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The reverberation of sound from an enéonifie&gaiea at the sur-
face of the ocean is a process in which diffuse scatter ‘ng from the
sea surface and a subsurface volume (sublayer) as’well as specular
reflection from the surface take part ; this has been recognized for
some time. > The reverberation of acoustic energy from the surface
and its sublayer is, patently, associated with the "texture" of the
sea surface and turbulent fluctuations below the surface. This
paper separates the total reverberation strength of ocean surface
into scattering and reflection contributions and analyzes scattering
into that due to the rough sea surface itself, and that due to a
turbulent sublayer. There are two bases for thisfaﬁalysis: (1)
acoustic reverberation data over a range of frequencies, grazing
angles, and sea-surface wind speeds, and (2) optical laboratory and
sea measurement of air-driven water-surface slcpe and slope spectral
densities, modified to interpret acoustic scattering data and de-
scribe acoustic reflection data.

This paper begins by presenting from the literature the theo-
ratical bases used, as they relate to mathematical, statistical, and
physical aspects of the analysis. Next, the paper continues by pre-
senting in tabular or graphical form the acoustic and optical exper-
imental data immediately pertinent to the analysis given here.

The analysis which then follows, proceeds by using the previ-
ously developed relationship between acoustic scattering strength
and acoustic frequency, grazing angle, and sea-surface elevation
power spectral density (psd) to compare elevation psd derived from

e
References and footnotes are numbered at the end of the main paper.
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i due t0o- index of refraction fluctuations 1n akt ”"ulent volume is S
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analyzed in a manner related to thed resonantﬁ 1nt+.ract LO!‘\ described : o
M} above for rough surfaces. ‘From €his it’ :n.s possit _;ev to estimate sea-
; surface _sublayer scattering. . Presently tnere is no =bas:.s “for choosing 3{
3" the physical field whose'efluctuations cause scattermg.ﬁ - i
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;oo 5 < In summary, this pape‘r makes use of acoustic and Optical experi-» R
i .mental data to derive appropriate wind-driven sea-surface Statlstlcs, "
i from whieh scattering strength of the sea ~surface and its sublayer, }
B and reflection strength‘*of the surface are. determined as a function !
o i

{ of grazing or incidence angle ,o acwstic frequency,\ and sea-surface &
‘ wind speed. ‘I‘he paper relies upon many of the i eas presented in a 5 ;
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the scattering and reflecting spaces as well as upon thé frequency
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and. 1nc1dence ‘angle of that energy, “this section w111 present theo—
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. - retical relationshipslior surface“scatteri ‘strggggh (Ns) .and- . sur-’ %;
face reflection strength (N ) of the sea, and for the volume scat- %E
tering strength of the sea-surface sublayer (N ) in terms of acous- i
tic frequency (f ) or acoPstic wave number (k, = 2nf /c), gr321ng i ,%
angle (w;, and .some - approprr%te fxnction of surface elevation nggg %
spectral densiAy,(psd =B, with suitable subscripts) Since E is a : ,bé
function of air or w1nd speed v, it is‘through psd's that total re- ' ?}

W, ‘ verberation strengg_ (N; ) dependslupon wind speed. Thus, with\N in E
.o \ j

dec1bels (for definition,/cf Appen%ix B) o e ) ?
. . “7' : 7& ()\ T /\ 7 A o :
R {; . p { G A N . g
R N'/ 10 10N ’,“N + 20N /1°q+ 104 LT B¢V i
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’ The relatﬁ%hips among» one- and two-‘-,dimensional* (l-D and 2-D) S
spectra, together with’ related statistics and functions arelsumma- g
‘rized here. Scattering due to elevation irregularities of the sea ﬁﬁ

" surface is considered next " then scattering strength due to the sub-
© surface volume, followed by a discussion ofnreflection strength of,
presumably, suitably disposed sea-surface Hfacets™ at. near normal
incidence of the acoustic energy to the surface. When dealing with ~
spectra of the sea surface at 1arge wave numbers it is necessary
for 1ack of better 1nformation atothe present time to assume both - |
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isotropic and homogeneous conditioms. That this is untrue is known ‘
and, in-fact, is almost self-evident to any sea-watcher ‘on the © .
other hand, it is‘likely thatfat the scale of horizontal distances
of interest in acoustlc scatterlng the elevatzon ‘of roughness does
hot - vary greatly *rom upwind-downwind dlrectlon to crOSSW1nd direc-.

and homogeneous, and some Just1f1catlon will be given.

Probably the root mean square (nns) elevatlon (oy ) Of the sea
surface is the phy81cal quantlty about wh1ch one has the best intui-
tive feellng, and it is there?\re a llkely startlng p01nt. Thus, '
along a‘g;ven 11ne on a rough surface the varlance (03 ) of the ele-
vatmon along that line is Just the 1ntegral of the power: spectral

density of elevation [E, (k,,v)],,

(=

E, (ks )], dkg . (2)

o %

In this functional dependence of E, the subscrlpt z indicates ‘that
elevatlon 2z is the quantity whose density is being expressed, k, is
“a spatial wave number (as opposed to acoustic wave number: k

W'W

ki), vis

» the characteristic spéed of the air or wind over the water surface,

and the subscript 3 means that the spectrum is’ for the 1-D case,

" i.e., along a' ‘;ne. The spatial wave number K, = 2n/\, is a con-'
venient indspendent variable“for describing the Fourier components

.The: radiation "wave: number Kk =2t/ is a
similarly convenient variable for,describing the radiant energy 0s-
If°elevation irregu;aritles of the
surface in question are isotropic and'homogeneous, then the eleva-\

tion psd is identical along &11 fines. N

¢

7 Prequently, roughness characteristics of a line or surface are
expressed by recourse to a correlation function Bz(x,y) where x, y,
and z are mutually orthogohal axes. For an isotropic, homogeneous
surface, the correlation function is not a function of dlrectlon and-
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" can’ be expressed in terms of “a smgle variable as Bl (r : No\vlj»}m- :
h ‘daméntally it is’ truelthat o : .\« ;
| 5 4 o : Bor T l K] ‘
X . R ; W st N 23
. SR "-,”’, e L - o e a
. ERS B,(r,g):=‘<z(P,V) LE(p,v)) o, E o (3) 5
where p is a p01nt on the surface “and r is distarce from that - point
: and ¢ ) indicate averaglncr over all points on the surface.f The cor= .
- - relat:.on function is expressible not only as an average over the sur-:
face of the product of elevations at a”?g'iven d1stance T, but akso as’ '
‘a transformatlon of the elevat:.on psd. Thus, "
f‘ - » ) - ¢ g ®© (_i‘;' . ) . R N v . - :) [ P . . ' ‘
b, o, & By = f - exp (ikyT)E, (kg,v)]; dKy «“y K
. ' ' : i -0 : . T I
. The. correlatlon function B, (r v) allows the definition of the corre- - R I
~ lation .length VY Of\l.h'-‘ surface as . . - e
OB 0w =t L j . 2
r;rm'or )shape of the related corxe-
/ I " - A\ - P ’
L | ; .;<v> . O(Ozfoz' RN O
\ ) © o o o S = - T :
as, for example one may demonstrate for exponential or Gaussian -
;:; Bl (r V) ) :" . )X 5 '((‘ T P g Ce R ;t
} t s w . ?
: ~ Though it is true hat the: correlatinn function for an isotropic o
: surface is the same whe her the averaging is done over the ‘whole sur-‘“ i
-face or only along some‘ given line on that surface (Appendix A), it %
+is not true that the 1-D elevation psd is the same as the 2-D psd in N g
S fact 1-D and- 2-D spectra are incomensurate as they ‘have different }
units. In Appendix A, the relationship between [El(k. V)]; and S ,Z
(E, (ks v)], is given the result is that4 (Appendix ) I 4
: i ? &y
i 5 Q !
A: & ) ) ' \“‘;é
0 N N ) ’g
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- larities- needs. to be. considered. If as before ‘[E,(k,)]‘ is the

4is given by -

AR

where the pr

i

The'SubSc
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.emphasize that for this rnl,tion to he valid, the surfane must be : 4 ”;g
3isotrop1c~ subsequently the is not used as- 1sotrop1c1ty 1s aSaUMEd. .

EelatiVE<to elevation variance, the significance of Eq. 7 is that

. o = @
Pinally, the relationship between elevation. 1rregular1t1e= and .
surface slope irregularities~andﬂelevation second derivative 1rrﬁ§u- ff:

1-D psd of : elevation/irregularities at wave number k ther the 1-D
psd of slopeVirregularitieshof a water surface 1s R oo

[ R S Y

. ) . . .O L T v C:.-':TI' \,’:_ ) o . %
| o // R <k.n. k':tszck.m e

&» P
o

By, analogy with cno foregoing, theﬁrms slope in a given direction 1s

2L AP S N

/!« A R 5;;%, E ” R \ o .
o NG e LV j ,, B , “7, -
R A kg[s, (k) dk, . o)
B . o - v R o o
Wy v o ." e T - Lo ‘ L R E S ’ P

Lf,*'

Generally the -D ped of irregularities of the nth derivative of z

o !‘ﬁ ”, Es;c:yck;;zljg 2 k%?fﬂz(ks;v}31, ¢ (11)

along a 11ne s~ . . :~V? : ,é
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; ,f‘ace;/‘bec,omes o
. R ./10 - N o i :
e 10"’ ~ 4l¢sin‘qs[n - o(15) |
2 where v, o 15 the sea-surface wind‘ »"peed. éiﬂc"e sea-surface wind o
| o speed is a characteristic number, Veoa .must be heasured outaide the 4}
; . )
§ appreciable effect of any boundary, layers. Inasmuch as’k, = 2nf /c i
o v.here f. is- acoustic frequency and c is t:he speed ‘of sound in water,o §
? then ‘the fcregomg equatmn shows svzr'face reverberation strength to §
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surface. reference area (A,,, r?,.) basis, the effective scattering
volume pcr unit of surface area in Eq. 17 is:
. . ¢ -, ’ ‘: , ? °
N V= 12,20 (K ,)si;n P 5 o : - (18)
’ \ Y N . . ,‘
\\. V 8. - SRS
I > \ S N oo i
.} 3
5 ¢ . N ol . I
L S Y W‘ v ~~~*-r’ Howed “'.....:./ [ :7 o .-(vu{\xuw»wmu SR A Wy ﬁ_"‘/n,m"wr..qm W&mea.(\.« L.-.‘...M),,

