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Progress in a number of ongoing projects is reported. These include
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surfaces, and measurement of Doppler shifts and spread.

The extension of previous scattering strength measurements to lower
frequencies has shown the strengths observed to be 10 to 15 dB higher under

roquOD ~~~ 
,, i4ii COl1’ s Ow OF I N O V8 1  IS OSSOL ETC 

~.J’JCEA~IflEDS/N .102 0~ 4 660 1

~
d
~1~~

) ______
—



_ _  — .•
~ 

-
~
--w-_

~~~ ~~~~~--. 
.. -- — -

~~~~~ -.. ---——--- - .;~~ ~~-- -~~~~--.-~~~ --~ - — - ---~~~~

20.~~~~

similar wind conditions but with wavelengths approximately 8 times longer.
These stud ies have led to the beginning of development of a model for
reverberation based on a characterization of the surface as an ensemble of
face ts .

A method for precision measurement of model tank waveheight and wave
slope time series has been developed . The system is based on fine wire

• 
capacitance probes. It has been used to compile a set of slope measure-
ments which is consistent with data reported by other investigators. A
system for automatic measurement of time— space waveheight correlation has
been developed.

A sevent~~~~~lement, 320 kHz. linear array having a beam width of 4
0

and sidelobe ejection of 23 dB. has been designed and constructed . The
array uses foam backed PZT elements and is intended for low grazing angle
measurements.

Add itional measutements of the alignment and wind direction depen-
dence of f req uency spre~d and mean shift in forward scatter have been
made. These measurementS indicate that shift and spread are quite sensi-
tive to alignment error ~.n crosswind orientations but that even under
cond itions of precise a1~gnment , some frequency shift does occur .

I
I

I

$

I

•

•... ~~~~~~ . - ~~~~~~~~ ~~~~~~~~ -._~ --~
.- -\.-. . -~



• SURFACE SCATTERING STUDIES

Final Report Submitted to the Office of Naval Research

Under Contrac t N 1 7 5 — C — l o l .~

10 August 1979

1. Introduction: During the contract year as amended a number of

projects were initiated or continued in support of the general con—

trac t objective , characterization of acoustic scattering strength froc~

wind roughened water surfaces. This document is a statement of pro-

gress as of the end of the contrac t period for each of these projects.

The principa l effort of the program has been the continuation of an

empirical stud y of the scattering strength of wind driven surfaces

under bistatic as well as monostatic configurations. This study was

initiated to provide a characterization of this statistic in the

absence of any ~~rking theoretical formulation so as to permit the

refinement of global propagation models to Includ e surface reverbera-

tion effects. During previous contrac t years a precision goniometer

WaS constructed to permit efficient measurement of scattering strength

under a var iety of geometr ies and an extensive study of scattering

strength at short wavelengths was conducted [Zornig, 1978j. During the

( past year the goniameter has been improved and a series of measure—
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• t h i s  se r ies  oh e x p e r i m e n t s , r epo r ted l a t e r I n t h i s  doc um en t , in d i c a t e ’

that the p r e d i c t i o n  of Doppler shift and spread will probably require

a more prec ise model than those presently available. This work has

m o t i v a t e d  a t h e o r e t i c a l  I n v e s t i g a t i o n  suppor t ed  under  o the r  ausp ict ’ i.

which will be published In the near future ’ (Tuteur et al .. 1979].

The acoustic studies conducted during previous contract years have all

ind icated tha t a more thoroug h characterization of the scattering

sur f ac e would be required if any general model capable of explaining

the phenomena observed were t o  he developed . Accordingly studies of

the surface slope statistics and time—space covariance function were

undertake n and will be docum e’nted in this report. These measurements

were made using a refinement ot a wavehe ight measuring apparatus which

has been developed over the past  several years based on a capacitance

wire detection scheme. They exemplif y a very high prec i s ion  wavehe igh t

measurement capabilit y which will used to extend the d o cu m e n t a t i o n  ot

water surfaces In the future.

During past d i s cus s ions  with p r o j e c t  sp onsors of  the d i r e c t i o n  of the

model l ing  project at t h i s  f a c i l i ty , a recurrent theme has been the

issue of very low grazing angle measurement of scattering statistics.

D u r i n g  the contrac t period covered by this report funds were requested

for partial support of the development of an ultrasonic array capable

of prod ucing a narrow sidelobeless  beam pattern for use in f u t u r e

itudies of heavil y shadowed scattering processes. The a r r a y  was de—

I
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signed , constructed and characterized during the past year with suc—

cess and is described in this report.

~~. Bistatic Scattering Strength Studies: This section describes th ~

resul ts of a series of measurements of the scattering strength of

short fetch model tank surfaces under a variety of experimental situ—

a tio n s .  These measurements  were  conducted us ing  a technique descr ibed

prev iously [Zorn ig , 1978] f o r  the case of shor t  wavelengths .  The

acoust ic  wavelengths  used in this case , however , were much longer than

those of the ea r l i e r  study. In a d d i t i o n , s c a t t e r i n g  s t r e n g t h s  were not

measured f o r  b i s t a t i c  d i f f e r e n t i a l  az imuths  grea ter than 105 deg .

(near fors~~rd) . These measurements  were omi t t ed  because of d i f f i c u l ty

in obta ining data  in near f o r w a r d  o r i e n t a t i o n s  t h a t  were  f r ee  of

d i r ect path contributions and because the conceptua l basis o f t h e

statistic is of doubtful usefulness in near—forward orientations in

which contributions to the scattered f i e l d  cannot be assumed to be

unifo rm ly distributed over the area of the surface insonified. These

orienta tions are difficul t to characterize pr imarily because of the

absence of a simpl e statistic that is independent of the projector!

hyd rophone charac teristics.

The procedure used in these expe r iments  r emains  e s s e n t i a l l y  unchanged .

A directional projector is used to insonif y a portion of the wind

driven surface from a specified direction at a specified wavelength at

— -~ -~~- - - .- - - - - - S - - - ‘ - ‘~ i - -
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a r e l a t i v e l y  well d e t i n e d  f r e q u e n c y  (more  tha n 2 * c y c l e ’s  per p u l s e ) .

