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I ~TRO l)lCTlO:\

Wind Ilenernte. rough sea surfaces. Wave breaking under
strong wind, also prod uce, entrai ned air-bub bles below
the sea surfa ce. Bot h roug hncas cfthc sea surfaces and Ille
lruppt...J air bubble, sca lier sou nd from sonar and lead to
surlilccrc\'crbcra tiun

Scat lcri ullocC Ur5oul-of-plane a, well as w ithin the vc rtieal
p l a n~ co ntaining the source and receiver. Modelling active
",' narrcve rbcratioll fh "n lh", seasurfaee rcquires assesSlnent
oft hcsuda ecscaU",rillgstn:ng lh.For monostal ic sona r whcrc

the transminer and receiver arc co-located . the reverberation
is mainly due In ba.' bcaltcr ing. For muhista tic sonar where
multiple transmitte rs and receive rs are spatia lly dislributed,
Therc arcaddi tinnaleonlrib utions to The reee ivedreverbt:ration
frnm fi, r\\,artl and llUt-t,I: plane scaneri ng

The empirical Cha pman- Harri s form ula [ I) of su rface
OI;allering ,trength Is ofte n used for model ling monos tanc
"" nar re....erbe r-ali" n. To mnreaeeurelely pred ict reverber .llion
in mult iSUllic act in, 5<mar system " formulas for three ­
dimens ional scanc ring are desirable. Gauss et al (2000 , 2002)

[2,l ) pn:sented a semi-empirical surface sc.auerinlt slre nltth
(S ESSS) model Ihal combines incoherent scatlmn¥ from
Ibc Ttlugh air-sea interface "' ilh scatlm ng from the bubb le

d ouds.
This won f"I k>ws The approac h in ElIi, and Crowe

( 1991) {4] and Carul hen; and Novarin i (1993) 15) where
beckscene rtng models are extended by using the so-called
sepa rable approxima tion . and then combined with a term
obtaincd unde r lheKirc hhoffapprO):.imalion ltlohlaina thn.'C.
dim<'nsiu nal scattering funct ion. In thi" paJl<'T we use lhe
empirical Chapman-Harris form ula [I J as our backscattcring
model. Wc further mod ify the cxprcssio n obta ined using the

shadtlw ing factor in Terrance and Sparrow (1%7) [6J and

compare the results with those of Gauss et al (2000. 200!)

(2.3].
Due to the em pirica l nature of the Cha pman-Harris

bac kscanering modcl ,lhe exp ress ion ob tained here incl udes
tbc cffcc ts cf bcth the roughness ofthe sea su rfaces and the
sub-surface hubb ies, The !om ll, la is , imple 10 usc in muhi, taTic

ecuvc sona r pcno rmaoc emoa c!s.

C IIAPMAI"· IIARH.IS IJACKSCATH: H.I1\G
;\ 101)[1.

In underwater a<"t",stie., the abi lity to scalier ';(lund from
extended objec ts such a.' the ",a 'urf:u;e is o ften cbnracrerized
by a scattering strength. which is de fined I, the ralio in

d~ibe l~ of the intensi ty of the sound scalte red by a un it
surface area {normally chose n I m~). refe rred to a unit

distance rnormally I m).tu lheincidenlpl all,:w3\eintensity.
B...,,:d O il m,,,.,,urement~ using e)(p l"s iv~"S. Chapman-Harris
(19t'i21[ll gh e the follow ing emp irica l lil 10 me asured surface

backsconcring strength in dlr fcr wind spc-c-ds uplO 15 m/s and
fretlue nck."Sfw m 400 10 MIlO 117 ,

S - 3.3jl ltlS ,J0I3,, -424 log ,JI+26, a n ( I )

for jl- I 07(Ufv·r·~·.

where 0 is grazing anglc in dc:glOX!!', U is wirltl speed in m/s,
antl jis frequency in Il l .