‘fZinq volume reverberation strength varies. as (Appendix B)

.surface, the

o &

be. a function only ofJacoustic frequency, grazing angle, and ‘sea-
surface wind speed for an isotropic surface. Por an anisotropic’
:nay be an additional dependence upon azimuth At

A , s,\:“;\_ PR . 3\»
: Lo, /10 v, /xi)[E ms)]a /Rl s . (18)
CRR A* Ce R ;; 4 . ' ﬂ : SR 5
whefe. N, is a turbulent volume backscattering strength at a: referef}‘ Y
‘ence distance ot from the scattering volﬁme, I'A is the scattering‘ o img
volume of the X, turbulentx field, and x; i3 a characterigtic valie o iii
for the field and’ possibly a)function of i, (E, (k,)], is tnegpowew ‘\
spectrum of the: x,pfield in>an isotropically irregular volume ;”/Inn gig

__the sea sublayer, x‘ y~%e from among temporature and salinit} flf
Jfluctuation, bubbles and possibly others. A8 & working*assumption, j&
‘at this point, {t:5411 be assuned that fluctuations of a single %
;field are the dominant lcattoring noans, i.o., 1f more than one-field ° ?é

* 18 significant that indox of rofroction fluctuations are congruent {%
anorig thess. Thus wthe rolationship for packscattoring from turbu-’ &
lent fluctuations. for tho sea sublayor becomes “_S . - Co

| . D 4

A‘ (J ) ION' /10 = 2"'¢V[Ex (2]‘7’ Vus)ll/x3 rof oo = ‘>C(l7), :fz

W e, PN o o y
.

'Since sea-surface reverberation strengths are reduced on a sea-

There remains the scattering volume, v, to be: considered.
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{ ) ¢ T . i
§ P <because the den31ty of radiation in the scattering volume v varies 2
g as sin cp, and because the volume of a cylinder or pyramidal frustrum 3 g
? depends only on its height for fixed base area. In this, zo(k,) is -
% the effective depth to which scattering of acoustic -energy of wave i
b number k., takes place. ‘ i . >
{ It is likely that fluctuations in the sublayer are not isotropic S
? or homogeneousm and this contradicts a fundamental assumption of Eq. Mj
: 16. Besides this, reflection and refraction at-small grazing angles )‘;
; may  cause anomalousheffects. In practical cases, these effects may
s be amellorated m part because at large wave Humbers there is a tend- . : Szl
"~ ency to 1sotropy as, certainly, there is no preferred direction for ‘;
the ultimate diss1pation due to eddies. - s - ' B é’
i Thus, subsurface volume scattering strength N, may be: written 5-0 : ° §
loNv /10 _ 2nro(k, Kesin q;[E (2k,,~ )],/xa . »(19‘) {;;.f;f:;
; One interesting aspect of this relation ia the;rimplication that sub- }
% ‘ayer reverberation strength varies aeothe sine of grazing’ “angle ¢, E
§§ dand there 'is some indication in the expe}rimental data of Appendix B |
; to confirm’ thia. o : o @ M//« . - ;
| D. SURFACE REFLECTIONS - S e e ,, ;
, A racently publiahed paper Odeveloped a relationahip fore rever- ;
beration strength dus to aurface reflectiona from an ieotropically g
f rough surface as T 5‘:
} Og» o | ) Z
i loNn/-'-O 9'?)21 (‘-’f;) exp [ 5 (c—o;ca)] s (20) ;
) where N is reverberation strength due to surface reflections- fiom !
?{ - suitably disposed facets, 03, and a°,, are the variances of the first ;
and second derivatives of surface elevation, and (Ag Yo ot is the s
{ effective .reflecting area of each facet. _P‘onnally (Ay )i e has limit<

3 ing values as follows: (BA,),., = constant for ¢,s /ow >> ,’c/fi;, = ke

i Sy e

i > 0
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and (-‘A'.: ), g = 'n(c,,A /'dl.,"')?‘ for (gzs /ogw ) about the order of X, or lessf.,

-mately equal to correlation 1ength rv, for surface second derlvatlve.
" Thus Eq 20 takes two forms: P o o '

‘."‘6
SR e .
9
(o e e,
o LT
. T , 9
o {3 <
: : L
[+

4
2

PR

As stated ‘previously, deperding upcn E, (k), oil/b,w may he approxl-;

(2la)

JzoNﬁ /10 . Y14, 0y /sz >,

-

Ly

and

M s o T i a1, B 8 s et e O 2 % a4 e et gwc,‘_

P
+
¥

I

10N+ /10 == |—===) exp |- 3{=—) |> 9 /o =OO:) . (21D)

FRpT—.

2T e s b,

RSN

The ratios of varlances in these .equations are -of course, w1nd speed
dependent as indicated by. Eqs. 8 and 11, but it would be 1abor1ous to
indicate this. ' | ‘ .
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As’ stated the experimental basis of this _paper- con51sts of both

1 ll ]8 and optn.cal7’19 data. .Through recourse - to the liter-

17,18

acoustic

1,11~ 16 and through private

correspondence 2459 data res
lating reven:eration strength to acoustic frequency, grazing angle,
and w1nd speed were obtained (Appendix B). These data ‘which are not,
of course, uniformly dense in the frequency-g“azing angle-wind speed
"space" were sampled for the scattering analysis at grazing angles of

¢ = 10, 30, and 50 deg. For the reflection analysis, the data are

» =60 keps.. It was deemed necessary to. sample the scattering - data
so that ‘a relatively broad, prolif”ially reported experiment would

not outweigh- a perhaps equallylcompe ent, less elaborate one. Be- .
cause of ‘the. relative paucity of data for sea-surface wind speeds L
less than five knots .and greater than 15 knots -and, separately, for

, segregated 1n a group with 70 deg S s 90 deg for ‘acoustic frequency |
L f

grazing angles near 90 deg,nthsse vicinities were treated as possible )

within the data available. -From Appqndix.Bk Table 1 in this section
gives the sampled values of acoustic reverber"tion data for sea-ﬁf
surface wind speeds (v,,,) less than five Rhots “Table 2 forywind
speeds of v,,, = 5, 10, and 15 knots, and Tabie’ 3, for sea-surface wind
speeds greater than 15 knots.‘»Table 4,gives reverberation datanrom
Appendix B for 70 deg = ¢ s 90 deg, where it is deemed2’thatjreflec-
tion effects dominate. . " o

<In addition to acoustic. data which -as will' be seen, may be used
to imply a sea=surface 2-D isotropic roughness elevation psd optical
data are available in the literature whi 1i-relate to- air-driven water

“surface. 1-D slope psd as -a function of air speed (v,.b) over, the

water surface; the air speeds appropriate to these data are:v,,, =

o 1
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‘% Table 1 -- SAMPLED ACOUSTIC REVERBERATION STRENGTH (db)-
' ‘EXPERM&:TAL- DATA FOR 'SEA=SIRFACE WIND SPEED < S KNOTS
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[ orasing Angle, | Wind Speeq,

e

Acoustic Frequency, . |
i . Keps. .
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R &
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i 'I‘able 2 -~ SAMPLED ACOUSTIC REVERBERATION STRENGTH (db) ;
» EXPERIMENTAL DATA FOR SEA-SURFACE WI\I\I’D i3
“ SPEED 5, 10, and lS ](NGTS DN ol
s - e x‘_\\‘\ g ;
_Grazing Angle, 17+ wind Speed, - Acouoti.c l-‘uquoncy, Reverberation | R
deg' - - knots - oo, keDs , _Strength. | ¢
. 10 v s "-,6: -6 ; L
' 1.2 . -60 f R
0 2.4 =65 - i
4.8 -s8 ] o
. . 9.6 -53 L
_ , | P 600+ ,-48 -
X . C.10 .6 -64 » i
R : 1.2 R R
- 2.4 ¢ =45 — ks
X 34
\-:, ~ . 9.6 . =4S
15 ’ 60.0. - V<28
300 .. ., S 5. S .6 » =45
1.2 ~-48
2.4 -52
‘ 4.8 -50 .
1 © 9:6 . -47 i
! 2 60.0 ~36. 4
- T s T o]
1.2 . -4l i
2.4 Co =40 i
a8 =30 G
|~ 9.6 -3¢ - Sy
. N 60,0 -36. S
15 | Y 42 y
N 1.? -38 !
N 2.4 -39 ;
< A . =29 :
¢ b 9.6 G TS L
) i © 5 ACO.',O '22 . i
50 s s 32 -
- o ‘ 1.2 - =45 i
P T 2.4 -4 |
B P R .. =43 :
e ‘9.6 o =40 .
A v o 60,0 - =33 I
0. - [ R EE D
: ; . - 1'2 . K '*-‘-sa ar T « i
oot 2.4 5 -39 | 1
o a8 -28 }
. 29;8 < =32 j i
> f’ L 0.0 . 30 o |
15 6 30 \
o 1.2 =33
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4.8 ‘ -23
' - 9.6 -28
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S Table 3 -- SAMPLED ACOUSTIC REVERBERATION STRENGTH (db)
EXPERIMENTAL DATA FOR SEA-SURFACE WIND SPEED > 15 XNOTS

fGrazing Angle,

deg

T Wind speed,

cps

Acoustic Prequency,.
knots . k

Reverberation |
Stneng.th‘ S

1 -

- 19.5

1 20.0
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60 0
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Table 4 -~ NEAR-NORMAL REVE:RBERATION STRENGTH (db)

70 < -

< 90 deg>

£, = 60 kcps o

;,ZJ

: ;‘Speed v,

knots
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: Angle, @ |
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Speed v,'
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“tical” data

quencies is prooably not real As a consequence these questionable i?
data areﬂsnoothed or ignored in the analysis. - o 5
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3, 6 9, and 12 m/sec.zo,/hs the relationships between 1-D elevation ‘fiu»Q%
psd and 1-D slope psd “and between 1-D and 2-D psd's for isotropic: - i
surfaces are known, the optical data may bexused to estimate acoustic :{

‘ reverberation strength and to. interpret the elevation psd derived u”"é

{

'from acoustic reverberation data., Pigure 1 shows the fundamental op- :