The p r o j e c t o r  used was a p i e z o e l e c t r i c  t r a n s d u c e r  h a v i n g  an e f f e c t i v e ’

ape r t u r e  of 7 . 7  cm.  and a p r i n c i pal resonance of 9v k}lz . The t r ansdu-

ce r e x h i b i t e d  a r e a sonab ly  p i s t o n — l i k e  bean p a t t e r n  at t he, p r in c i~ 5s1

reso nance and h.ed s u f f i c i e n t  r e sp onse  to be use f ul at  180 kHz and 3t ’~

kHz as well. The beam patterns at the se ha rmonic f r e q u e n c ies appeared

to  be p i s t o n — l i k e  as we l l , but w e r e  somewhat less ideal  than tha t

measured at 90 kHz . A d i r t ’c t ional  hy d r o p hone is used to sense the

s c a t t e r e d  f i e l d  a t  some othe r orientation during a p r e c i s e l~’ d e f i ned

and constant time interval. The combination of beam patterns and time

gate are used to compute , for each orientation , an effective insoni— —

ficatio n pattern on the surface. This  p a t t e r n  toge the r  wi t h  a call—

brat ion measurement made w i t h  the same apparatus from a smooth surface

in a specular ret lecti on orientation Is used to calculate from the raw

measur ed returns , the scattered power that would have been received at

one ya rd from a u n i f o rm l y  insonified square yard of surface due to

unit inc ident power. This statistic is called the scattering strength

of the surface. The calculation of the statistic also depends on the

spread ing law governing reradlat ion ft-on the surface. However , the

experimental geometry was such tha t an error in the assumed form of

the spr eading law would have made only a small difference in computed

scattering strength. There has been and still remains considerable

controversy over the law governing spreading from rough scattering

surfaces [Mikeska and McKinney , 1978].

- - - — ___3 
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Using this pr ocedure s c a t t e r i n g  s t r e n g t h s  w er e  measured  f o r  a nu m b e r

ot ditterentia l azimuths (the difference be tween projector and recei-

ver orientations with respect to the c e n t e r  of the s c a t t e r i n g  a rea )  a t

) each of  t w o  wind speeds , t w o  g r a z i n g  angles , and t h r e e  pr o j e c t o r

o r i e n t a t i o n s  w i t h  respect  to the wind  ( u p w i n d , c r osswind , d o w n w i n d ) .

The surface statistic s are the same as those used p rev ious ly  and are

fur t her documented later in this report. This basic set o f d a t a  is

presented as Figures 1 — 12. The plots differ from those presented in

previous reports in t h a t  the b a c k s c a t t e r  d i r e c t i o n  is at  the l e f t  end

of the ab scissa . From these data two basic obse rvations are apparent:

a. Scattering strengths are apparently substantially higher at

this longer waveleng th. Figure 13. shows the scattering strength

for backscatter from the Wind 4 surface at three projector

orientations , two grazing angles and four wavelengths. It is

clear from these results that the change of wave leng th  has pro-

duced wha t appears to be a consistent 10 to 15 d8. increase in

scattering strength at all orientations. The increase is appar—

ently highe r at higher grazing angles , but whether it is propor—

tional or not is an open question. As wil l  be seen below , a

recurring theme in this report is the speculation that reverber-

ation at low grazing angles is primarily due to diffractive

effects. If we believe that the surface behaves as an ensemble of

plane facets , each reradiating with a pattern that is dependent

on its size and the inc ident wavelength , then it seems reasonable 

- - .- --~~~ ‘s- ~~~~~~~~~~~~ 
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t h~ L at 1 o~ ge r wa~’e 1 eng C hs t ht’ p~t C e l  IC. C-c  CI ii b ’ ,’ OCe 8Ure  omn i—

d i r I- C t  _- ‘n.i 1 and  ~~~ ‘ ui d it  ud t ~‘ C ~i ~- C m ~‘ e ~X’C-~.’ V I U (~~~Cf l — 5 pt C Ui.I I

ii 1 ret- C l  ~‘ns H OC - C-v  e-r , C he’ deg I~t’ i’ C ~‘ wh Ic IC LIII 5 1 S t h e’ case C-~~C C I I

depend ~‘n t he si ~~t ’ o C suc h I ii. ’ c t  s ~ nd t I le’ d st  i i but C ~‘t :  ~‘ I C he C l

4-’ c c u r ance  -

b .  At t h i s  C - ’ 1V1’ length t ilt’ dt ’~’e t C d e ’ f l C e’ JI C-~~ C _ l t tt ’rinl ,~ s t r e ng t h ~Ul

pre~ject4-’I or ien t~ i t ion w i t h  r e s p e c t  t~’ the’ w i nd remains the 5 C _ C 1 C ’~~

it wj s  noted during the ’ st~c t t  w I v e ’lellgth sen t- s  01 expe r iments

t hat a J i t t e r e n ce  ~‘C a s  mue-h C_ IS 1 4 -’ dl~ in s4-’C_ Ittc r ing stren ’~th

C C_ ’u l d  he observed bt- t we’e’n u~’w ~ nd .1 d~ ’s-,~ v i nJ  h a c k s L ’ C _ et L et’ i C C , ~

s t  re’n~ ths - UI 15  w a s  SCl~’4’~’ st ’J 1~’ be ’ due U t he’ ~4 S %~C~~e t rv  ~‘ I the ’

shi’ r t X e Cc l~ w i n d — d r  iv  en sut C - , is , .’ ,.~ in th e ’ sc exper iments - L’ t l c ’

c ould specuLi te’ t h e t  Ut 5~’t’C,t’ w_i~- e’length the e ’ X t e’ C t  et  th is  asv~~—

8e t r v  a i i~~ ht J i C i n i s h , hut a t  t h is  ~xCint  t h e re ’ is  IppUt- c n t l v  u~’

change -

in add i t ion i~’ the basi~’ series  J ~‘sc ri he’d a h4- ’v e , st ’Ve i’~ I adJ i t  1 ~‘l h l

scans were made at wa~’ e 1 e ’ngths tw i c e  ~end cue ’ h~e 1 t as large . Thes~’ runs

~~re explcratorv in the ’ sense that no e x t e n s i v e ’ S C U C C  at the’se wave’—

lengths was contemp lated unless anomalous heh,tvior w U s  oi’scrved.  Ttie ’v

are given as Figures 14 — I ‘~~ As can he seen t r o m a c~~~~p C_ l r i s o n  ot

Figures I - ~ and I S  w i t h  Figures IL t and 11 , re-duc l u g  the ~-avelength by

f a c t o r  of two had only  the e f f e c t  ~~t reducing t he’ scattering strength

at b ot h  crosswind and do~~wind orientations, On the’ other hand doub—
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l ing the wave leng th  (Fi g. H, ,, 17) seems to have had the e f f e c t  of both

ra i s ing  the s c a t t e r i n g  s t r e n g t h  and reduc ing  the d ownwind/crosswind

d i f f e r e n c e .  This observation is admittedly based on an anomaly in just

one run , but i t  does suggest tha t furthe r exploration at even longer

wavelengths may be worthwhile.