Fur laler u"C. we re-write the Chapma n-Harris form ula in
lincar unils,

"J
wbcre l:I(lI)is referred 10 as thc backscallering coe fficient and

is related t" the su rface scatteri ng strength by S - 1010g10
[1>(0)]
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(6)

THE T HRE E DIME~S10SAL SURFACE
SCATT t:R Il'iG t"UNCTION

T he.\lodel
Following Ellis and Crowe (1991) [4) and Caruthers

and Novarini (1993) [5], we e~lend the Chapman-Harris
backscauering fonn ula b(ll) of Eq, (2) to a three-dimensional
scattering function by the following form ula.

m(O"O,,¢) =[b(O ,)b(O, )]" l + D(B"O,W( Clj (3)

wherem(ll "e ,.4J) isthe th",:e-dimensional seatte ringcoeffic iem,
and flf fl•• are the incident and scattered gral:ingangles

The parameter b is the root-mean -squa red slope of the
rough sea surface, which can be approximated by the empirical
e~pressionofCoxandMunk( 1954) [7 ),

(il : O.003 + 5.12 xlO -!U ± 0.004 (5)

The parameter Q is a measure of the dcA<.'<:tinn of tl>c
scauering anglefrom thes~ularangle,

Cl _ cost 0, + cos J 0 - 2 cos O; cosO, cos¢

(sin O, +s inB,) l

where4J istheseatteredazimuthalang lcrdativct ot heineiden t
plane

The first tenn in Eq. (3) represents so-called separable
approximation to the backscarterlng model b(U) , rhetenn F(U)
represents a forward scattering lobe in the high frequency lirnit
rromGaussian-distributedracets under KirchhoITapprol\imatioo
(also callcd the tangent plane approximation)[8,9), and the
funct ion DM, fJ) accounts for shadowing effects on the
forward scanering lobe and is discussed below

CH. ,eacksCa ner(vs. Wind Speed at 1500 Hz)
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Th e Shadowing Factor
Adjacen t faw ls may obstruct sound incident upon a given
facet or the sound reflected by it. This masking and shadowing
effect is espec ially important at low grazing angles. To account
for this effect, we adopt the approxirnale shadowing factor in
Torrance and Sparrow (19671 [6],

DO 0) = - (12 co'Q ~i n O, 2CO~Q~inO; J (7)
( ' " mID , cosO: ' cosO: '

wilerI.'

0; = (l / 2)cos- '( s in8; sinO, - cosO, cosO, cose),

and

cosc :sinO, cosO; + cosO,sinO,:cos y ,

y =(sin -'(cosO , sin, /si n2 0;»

(8)

(9)

Thesha dowingf actmi nE q,(7) isdcrivedusingthe assumption
that each facet is one side of a v-grcove caviryand sound rays
onlyreflectonce ( i.e,m ultiplesc attering isignored).

For backscattering, 0. " 0, <II ,, ;It, and the shadowing
factor becomes unity.

It is worth pointing our that the emp irica l nature of the
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Fig. t , Surfaee "",t 'l(~ncring ' trcng'h at 1500 Hz ror w;nd
weC<ls f rom 2,5 m's to 20 m/s_(a) Chapman.lla rris modet
(b)C hapman-Hams modetpl us Kirchhofffacct ",a l1cring,(c)
SESSS modelof Gauss otal [2,J ).
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CHs+Facet:BistaticOin=450bi=45F=1500Hz

50 100 150
SCATTERED GRAZING ANGLE (deg)

(b)

Bistatic (vs. Wind Speed atOin'Obi=45 deg)
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Chapman-Harris backscattering model means that the first
term in Eq.(3) contains scattering contributions from both the
roughness of the sea surface and the sub-surface air bubbles,
with azimuthally independent out-of-plane scattering. The
second term in Eq.(3) represents scattering contributions from
the roughness of the sea surface near the specular forward
direction with azimuthally dependent out-of-plane scattering.
The overall model in Eq.(3) is a simple function for modelling
three-dimensional scattering strength due to roughness of the
seasurfaeealldsub-surfaceairbubblcs.