19 used in this paper and ‘as stated it is posszble to

transform these frequency-biased l-D slope spectra of £S(f) = »
f[E&,(f)]irinto ‘the 1-D elevation spectra [Ez(k%)],.v It is suggested
by the author of the optical data that the: spectral ‘peak near a fre-
quency of 1.7 cps is related .to-system noise due:primarily to elec- A
trical supply oo-cps "pick-up," and that the rise at the ‘highest fre-
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'Traditionally, it has been popular to descrlbe acoustlc rever- }
beratlon of ‘the sea surface as some logarithmic and perhaps tngo- }
i
nometrlc funct'ion’ of acoustic frequency, grazing angle, and sea-\ %
S
urface ™ms, helght or w1nd speed 2,15,21 220”It will be 1nformat1ve i
: in, contradlstlnctlon therefore to develop from Fig. 1 ‘and Eqs. 7 <

and 9 an isotropic elevatlon psd frOm ‘which, w1th Eq. 15 some’ idea

0. may be obtained of the possible trends and magnitudes of backscatter-

1ng strength Ng W1th variations of acoustic frequency and wind speed.
The" point of departure from optical data rather than acoustic data

= ; bears explaining. NBecause of theﬂscale of sea-going acoustic exper- N
inhomOgene-l

. 1ments, an averaging: over reasonably large and, perhaps,:
7 ously and anistropically rough surfaces is inherent and this intro-

acoustic data fromxa

O

,ering'strengths may be ir-
5pxperzment at sea may be a

in a 1aboratory may be reaaonably well corf

from any unknown refraction and mav average ‘nver areas of less than

duces an undesirable smoothing effoct, 1t is not uncommon to obtain
5§ploaivo ahots avaragcd over an octave of acous-
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1 | Before discussing the, optically based elevafion spectra, it

appears that some comment: about laboratory air speeds and sea-surface
i wind speeds is warranted Reference 19 suggests that the relation- ¢
ship between laboratory air speed Viap OVer water surface and sea-

o e s e R~ i A
o 3 - ——— e
e B i AT e s, b g s T B -

4 o surface wind speed v". is a‘sgs B ‘ : | o .

) w L V""‘ul'n' (h/cl Vi)il-o;’e =v1-b‘n (h/ Oy )’tlr ad 2 (22)

. where. h istii‘e distance ab’ove the'gwater'mean surface. lev‘el at which )
* wind speed measurements are made and ¢, is the rms elevation of the ;
L \“'1
3(“ __ water sirface.’ Equation 22 essentially assumes. a 1ogar1thm1c bound- 33
i 7 ary layer prof:Lle of air speed above the sea. Thus, given appropri- 5
; : ate values of h/oz as in Appendix c, ‘a numencal solution transforms.
Vi tO V., as in, Table 5. . o 4

Table 5 -- RELATION BETWEEN OPTICAL LABORATORY AIR SPEEDS oy
. ) D BQUIVALENT SEA-SURFACE WIND SPEEDS .

st BATRS R "
PP NP A 3 o

tropic surface elevation psd according to Eqs. 7 and 9 (see also
® .

R FTe Speed Over- Water O N S“"s“rf““ Wi‘?d’ Speed , |

DR Surface,\ v, 0w i D (m/eoc) c (knots) o

: o A W R . A : B ’;
«.‘; | (s B 4.2 o A ’ 8.1 & y

i' ‘ - - - ‘C‘ ' ,‘71.0 ” ‘ i 13. 5 §
I ’ N S T » a 19.0 - E
g ! The results of 'rable 5 which ehow v,, s < Vi, 8re at odds with ;
| Ref. 19 which utimatu v,.. = 2. 2"1n ; the discrepancy arises from }
: ~ “the assumptions on gy which here aré functionally dependent on Viads ;
b and in Ref. 19 are assuméd to be 0.1 ¢m for:both laboratory measure- ;
b ments - and open séa measurements: : L
b ' o . !
[ A W SEA-SURPACE SCATTERING STRENGTH : ) “- ;
Lo v
e Now, the 1D’ slope psd of Pig. 1 may be modified to 2-D iso- |
3
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é % ”& Appendices A and C) This transfor'ation is shown graphically in . ;i
; ‘Fig. 2. These Optlcally based data of Fig. 2 have been pieced to- 3
P . gether without adjustment with‘comparable data taken mechanically24 !
} ‘ ' as in Fig 3. The reasonably good agreement of the two diversely E
. ' obtained data sets in the v1c1n1ty of k, = 0 05 eml as well as the %
z ; o ;agreement in trends (Appendix C, Fag. -4), is taken as g1v1ng added ‘é
\§ ’ credence to the transformations which ‘have been accomplished for the §
;“ _ - optical data in 901ng from [fEu(f)}1 to. [Ez(k,)], ; u¢é
L . An 1nspection of Fig. 2 yields ,some. ‘interesting ‘points. Grossly, %
%3 one notes that [E, (k,, v“,,)]a varies ‘about as K;* to k3, which with gé
Lo Eq. 15 suggests that on the averaﬂe reverberation due to surface k¥
diffuse scattering will slightly increase with frequency, a theoret- \i

ical guideline’ with slope -11/3 is drawn for later reference to
acoustically based surface and‘sublaygr spectra. Bowever, the curves
. of Fig. 2~do show some systematic variation which suggests that at a
\ given wind speed, scaling laws will depend importantly on: ‘the fre-
quenc1es and frequency bandwidths for which data are taken. The most
obvious systematic veriation of the psd éurves of Fig. 2 is the "hump"
between about 1 to 10 cnf'® &t v, =3 m/sec which broadens as air
| speed is increased. It is intereeting, ‘and. probably significant, that
DU at low air.speed this‘hump is\centered at about 4 cmr1 (Table C-3)."
L The relationahip fongeurface wavevphase velocity SN
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where g is ecceleration due to gravity and y and” p, Aare, respectively,
the air interface surface tension dnd density of water. From this,
it cevelops “that (c,,).,. occurs. .at k, 3. 7 cnr1 One may‘suppcse

: that for v < (c"),,, wind energy may not couple to the water surface
because the wind speed is less than the minimum phaee velocity of 7
waves and that as free-stream wind speed increases, so does ‘the
speed of air at the air-sea interface,\there being an éventual. and
increasing: effect as wind speeds incredse. This interpretation is
strengthened by experimental data26 on the turbulence spectra of wind
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atmosphere in the wave number vicinity of the hump of Pig 2

. To continue Fig. 2 shows that with 1ncreas1ng wind speed the ;,f?
* isotropic surface elevation psd £411s out to both Smaller and larger ”
~wave numbers, maintaining more or less the same variation with kg,

'Vboth before the sudden increase in the 0.2 to 2 em™! region of k,,
Thus it appears that at a given wind speed,
strength for a clean water surface may increase relatively gently up
to a critical frequency at which, with 1ncrea81ng frequency, scatter-
ing strength undergoes a sudden increase and then increases gently
again to very high frequencies (of the order of f,
: 0.25 Meps).

and after.

o
g vt g e s st s b e e

&

.i over waves which show dissipation of wind :energy at a maximum

k, : 2 en”

suggesting that the sea is extracting energy from the &

=¢/h;

scattering A

= k.c/2n =
From the point of view of psd variation with
air speed, Figs. 2 and 3 have interesting implications.
ereasing wind-speed the surface of<wind-driven water becomes more

With ins

"ordered" both at small and. large wave numbers, i e., at wavelengths | v

‘characterized by dekameters -op greater, and by centimeters.

Purther,

the local minima of. [B, (k, % v,n)],“in the range 0.1 < k¢ <1 en”

. suggests ‘that at a givsn sir spssd large wavelengths and small ‘wave-

lengths are snsrgstically isolatsd2 and that wind and sea are in

“‘equilibrium at very. small wavs numbers; k, < 0. 1 to:l. 0 cnrl;nat
L e-large wavq,numhsrs (k, > 0.1'to 190 cmrl), it appears that energy ~in-
7 pit to the surface flows to large wave numbers and is there dissipated

It is possibls that prsssursoforcss dominate at small\wave numbers,

and viscous: forcss at largs wavs numbsrs.

Tha rsasonabls agrssmsnt of optically and mechanically based
.data for [E, (k,, v,“)], as shoifn in Fig. 3 gives some credence to-

¢’

the foregoing irterpretations, as does the allusion to atmospheric'
/In addition, one may use acoustic data with
Eq. 15 to derive [B,(k,, Vie )], uridér the assumption that the sea
surface is isotropically rough at least at large wave numbers; and
that if ¢ is near its midrange reverberation is due to surface

turbulence dissination.

scattering to the exclusion of ‘volume or reflection effects.
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such an assumptlon the data of Table 2 ha:e been converted to isot”
- tI‘OplC surface elevatlon psd. and these are shown in F1g. 4 for v,.,h
5, 10, and’ 15 knots and’ @ = 50 deg; ‘it is deemed @ = 50 deg in both

i
o
~
/
7
= N LA s
T e s e s resrersnan e aned e A e s i

53 ' o large enough grazlng angle ‘that subsurface effects are neg11g1b e and

v <& . :
. small enough that reflection effects are not 1mportant e:|.ther. For - ;
. :
" ' 5 knots < v,,, < 15“knots, [E; (k,, v,u)]2 based on the data of Table
v g kS
' 2 has a least square fit (1sf) given by “2-‘5
[ :
: o [Ez(ks, Viea)l2 = 8. 36(10)“3\"."‘359 52- 673 (ent*) (24)
- with v," in knots, and k.“in cm1, ‘The TMS érror intjrodu(:ed into: 5%
S Ny by using Eq. 24 is less than 4 db. ” p

In Fig. 4, wind speeds of v,,. =5, lO and 15 knots are used
and, for these, [E, (k,, Veor )], is.plotted as a function of wave
number k. As a guide and reference, a line of slope K1/ is .

‘drawn as in Fig. 2. In the acoustic reverberation measurements,

T

there is a suggestion of the "hump" of. Fig 2 for 0.1 <k, < L.0 em *.*

There is indication also of° increasifi‘g) spectral densities for v,,, =

5 knots but for v,,, <5 knots, spectr litwdensities (not shown) are

only marg:l.nally less as will beeome apparent in Pig. 6. The sugges- -

tion in Fig. 6--as would appur of eouh' e from the reverberation data}
/ation, psd is substantially(/

directly--is that for- v,.,z <5 knots

) constant and, psrhaps,u_ ughn 8s. 10\"'“convected into the measurement )

i : area from cont:lguous,,disturbsd arsas. .above 5 knots the coupling be- o
tween wind and sea becomes important afid spectral densities increase.
As (c,,,),,, = 0.5 knots, the differerce between 5 knots and (c,, )1,

gives a measure of sea-surfsce shaar required £o generate appreciable
; local roughness. :

ot M

s Wt
RGN AURI - PRSP LY

e ~ That extraneous, perhaps subsurface, Ceffects are in fact appre- B
g ciable at sufficiently small grazing angles is demonstrated by Fig.