3. The Facet I’k,del: During the past year , in response to the continu—

ing need for a viable theoretical framework on which to hang the

considerable mass of data that has been collec ted , a study has been

conducted to determine the possibility of constructing a semiempirical

model for reverberant scattering based on the notion of the surface as

an ensemble of facet—like scatterers. The notion of modelling a scat-

tering surface as an ensemble of statistically defined scatterers has

been championed for some years by Middleton (19771, but has not been

used widely due in some part to the difficulty of characterizing the

scatterers in term s of measurable characteristic s of the physical

surface. Patterson (1963 ,19641 and ) more recently, Novarini and Medwin

[1978J have presented limited models of the surface based on the 
-- 

-

notion of plane facets , but these models are relatively primitive and

do not in the ir present condition permit the quantitative prediction

of experimental data.

The basic approach of the facet model is to represent the surface as a

connected set of plane reflec tors of a specific size and shape . In

-- 
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that way the surface wuld be simply parameterized and much of its

complexity wo uld be eliminated. The connection to the pi~ysical surface

is made by measurement of surface slope and othe r surface statistics ,

permitting the selection of a distribution of facet sizes and s lopes

in the modeL The scattered field is then expressed as the coherent

s tun of the waves reradiated from eac h facet to the measurement point.

Each facet is treated separately as regards its response to incident

field and the coherent summation of reradiated fields is relied upon

to accoun t for the dependence between facets. The model is clearl y

approximate and therefore lacks the elegance of the solution of a

scattering integ ral approach. On the other hand formulations based on

such a model can be developed in stages of complexity as needed to

arrive at a practical predic tor. The principa l appeal of the facet

model approach is that it preserves to a large extent those scattering

phenomena which are assumed away in Helmholtz integral form ulations

and which show greatest promise in the explanation of low grazing

angle reverberation (i.e . diffraction).

t The first step in the development of the facet model has been the

derivation of an expression for the contribution to the scat tered

fie ld of one member of the ensemble. The simplest shape for that

) single facet is a rectangle tha t is very long in one dimension. A

suitable coord inate system is shown in Fig. 20. S and R refer to the

source and receiver locations in the Z—X plane and cs and ~ are the

$ ang les from the 2 axis to the source and receiver directions respec—

$

,,~~
- - -~~~~~

-.i
~~

--— 
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tivelv . The facet Is assumed to extend a great many wavelengths in the-

Y direction. The sour, e- is as s u me d  to  be at a distance sufficient s~

that the insonit vin.~ wav et ron t  over the X ex t e n t  o t  the facet is

essent ia lly  plane. This is not a severe rest r ~~’t i on  g iven tha t f a c e t s

t hemselvt’s can be ex pected t o  he re lat i ve l -, sm~i11. The ampl i tude .

phase , and d i rec t ion OX the insonitying wave is determined by the

projec to r orientat ion and beam p4 t t e r n .

The reradiated field is colculated under these assumptions for the

f ace t  alone . The received pressur e is found to be (Kerr , 1951; Good—

man , 19b 8; P a t t e r s o n , 19t ~3 . -~1

p cos sin (’~ LX) (sin ~ — sin ~)

— (1)
- exp (ik(R 1 + R ,))/~ R~~(sin ~i — sin ~)

where k is the the acoustic wavenumber , X is the facet size , R 1 and K,

are the facet center to source and rec~ iver distances respectivel y and

p0 is the pressure inc ident on the surface. In the forward specular

direction ~“ — ~‘ and the pressure 
~FS ~~

~FS 
— P

~ 
kX exp(ikUt 1 + It2

)) COS o / R , (2)

In the backscat ter  direction ~ — —sand the pressur e 
~~ 

i s

— P cos m sin(kX sin a)exp(ik(R1 + R2))/ain m (3)

- 
:- 

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



1 1

For large value s ot kX the received amplitude can be seen to be very

small unless -, and  -
~ are nearly equa l (specular reflection). As kX

becomes smaller the facet tend s to scatter more omnidirect ionally ,

approaching a point scatterer. In that case the scattered intensit y

a ppr oac he s

P j  ~~~~ cos~n (j~()
2 

(-4 )

The eventua l goal of a facet model , of course , is to predict the

scattered intensity due to a continuous rough surface. The model

represents tha t surfac e as an approximation in terms of plane facets

parameterized , in this case , by size , slope and position. Addition—

ally , the facets are constrained to be joined at the edges. in the

case of a rand om rough surface the parameters are random variables ,

not necessaril y independent. The scattered field due to this surface

is calculated by summing the received fields due to each facet assum-

ing that eac h is insonified by a plane wave of amp litud e a~ and phase

determined by the source beam pattern. This way of accounting for

the characteristics of the source is similar to the approach used by

Clay and Medwin [19701 to inclode the Fresnel approximation into the

Helmholtz integral based formulation.

In the case of a rand om surface the basis for parameter assignment in

-_ -- - - - - 
¾~~’~ - -~~~-
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p the model will be measurements of surface spatial statistics. From

these a model surface can be generated (Fig. 21). In the case of a one

dimensional representation, the total received amplitude due to a

finite insonified region of the surface having leng th L can then be

expressed as the sum of contributions from the facets.

