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OBJECTIVES

(a) The long range goal of the research is to provide an accurate parameteri—
zation of the acoustic field scattered by a randomly rough surface. The
research is designed to evaluate existing rough surface scattering models in
view of their application to scattering from the under surface of the ice .
(b) The immediate objectives of this problem are to construct random surfaces
with surface height distributions that are measurably Gaussian and have known
correlation lengths; display the acoustic field scattered from the surface
by means of schlieren visualization; measure the scattered field with under-
water transducers; and compare the results to existing models for scattering
of sound by random surfaces.

ACTIVITIES/ACCOMPLISFIMENTS

The investigations under taken through bo th the task at the Naval Research
• Laboratory and the contract at The American University have been successfully

• completed.
• Two rough surface topographies were constructed under computer control

to have surface height distributions and slope distributions that differed
from Gaussian statistics by no more than 0.0036 (mean squared error). Table I
lists the principal surface parameters for both surfaces. Rough surface I is
shown in Fig. 1.

Each surface was used in a series of underwater acoustic scattering
measurements which employed three different experimental techniques to deter-
mine the scattering properties of the surface. The geometry diagranuned in
Fig. 2 was maintained throughout all experiments.
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Schileren Visuali zation.
A typ ical schlieren visualization system is shown in Fig. 3. This

• method was used to provide a qualitative view of the entire scattered field.
The photographs in Fig. 4 show a 1 MHz pulse directed down toward the target,
rough surface I. As the transducer moves across the surface the sound pulse
is scattered from various surface features. The pictures of the scattered
f ield (B, C and D) change as the surface topography changes. In each case
the area insonified was at least three surface correlation lengths in extent.
Insonifying different parts of the surface corresponds to sampling a different
population (in this case of height and slope distributions) from the same
statistical ensemble. The predominant features in all visualizations of the
scattered field are the angular diffusion of the sound due to the orientation
of the surface’s slopes and the interference pattern that results when returns
from various parts of the surface interfere destructively because of differing
path lengths. The scattered field in Fig. 4 is the total field containing
both coherent and incoherent components. For surface I and a 1 MHz sound
pulse, the coherent term which includes interference dominates.

Steady State Analysis.
Experiments in microacoustics have traditionally used long pulses to

make measurements at the resonant frequency of the source transducer. The
signal is read far enough into the pulse (in time) to make transient effects
unimportant. The reflection coefficient for the rough surface is determined
by normalizing the scattered return with a return from a flat surface of the
same material at the same distance from the source and receiver. Figure 5 shows
reflection coefficients measured at two frequencies by steady state techniques
for rough surface I. The geometry shown in Fig. 2 is retained as the transducer
is moved across the rough surface. Measurements of the sound scattered back
to the receiver were made at thirty—one discrete locations. The reflection
coefficients computed for these points are joined to provide the solid curves
displayed in the figure . (At normal incidence , scattering back at the source
is a case of specular scattering rather than of backscattering.) As with
schileren visualization, there is no means to separate the coherent and incoherent
components of the scattered field. However, at both 1 MHz and 2.25 MHz the

• coherent component dominates the scattered field , albeit less so at 2.25 MHz.

Transient Pulse Analysis.
This technique makes use of the most recent advances in microacoustic

data acquisition and processing. A pulser is used to trigger a transducer.
This generates a short (1.5—3.5 cycle) pulse containing a broad spectrum of
frequencies centered on the resonant frequency of the transducer. The
experimen tal proced ure used cons is ted of

1. sampling the waveform,
2. taking a Fourier transform , and
3. computing the desired reflection coefficient .

• A series of 31 measurements were taken at d i f f e ren t  places along the rough
• • surface. The reflection coefficients were computed for the di f ferent  terms

~
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(total and coherent) in the following ways:
- 1. Total (includes all energy regardless of path length or phase)

a. Normalize each of the 31 samples by the proper flat  surface
• return. (Equivalent to computing the reflection coefficient

for each position along the surface.)
b. Average the normalized reflection coefficients and determine

the mean and standard deviation.