S, whererélevation psd is shown at, for example,  a a sea-surface wind

speed, v,,, = 15 knots._and ¢.= 10, .30, 50 deg. Orne sees that as

the grazing angle -0, the apparent elevation psd (hence, reverbera-
. tion strength) increases markedly, and that the maJor portion of this
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N I , between ::0 and 30 deg.‘ The magnitude of mcrec.ses of e”evation psd
~NoL with grazing angle bears some probing ‘ At small wave numbnrs ‘corre-

\ .

e s i 24 Yo e e S 0

f,, "rable. Furthermore, it appears also that at’ small wave ,
the effect of the grazing angle is’ felt only as cp—~10 deg'and smaller.

it M -
a o i o A

e Ao h S amns” g s o oy

=

However, at 1arge wave number (acoustic high frequency) sublayer
‘effects are characterized by. changes in the logarithm of [13Z (k)
of un:.ty or more, i.e., sublayer scattering is an/order of;
or more larger than .surface" scattering ‘ ‘

v

b,

. e
el 2

magnit ude

e

< A
7

As a pecularity of the amount. of data available aCOUSt:LC fre-“f*f
quency f 60 kcps, it iswpossible to augment) Pigs. '4,and 5 by ele- -
vation psd calculations at 10 and 50 deg as a function\ of several ‘
wind speeds. This is’shown in-Fig. 6, -in which the apparent = . b
; 3 By (k; V) 1a :ls plotted. . Pigure 6 shows that elevation psd may tend
fo= ‘:, . te: ve 'substantiailly corstant at sea. for sea-surface wind: speeds less
.-, than sboat 5 knots . (= 2 fl_n/eec) » and that apparent elevation psd in-

-:;‘31‘;.? creases with ‘wind rspeedf rom sbg\ut 5 knots (2 5 m/sec) to about 15 .

o knots (7 7. m/sec). abeve »which! it remains substantially \constant as

o if sn exponentifsl irtegrel fit were» sppropriate. . If, in fect, at
i grszing angle’ =10 deg; the elevetion psd :i.;"ss g_]_.xfappsrent being o
i A ,,,,re,allyfia "subs,urf%~ ffect then the neerly r'ongruent behavior of the
: ¢ =10 oeg end(¢ “:,(,50 deg °curves of Fig. 6 sugges s that the subsur- %;‘i;.u,“;;
| face effect is cloeely tied to eurfsce effect, or that the sublayer
contributas% spprecisblyveven at the 50-deg grazing angle.v, ‘This 1atter ¥
possibility is. considered eubsequently. "One such. connection is, of ' .
course, .surface elevetion and subsurfece turbulent motions which may
affect the sea-surfsce elevetion and concurrently cause’ convection,
for example of temperature or density fluot.xations bélow the surface.
The: implications of Pig. 6 in terms of scattering strength of the sea Cv
surface are: inmediately apparent from Eq 153 thus at 60 keps surfu
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fffluence upqn‘the ~lope variance through the L, dependence of ‘the sloj
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Sea between these wind speed

,f‘acoustic'data have been calculated at grazing angle P =
are attrlbuted to the sea-surface wind speeds of Table 5,
= 4.3, 8.1, 13 5 and 19 knots. It is: suggested that. not

'real but they are maintained te indicate that: spectra -are one pos-_
sible source of uncortainty in scattering
tory air epeeda (traneformed to v;..) are taken toqbe nominﬂlly 5,.

o]

”~irregu1arities in the eptically based ‘¢urves of Fig. 7 are

- T

Istrengths It thevlabora-c

10, 15,7and 20 knote, "then the optically based acoustic acattering R

strengths, relative to-the’ acouetic meeeurementa have an ™8, differ-
_ence of 8 db. This impliee thet, with: euiteble care, acoustical re-
verberation data for verioue eea-surface wind epeede may be - deduced ‘

£rom experiulntaluuea»mremente by optical meane of water surface
_slopes. u\ “

Ty

©AS much of the 8-db ms error between the acouetic and opticala1“

. data of Pig. 7 is eontributed at f = 60 kcpe some conaideration of

this is warrantad. One: may>argue that}the acouetic data taken at sea

~are lower than they might be

e other water surface circum- -

stanees. The. argument . goes as " ollows°n The relationship between ele-

vat; »n and 'slope spectra which is given by Eq. 9 shows that the be-

o - ’ SRS

] . . -

pras T

¢
4‘\

f~havior of theae'iwation psd at large wave numbers has an important in-
pe, N
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: ‘ v Lo ’C
psd. Thus, if the elevation spectrum'is deficient at large wave: num-ﬁ‘
bers, then slope variance may be disproportionally affected. Meas-
‘urements ‘at sea have shown that slope variance is markedly decreased

) when slicks appear on: the sea surface, i. e., the slick tends to in- .
hibit the formation of short (capillary) wavelengths corresponding to

| large wave numbers. With regard to the optically based curves of

3 f‘z Fig. 7, special effort was made to remove any . fouling matter on the

: “' water surface .on ‘a continuous basis and therefore one may reason

‘ ' that the laboratory water surface was "clean." On the other hand )

%" . the acoustic measurements at £, = 60 kcps were made in. Dabob Bay of

; Puget Sound ‘and near Key west, Florida. Both of these, either di-

§,,<\ ‘rectly or by-diffusion or convection, may liave been affected by the

f 01ly Jetsam of maritime traffic to a degree which is not attained at

. "‘great distances from traffic lanes. Apparently, the inhibiting

A efrect of slick--if it be this--is not operable -at low, frequencies
(1n the vicinity ‘of 1 keps), and it is difficult to estimate from the

_ acoustic data where in frequency ‘space. the. slick becomes important.

This is 8o because, in the viéinity of 10 keps, the rise of scatter-
ing strength with sea-eurfece wind. speed may be so precipitous that .

a small error in ‘wind speed: can: ceuee“epperent discrepancies compar-
able to the elick effect.;,; ° "
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Notwithstanding the uneerteintiee of elevetion psd, referred to
| o -1in connection with the ‘diséussion’ above, one is led to the possibility
: of eetimeting an elevetion ped whichoie reletively unaffected by vol-
ume and reflection effecte, e g., & 50 deg. Then, this elevation

psd may be used as a basis for eepereting, euffipiently small graz-
ing angles, the contribution to total reverberation strength from both
surface ecettering and surface: eublayer scettering

IS
et o e s e A P R T

/‘;j;, '
Assume that sufficiently far £rom ¢ = n/?, where reflection
strength N, is negligible, one may write :

1QN&/1°’;,10ﬁ§/l°'l 100 o (2s)
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In this’ equaticn- N,..l is to be considered as acoustic experimem:al 4
reverberation strexfgth .and Ny is to be determined from-Eq. 15, using . |
an isotropic surface elevation psd evaluated, for now, from acoustic ‘ g
experimental data at cp 50 deg where as stated, it is assumed N is §
4 3

negligible compared \to Ns . Hence using Eqs. 15, 24, and 25, 1t
appears that a biased approximation to the turbulent spectrum of the

-

scattering field of the sea-surface sublayer 1s given by ) %

) . : (26)
o k28, (2 021) : 1 \
|z | —— :LoN (q’)/ 9. 4k,s1n cp[E,(2k,cos cp)]-,2 N
X ‘ 2nk;‘ sin o {7 . /4 3

“for Viea = cOMStant. o
Given Eq. 26, the acoustic reverberation data of Table 2, at i
grazing angles ¢-= 10 deg and 30 deg, may be used to estimate the j
variation -of the biased isotropic volume approximation to the spec- §
trum of fluctuations beneath the surface of the sea which cause scat- ..}
\., "\\

tering. The results of- such a cslculation are shown in Fig. 8. The i

data points of l-‘ig. 8 were calculated by estimating the tem
4l¢awqpts,(2k,cos q‘))] = 10“- (°)/1° . (2
as follows. 'rhn data of Pig. v show IZE!z (2k,cos (p)]. vsries grossly
as (2k,cos ¢)y *; thus C T
u\ﬂ,{ LR ' L - RS
o o - e 5,

{ o
N,(q;) = N.(m)% 10 10g (l:l.n q;/sin m)‘
(28)

o
AN

[y

e + 10 log . (72k;j‘vcos. v%,‘/én ccs: CI

Hence, given the scattering strength Ny (p, ) at grazing angle ¢, the
scattering strength N; (q;,) at o is given approximately by 28

A
el et e s st s et oI i, g

Ny (ep.) = Ny (o, > + 40, 1og (tan % /tan @ ) - <‘:2ﬂ‘9>{ N
RS
’I,// } -
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. turbulence in’the "equilibrium range" of wave numbers.
the fluctuations of an. isotropic turbulent volume are described by a

N, (lO deg) and Ny (3 g eg) according to'this relationship.