- 

J-l 
a
j ex~ (ik(r~1+r~2) ) (cos  m~ cos B ) ½ (5)

sin ½kX ‘ (sin - sin 8~)/½(sin ce~ — sin 8~)

The received intensity is then

Jpp*j - 

~~~ 

a~
2 cos ct~ coB 8~ sin2 ( (kX

1/2) (sin - sin

/(sin — sin 8 ) 2 (6)

+ 8 Re 
~ 

2 aj am ex~ ( ik(r 1~ + r
2j 

_ (r
im 

- r2m
) ) ]

• - (cos COB COB am sin $ ) ½ sin [ —j1 (sin a~ — sin 8~ ) ]

$ 

- sin [ ...! (sin a — sin / (sin aj  
— sin B~) (sin am 

— sin

The constraints on the generation of the surface are expressed as



—‘ ‘ - ,_ .— -- —

I

1 ~t

~
. cos — L ( 7 )

i— i

+ sin tl
j 

— — sin (~
)

~ 

+ cos - - Cos

where z , i s  the ve rt ~cal disp lacement oX t~~ct’t c e n t er i and - i s  thcJ

hor izonta l  d isp laceme nt of the t - i c e t .  The t a c e t slope is t .-tn - - The

f i rs t  term in Eq. o represents t he stm of received Intensi t ies f ro~i

each facet sepi ratel~- . The second term contains the phase dependent

interference c o n t r i b u ti on  ~ c ons t r u c t i v e  o r  d e s t r u c t i v e )  among r .~ce t s .

I~~t us consider the case or a dis tiu t proj ector in w h i c h  the inson i—

ty i n g  w~ivt- f ront  is plane. The angles  and 
~~~~ 

are expres~ e d in te r m s

of the source .nid receiver  grazing ang les , 1 and -
~ 
,, and the f~~c c t

slope ,‘
~~~ 

, by

— 
~~~

‘
-~ — —

c~l ~
— ~/. 

— -
~~~, 

+

For purposes of presenting a simple example we further sti pulate that

the source and receiver are at the same range , K, and grazing angle ,

‘
~~~. Under these cor~~itions , the intensity measured in the specular

direction (forward scat ter )  is

- -— - - - -~~~~~
---~ 

- 
~~- 

-~~~~~~~~~~~ 
- - ‘--

~~~
-- 

- ~~~--- -- -~~~ ‘ j  -
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2 -P
I - ° 

~ lt an2 (y-8 )sin2 (kX cos(y— 8 ) ) ]  +

2

i j -i [ cos 
~~~ 

sin(
~
_8
j
)sin (Y_O

m
)sin(kX

j 
cos (Y_O

j
)sin(kX

m 
COS(Y

~
6
m))]I

j—2 m—l cos (Y._O j)cos(Y~
6m)

(11)

and the monostatic backscattered intensity is

ii~ p sin(y—O )sin(y+6 )sin
2(kX sin y sin 0 )

I — ° i ]+
ES 

It2
2 j~ i sin2 ‘~ sin2

2 
£ 3—1 cos 

m
(sifl(Y_0

j
)sifl( +0

j
)Sin(Y+0m

)Sifl(Y_6
m)Y~

3—2 m 1  L sin y sin sin

sin(kX
3 
sin ~ sin 03

) Sifl(
~~
(
m 

sin ~ sin em>] 
~

- (12)

The term 
~ 

is the phase difference due to path length between facets

in backscatter and is given by

— k~X
3 

cos(y—8
3
) + Xm cos (y

~
0m) + 2 Z~~ 1 Xn 

cos(~3
_8
~)} (13)

Similarly the term 
~
‘
jm 

for the specular direction is given by

_ _ _  ~~~~~~~~~~~~ 
‘
~~~~~~~~~~~

‘ ‘  
.—-- ——--— . 