N / 2 2ç / ( Re (r~..~)]  + [ Im (p
51

) ]
=~~~~~N 2 • 2i=l f Re 

~~ref ~~ 
+ [ liz 

~~ref ~~

2. Coherent (retains the phase term through the averaging process)
a. Average the real and Imaginary parts of the scattered returns

separately . (P 1)

b. Compute the magnitude of this average scattered return.
c. Normalize the result by the magnitude of the reference pulse.

/ N N
• / ~ [Re ( • 
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where P = Pressure scattered by the rough surface at the ith position
Si

= Pressure reflected by smooth surface.

• A block diagram of the transient pulse acquisition scheme is shown in Fig. 6.
By using several transducers with different resonant frequencies (0.5, 1.0,

• 2.25, 5.0 MHz) it was possible to span frequencies from 0.14 MHz to 8.0 MHz
• with a resolution of 0.025 MHz.

Roughness Parameter.
Compar isons in rough surface scattering are made through the use of a

dimensionless factor known as the Rayleigh roughness parameter (referred to
herewith as roughness) . This parameter scales the roughness according to the
ratio of the surface rms height to the wavelength of the sound. This is then
modified by the angle at which the measurements are made. The form of the
roughness parameter used in the work is

2• Roughness = $ a cos O~ = E

where cos 01 1 for normal incidence . In recent years measurements have been
made for roughness less than 3.0; however , only measurements below roughness
of 1.5 were in agreement with theory. Radar measurements characterized the

• largely Incoherent energy for very large roughness (
~~
. 10.0) . Relative influences

I
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L ~~ 
of coherent and incoherent terms in the region between 2.0 < E < 10.0 had not
been explored. Measurements completed through this task covered the region
from E = 0.2 to > 20.0, Including the separation of the coherent component
from the total scattered field.

Results and Comparisons with Theory.
Figure 7 shows a summary of theory and experiment in terms of the

reflection coefficient for small roughness. Both the DeSanto theory and the
characteristic function involve only the coherent term. This Is also true of
the experimental measurements done by Clay, Medwin and Wright. The solid curve
marked as the total reflection coefficient was measured in this experiment.
Its inclusion in this illustration indicates a possible difficulty with the
Boyd and Deavenport data. Although asèumed to be coherent, the data falls
closer to the total reflection coefficient curve which Includes both coherent
and incoherent terms.

The coherent reflection coefficients measured for Z < 3.0 are shown in
Fig. 8. The smaller values of roughness ( ‘)  were achieved by using a 0.5 MHz
transducer. The remaining measurement (x) employed a 5.0 MHz transducer.
These measurements continue to values roughness greater than 20. At ~ = 1.9
the experimental measurements begin to differ significantly from theoretically
predicted values. Excursions in magnitude that begin in the measurements at

= 1.6 are a characteristic of the coherent reflection coefficient as the
roughness increases. At about E = 2 the interference of scattered returns
having different path lengths becomes important. The measurements shown in
Fig.. 8 agree with theoretical predictions to a far greater extent than the
Boyd and Deavenport data in Fig. 7. Below E = 1.5 the measurements should
agree with theory. Above Z — 2.0 where interference becomes important, neither
theory should be able to accurately predict the behavior of the sound since
neither theory takes into account phase differences and surface correlation

• 
. lengths which contribute to interference.

• The measurements shown in Fig. 8 are extended for the remainder of their
range in Fig. 9. The presence of interference minima is characteristic for

~~ all large roughness, coherent measurements; however, the location and extent
of the minima depend upon the particular surface features Insonified. In other
words, the scattered field for different statistical samples of the same

• ensemble will differ in some detail while retaining the same general characteristics.
The total reflection coefficients computed from the same measurements of

the scattered field are shown in Fig. 10. The average value of the reflection
coefficient is bracketed above and below by one standard deviation. The presence

• of incoherent terms which do not exhibit phase cancellation virtually eliminates
any noticeable interference pattern. For values of roughness greater than 2.0,
the incoherent term begins to dominate the reflection until at Z — 11.0, the
coherent term is 20 dB down from the total reflection coefficient.