Avariation is shown to facilitate comparison. The exponent -11/3 is

, of Ny; the loveling ott of lublayor spectra at small wave numbers may

in fact the dspendence of the biased psd upon k4 for Vies =10 and

v‘f\ . A Yo BN .
NN S S Nt Loy et

~

N
o

Al 4 )

8 were found by adJusting data N,(SO deg),to

e Because of the accuracy lost in the subtraction of Eq. 26, prob-
"ably only the. general features of Fig.c8 are pertinent. For; each of
the three sea-surface wind speeds the same reference 1ine with k"n/ 3

chosen from turbulence theory as being pert:.nent for fully developed
8 -

%t e ot e RNt o A e e e . e AT AN e et e . i S T s & 4 orem oty

Sometimes
K572 law: if & = fa(ks) aky, = f4mGlE(K)] dks, then, of course,
if E(ks) ~ K5''/°, then for the equality to exist, &(ks) ~ G573
There is apparently a systematic mcrease “in biased psd levels with ({
increasing wind speed and with decreasing wave number. At the smallest/;i
wave, numbers there is an indication of a leveling cff of biased psd -
levels at about 1l.to 10 en®, the implication being that the sublayer
reverberation is relativsly less important at acoustic low frequencies
(less than "about 1 keps) than at the highsr frequencies. In what ‘
follows, it will be convenient to havs an’1sf to the data of Fig. 8

in terms of wind spsed and: wave numbsr, and this is

N b v
It
D s

o T #
i

' J..'J‘A‘.-x B

a 4

L R (30)
( NHE(RDY i -
> 5 i" k']' = 1. 25(10)“0"" |<;'-“° '0“:05‘ Sk sSemt

0 ol

The approximation of Bq 30 causes about a 5-db ms error in estimates

5,
N
e PN e e

tend to overestimate N by much. more than this.. The k,"'“'" depend-
ence of the sublayonﬁturbuhmo biaud psd tends to confirm the as-
sumption of scattoring by a turbulent sublayer when compared with the
theoretical k;“’ ? dependence for isotropic, homogeneous turbulence;

o
&

15 knots and for k, = 0.4 cm! is as k,"‘”" indicating perhaps that
low wind speeds and ‘small wave numbers are not or cannot be fully
turbulent in the equilibrium range of wave nunbers. A {
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¥ There remains now consideration (4 reverberat:.on strength esti- i
mates for ¢ near rr/2 i.e., at large grazing angles at wh1ch specular {
:eflections from the surface occur in chst:.nctlon to diffuse scatter- i
. ing at t:he smaller grazing angles. Now in Eq 20, which is a. nodel |
for e,stimating reflectlon strength’ of a rough surface, the Q\term ;
f‘ii estmates the number of facets suitably disposed for causmg specular (3‘}
*i . ‘reflections and (Ay)e ¢+ is the area, averaged over all .,ultably dis- ‘;
4 posed facets, effective in causing specular ref;ections. Given the ° 7
! data of Table 4 at f, = 60 keps, Eq. 20 may be tc:.ed for its propri- !
i ety by rewriting it as = . °o e A
': o - ] - : . - ) e - ; o \ - “ o :é
; where, of course, Tl ‘ | j
N R T (A.). re- [0\ Y ‘
1 P o No % Yo& . Vo 32
] . N'° PR A | o ‘?’Gti" & SRS ;( )
:| o, = booe 0 - ;3
! ; (SRR S > . !
i It is convenient to dewelop Eq. ‘31 further to ;
2 =N O+ 8 3, , - (33). 1
=N, + Sty S
{E A ) ,:}f?
“ \’}‘.' . ‘LI;
f o7 - i
l \g ’ - | . %
f ! ‘Now the data of Table 4 give Ny as a furiction of @ and V., and it ;
" is possible for v, , constant to make an isf of N, as a function of {
1 cot®y using Eq. 33 th:l.s lsf w:lll yield both N and o,: A The results ;
i y ~ S ] o i
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of such a calculatlon are g:.ven in Table 6 and shown graphically in
Fig. 9. 1In th:.s flgure, the data corresponding to v,“:‘— 3. 5, 8,

§
‘z
! o 10; and 15 knots ave.emphasized as those in which one’ ma;l have =~ H
N - greater confldence.“ This conf:.dence derives from the’ fact that the i
L data range over much’of the range 70 ‘deg € ¢ £ 90 deg, and further E
§ e that except for. Vies T 3.5 knots there are many data‘points w1th
‘ | I ‘ whlch to operate. ' , * . -";2‘ t
H w - - %
[ ‘ ‘Included in Fig. 9 are four curves: .in the plot of slope var:n.-;i
PA% ! 7 7
Pl ance -data the result.s of opt1ca1 measurements for c¢lean sea sur:fa\oejvi
i . ' ‘, ‘ (Q} P . ) %
; L (ofr ) = 5 (o 003 + 0. 00512 Veer)s  v(m/sec) 4
{ﬁ',:\ ’ 7 o " N ) (35)‘:{5
L = 3 (-o.oos + 0.00264 v,4,),  v(knots) v
: | o 3 - ; 7 ' ot :".;'5: 5 ::;;}
| “) and for slick sea surface = o - N !
: “ e = - =2 B c - ’;*‘.;
x . Gole ) = ,' (o 008 + 0.00156 v..,) v(m/sec) Sy
’ X . 4 . v 1 4 “ . - ‘ 5) 4
“ e o = - '(0'16008.-+ :.0.1000‘821 v... )\. v(;knot.s;) ‘ l
In _the plot of N, ;. for companlon with Fig. 10, an lsf of N, to {
iI log v,,, for the Mconfident" data is shown and this relation For gg: |
(* ' _ keps acoustii: freqmncy is- o ' C’/ §
{ o (R
% i .~ . - R : }
1§ . ‘ ‘ i
‘l L, N g =. -0 823 - 10 log \8 la8 (37) !
I ‘ B ‘ Y /{
{l i.e., N decreuu about as tho 3/4 power of ua-surface wind speed.“
! Also shown is the paraneter (010 /ou o,u) /n ,,o , as in Eq. 21b, to }
‘ be discussed subsequently. » 3 A
' s " ]
{ The suggestion’of siope variance data of Fig. 9 is that the ]
‘: water surface for acoustic experiments in Dabob Bay and . off Key West ’;
was clean in the same sense as' was the surface for optical experi- f
" ments off Monterey, California, although one-may still need to dis- ;
{ - t1nguish "cleanliness" at sea with that of the laboratory. Purther, i
‘ P , e | ) , -~ |
{ ;(\ \.N_‘N:T”\"”“_: . ) 37 ,_;_' S /.m < E
i : o . ’ . NV : o C." o - | 2 ‘:
o v Do S 3‘
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for those acoustic ,neasurements in which the range 70 deg <. £ 90
~deg was sufficiently covered the aqreement between (az, ).,,‘,,,.“° | @
1 Relative to the values of h%” : the decrease Of Ny - with sea< -
b - | «/ surface wind speed has been suggested prevmusly2 by analogy with *
| W : :
} the” tU'm (o2 [0y oz.v) " for the sea surface with the same term for
N Ly a1r flow, wh:c.c"n 1ater decreases to an.apparent limiting value with N
} e 1ncreasmg w1nd speed Further, from ﬂig Q apparently
3 ) = 0(@1) , (38)
e & | q
‘ so that <
iR
0 ° . (39) {{
8 o 5
} ) Al O ~ - - : e o \\ ‘ e :
i Depending upon the form of correlation 'unction 13z (r) for surface i
(3 slope, (0;/ /o,,) is more or less equal to rz, , the square of corre- ‘
51 ” ‘ .'lation 1ength for surface 310pe. 'I‘hus}:;‘; S ' w;
f :j ) \\ N < ?-“‘ o . ’E
i [(A.).,,] o[<:*°, )] Lo “o
y e ’ "> ’ . ]
“v u which has some intuitive appeal. & § i
} o Now, if slope variance for acoustic experiments may be taken as i
i} ‘that of Eq. 35 then the variable S of Eq. 34 may be removed ae an un- |
3 S known and N % redetermined. Thia hae been done and the results are- ‘
2 shown in Fig. 10 and Table 6. The data in this figure for v,,, = 3, ;
{ ; ‘4 and 16 knots appear to be spurioua, the remaining data show again ;
“‘ a decreasing trend with- increesing ‘#@ea-surface wind speed and suggest ;
gf-;g ‘that for- sea-surface wind speed large enough g
(ig . . N ' )!
! v e L R s aae
} Lim Ny = (N; ) dn= 13.4b (413
| * R s 0. . o - N {
> Ty vl.. : :
4 S i -
1 PR S B §
! Sl . 1
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‘l‘hus, Table 7 pemu:s the fol-—
low1ng ‘1sf's of the varlous parameters with v,,; in knot:s29
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(50)

.:\:;‘\ &
€s51)

| o fop = 0216 VI T
Oy Jogw =.0.263 3 ;2;“5 Ll (/cm)‘ (52)
: where the latter three; Eqs,. 50 to 52 are related respectlvely, to
correla\\lon lengths Ty r,, N and T« The values of (a,. [ov Ozn)
! of Table”? are shown in Pigs. R: and 10 in the form ¢
é .

. . 5 ) ’ | C‘" “
{ Now for £, 260 keps,c) = 2 ;,S en and"from Table o7 it seéms
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One should at this point congregate the relat:.ons for surface,

sublayer, :and reflection.stréngths, Ny, Ny and N. ’ together with
“their limitations from the foregoing and ‘then relate these to. total
reverberation streng,th. As preVJ.Ously,

10Nf / 10

R

v

\“The elements ‘of N, are flI‘St sea-surface scattermg strength N,

1oNs 10 .o 4k,sin‘¢[B,(2k,cos @ Voudls \(1-“53

T
- >

R

in which [E, (2k,cos ¢, v... ) mey be evaluated from Eq. 24 if not
otherwise available.
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S will develop below that thie letter means N, = N,(v... , .k, cp)

f&r @< 60 deg ‘and N,(v,.., Ky @ 2 60 deg) = N,(v,.,, k,, 60’ deg)\.
‘The: indication of the experimental data (Figa 6) is thet ‘
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sublayer scattering fstfirength

(19)

" where the bracketed b1ased psd may be evaluated from Eq. 30 in the
absenee of better spectra 1n whiz h case, the followmg restmctlons
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. RN 2 % i
: Cd
; If Eq. 42 is used, then :
N,-.‘5 = N (v,,.), for | %
i
F : V " \!
! 2s v.,. <. 20 Kknots - , E
K, ¥ ‘50";cm'-" |
; V ) L~ [ i—'v;;;
. £, %1 Meps S
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If Eq. 35 is used then -
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Vien 520 knots. .