- _
4
~~~~

*
•
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rn-i
— k sin ‘y ‘~ X sin 0 + X sin 6 + 2 2 IC sin 6 ~

- (14)
3m 3 3 m m n 3+l n

The phase te rm :‘jn becomes very small when - , or ~ and k are  small.

This occurs in the case of re lat ively low sur face roughness , a v ir-

tually smooth su r face .  In that case the expressions red uc e to a Huy—

gen ’s source representation of a smooth surface .

In the case of monostatic backscatter , the phase term 
~jm 

depend s on

the distance between facet centers along the direction of propagation

of the incident wave. In the case of small slopes and low grazing

angles this is approximately the horizontal distance between facets.

If the distance between scatterers is typ ically much smaller than a

wavelength , then one would expect that the contributions from facets

would be coherent within Fresnel zones. Also , if the facet sizes are

muc h smaller than a wavelength , then they behave as more or less

om nidirectional scatterers. Under these conditions one would expect

tha t the contributions of many Fresnel zones wo ul d be roughly of equal

amplitud e and uniformly distributed phase and would interfere at the

receiver. At the other extrem e , short wavelengths and relatively large

facets , one would ,xpect largely specular reflections from facets

adding in a way tha t is dependent on geometry and surface statistic s,

but again very little backscatter. In the transition region , however ,

it seems likely that there exists a regime in which wavelengths are

long enough to give rather broad reradiation patterns , but in which

facet contributions add somewhat coherently. 

- 
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T imis s t - c t  m u  has presented a preliminary forum of a model based on a

represent.mt ion of a rough su r f a c e  as an ensembh’ of plane segments - in

order  to he e t  i t - c t  ly e  • we e x p ec t that the model w i l l  have to be r&-—

fined and extended to  .~ d imen si omo- - Wimi le some of  t h i s  may he acc om —

p1 isime d anal Vt ic~ 1 iv , it is e x pe c t e d  t hat the end prod uc t will he

p art ial iv num t-r ical model - &-ca ims& - o f  the simp l e parameter iza tion of

the in iti a l t o rn  of the model , W( expect tha t numeric ,m l expe rime ntmi— 4

tion will permit development of time model to be guided by a more or

less continuous t-xper imental vmul idat ion process.

‘ . Water Surface Statistics: Tlmi~ program of measureme nts has been

motivated by t he rathe r demand lug rcqul rements ot  current anal y t i ca l

models o X su r f ace  s c a t t e r  for ex act  knowled ge o f  t ime s ta t i s t i c s of t imc

scattering sur face. One 01 the pr iumc l pal advan tages of model tank

stud ies is tha t the y permit the use of a repeatable cal ibrated sur-

face. Th is advantage is greatly red uc ed if that calibration Is only

part lal or is imprec ise - However , measurem ent of he behavior of a

wa t t- r sur face- in which the re are significant teatures with size s on

tIme order of a millimeter is difficult and has been an ongoing effort

a t this facility since its establishment. A number of current models

of mmdc rwater acoustic scattering and frequency spread ing depend on a

knowl edge of surface heig ht and surface s lope distr ibutions as well as

the secorkl order spatial and temporal correlation funct ions . it has

been suggested , for exam ple , t hat back scat t e r  is due to re f lec t ion
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p by t co l l ima ted  fa um blowing over t ht’ water with appr ox imat ’lv 3 meter s

of fe tch.  The air v e l o c i t y  Is regulated hs a c~~~binat ion of Ian sfw -d

and aperture adjustment .  The formation o f  stand ing waves in the app im—

ratus is suppressed to a considerable ex ten t  hs’ a do~~tw ind ht ach m and

by irregular it te’~ in the skirts of the tunnel used to cont .uin t he’

wind. Wind speeds re ported were  de termined by an anem ixueter suspended

about 18 cm. above the water  sur face near the measur ement s i te ’ .

Water  he ight measurements we re  made by measuring the ca pac i t am mc t

between the c onductor of a .t’7 mm. unit ortnly insulated (Formva r in—

suiated magnet) wi re and the wat e r  in which it is suspended vertical—

15. The capac i tance  of suc h a syste m is 1 ineat ly  proportional to the’

immersion dept h providi ng tha t the wire- and Insulating coa t  tug at~-

uniform, in order to develop useful t ime’ ser ies tit ~mt er d ept im , the

capacitance must be sampled at a rate ott the order of several hund r ed

times per second . This w as accomp lished by using the probe as the

capacitor In a h i g h  pass f i l t e r  w i t h  the w ater  at ground po t ential as

showo In Figures 22 and 13. Measurements of surface slopes were ui.mde

using two probes with indepe ndent e lectronics .  A constant amplitude S

kHz . sinuso id is applied to the basic probe circuit. The amp lified

output of the probe , an ~~plitude modulated signal , is then detected

to derive a waveheight signal . A signal proportional to slope Is

develope d by subtracting the de tec to r out put s of  two pmob ~s of equal

cal ibration. Typically the resul t is digitize d at a rate of 100 t imes

per second to a precision of 12 bits and stored fo r analysts.
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P The probe e lec t ro n ic s  are ’ lair lv u i — e u — i t  lvi’ t o  small changes in watt- r

condec t iv it y (a 10 percent change In conel uc liv it v prod uces a I per cttt m t

chang e in capac I t ct m lct ’ ) • Furthermore , t lit’ apparent a bseu t c e ’  of crosst alk

be tween probe’ svs t eam s make’s it possible to make- pi c -c li-t t~~~— pt  o t’e-

meas urem en t s a t r el a t iv el v stti .mll se ~SI rat ions, lit the ’ ~ .I i-t , q u e s t  i om i S

hat- c been raised as to ti me accuracy WI tim which a w i r e  probe svsteui can

measure small features of t ime water sur tace - IS turm ~mnd So t re -li , l9~’ I  j

I t is a ppa rent t hat t ime mcii i sc us fo nued by t he wa t t -r  n e , ir  t ime wire

exhibits a hysteresis which  can c ouple wa te r  heig h t  and velocit y in

suc h a way as to cause an apparent flattening of crests and troughs.

Thii- e f f e c t  is , howt’v e -r , lim i ted in m agnitude to roughly  t w i c e ’ t he ’

wire diameter and was the re fore  discounted as insignif i c a n t .  In addi-

t ion it mig ht be expected that the extent of  the m en i s eu s  woul d dis-

tort two—probe measurements of IS’Z IVL ’ slope , lit order to contirm tha t

these e f f e c t s  were not important in the measurements ~ f s lope pre-

sented here , t r ial measurement s were made at a v a r i e ty  ot  probe spa-

c ing both greater and smaller titan the normal 1 mm. These measurements

resul ted in essential lv identical slope histogram s , c om m t inn ing tha t

the probe s~~mcing was substantial lv greater than thi’ meniscu s effect -

Probe calibration was acc~~ pl ished by ,; PC calibration procedure. Time’

probe immersion depth In still water was varied by a knowo amount and

the resulting change in detector output was gain adjusted to an ap-

propr iate value . This procedure , whi le suffic ient for simple wave—

he ight measur~ nents was found to be Inadequat e’ for the more demanding



p

p difterentlal measurements involved in lopt ’ anal v i- i i . .  lit order to

cal ibrate two probe systems wi t im s u f t i ’  ie’tm t a u c c e m m a c  v to permit slop e-

measur ement , a ~e’timod wa s rcquire’d which woul d re-seal t in a rela t lye-

accur a~-v subs tan t ia l ly  g rea te r  thaim t ime’ abso lu te ’  a c c t m t a - m -  a~ t iit ’vat’hi

w ith the imme rs I ott ca l  ihrmm t I nit . The tn e’thmo d used rd m e ’s out t ime ’ ~‘t ,‘pe I - 
4

t ies of slope s t a t i s t i c s  in time following way -

Suppose the conversion gain of probe i is a 1, i — I , .~~, and t ime a~’t mut t

waveheight at eac h probe location is z 1. Time third mm~nent of the

voltage d i f fe rence at t he detect or out put lit

— 
~ 

(a~ Z1 
— a ,

which is proportional to s u r f a c e  slope . Ex panding term s one ob ta i n s

3 ~~3 3 . 3 1 - -U 3 
— a1 ~~ 

— a~ — 3a
1 

a , ‘-

+ 3a 1 a , ‘ l “

If the probe positions are now reversed • the same’ inst r iamie m it at t~~u

gives

p

p
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2 1

3 3 3 3 2 -
~~~ a