RESULTS
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To assess the accuracy of the present model, we compare its
results with those from the Semi-Empirical Surface Scattering
Strength (SESSS) model [2,3] for two representative cases.
The tirst case is forbaekseattering and the seeond case is fora
particular eontiguration of three-dimensional scattering.

Backscattering strength
Figure I shows results of comparison of the surface

backscattering strength for wind speeds from 2.5 m/s to 20m/s
atanacoustie frequeneyofl500Hz. Gaussetal [2,3] show
that at low grazing angles, scattering from sub-surface bubble­
cioudsdominateswhenwavebreakingissignificant.Athigh
grazing angles, scattering is mainly due to ocean surface
roughness.

We can see that the Chapman-Harris model plus the diffuse
scattering lobe is closer to the results from the SESSS model.
However, there are appreciable differences between the two.

We note that the parameters in the semi-empirical SESSS
model and the original Chapman-Harris model are fitted
using different data sets. Ttmay be possible to obtain better
agreements between the present model and the SESSS model
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if the empirical parameters of the original ( 'harma n-ll am s
model wt'fe re -fincd llsi ngthc""mcdaID ~l as l h al lls..'dfor

Ihc SI::SSS model.

IIlsl atic sClIlteringstren jl;th
t' ilEu~ 2 shows an e ~amplco fcompari.on ortte blSlallCsur rllCe
scall~Ti nll Sl~n~lh for wind sp.....ids lium 2.5 m/sw 20 nII!ial an
lK'O\lsticfn:"lU('oc)'of l500 Hz.Tbc: pafliculat ca.",,!ihtnl.o~

i!i foran incid.:tJ1&"l"ing;m gk of 45 do:gn:n and an uiltlUt hal
anr.le nfal\o1,) 45~We can!il.'C that lhe!ihado.l.. illgr...ctor
impro""d the agnemcnt al Jov,' grving angles bf:N.«n tlw:
~l mood and tlw:SI::SSSrTIO.'del

It K or ,nt~ k' lIOk that. simi lar IO Lhe pmoc.'fII ltKI'lkl

the SI::.'ioSS ItKI'lkI is a =tioo of~ucrinl!>lm1gtmor
vunuthally illdo:prndrnl !iCllttning duoeto llirbo.obbla and
•.",nullu \ly dc:p.-nde-no "C3l1<"ring due 10 rnugh_ o f the !d

1<Urra«

SU:\I!\I:\ RY
• nllo .. ing earlier worl by Ellis and e m.. c tl99 l) (4) and
Caru lt....1'5 and Sm arini ( 1993) (5). a simpk c"fII'~"Mioo for
model ling thrw dimensional scauerin g strenl lh fmon ocean
Jl.urfiICC'll wasgiwnaooc OOlparcd ...ilh anothcr scmi-cmr ,rica l
mod el. The npr~ioo combi nes separable forms of lho:
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10 giwn by a high frequ...n.:y Kirchhoff ar prm.imalion
(; m" lri\·al~l.. ing effects oflhe fac<:1'1an: acc,,"nl~..t for
b)' using l scpa",rcI<Mfactor.

Ih rff-dimo:nsional ,;catlcringda la from card ull y conlrol lcd
mo:asurcmmlSa~ needed tO D-'iCeruin the accu racy or the

","pmOIOn

Th" "m,,'" "'''fII'''''', ion inciudn the "IT~"'1. ufbool1l~rou~h
air.....~ inlcrf""·eand.uh-.urrac" buhbl".lt ) bo:u,..,rulu .
MJb-modcl for nl<>dclling O:"o:rberalioo in multi. b tle WlW.

hlU~ ...orl may ind udo:impro_ing the ihadO"1 nl! ta.:lor
110] i&rIdCOMidr nngotherbocksc:m eringltKl'lklssuch as those
in Ogckn and Fn kine {11.I 2. lJ ]
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