= -13°db, for
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With Eqs. 15, 19, and 21b writton wit:h their limitat:lons, it is
_possible to study the compatibility and accoptability of the relation-
" ships, i.e., whether N, and N, , and-N, -and N,, as pairs , match suit-
ably, where they "cross-over" ono another, and with vhat confidence

they may be used. : s , .
o RN
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A\detailed calculation of each side of Eq. 63 shows for 5 £ v, .,
S lb knots and for 0.6 < £, < 60 kcps that the angle of cross-over
“of" Ns and Ny is approximately 28 deg < @(Ng = N < 50 deg. Only a

small dependence upon sea-surface wind speed is exhibited in this cal-'

culation and at’ 15 knots cp(Ns = N ) progresses from 30 to 50 deg as
£, progresses from 0 6/to 60. kcps. In view of the approximate tante
scaling of Eq. 29, the gist of this calculation is that at f, = 60
_keps and v;,.?— 15 knots the spectrum of. Pig.‘4 based on @ = 50 deg
may be a factor of two hiqh and there is some 1nd1cation Of«thls. e
At lesser” frequencies the errors; 1nvolved are, of course much 1ess.
~ On the other hand, when o(Ng = N ) ~'40 deg the 1mp11cation is that
“ turbulent: sublayer spectra based on ¢ = 10 and 30 deg are credible,

as the: general 31m11ar1ty between the results for these two grazing
angles suggests.m ‘ ther, in view of the turbulent sublayer scatter-

ing (~ sin @ whenr referenced to sea-surface unit area) which is an

effective hias to surface scattering Qv tanty) for grazing ‘angle less’

_than about 40 deg, one could .deduce: an empirical Lambert scattering
rule (~ °in?m) as r,description of - sea-surface(scattering.2

- Ry

Next, there remains a gonsideration of grazing angle variation ot
. of Ny and. N," @ = n/? and when and if they merge suitably. The
) statement ‘ d ifﬁxdsimade because detailed calculations of
' N,,(v,,,., ) show generally t:hat Ns (P, Vyea) >
' criﬁg that ths elevation psd=developed previously

gr\thén”aé%w“ﬂﬁﬂ4é) N,(w) -, N,3remains bounded at (N ), and it is to
be expected that anomal Les will occur. - Qg/
NOw,_iff%he necessary elevation psd were available, it is prob- .

ably‘true'that‘a numerical calculation of ‘the theory of Eq: 15 could
 give guidance to matching N and My presuming all the assumptions of
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. that development apply flsotroplc, homogeneous Surface normal Jomt o
probablhty dlStI‘lbuthl’l for expand:.ng ‘quadruple correlations to ¥ ;
doublevcorrelatlon, etc.). In’ lieu of thls, taklng guldance from the
numerical calculatlon of Eqs.xls ‘and ?lb and" from: the graphed data '
3 ‘1n Append:.x B it 15 proposed that Ns be -defined as follows- for S

f
{
i
i

: 60 “deg, N, (cp) is to be’ given by Eq- 153 and for @ > 60 deg, Ny (o) = ©
e ,/'N (60 deg)“ Hence, (n/2 - w) not. too small means ¢ 4 60 deg. - o

it , %f ; When the summary equaxlons .are compared w1th all the data of

» . Appendlx B, the resulting ™ms error ‘over the 2459 data p01nts is less
than 6.1 db; 1f ‘the data for 60 kcps are removed from the data fleld
the rms. error 1s approx1mately 6.4 db. Generally the average error..

o for the entire data f1e1d is less than 1 db and is 1.6 db wheén all

' _except 60 kcps~data are ueed. Hence on the average ‘the f1t of the

e

L L,
R s W DS RE CL  ea SR . S

’ sumnary equations is<sligHt1¥»better at h;ghkfrequencxeag 2w
Table 8 -- RMS: ERROR BETWEEN SUMMARY EQUATION AND .

- DATA OP TABLES 1, C2 3 AND 4 , . .
Table - |. ““im“ Bounds onxData _ g‘ I RMS Error, db E
1 o v,.. < 5 knotso R 4.6 g
2 5 knots s v,,. < 15 knots 1 4.8 -
. 3 C Y > 18 knots SRS R 5.2 s | i
4 70 o $¢p % 9ovdeg U 3.8% ;
. Values of v, é;, 3 4 Jand 1'“6} ‘knots omitted. s T
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: roughened water surfaces in terms of these theoretical treatments.'
Three mechanisms are elucidated: 2 ¢

- (2) diffuse scattering from the rough sea surface*which is rel- .

L “VI. CONCLUSION - '

o This paper, describes reverberation frOm the sea surface”’ and from
an 1nt1mately associated “sublayer based on theoretical treatments,
and the analy51s of acoustic and optlcal data relating to wind-

BN
[e3
)
‘
<
N = H
- D ;- N i
= ., - ‘o " . > §
VTR R S - S VO SO |

Ll.,/ LSRN

¥
+(1) diffuse scattering from a turbulent sublayer volume wh1ch {
.is relatively 1mportan'c for grazing ‘angles between 0 andv

s

~
KN

,,
AR WL

i

50 deg, and . S ; . .

e g B

atlvely 1mportant for grazing angles between 30 and 70 deg,

~and AT I . ,
*(3): Aspecular reflection from the rough sea surface Whlch is
P relatively important forograzing angles between 70 and 90

deg (normal incidence).‘o >

PR RS ;.m‘im v

7e
A

Lo

e

-

Bssed on previous theoreticsl work sea-surface elevation, slope
and curvsture-rslnted spectra -are dsduced from acoustic and. optical |
“data ‘under-the- sssumption of ses-surfece isotropicity and homogeneity
“and these are sufficiently in sccord except at> large wave numbers,
as to make the enslytical trsstments _based on these spectra credible.
Discrspsncies in elevstion spectre at lerge wave. numbers (capillary i
wavelengths) are discussed in terms of inhibiting slicks on the. sea <)
wsurfece, and the relstionship this has to diffuse scattering and spec-{
ular reflections from the ses surface is indicated. ‘Tt is postulated f
~that sea-surface elevation spectra at small and large wave numbers f
are energetically isolated* at small wave numbers, sea and atmosphere§
|
)

are in . equilibrium due to’ energy transferred bv pressure forces; and,

 at large wave numbers energy flows from- atmosphere to sea surface,

due to viscous: forcesu,
wave numbers.
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Based on yet other previous theoretical work biased spectra of
therturbulent vOiume of the sea-surface sublayer are deduced under

g

the assunption of isotropicity and homogeneity of turbulent volume :
fluctuations. The speét'aeare biased for, at this point, there is

no basis for determining wh ther temperature, salinity, or some other
fluctuations cause index of refraction variations nor. for determining, }
as a{function ofcacoustic frequency, the*effective depth to which
scattering takes place. Nevertheless, there is suffic1ent agreement

relative to: wave number dependence of the biased spectra with iso-

o~y
e’

I8

tropic, homogeneous turbulence spectra to- gustify the assumption Of;g &

a scattering sublayer. Notwithstanding anistrOpy, 1nhomogene1ty, re-
- flections; possible refraction, and other effects attending the sub-k

“ layer, the similarity of the biased spectra with theoretical estimates

suggest that the quotient of the effective depth of sublayer” scatter-
ing and the square of the characteristic value’ of the Jturbulent field <
is substantially a constant for all ‘acoustic frequencies.

Finally, ard, based also on previous theoretical wo“k a Gauss1an
variation of surface facet. reflection strength with normal incidence:
angle is Justified A lower limiting value of\reflection strength at
nomal incidence with increasing wind ‘speed is found ‘acoustically and

‘ optically, -and this is liksnedcto a similar phenomenon in air turbu-

lence experiments. Tha relationship betwean normalﬂincidence acoustic

<

B S . n ‘ il . o N -
demonstrated.w ’ ,3‘ L SR G ot e ‘

o ST " 5

The agqlomeration of ths variovs theoriss and data used hereire-
\sults in a.sea-surface revsrberation strength theory which when used
as 'a ‘correlation formula, permits detozmination of-values as a func-
tion of acoustic frequency (0. 6 to<60ukcps), grazing angle (0 to 90,“Q::
~deg) and sea-rurface\wind speed (v;.. 2, knots) with an average ims
error ¢f 4.6, db. A consideration of published correlations formilas
(Appendix B). indicates that in general this ‘Tms. error of about 5 db

is as low as current techniques permit and that a systematic con51d-
eration of soarces of errors is required before it may be reduced.
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v One 1nference of this paper lS that acoustic reverberation due ]
- to surface. andf ,,%
. ¢ be con31dered;on non= dcoustical bases. That 1s, sultable optical- aj
- nd hydrodynamn.c (perhaps radioactwe) technique ;
o
these fundamental data, a- more accurate assessment of the sources of é
¥
- T
would be;poss1ble -and at the same tlme, a substantlally better under -3
standing of reverberation would,be at hand.’ o o
- t 2
Another 1mplicat10n of the pap=r 1s that the sea-surface eneroy J;
(on an atomic .and: molenular scale) ‘may be decisive in determlning w5
%
elevatlon spectral densities of roughness hence surface scatterlng: b
and surface reflection of energ/ As the sea‘surface structure haSw ;
relevance, to electromagnetic as well as aCOUSth waves, ‘one may ex- ’f
pect that our understandinq oféthe scattering and. reflection of 11ght §
. and microwaves From the sea would be. enhanced as well.. . ,,g
E :
o F1nally, if as. 1t appears the sea-surtace elevation spectrnm is @
zenergetically divided by wavelengths of the order of one centineter ;
and -more or less one dekaneter; respectively. and these tw regimes”vyﬁ
. are predominantly affected ‘at short wavelengths by v1scous forces §
i
and at long wavelengths by pressure forces, then: this "varianles- *g
o separable" view of waves may present a ore“tractaole model from WthhE
2 4%
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. ,.;> J‘f‘g
IS
Y
. ¢ i‘,:t 3’;: :i
. .. %i
y o
;;
A b
=y
B " - g
e o 1
' f";\‘@ ?