1 ‘ Z 1 > — a 1 ‘ Z 1 ‘ — 3 a 1 a ,~~~ Z 1~~’1

+ 3 a1 a ~ “I 
‘ (17)

which is equa l to 
~~~~~~ 

onl y if a 1— a1. The calibration method used was

to cal ibrate two probes absolutely using immersion var iat ion, then

fine tune t ime gain of one probe u n t i l  t he sum of the two third mcsnent

results went to zero.

Water heIght and slope signals were sampled and digi tized at 10 ma .

interv als to 12 bit precision. From 51 ,200 sam ple records , histograms

of surface slope were constructed to a resolut ion of .07 in slope .

These are given as Figures 2-~ — 33. These differ substantiall y from

the preliminary results included in the Final Report of 1978 primarily

because of improvements in Instrumentation and redefinition of coor-

dinates.

Table 1 is a summary of the mean square value and coeffic ient of

skewness of slope at a variety of wind speeds including those which

are the faci l i ty standards ( those with “Wind numbers”). Negative slope

is defined , rather arbitraril y,  to correspond to a surface rising with

the wi nd direction. We observ e that all suc h distributions are nega-

tiv ely skewed. The skewness rises with wind speed up to a speed of 5

ca ./sec - and then fa lls until at wind speed s greater than 11. m./ sec .

no appreciab le skewness is observed . Under these conditions , the most

- -  - ____ ~~-__ .. . trfl~ Thfr- -
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P TABLE 1: SLOPE DISTRIBUT I ON MOMEN T S

Orientation Wind No. Wind Speed Mean Sq. Skewness

Up/Down 1 3.75 m/s .009 —0.4

2 5.4 .020 —0. 5

6 2  024

3 6 7  028 — 0 4

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

“ 6 8  030

7 2  034 — 0 3

4 8.3 .040 — 0 . 2

9.4 .048 —0.2

10.7 .057 — 0.2

5 1h2  .067 —0.1

Cross 1 3.75 .002

2 5.4 .004

3 6 7  .006

4 8 3  012

5 - 11.2 .022

1

_ _ _ _ _ _ _ _ _ _ _ _  

_ _ _  

- 
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probable slope is slightly positive and of small magnitud e, whereas

large slope s are more likely to be negative. This behavior is

consistent with results obtained by Wu [19 71] and Bobb et al. [1979]

in independent model tank measurements . The largest surface tilt angle

observed was 600 . Mean square slope increased with wind speed in an

almost linear fashion up to 11. m ./sec (see Fig. 34). This is in

general agreement  with Cox [1958] and Wu [1971 , 1977] although there

are differences in absolute magnitud e and the apparent rate of in-

crease with wind speed . The reason for the disagreement  is unclear ,

but could certainly be due to difierences in tank construction and

e f f ec t ive  fe tch .  Crosswind slope d i s t r ibu t ions  (Figure 34) also ex-

hibited an increase in mean square slope w i t h  wind speed , but to muc h

smaller values.

Sample time series of wave height ai-md slope at a wind speed of 8.3

m /sec. are given in Fig. 35. The records are synchronous in time and

therefore pe rmit  direct comparison. Figure 36 displays a similar

comparison with time derivative of waveheight. These examples illus-

trate the high frequency structure associated with the downwind side

of wave crests which has been pointed out by Wu [1977] and others.

Figure 37 shows a synchronous comparison of wave slope and negative

time derivative. The similarity of these records confirms the notion

tha t even small features of the surface change only slowly with re-

spect to their translation velocity (relatively low dispersion) in the

model tank situation.

p



-,

N

0
eq

0’.

V

‘ ~~~~~~ V~
- w o

C C ~~~~ 4.)

.1.3 _.4 ~.4

~~

-m ~ .
., OJ -’--4 ~

\ ~-~.!- ~~~-2 ’~
T - C ~~~~

V t ~~

~ 
L~~~ o

-.4 \ a. ~~~~~~~ci;

C.
C — d o

o ‘.0 ..,
V 

W C C L

C-
- - ‘-4

~~
- ~~~~~~~

~W O e . . -,

~

t ~ZdO’IS ZHvnbs MY~W

~

1 ’



- -

U
p. - —. —.--- a,

4 — U)

_ _
_ _

_ _
_ _  

‘a-

•
N

—
~0

V 0

4,
I. 4I .c

c

~
jI[ ‘- -



p

)