Figures 11 and 12 present the coherent and total reflection coefficients,
respectively , for surface I. Since the rms height of surface I is roughly a
factor of three greater than for surface II, the range of roughness measured
with the same acoustic sources is a factor of three larger with a corresponding
decrease in resolution (in roughness, not in frequency). The dominance of the
incoherent term at large roughness is evident in this case also. Direct
comparisons can be made between the total reflection coefficients for both
surfaces using the roughness parameter as the appropriate scale. The same is

‘5- - _____________ ._5_ _ • t . 5. - .
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not true for the coherent reflection coeff icients at ~ > 1.5. This is the
region in which path length interference begins to occur. Because individual

• st*rface features become important, the surface correlation length enters as
a necessary factor in the comparison. If the roughness parameter is further
normalized by surface correlation length, the coherent reflection coeff icients
agree even for large roughness.

Summary.
The NRL experiment has (a) begun in the low frequency region where

comparisons with the characteristic curve would provide a validation of the
measurement scheme , (b) spanned the region of intermediate roughness where
previous data were questionable, and (c) provided scattering measurements at
high roughness where previous data were inadequate. Both the total reflection
coefficient and the coherent term were computed from the same set of measure—
ments. Coherent coefficients are needed for comparison with many of the newer
theoretical models and for assessing the relative importance of height and
slope distributions, correlation lengths and source characteristics as controlling
parameters in the scattering process. The total reflection coefficient is needed
for application to a variety of practical problems, particularly those concerned
with sound propagation in the Arctic environment.

Work Distribution Between NRL and A.U.
All experimental work was done at NEL together with the data analysis

and reporting. Computer software and hardware developed through the contract
at The American University made possible the comparisons with theoretical models
and implemented the experimental design used in the transient pulse analysis
measurements.

References

S. K. Numrich, “Measurement of the Acoustic Field Scattered at the Liquid—Solid
• Interface of an Echelette Grating,” J. Acoust. Soc. Am. 611, S56(A) 1976.

S. K. Nuinrich, “Scattering of Acoustic Waves from Randomly Rough Surfaces,”
• J. Acoust. Soc. Am. 64 , S13l(A) 1978.

S. K. Numrich , “Scattering of Acoustic Waves from Randomly Rough Surfaces ,”
University Microfilms m t . ,  Ann Arbor , Mich. , 1979.

S. K. Numrich, “Rough Surface Scattering,” Naval Research Laboratory 1978
Review. (in publication for 1979)

Ii?~T1L~ ” ~~~~/ ~~~~~~~~~~~~~~~ /- ~~~

/ By ~~~~~~~~~~~~~~~~~~~I
I- 1

~2u_~ ~~~

I~~ 
~~~~~~~~~~~~~~~~~~

Dj
~ t • - ‘a:L l 

~~~~~~

F
• — 

- —5—5—-— - - —- — -—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ •

—5- - _______ ____ 

• 
~~~~

I__S__S. ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -• — . _ _ __  ~~ . ~~~~
__

~~~
___

~~
_

1 — —— ----------
~~



LI

I

TABLE 1. PARAMETERS OF ROUGH SURFACES I AND II

Parameters Surface I Surface II

RMS height (a) 0.124 CM 0.037 CM

Correlation Length 0.737 cM 0.305 CM

Maximum Gradlant 0.492 0.458

Maximum Height 0.238 GM 0.094 CM

Maximum Depth —0.313 CM —0.078 CM

Minimum Radius of Curvature 0.891 CM 0.328 CM

Milling Accuracy 0.005 CM 0.005 CM

Mean—Squared Deviation from the
Theoretical Distribution 0.0036 0.0016
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Fig. 2 The orientation of a source and surface for all the experi—