i



R e B & W‘;}"‘” G R ». .'.M.‘ 10 ’.' R T T e ey
,:“! -t ‘., - e - . k o ot )’ , o c . Jv(z. “y?\’w“ ,
".fu Q’ * '\ v‘j i ':..\‘ 7 -.-». ¥ “ "‘:\;,’»& V ’ TR \:w o ......«u:m bt o bbb JW
- g AR Ge Loov V7 R
i o N ° o Y -
‘l o " o ’ ~ )
! 5 . B
': Q o w7 k . o ) ) . {
2 T - ) ) ) it ) Vs §
l g VI.I. 'REPERENGES " ';f
[ 1. R. J. .Urick and R. M. Hoover "Backscattering .of Sound from-the ~‘§
I Sea Surface I & of -7 Measurements Causes, and Applicat ion to’ ’the ‘4“5
! . Prediction’ of Reverberation Levels," J. Acoust. Soc. Am.,f28 }
N PP 1038-1042, -1956. : : b
2. 'J. J. Martin, "Sea-Surface Roughness and Acoustic Reverberaticn--iﬁ
An Operatlonal Model," J. Acoust. Soc.. Am., 40(3), to be pub-, W
. lished oeptember 1906. Klso, IDR Research Paper P-217. - = €
3. The matter of . spectra <and related functions may be pursued in: %
texts on Fourier transforms, time series analyS1s turbulence ¢
;:%etCo u ‘,“.“ 2 N o z
4. NR. D. . Turner, private communication, July 1966. ~ A
5. The implication of Eq. °8 is-that [P,], has units of (length)t. ]
3 . o o i
‘ B.. E. %ﬂ T, KuO, rWave Scattering and Transmission at Irregvlar f
oo Surfaces, oJ. Acouet. 80c Am., 36(11), November 1964. : 2
5%3 c. COx and W Hunkv’"ueasu"jent of the Roughness ‘of the Sea 4. 5
' Q\ Surface from Photographs the Sun' s Glitter," J.‘th. Soc.\Am., :
44(11), PP- 838-850 Novembqr01954. . ;
~ - ' i
e. V. I. Tatareki UWJV. Pro a“ation in a Turuulent Medium, New 3
’ York Toronto, Lo on, McGraw-HIII ompany, Inc., pp. 8l- ;
1961. Bl o T ;
9. [Ex ]a has units of x,(length)"” g L

ﬁgﬂ-f”fﬁ*‘?”“!-ﬂgN”!!!&””@-!””!F!'”“!!!!*”]!!l“AWIIIW”MIEUI7“”!“.““!@“””]!!lf”

o :
< " .
‘ 8% ;
. ] T
<@ i < i
o™ Tk, o
~y “ e
. ’ : N -~
- “ Loy e i ’ Lo
- k% . e N s ‘. ) . ot N e
) Dy g P A LA VN T N { . )
> ORGS0 3 T PRI NPV 2V WU WASE LV USRSV SO A TN WL SRR SIRUE SRR RPN (S LS R 2 3 e

“I0. D. H. Shonting""Preliminary Studiee of the Turbulent Character-
istics of Ocean Wéves," U.S. Naval Underwater Ordnance Statzon,‘;
TM No. 342, July 1965./ .

oa

11, Princi'les of Underwater Sound, Natl. Defense Res. Council,
Div. 6, 3pt: Vol. 7, Chapt. s, pp 99 109, Wash-
ington, D C., 1946.: -

12. G. R. Garrison, S. R, Murphy, and D. S Potter "MeasurementSCOf”
the Backscattering of. Underwater Sound from tne Sea Surface,"
J. Acoust. Soc. Am., 32(1), " pp. 104 111 January 1960.

N LT N 5
. 0 - ST
DTN UME S ariacoor? v ey 5P K B




¢

sy

: BT e o i sy s :: \ s {A‘--T’ - "““ i : w«ﬂﬂ" S e ”’*““‘vwml
AR At e E e ~,~:~»~«:?‘~;J»-» i i oo ;"42,‘.,.‘::..,.,, e e e ezt f
- SR S ,....,.: ;:( o o ‘
e RN I ' e e o - Toa 4 ﬂ
o i IR _ & ; t
; R " > (C‘- 3 V ” ! ) %
! g ‘ ' & s
;‘ ! B = L ¥ ' o }
g i 13, R. P ‘Chapman and J "H. Harris ‘"Surface Backscatterlng Strengths ,4[
) e . .~Measured.with Explosive Souna. Sources " J.. Rcoust. Soc. Am Tk
Loe "34(¢10),- pp: 1592 1597 October 1962. . -
: > o ;
: 4. R .‘Rlchter "Measurements of Backscattering from the Sea Sur- 4
] . face " J. Acoust Soc.‘Am., 36(5), pp 8642869, May 1964 v%
j . 15, R. 28 Chapman and H. D. Scott "Surface Backscatterlng Strengths é
! Measured Over an Extendengange of Frequencies and Grazing An-= i
| s gles, it J. Acoust Soc.,Amg, 36; pp 1735-1737, 1964, H
4 kiB,l G. B. Hayes ’"Env1ronmental Acoustlc Measurements at Halifax, 2
‘ -+~ Nova Scotla " U.s. Naval Underwater Sound Lab., USL Report 670 4
; 1965. : P
g 17. R;,P Chapman, prlvate communlcatlon,‘September 1965. ‘%
é 18. . é@’R. Garrleon, private communlcatlu' aeptember 1965. {
é 19. €. S.:Cox, ’"Measuréments'of Slopes of h-Prequency wind Waves n fé
{ . J. Mérine Res., 16(33), pp. 199-225,-1 “
5. - 20. {In this paper unlts appear to be m1xed‘between'metr1c and nau- giﬁ
o tical. There is same consistency however- laboratory measure- =
oo ments are metric and sea=going: experimentsOare nautical. When ,ﬁ
P . convenient these are re;atedy,but knots multiplied by 0 5149 3
L . gives m/sec. a2 N o o g
5 21, H. W. Marsh, "Sea- Surface Soatistics Deduced“from Underwater %
b -, Sound Measurements, Inhals of the New York: Academy of Sclences, :
P e Vbl. 118 Art. 2, ppw m . . ] 23, ‘
i» B Negel M Schulkin and R Shef.fen, "Backscattering of Sound fmm the

auSurface," Jo Acoust. Soc Am., 35(2), pp. 240-244 February |

f;,.Relating to thie there ere appanently three typographical erroru
R he first oquation“of Sec.

4 of ﬁef. 19. .~ A

wh/hurl nng"Wind Generation of Waves on Water," Doctoral Dis-
se ation, Imperial College University of .London. [Quoted from
" H..%, Marsh and R. H. Mellen; "Bouhdary Scattering Effects in.
~Underwater Sound," Radio Science, 1 (New- Series) (3), pp. 339-
346, March' 1966. i —_— ,

y c. A, Lou}son, Waves,\Edinburgh Oliver and Boyd, pp- 71 -75,
) 1961. s;ﬁ

- e
ity .
1 e P R prnt 4 st e o et St 3 N s o et S it e et

A

o
it
3

- J‘* 0
. 26, ‘S Pond R W. Stewart -and. R: w. Bur11ng, "Turbulence Spectra of
A ' the Wlnd Gver Waves, " J. Atmos.,Sci., 20, pp. 319- 324. '
-7 70‘, , E 5 .. . P
O i 7 i S
S N ‘f.,u e ”/):;.)‘ ) I L N SNV ;7Nl--'/“ St "‘fwww 0M—4M\-L¢—L‘/M~wr;. - ‘ ookt ,,-“v‘)ﬁ_‘_d:“ g’,



