoretical scattering coefficient 6^ is also required, 
this is given by W/R^, W is the radius of the e~^ contour of the 
incident directivity pattern. Mikeska and McKinney did not give the 
transmitting transducer beam pattern, however the radius of the -3dB 
point on the directivity pattern was given as 16.5cm. If it is assumed 
that the beam pattern can be reasonably represented by a Gaussian 
directivity function then W, the radius of the e~^ contour will be:

_ S
W = 16.5 In /2 = 2 8 c m

and since R^ = 325cm then 8^ = 8.62 x 10 rads. All the terms in
equation (6-2) are now known and the absolute level for the theoretical
backscattering coefficient can be calculated.

To obtain the absolute value for the experimental scattering
2coefficent defined by equation (2-1) the magnitude of 1^ R^^^ is 

required, which was not given in their paper. This problem can be 
overcome because it has been shown that within the nearfield of the 
rough surface the scattered intensity is identical wih that reflected

2 2from a plane surface and therefore ^ref ~ ^i) the mean
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2value of (Rq + Rj) <I> within the nearfield of the surface. This can be 
obtained from the data given in Figure (6) of Mikeska and McKinney's 
paper, and therefore the absolute value for the experimentally measured 
scattering coefficient given in equation (2-1) can be calculated. Ihe 
predicted value for the scattering coefficient can now be compared with 
those measured. The results are presented in Figures (6.7 to 6.10).

The measurements were made at lOOkHz with the transducer fixed at 
325cm from the surface and an on axis hydrophone measured the normal 
incidence average backscatter signal level between 7 and 250cm from the 
rough surface. These measurements were converted to absolute scattering 
coefficient, as shown earlier, and are compared with the predicted 
values of the scattering coefficient calculated using equation (6-2). 
For the four surfaces employed and over the receiver range investigated 
there is good agreement between the measured and computed scattering 
coefficients. The measured scattering coefficient reduces as the 
hydrophone approaches the surfaces and although there are only a few 
measurements in the farfield there is a reduction in the rate of change 
of the experimental scattering coefficient with range as the farfield is 
approached.

For surface I, g = 3.84 and therefore the use of equation (6-2) , 
which is the high frequency approximation and valid only for g ̂  10, was 
not strictly correct. The scattering coefficient was therefore computed 
with the values of <I> obtained using equation (2-55), which includes 
the coherent component and is valid for all frequencies. The difference 
between the high frequency approximation, equation (6-2), and the 
'exact' solution, equation (2-55), is less than 0.5dB and therefore the 
high frequency approximation was quite adequate even though g = 3.84.
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6.3.3 Scattering Area Discussion
Depending upon the position of the receiver with respect to the 

scattering patch, the scattering coefficient has been shown above to be 
a function of:

a - surface statistics only in the farfield,
b - surface statistics and measurement geometry in the intermediate

field, and
c - the measurement geometry in the nearfield.
The scattering coefficient as defined in equation (5-1) is not

necessarily a unique property of the rough surface, the definition 
contains the area parameter A. This area is arbitrarily defined here as 
the area enclosed on the surface by the intersection of the 1/e contour 
of the incident pressure beam pattern. For the normal incident geometry 
adopted in this part of the work, the transmitter was fixed and the 
receiving hydrophone was made to move upward and downward; hence the 
range of angles into which the incident field is effectively scattered 
remains constant whilst the range of angles required at the receiving 
position to cover the insonified area increases as the receiver 
approaches the rough surface. This effect is responsible for the 
reduction in the scattering coefficient values at closer ranges and thus 
from the physical point of view it might be more appropriate to consider 
an effective scattering area rather than a fixed arbitrary insonified 
area. Ihe scattering coefficient can be redefined as:

S' = ^  (6-11,
O  A • R  ̂ref
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Looking at equation (2-61) and evaluating it for the large g (>10) and 
normal incidence (0^ = 0^ =0) case, it can readily be shown that 
independence from the geometry in equation (6-11) may be achieved by 
defining the effective area of scattering A to be:

A' = A
-1

(6-12)

whichever definition of scattering coefficient is used does not avoid 
the problem that if measurements are taken within the nearfield or the 
intermediate field of the scattering patch, then knowledge of the 
surface statistics is necessary to convert these measurements into 
scattering coefficient values.