n . .’  0

C
4—.
~~~

N
N e w e
V

— 4 c c
tS -‘-4

I

p



__-.

p

I

~~~~~~ _l._s. O~~~~.-4

t— a, .c o

____ ___ .~~~~~~~~
=...

0 — a,___ —
-=

~~~~~~~~~~~~~~~~~~~~ _ __ _ _ _ _  — ~~~~~~~~.

~il

I



I

23

The statistic s described abov e , while t hey a r e important in the for-

mulation of the facet model , do not satisfy the requirements of a

ntjnber of current theoretical formulations pred icting Doppler spread

in the surface scatter channel . These models generally need a de-

scription of the surface in terms of its second order space—time

statistics. These are in some cases described by power spectra [Harper

and LaBianca , 1975] and in others by the space—time correlation func-

tion of the surface [Scharf and Swarts , 1974). These statistics con-

tain information about the regularity and directionality of the sur-

face waves which are not available from single point statistics and

are therefore necessary in order to account for scattering processes

in which partial reinforcement (Bragg) mechanism s are important.

During the past year an ex tensive set of measurements was made of the

space— t ime covariance funct ion of one of the f a c i l i t y  standard stir—

f aces (Wind 4 ) .  These measurements  involved the design and construc-

tion of a computer controlled translator and software which permitted

the automatic acquis i t ion of cov ar iances fo r  128 temporal and 32

spatial lags in one ru n .  Because of the relat ively low bandwidth of

the surface  motion and the requ i rement  for  good s tat is t ical  suffic-

iency in the data , such a run required a very long tim e (ca. 8 hours ) .

Dur ing suc h a run , no othe r work coul d be done in the f a c i l i t y .

Therefore  the measurements  were take n over an extended period of tim e

and are at present l imited to an ensemble of 40 , 000 covariance meas—

urements  describing a 32 cm. rad ius , 900 secto r for  time lags up to
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1.28 seconds. This Set of data describes just one wind driven surface

condition and must be extended to includ e at least one or two more .

When these measurements are complete they will be reported in a sepa-

r a t e  t ec hnical r e p o r t .

5. Ultrasonic Array C o n s t r u c t i o n :  It has become apparen t  tha t the

transducers presently available in the facility will not be useful in

the characterization of scattering at very low grazing angles. In

order to deal in a predictable way with geometries involving low

grazi ng angles , projector and receiver beamwidths must be at least of

the sane order as and preferably smaller than the proposed grazing

ang le. During the past year the authors undertook to develop an ul—

trasonic array to serve the needs of low grazing angle work it-i f u tu re

experimentation. This project was undertaken in part because of the

recent v i s i t  to the facility of Dr. Anthony Pratt of the University of

Technology, Lo ughborou g h , UK , who made a great n imber of very useful

suggestions based on his own ex perience which mad e it possible fo r  the

a u t h o r s  to cons t ruc t  the array with a minimun of d i f f i c u l t y .

The array was constructed using rectangular PZT (5400) transducer

elements  of dimensions 23 mm. x 9.5 mm . and thickness resonant at 320

kHz . The elements were designed to be operated as quarter wave air—

backed resonators. The length and width were chosen so as suppress any

other resonance modes at operating f requency.  The transducers are

D000i 1ThC 4
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mounted in a foam f i l l e d  po lycarbona te  ( L e x a n )  housing . Althoug h t h e

acoustic impedance of the foam backing is much hi g her than tha t  of

a ir , i t  is s t i l l  an order  of m a g n i t u d e smal le r  t h a n  tha t of water and

thus s u f f i c e s  as a backing m a t e r i a l .

The cons t ruc t ion  de ta i l s  of the a r r a y  are  shown in Figure  38. The

housing is bu i l t  of 3/8” th ick Lexan plate . It is a partitioned rec-

tangular box with both sides , open filled t.-i th a self—foaming resin ,

milled out to accommodate the transducer elements. The elements were

mounted on 1 cm . centers in the face of the housing and the front face

was sealed with a thin layer of silicone rubber (RTV). Electrical

connection was made by soldered connections carried to a cable assem-

bly of 17 — RG I 74A coaxial cables.  The array is amplitud e shaded by an

assembly of seventeen precision potentiometers ( 10 tu rn  He lipot )

connec ted direc tly to the cable assembly.

The array was characterized using sinusoidal bursts about 2 ms. long

at 100 ms . intervals. All measurements were taken with the receiver

about 3 m . distant from the array. After ind ividual impedance meas—

urements were made to verify the manageability of the design , m d i—

vidwtl element frequency responses were taken in the finished array. A

selection of these is given as Figure 39 Using this information the

shader was adjusted to give an effectively uniform shading function at

the resonant frequency. The frequency response of the array on axis

under these conditions is given as Figure 40.

o~ot VIt~~4
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Figure 41. gives the polar response at  resonance along the axis  of the

array of a single element. The -~10 dB. beam width is seen to be 350~

Figure 42. gives the polar response of the uniformly shaded array at

322.6 kHz . Under these conditions the main lobe —10 dB. beam width is

5° but there are sidelobes at 290 at only 5 dE. below the main lobe .

In addi t ion the power radiated between the principal lobes is only 17

dB . down . The pat tern perpendicular  to the pr incipal axis of the of

the array is shown in Figure 43.

Several experiments with shading were made to test the effect of

shad ing on the pattern of the array. The first of these was a cosine

shading function used as a basis for comparison w i t h  more complicated

shad ing functions. The result is given in Figure 44. As can be seen

the simple shad ing function resulted in a reduction of main lobe width

to 40 and a substantial reduction in the near sidelobe power to at

most — 21 dB. A second attempt at shading was the application of the

Dolf—Chebyc hev method for a predicted sidelobe rejection of 30 dB. The

result of this experiment is given as Figure 45. The actual reduction

obtained was only —23 dB., possibly because of approximations made in

adjusting the shading potentiometers. Again the mainlobe width was

about 40

The general result of this adventure in array design was the acquisi-

tion of a new and useful tool for narrow beam probing of scattering

surfaces. The array appears to have sufficient efficiency and band— 

--- - - 
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Figure ~41 . — Polar response of a s ingle
tran sducer element along the prin cipal
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Figure 142. — Polar response of the com pl eted
array uniformly shaded as in Fig.  140.
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width for pulsed monochromatic probing of the surface at low grazing

angles. Not surprisingly, the patterns achieved with shading do not

appear terribly sensitive to the choice of shad ing func tion.

6. Frequency Spreading Stud ies: Rather  i ndependen t l y  of  the above

work , previous s tud i e s  of f r equency  spreading  in fo rward  s ca t t e r  have

been cont inue d in order to explore  an anomalous s h i f t  in mean received

frequency under condi t ions  of geometr ic  symmetry  [Zo rnig , 1978].  These

results are as yet not f u l l y  explained . However , a theory explairJng

some of the effects observ ed is in the process of publication LTuteur

et  al . , 1979] and will be available in the near future.

The e x per i m e n t  cond ucted was bas ica l ly  the same as tha t described in

the abov e referenced work . A preemphasized probing signal s(t) is

designed and synthesized. This signal is applied to a projector ,

interacts wi th  the s u r f a c e , is received by a hyd rophone and is digi-

tized at the sampl ing rate used in its synthesis. Because of the

linearity of the process , i t  is assumed and has been demonstrated

[Zorn ig and McDonald , 1974] that the signal waveform received after

dig itization is equa l to the convolution of the original probing

signal , the impulse responses of the two transduc ers , and the time

varyi ng impulse response of the sur face .  Since the sur face  impulse

response is slowl y varying wi th  respect  to the t ime scale of the

signal i tself , i t  is possible to represent th i s  process a f t e r  trans— 

—------— -~-— —



f o r m a t i o n  to the signal f requency  domain as f o l l o w s :

R(u~~ t )  — S( u ) P0 (u) H(w , t)  (18)

where S(u~) is the pr obi ng signal applied to the pr oj ec to r

is the p ro jec to r  transfe r function

P 1 ( W )  is the receiver  t r an s f e r f u n c t i o n

H( — , t )  is the t ime v a r y i n g  t r a n s f e r  f u n c t i o n  of the s u r f a c e

R(
~n~

t) is the signal out of the hyd rophone and amplifiers

The data collection instrumentation removed a fixed time delay from

‘ the  rec e ived signals which is reflected in the notation here in the

use of the same t in both H(- , t )  and R(w~ ,t) and the suppression of

t ime  dependence in S(
~ n
)• The representation of S(

~ n
) and R(~~ ,t) as

de f ined  on a f i n i t e  domain of freque ncies is based on the fact tha t

both w a v e f o r m s  are wholly conta ined in r e l a t i v e l y  short t ime windo w s

and are anal yzed in term s of d i s c r e t e  Fourier  t r a n s f o r m s .

In th is  representa t ion , H(~~,t )  is a stationary ergodic random process

expressing the ampl i tude  and phase response of the sur face  to fre-

quency u a t  t ime t .  Care was take n , of course , to sample in t at ra tes

in excess of the Nyquist  rate of the process; the  actual  sampling rate

used varied between 50 and 300 per second . In pract ice , sampling in t

was l imited to 64 contiguous samples in a burs t .  This l imi t  was im-

posed by memory ava i l ab i l i ty  in the data  acquis i t ion computer , and is
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equivalent  to CW pulse lengths of f rom 850 to  20 , 000 cycles of the

carrier . The recorded samples of H(u , t)  were then Four ier transformed

on the var iable t to give an ensemble of ins tantaneous spreading

C functions.

~ < F(a ,v~) * W(vk
) > (20)

Ensembles of roughly 200 measurements of F(W n~
Vk ) were then windowe d

and averaged to give the frequency spread ing function ,

—l N—i
F(w

fl
,Vk) — (S(u )P

0
( w )  