ments is pictured. The soun d was normally incident on the

nominal mean of the surface .
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Fig. 3 A typical schlieren visualization system is shown as a block

diagram. Disturbances in the water caused by the sound pressure

produce an image at the camera lens.
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~~ Fig. 5 Steady state pulse measurements are plotted for two

section of the surface where they were measured . The

transducer diameters and the surface topography (surface I)

are drawn to scale.
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Fig. 6 Transient pulse acquisition scheme is shown as a
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block diagram.

S — S 
-- - 5

• 1 - ~~- ~~~~ 
-- .~~~~

‘
~~~~

— -— - --5 — — .— - -  - -~~~~~~- ~~11 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - *
S 

~~~~~~~~~~~~~~~~ — -— — -—-  —— • — — — - —  — - -. — -.5-5—..—-- . — ~~~~~~~~~~~~~~~~~~ -._k~~t “h . S . .. — . -



pr_Sw

13

BOYD & DEAVENPORT a o = 0.091 IN
o o = 0.181 IN
oo O.364IN
•o 0.3641N

0 ‘
s~~~~ CLAY , MEDWIN , WRIGHT a

\
~~~~~~~~~~~~~~~~~

0

O

~ 10 - \
~~A O  ‘\.

__
Ooo w •  ~~~~~~~

\~
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TOTAL
- REFLECTION

cr~~ \~ 
£ 

• • - COEFFICIENT
U~~W 

- 
L

o~j  
—

~~~ 
* 0

w~E L A  0

A

0z ‘ .5

(9 —30 - ‘
\ ‘5 0
‘ ‘

S \  \
5~~~~~~~

—40 - — — -  DE SANTO THEORY

— CHARACTERISTIC FTN e _12 / 2

A4 - I I I \  I % I  I I I I I

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4~5 5.0

ROUGHNESS = 2n/A a cos

f, Fig. 7 Summary of major experimental results. Data for coherent

reflection coefficients from wind—driven water surfaces,A ,

and fixed surfaces. Theoretical predictions from Eckart’s

theory, , and DeSanto’s multiple scattering model,———
. are shown for comparison. Total measured reflection - -

coefficients computed in this experiment provide a comparison

for the fixed surface data.

L

— 
- 

~~~~~~~~~~~~~~~~~~~
- - --~~~~~ 

S -

_s ~~~~~~~~~~~~~~~

- -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



__________________________ 5- - - -

14

1
~ 

5-

I-z .5I
LU

U.
LU
0
C.) — 1 5  -

\ n
c 

- 

P

•
— 25 - %• X,Q(X~5ç(

LU x XX
A

LU x -v

C., x

35 
X

x
x

—40 I -  I ~~ I I I I _
- - 0.4 O~8 1~Z . 1.6 2.0 2.4 2.8

RAYLEIGH ROU GHNESS PARAMETER
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are plotted against the Rayleigh roughness parameter.
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Fig. 9 Coherent Reflection coefficients for 5.0 MHz transducer

obtained by transient pulse analysis are plotted against the

Rayleigh foughness parameter for brass surface II. Effects of

phase cancellation are dramatic. 
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Fig . 10 Total reflection coefficients for 5.0 MHz transducer obtained

by transient pulse analysis are plotted against the Rayleigh

roughness parameter for  brass surface II. The standard deviation

for each data point brackets the mean curve .
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Fig . 1.]. Coherent reflection coefficients for 5.0 MHz transducer

obtained by transient pulse analysis are plotted against the

Ray leigh roughness parameter for brass surface I. Ef fec t s  of

phase cancellations are dramatic .
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Fig. 12 Total reflection coefficients for 5.0 MHz transducer obtained

by transient pulse analysis are plotted against the Rayleigh

roughness parameter for brass surface I. The standard deviation

for each data point brackets the mean curve.
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