For a common arrangement when the transmitter and the receiver are
coincident in one transducer, the position of this transducer will

/2halways be within either zone I or zone II if 8̂  ̂  . Thus in
practical situations there is a real possibility that measurements could 
unwittingly be made in the Fresnel regime especially when long pulses 
are used.

6.4 Future Work
It was shown in Chapter One that the problem of scattering from 

irregular boundaries has been the subject of many authors since the end 
of the nineteenth century. An enormous amount of literature has been 
published on scattering and other related subjects during that period. 
However, the future work proposed below extends the work presented in 
this thesis to cover more aspects of scattering, which due to, among 
other things, time limitation could not be performed here.
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Using the theory adopted in this work and developing it to include 
the shadowing function, a better prediction of the B.S.C. values at low 
grazing angle should be achieved. The B.S.C. could then be measured for 
a much wider range of angles and compared with theory. This would 
include changing of the area definition used for the sidescan geometry 
when measurements at near normal incidnce were taken. In order to use 
the angular dependence of the B.S.C. in, for example sediment 
identification, measurements of the B.S.C. from a much wider range of 
sediments size are needed each with a substantially different rms slope 
values. An interesting project would be to construct a sufficiently 
large model rough surface with a known height and slope statistics so 
that the angular dependence of the B.S.C. from the surface could be 
measured. The rms slopes and the reflection coefficient can be measured 
very accurately from that surface and comparison with the theory can 
provide a better insight into the mathematical model used.

As most of the present theories assume the surface statistics to be 
Gaussian, it is one important aspect of the scattering problem which 
needs to be looked deeply into. Generating a Gaussian rough surface in 
the computer and calculating the B.S.C. from that surface could enable 
us to determine how far the surface under investigation can deviate from 
Gaussian before a considerable error in the calculated B.S.C. is 
noticed.

The normal incidence range dependence measurements presented in 
this work could be extended further. The use of the transmitter as a 
receiver would make the insonified area become a function of range from 
the rough surface. This would also mean that the receiver would no 
longer be a point hydrophone but would have the beam pattern of the
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transmitter and would need to be included in the theoretical prediction 
adopted in Section (5.3). Wider range of frequencies and rough surfaces 
are also needed to study the extent of the applicability of the 
developed theory.

Sediments classification using acoustic techniques was the subject 
of many authors, Pace (1979), Williams (1978), Gurcan, Creasy and Gazey 
(1981). Work is underway at Bath University on quantitative 
classification of sediments from the side scan records obtained by sea 
trials. The method is based on the statistical analysis of the return 
signal amplitude and on its spectral characteristics. Significant 
progress has been achieved, however, an experiment under controlled 
condition using surfaces with known statistics to predict the sediment 
type via the statistical distribution of the return signal may prove to 
be an important contribution to the existing literature. The experiment 
could even be developed further to include surfaces with mixed types of 
sediment sizes at different proportions.

There are many other areas of research to be pursued but the above 
mentioned suggestions are basically within the line of this work and the 
main trend of the research undergoing now at Bath University.

6.5 Conclusion
The B.S.C. from different rough surfaces of known statistics was 

measured as a function of both grazing angle and range. Theoretical 
values of the B.S.C. were calculated using the Fresnel approximation, 
and presented. The measured B.S.C. compared well in both form and 
absolute level with the theoretical predictions for the surfaces under 
investigation. Ihe predicted results were compared with other published 
results and a close agreement was obtained.
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Finally the concept of the nearfield range of the scattering area 
was developed and defined as a function of surface statistics and 
incident beam angle.
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Appendix iAcll 
Simplification of the integral in eguation (2-35)