~~~~~~~ 
. (~ t Z R(w ,t ) e  ) (19)

In prev ious work, a systematic shift of the frequency of the maximum

of the frequency spreading function had been observed under some

symmetric geometries. Since a number of theoretical formulations

pred ic ted tha t under conditions of symmetric transducer location

Doppler spread would be symmetric , it was suggested that the observed

asymmetries could be due to small misalignments of the experimental

apparatus. Therefore a careful set of experiments was performed in

which transducer alignment was surveyed to a high degree of precision

and then varied so as to test the sensitivity of the results to

aligr~ ent error. Figure 46. gives a set of Doppler spread spectra

taken crosswind at 4 harmonically related frequencies and relatively

high roughnesses. The apparatus was exactly aligned both with with

respect to itself and to the wini direction. It can be seen that a

~ 
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small up shift is apparent , increas ing w i t h  c a r r ie r  f r e q u e n c y .

In order to test sens i t iv i ty  to alignment , the  receiver  was moved 60

in azimuth while maintaining grazing angle and range. This type of

misal ignment has the effect of shifting the center of the Fresnel

zones on the surface, the specular point , Out of the center of the

transdtx er beam patterns and of shifting the specular path with re-

spect to the wind direction , but only slightly. The results , shown in

Figure 47, demonstrate the very large change in Doppler shift produced

by a misalig nment of this  type . When careful ly surveye d , the transdu-

cers are oriented to within a small f rac t ion  of a degree. A summar y of

this experiment repeated for several “dogleg” ang les is g iven as

Figures 48 — 49. As can be seen the results are quite regular .

In order to test the sensi t ivi ty  of the spr ead ing to wind direction a

number of runs were taken at specular alignment , but at various

orientations to the wind . Several of these are given as Figure 50 for

a single carrier frequency. As can be seen , the neither the spread nor

the shift is sensitive to the exac t wind direction.

Finally, the transducer alignment experiment was repeated in the

up/down wind orientation.  The resul t , Figures 51 — 55 , showed only a

very smal l sens i t iv i ty .

The particular sensi t ivi ty in the crosswind direct ion , the authors 
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bel ieve , can only be attributed to asymmetry in the wind driven sur-

face. The exac t mechanism is the subject of the theoretical investi-

gation referred to above. In gener al qualitative term s the shift in

the case of exact al ignment can be seen as the resu l t  of unequa l

cont r ibut ion  to the scattered signal from portions of the surface up

and down wind from the spe cular po in t .  This unequal contr ibut ion , we

suggest , is due to the asymmetry of the shape of the surface tha t

resul t from the fac t  tha t i t  is wind stressed . In the case of mis-

alignment , the sh i f t  probably resul t s  from asymmetric weighting of

contributions from the surface due to the transducer pattern mis-

a l ignment ;  wind d i rec t ion  has apparent ly  l i t t l e  e f f e c t .

7. Conclusion: It can readily be seen tha t this report is a summary of

the current state of a number of projects in progress. The main thrust

of the contract under which this work has been supported has been a

better understanding of the reverberation from rough surfaces, espe-

cially in bistatic configurations and at low grazing angles. The

scattering strength measuroments, surface slope measurements and facet

model development have led us to bel ieve tha t the pr imary mechanism

involved in low angle backsoatter is d i f f r a c t i o n  and that the model

has a high probabili ty of developing into a useful  predict ive tool.

Ho~~ ver , at present there are substantial analytical  obstacles to the

dev elopment of a ful l facet  model which must either be overcome or

sidestepped . It seems cle~ir tha t the scattering s trength observed at 

—~~~~~~~,-= - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
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long wavelengths has turneJ  Out to be considerably higher than that

measur ed at very short wavelen gths. However , addi t iona l  measurements

at a va r i e ty  of wavelengths both intermed iate and much longer are

feasible and desirable as guidance in test ing the model.

The nature  of frequency spread ing behavior has become somewhat clearer

as a result of the sensitivity tests , but a full explanation is still

not available. Recently, two ocean experiments have been conducted

which will provide an additional basis for  comparison with theory . In

addition , the availability of a complete second order description of

the model tank surfaces used in the se studies will pe rmit comparison

with general Helmholtz integral  fo rmulations . The authors wish to

point out tha t the data presented in this report are representative of

a large base of data obtained through experimentation and analysis

which has not been included for reasons of clarity and economy. These

data are, ho~~ver , available to interested researchers on request .
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