AT ST AR Ay | A i, A8, A b P 1 ST M S e e e e setin o e W g,

g‘ c : %

~~~~~ 3 [ Ny ‘ ‘\\ - - ‘ ‘:' = N " ““j’ ) - - ~ - Sk e * h ‘:

: Le & . 3.

; c )

. i

Y o : : i

h o . W o }\

RN o ’ i

;-; “an ) i

. Do ‘ - ) i oo
o Y 27 Gl K. Batchelor, "The Theory of, Homogeneous Turbulence," London,g
E : SR Cambridge Univer51ty Press,” PP. 82 88 1959. & ‘.,§ e .‘é
? , ‘ 28. Reference 21 proposes a tan P Scallng law for acoust fo ftcyuen- g
T , 01es low in the present contexL. ' - AR
g+ T w3 . §
T o .
v ot 29 Based on v;,. oE Table 5 ;
N ol K R — }
i \ 30.° The decrea31ng trend of (ov,/oz,ofw) with 1ncrea51ng wind upeeﬁ }
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M . . .i
Cr . Ih - ‘.) ,2.

T . 7 (Uz// /C'z/ Ozm ‘ g ko/k1 . %’

i
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(02// /OZI Ozli/ ),\ - aS V. .. . "‘ “ o o v . Lo )
The brackets ( )“denote»an ensemble average.
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. | APPENDIX A | %
I, RELATIONSHIPS BETWEEN ONE< AND TWO-DIMENSIONAL :
’ . POWER SPECTRA OF A SURPACE4 : !
{. N ; ‘ . ” . . }
ST Let z(X, ¥) denote the elevatlon of a stat:.st:.cally 1sotroplc ' n
] and homogeneous zero-mean random surface. The 2-D autocorrelatlon . ”‘)

or covariance function of z 1sAl 3”

) 14

ooy

e R s bt e e gty e S e P

:Bz :(3><, y) = [z(?(” yz(x’ = X,. Y’r - Y)] e 2’ (A1)

_,/_.~,~ i . . I

T ——
0
W
|

B, (x, y) is 1ndependent of. x’ and y because of the hornogene:.ty as-
sumption. . (Homogeneity is the spatial equivalent of stat1onar1ty
for a t1me-dependent process ) C =

o

‘ 'I‘he isotropy assumpt:lom means: that B,(x, y) is invarxant under
& - ‘a rotationdof/,che coordinate system, which implies that B, (%, y) can

B e i o S " |

’ be written in \the formm’ o LT o
. Y { Q
{ “ i %«V‘S o Bi A » (A2)
3 . \:.;\‘ i o i
'ﬁ q, \ > (‘/«)
z: ; ) v
L where H ) T j
N ’ o ( A3). ,i
£ ° § i
: o ) - - i f
- e - . o o . ) . 'O e - o 57 :
L _~The 1-D aﬁtocorrelatiOn&tghétion.of*z;cahybe‘yritten' |
J: // :o R4 @ ¢ “. ’ - ?}
< . CBO) = [z(x - x, y’ )z(x 20 % I (A4 |
15 ! i . ) g N
3 It follows that - e Cw !
l . . < ‘ B N . . , K ; ‘ . | g
; y
{ . 4; N ~ . o
l - : 59 L
A
{ - ‘
; ,
‘;, : G ) - B . , oo g . o
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P - Next vthe 2-D psd function of ‘2. is, by the Wiener-l(hinchme °T e ]
. "~ theorem, the 2-D Pourier transform of B, (%, y), 1. e., e Tl ‘
) ] TTs e y ®: P ’ - (AS)
:. B, 1&"? 1/2m) f [ e tx(k. X + k,y)] B (x; ¥) o'y
I R - e Q -'-@

,,.._
e e

:

Transform:.ng to polar coord:.nates 1n .4 and y and :mvokmg Eq A2

‘ yields : - f
R o C an |
Ez(lg‘ 13,) = (l/2n) f f exp [1(k,r cos o + lgr sin cp)][Bz(r‘)] rdr ,

angle « Now putt:.ng

-
AT

= in whlch ) is a polar ‘coordinate and is:! ‘t related to-the graz:mg

. ko=kcos® Kk =ksine. .

causes Eq. A7 to become R e e / ¥
i < (A8)

B (1s ‘S) (1/2n)f l exp [ikr cos (cp - e)] B,(r) r dr dp .

e A

e e A o i s

Evaluat:ing Vtﬁe integra]: owr cp gives S

&

-(‘\

o Bk, g) -u;‘ Jo(ke) By(®) pdr . (89)
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Eq. A9 impl:l.es that, nndor@thc fongoﬁng assunptions, E; (K, k,) is E

e a function of e o . i
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Eq. A9 further states that E (k) is the Hankel transform of Bz(r)
;;, o ‘E, (k) f Jo(kr)“Bz(r) rdr i ,;‘“4'(‘1\12)‘:}‘
whlch in turn 1mp11es thatA3
. B bt - . ] , r\g " ' ‘ ' : . . ) . . .
. : CEj(r) = ./f ng(kr)Eﬁi(k)}, kdk. °. - (Al3)
: "~ L » L
Corresponding;§, thealebvpsd'functionnis~given‘by' .

2

D Y 'c‘i/d/f'z‘n) I o513 (0) c;x"’,— | (a14)
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It follows from the homogeneity assumptlon, or from Eq A5, that

B, (x) is an even “function of Xy §o that Eq. Al4 2an be rewritten as
) o ; "o

'} "c’o‘s kx[Bl(x)]dx e )

&

S
Inverting Eq. Al4 and invoking the evenness of [E,(w)]l 1mp11ed by
‘Eq. AlS yields L SRR EEP N

e 5o e ) s o ,O e .0
’ . L ,~ - PR . ’ IV
‘ AN [ . '
X » 4 : ’JQQSsk&[Ez(k)]h q&~fa ~ (A1)
2 ST ! ©o

Next using qui AS,. Al2, and Als affords a representation of

u : o - o & )
At this p01nt it would be advantageous to be able to interchange -

the order of 1ntegration in Eq. Al7, but the 1ntegral over r that is
obtained 1s improper. Io circumvent thlS difficulty, the integral
over k’ w111 first be. 1ntegrated by parts. Assuming that [El(k )]l
vanishes as k! becomes arbitrarily 1arge the result is that™ *
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so that Eq v Als becomes

‘-.(f
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R | 'I‘hn.s expression can e integrated by parts to g:Lve [E, (k)],, in terms

Voo 1:: \of [Ez (k)45 3 ‘the result is
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Either Eq. A20 or Eq A2:. 13 suitable» for transforming the l-D spectra.
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S R ACOUSTIC REVERBERATION STRENGTH DEFINITION,

- : DATA _AND. CORRELATION PORMLILAS

E A. DEFINITION G e

’I Y The acoustic reverberation data used 1n this report are attrib-
' . uted to the sea surface (1 e. 5 con51dered to be .an area pheriomenon).
l Thus, (one may approach a definition of reverberation strength opera-
tionally. Consider Fig. B-1, where a transducer (transmitter-

1 receiver) ensonifies at grazing angle @ a patch of sea surface with

' o area A and with steradiant intensity dI,, 'dQ The ensonified surface
scatters and reflects » more or less, as appropriate to cp Some of

{J«r the energy reverberates ("backscatters") from all points (Py'y Pgy *+ )
’. ‘on the surface to the transducerc and corresponds there to a reverber-
i ated radiant intensity daI, /dl i.ey energy/unit area at the trans-

;? ducer may be converted through the? geometry of the situation to’

[ L energy/steradian. Now, if transducer depth zt “is sufficiently large

, . “.and ensom.fying beam half-width A:p is sufficiently small,’ "then one

i may assume that- reverberated steradiant intensity is proportional to
(e area A. " Now dI, /& and dI, /) -ave ‘measured at the transducer and/’ B
gw dI‘ /d) suffers a. change due eto attenuation and perhaps refraction* 1
(L .as does dI, /d) in traversing ‘the distance from transducer to surface.
F pim The conventionr then in defining reverberation strength is to correct
iﬁ dI; /M and dI, /cn to a distance of onewyard from the scattering sur-

§ face and to normalize dI, /m to a one square yard’ surface. Thus, re-
;o

,1" verberation strength Ny is ‘in db. given by o

tee N, - 10 lc.g dI'/‘n s s  (B1)
wﬁ dI,/CD ya s 1‘

ggfg where the subscript is self-explanatory in.view of the foregoing.
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Now a 'reverberation strength for volume may be defined on the
same basis as- that for area, except that a unit ‘volume rather than a.
;< unit area is required. 1In the present analysis, however, 1t develops
that volume (sublayer) reverberation has been attributed by the,vari-
ous authors to-a unit area of the surtace‘¥ Thus, the reverberatio
; strength of the sublayer ‘referred to the un1t surface area :appears to
5 vary as sin ¢ because the volume of reverberation/unlt surface area
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remains constant w1th cp, but the energy aen51ty in the reverberating N 3

o volume varies as the pro;ected area A’ of the surface area A (1 €.y a %

as sin @). & > {i\., ‘ .

N : RS = ’// f

B. DA’I‘A " i

: ' The acoustic reverberation data used in this paper have been

i taken from the literature where nécessary. and augmented by pr:.vate >
- / correspondence where possible. In: either case graph1ca1 presenta- 5 ﬁ
tions were converted to tabular data with a given data point described 1

by frequency (or octave Jmid—pomt) s wind speed, grazmg angle, and 3
reverbe»mtn.on strength. These data are presented graphically in Figs. 1:

B-2 through B~8 (pp. 69.to 83) and are coded as in Table B 1.
_ . - - N \\w iy
“'Table B-1 -- CORRESPONDENCE BE‘I‘WEEN DATA SOURCE R (

- OF RLVERBERI\TION DATA GRAPHS I ' s 5

7 Sourc N (/ z ) Reference“_w » Symbol o i

I - o T \, "‘:” I ‘{5 “. B ’ o 5 j'

{ urick & HOover o i | IR X .

\, *  :| National Defense Research F T S R woo
~ Council o s .0 o o g
z | Garrison, Murphy, Potter; 4, 10 " + N {
| chapman & Harris® . S .. 579 - X i !
: | Richter ... 7 . wogl 6 . A |
| ‘Hayes DRI N 8 LU %
Some: of the data in? he figures -of- this Appendix and in the 1it-' ‘ i
erature were not directly used. Data of Ref: 11 correspond only 0 a- N

; ‘grazing angle of 3 deg, much below the arbitrarily chosen minimum B §
grazing angle for the analysis. Data cf Ref. 16 at normal ircidence {
were not used in view of the greater abundance of " data at 60 keps. ' a
over a wider range of grazing angles near. normal incidence. The data o §
of Ref. 21 were not used because wind conditions were ot reported , %
specifically but alluded to -as being for sea states 0 to 4, 1. e., N o
- 05 v, s 20 knots, approximately. . g
{M“_.,,w/d.vﬁ:f R S SRS i ..X . u..:.;,”‘*?. i -h.-“ﬁv-ﬂw\(M)zu\m’wri‘\\&MV(}L,MW;;&MW\/&:bM\\:@ i:mmtm’z
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g C. CORRELATION pommmxs E ‘ 4
{ Correlation formulas have “been. fitted to some of the data of this} .ﬁ
i Appendix, generally they are oi logarithmic-trigonometric form and a" fg
j & they appear ‘here, employ units of kilocycles per second knots and é
{' HEEN radians. - The first of these,vapplying to acoustie frequencies between; §
¢ 0.4:and 6:4 keps, is given byl3 T . ST g
0 °<1000f)°‘93
} N L ; } o - - (B2) 5
’; ) ., 158 , IR §
{ 1 ) s 2-6 « T - f,,
: o v‘,’;f°(1000f )°°193 T
: 3 : o >
{ ; Y B4 . ;
f "The somewhat unusual form -of this equation is used in deference to tbe ;%
i > i
) authors. and alsc to maintain units of knots, kilocycles per second and }
f radians as is customary. Equagion B2 may ‘be. approximated and - placed gu;
{ . in a more usual form by. using»mean values Of - Vi¢y- = 10- knots and £, = ?}
§ ’.1600 cps 0. as to fix the coefficient of log o.‘ mhen, ‘there results, %
] © Ny 2= = 56, s/+ 533 o log ep + 24 s log + e 2 log f s (B3) %
! i o . " 4
; R o
;. ' ;a to appear 18 for frequencies N i
t 3 . I [
{ ’ This is given by E
g, A w N, S 35 + 40 log tan ® (B4) .
\:2 u ' 4 ”O:l \s - ) LY ’é
; . ! with no: wind speed or frequency dependence indicated. ]
1 B : |
§ The first correlation formula to appear which analyzed all of * E
§ the data An. the literature22 was applied to. frequencies 0.4 < f, < }
< i
J 60. kcps, all wind speeds,ﬂand grazing angles @'s 60 degs (1 ‘€., SOME s
i of the data of Refs. 1, 11 12 and 13) The suggested form .of this §
| correldtion formula is 4;5”; ST b §
. 5 'A’ O : L & ' ) - ’ /(:‘; ¥
! N Ny = = 71 1 # 9 9 1og 31n o + 24, 8 log v,,‘ +.9.9 log f, , (BS5a)
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although the least squares fié to the data is givéh;ﬁynl

c (BSb)
N, = - 76.9 + 7.3 log sin @ + 32.9 log v,,, + 7.3 log £, .

Finally, the predecestor paper2 of this present one gave as a
correlation function (interpreted in the lignt of sea-surface rough-
ness spectra) the following relation for 24(v;.,/10)° < f, (keps) =
24(v,,./0.7), and for 0 < ® < 60 deg,

Ny = -72.9 + 20 log sin® + 40 log v,,, - 5 log £, . (B6)

The coefficients of Eqs. B3 through B6 are congregated in
Table B-2. Inasmuch as grazing angle functiocnal dependence 1is not
consistent throughout these equations, doing this may appear to be
anomalous. However, @ = tan ¢ = sin ¢ for ¢ not too large, and in
Eq. B3 the coefficient of log ® is a variable at best. Thus, f