To solve equation 2-35 the transformation of the variables given 
in equation 2-40 was needed. First these variables can be rewritten as:

y - y' = n
2 2 X  -  X  =  2 x "  c 2 2 y - y' = 2y" n

2 2 2 y + y = 2y" + n /2

The integral in equation 2-35 can be written as:

I  =  / / / /  D D ' e x p j ^ i k { a ( x  -  X  ' ) +  6  ( y  - y ' ) + U ^ ( x ^  - x ’ ^ )  + U^(y^ - y'^)}^

<(^xp(ik(ç - C ' ) ) ^  - <^^xp(ikyç)^ <^xp-(vkYÇ'

d x d x ' d y d y ' (Al-2)

The first term in equation Al-2 which contains the directivity function 
DD' can be written using Al-1 as:

DD' = exp( - ^  (2x"^ + ^ e x p -  ^2 (2y"^ +
Y

(Al-3)

The transformation of variables dx dx' dy dy' into the new variables 
dx" dy" dudn requires the standard form:

X = X ( u , v) y = y (u , v)
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then
^// f(x, y) dxdy = ^// f{x(u,v) 
xy uv

- y(u,v) } I  ̂ — ^jdudv3 (u, v)' (Al-4)

where is the region of integration in the uv plane corresponding to 
the region of integration R^y in the xy plane and

g I*'- i s  the Jacobian transform given by:

9 (x, y) _ ^  ^  ^  ^
9(u, v) 9u " 9v 9v * 9u (Al-4a)

applying equation Al-4 on equation 2-40 gives a Jacobian transform of 
unity then using Al-4, Al-3 and Al-1 into Al-2 gives:

I = ffff exp -(
2x --- 2ikU^x"c) I . exp1  2iku y"n)

Y y

exp ik(ac + 6 n) exp
2 2 

L 2X^ 2Y^

dx"dy" dedn (Al-5)

the last term in equation Al-5 [<>-<><>] is the ensemble average of the 
characteristic function as shown in equation Al-2 and will not be 
affected by the integration.

Utilising the standard form:



2 _ 2 2
/ exp(- ^  + i'xb) dx = /n a exp ^ ^ )

equation Al-5 can be integrated to give:

1 74

I = // j  XY exp [ X exp [^] ■ - [ J ]
exp J . exp j^ik(ae + 3n) dEdn

(Al-6)

which gives after rearranging:

I =  y X Y  / / e x p r. d  <4 . x V o  5 1_  2  X
. e x p  f -  +  Y ^ k ^ u

L  2  X  7 L  Y  ^  -1

exp 1 k (aE + Bn) ) dEdn

(Al-7)
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-LSl- 2 1 .

The Reflection Coefficient
The reflection coefficient of any flat rough surface is the ratio 

between the reflected and the incident pressure on the surface. 
Different material has different reflectivity values, so this experiment 
was designed to measure the reflectivity as a characteristic value of 
the gravel surface. The reflection coefficient of some rough surfaces 
has been measured by several authors, Thorne (1982) for example measured 
the reflectivity of a polyethelene pressure release rough surface. The 
absolute measurement of the gravel surface reflection coefficient has 
not been reported in the literature. The value of the reflection 
coefficient (R) for the gravel surface was needed to calculate the 
theoretical backscattering coefficient as a function of grazing angle 
and in the normal incidence experiment.

In this work estimates of the reflection coefficient (R) of the 
gravel surface was obtained by two different procedures. First the 
reflection coefficient was estimated from impedence measurements taken 
from the published literature, and second a reflection coefficient was 
measured acoustically in a laboratory tank. In the acoustic method the 
coherent return from the surface was measured and used to predict the 
reflectivity of that surface. The latter method was used by Clay (1966) 
to estimate the roughness of the ocean bottom using a single source and 
two vertically separated hydrophone.

The reflectivity measured in this experiment is a characteristic 
value of the gravel material and it is not a function of angle.
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However, the backscattering coefficient is a function of angle of 
incident and other variables which were discussed before. Moreover, in 
the monostatic type of measurements where the transmitter is used as a 
receiver the angle of incidence is equal to the angle of scattering and 
the majority of the returned signal is associated wth suitably 
orientated facets. This situation occurs when the transmitted 
wavelength is equal or slightly greater than the size of the pebbles 
insonified. The correctness of using the normal incidence reflection 
coefficient in the backscattered intensity measurement off normal was 
reported by Hagfors (1966), Barrik (1968; 1974) and Hammond et al., 
(1977) .

A-2.1 The Extrapolation Technique
The two publications from which data were obtained for this 

technique are the measurements by Hamilton (1970) and Williams (1978). 
Both researchers measured the sound velocity and the bulk density of 
different diameter size unconsolidated sediments.

Hamilton's measurements of sound velocity through water saturated 
sediments were performed by two methods, one was under laboratory 
conditions and the other was an in situ measurement taken during the sea 
trial. In the laboratory measurements a pulse technique was used with 
an operating frequency of 200kHz. The error was estimated to be -3m/sec 
in clays and ± 5m/sec in sand. In the, in situ, method a submersible was 
deployed to obtain the required data, the sound velocity was measured 
over a Im path between probes inserted into the sediment to depths of 10 
to 90cm. Measurements were then made at 14, 7 and 3.5kHz with the 
probes kept undisturbed.
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Williams measured the sound velocity through different sediment 
sizes in a laboratory tank by recording the travel time (tg) for 
compressional wave energy through the sediments sample and compared this 
time interval with that (t̂ ) measured through water over the same path 
and using:

t
C = —  C (A2-1 )s t w

The velocity of compressional waves in the sediment, Cg, can be 
calculated. Where is the same velocity in water.

Both authors measured the bulk density of the water sediment by the 
weight-volume method. The characteristic impedence of the sediments was 
calculated for each sediment size and the reflection coefficient was 
calculated using:

=2 - =1R = (A2-2,

where and the water and water saturated sediment impedence
respectively. The water of impedence was assumed to be 1.48 x 10^ kg m"^ 
s“ .̂ Figure (A2.1) shows the calculated reflection coefficient using 

equation (A2-2) versus mean diameter size for different sediments. 
Hamilton's data shown in asterisk and Williams data are the plus signs, 
a mean square line was fitted into the data and shown as a solid line.

The figure shows the variation of sediments impedence with grain 
diameter, being less for small diameters. This could be related to the 
porosity of these sediments which is high for smaller unconsolidated 
sediments while the larger size sediments are generally less porous, 
although this argument is not always true since sorting is another
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factor which could play an important role in varying the sediment 
porosity.

If the least square fitted line shown in Figure (A 2.1) was 
extended to reach the 8.5mm size sediment, upon which the acoustic 
measurments were performed, the reflection coefficient of these 
sediments can be extrapolated from the slope and the intercept of that 
line to give an estimated value of 0.56 for the 8.5mm surface. This 
value is to be compared with the acoustically measured reflection 
coefficient.

A-2.2 Ths Acoustic Method
As was mentioned earlier this method uses the coherent signal 

scattered from the rough surface to calculate the reflectivity of that 
surface. Boyd and Deavenport (197 3) derived the coherent scattered 
energy from a rough surface with a Gaussian statistics as:

<P>^ = e x p ( - g )  (A2-3)

where R is the reflection coefficient and other terms were defined 
earlier in Chapter 2.

2 2The values of <P> /Pq depend upon the roughness parameter (g) 
which in turn is a function of frequency and surface mean height for the 
normal incidence geometry. The rms height of the gravel surface is 
fixed so the frequency of the transmitted pulse is the only parameter 
which alters the values of (g). The frequency used for this experiment 
was chosen to be 150kHz because the values of <P>^/Po^ will be large and 
measurable for that frequency.
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A 2.2i Experimental Apparatus and Procedure

A circular 5cm diameter transducer operating at 150kHz frequency 
was used with a pulse duration 20lg. The same B & K (8103) hydrophone 
was used to receive the signal scattered from the rough surface at 
normal incidence. The beam pattern of the transmitting aperture at 
150kHz is shown in figure (A2.2). This beam plot represents the shape 
of the incident beam at the rough surface when the hydrophone is in the 
acoustic axis of the beam. The transducer was mounted at a fixed 70 
centimeters from the rough surface while the B & K hydrophone was at 30 
centimeters from the surface. This situation was maintained throughout 
the experiment. This experiment was conducted in the tank where a large 
size tray filled with the 8.5mm gravel to a thickness of about 5cm and 
was laid down on the bottom. The normal incidence geometrical setting 
was adopted whereby the transducer axis is oriented downward to be 
perpendicular to the rough surface and the B & K hydrophone was placed 
on the axis of the transducer using a special holder which was fixed to 
the platform holding the transducer to the gantry system. This 
arrangement provides a coincident movement of the transducer and the 
hydrophone.

Ihe ensemble average, <P>, of the coherent returned signal can be 
measured by moving the transducer-hydrophone combination over different 
positions on the rough surface averaging the return signal with regard 
to phase. The radius of the first Fresnel zone was calculated at the 
e"^ point and a range of 70 centimeters to be equal to 10 centimeters. 

The distance between two successive measurements, therefore, was made to 
be 20cm to ensure an independent area of the rough surface was 
insonified at each transmition. Twenty such measurements were taken for
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each one estimate of <P>. These measurements were stored and averaged 
with respect to phase. The experiment was repeated three times to give 
three estimates of the reflection coefficient at different parts of the 
rough surface.

To measure the normalising pressure, P^, which is the backscattered 
pressure when the rough surface is replaced by a plane smooth surface, a 
slight geometrical rearrangement was needed. The transducer was

)}r.

oriented wih,its acoustic axis parallel to the water surface and a dummy 
B & K hydrophone was placed at 40 centimeters from the transmitter and 
the measuring hydrophone was positioned at a distance of 100 centimeters 
from the transmitter. Six measurements were taken, at different times 
and depth from water surface of the whole geometry, for the received 
signal amplitude and they were digitized and stored. The average signal 
amplitude was used in the normalisation.

A 2-3 Reflection Coefficient Summary
The normalised averaged reflection coefficient value measured 

acoustically for surface (B) is;
R = 0.63 ± .02

and due to time limitations similar measurements on the other two 
surfaces could not be performed. However, the reflection coefficient 
values obtained by extrapolating the solid line in figure (A-2.1) for 
the three surfaces and their average was compared with the acoustically 
measured reflection coefficient to give a final mean value 

of R = 0.6
This reflection coefficient value was used in the theoretical 
calculation of the backscattering coefficient as previously discussed.
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XAz-H
The Monte Technique

In order to compare the empirical measurements of backscattering 
coefficient with the theory developed in Chapter 2 it is necessary to 
use in the equation developed for the backscattering case (equation 5-7) 
values of rms height (h) and correlation length (T) which have joint 
probability distributions that one might expect from the gravel surfaces 
under investigation. If the random variability of the measured B.S.C. 
is due to statistical variations in the values of h and T from one 
section to another, for a given surface, and if the theory is correct, 
then by inputting values of h and T with appropriate distribution, in 
equation (5-7) not only will the trend in the mean scattering 
coefficient be reproduced but also its randan fluctuations.

If large enough surfaces and sufficient time were available the 
values of h and T could be obtained by making suitable measurements. 
However, surfaces of only limited size were available and it was 
therefore decided to numerically simulate values of h and T by using a 
computer.

For each surface the variables of h and T were assumed to have a 
joint Gaussian distribution. Estimate for the parameters characterising 
the distribution (means, variances and correlation coefficients) were 
obtained by taking measurements of the available surfaces. The 
correlation coefficient (r) between h and T was estimated for each 
surface by using:

Nix . y . - Ix. ly.
 — ------      (A3-1)

(Nlx.^ - (Ix.)^) (Nly.^ - (ly.)^) 1 1  1 1
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where represents the rms height and the correlation length of the 
ith section of a given surface. N is the total number of sections taken 
from the given surface.

Three gravel surfaces were investigated and the correlation 
coefficients (r) were found to have approximately the same value of 
(0.4). A plot of the mean rms height versus the mean correlation length 
for the three surfaces is shown in Figure (A 3.1).

The relationship between the height and length of ripples in the 
sea floor has been studied by some researchers such as Heezen and 
Hollister (1971). Their observations are shown in Figure (A 3.2). Clay
and Leong (1974) deducted the functional relationship:

1 25T = 3Oh * meter

by fitting a straight line through the points of Heezen and Hollister 
(Figure A 3.2).

Independent pseudo random numbers from a uniform distribution can 
be readily generated in the computer. Similar numbers of the uniformly 
distributed numbers were added together to produce independent, Gaussian 
distributed numbers. To set up a correlation between these points they 
were convolved with a Gaussian function. The autocorrelation function 
of this series of numbers was calculated using equation (3-6) in Chapter
3. T o  select two sets of variables with a correlation coefficient of
0.4 between them, pairs of numbers, one in each set, were chosen such 
that they were separated by a lag corresponding to an autocorrelation 
coefficient of 0.4. Each pair was separated by a lag sufficiently large 
that they were independent. At this stage the mean values of both sets 
of numbers were similar and equal to zero. Both sets also had similar 
variances. Each set was firstly scaled to create the appropriate
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variance for the surface and then a constant (different for each set and 
surface) was added to produce a suitable non zero means.

Each pair of h and T was used in equation (5-7) to calculate a 
backscattering coefficient value of a particular rough surface.
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Appendix (A-4.)

Conversion of fho Normalised Intensity to a Backscattering Coefficient

In order to obtain an absolute measurement of the backscattering 
coefficient values the normalised intensity I^ defined in equation (5- 
18) has to be converted to yield the B.S.C. defined by equation (5-1). 
To obtain a relation between these two definitions each of them will be 
derived below and then the relation between them established. Let us 
assume that:

= transmitted voltage across the transducer 
= voltage received by the hydrophone
=transmitting response of the transducer at a reference 
distance

G = receiving response of the hydrophone

In the backscattering coefficient definition, assuming spherical 
spreading, the pressure incidence at the rough surface a distance 
from the source is:

The fraction of this incident pressure scattered back depends upon the 
size of the scattering area A and the backscattering coefficient (Sc) of 
that surface; then the scattered intensity at the rough surface is:

X '  • S. . A
o
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Now assuming spherical spreading in the backscattered signal, the 
intensity at the face of the hydrophone a distance Rj from the rough 
surface is:

, R \  2 '
"'r - f -  ) . sc . A . —

O  R
1

which is = I (-^) . Sc . Ao R R, o 1

where is the source level at a unit distance from the transmitter. 
If the hydrophone output voltage is V^, then the intensity at the face 
of the hydrophone, Igg, is

then the backscattering coefficient in pressure terms can be written in
i n t e n s i t y  terms as:

2 2 I _ R R,
s = —  — ---   (A4-1)
c A ref

On the other hand the normalised backscattered intensity of equation 5- 
18 may be expressed as:

, Vr' fo + 1I =
" V /   ̂ Tt ref r
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The scattered intensity at the hydrophone is:

and the intensity received in the specular direction if the rough 
surface was replaced by a smooth perfectly reflecting surface is:

FF ‘''t • '̂ r (Ro 1

This may be re-expressed in terms of Igg and as

The relation between and the backscattering coefficient can be 
obtained fron equations A4-1 and A4-2 to give:

R R
Sc = I ----   2 (A4-3)

A (R + R, ) o 1

Therefore the backscattering coefficient can easily be calculated from 
the measured backscattered normalised intensity providing the geometry 
is known and also that the definition of the area A is known.

It should be noticed that the B.S.C. definition (equation 2-1) 
requires the incident as well as the scattered intensity to vary 
inversly with the range squared while the definition of (equaton 5- 
16) requires only the incident signal to spread spherically from the 
source.
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