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Abstract. A nonparametric SSB nlode1, dcrivcd Ilsing thl' 

TOPEX altirncler, is analyzed ta show a new decolllposition 

of the fuml SSB 'c~ bJls + 1'(0'0)' wlwre b is O.O:l and tlw fUllc

lioll uf radar cross section (0'0) is an absolute S('coll<!-ur<!cr 

range correct ion residing outsidl' the COllVl'lltiollal IIIJlldi

mcnsiollal SSB macle!. Expected variability in tlw <!OIll

inilnt bH" tcrm ane! its lier. to the long wave orbital V('

loci ty and shortcr-scale slope variallccs arc discusscd llsing 

a physicallY-lllotivatr'd restatemcllt or reœllt EI\[ hias llll'

ory, Th(~ gcometry of st.eep near-hrcaking wavcs, 11l,)',II.'ct,'d 

\\'ithin currl'Ill t.heory, is invoked as one plallsihll' ('.'.:plalla

t.ion for tire ohsl,rved H,,-independl'Ilt SSB (THll]lOlll'llt, 

Introduction 

Tire ~ca state hias (SSB) (IlTcctioll for t.hl' TOPE\: al

tillll'tl.'r is t:vpically li-il cm 0\',,1' t.he global OCl'all hut scales 

willl t Ill' rIllS wa\'c lH.'ight and thus varies frOlIl :2 to 1110]'(.' 

t hUIl ,Ill CIlI. The observce! basis fur the efreet is a 1l1l';.lSUn..'I! 

r!l'C1TilSl' ill radar backscatler verslls illcrcoaSl' ill dcvatioll l'd
ative to thl' ImYl'st Wilve tWl.lghs [Y!lplee i'I Ill" l!)ïll, Tir" 

variatioll Si'n'l.'S to prdercnt.ially wcigltt. ail alt.illldl'r's tillll" 

depend"llt rl'cl'ivec! power sigmll (proportiollal to t.Iw rad"r 

!Jacks!'" 1 t l'r \'(.'r:;lIs ckvation) bel"w Illean Sl'a Icv,'I, 'l'III' 

Slllall raIl)',!.' shirt. is orten rl'fcrred tu as the ell'drolll,,!:,;nl'tic 

IEI\I) Ilias, hllt. in the cont.ex! of t.he siltelliu, altilll"ter 1111' 

l'fred. is c,lITicd within the tot.al sca stall' },ias ill a hirl\, 

mmpll'x and indirect. manner, 
A rCC('llt article [Chc/lon. ct al., 20U 1! ïf'vir:ws cIIlpiril;dh-

dl'riv"d "ltillldc'r SSB correction al~"rit lrlll,", l'rr'sl~lltl\', t Ill' 

TOPEX SSB l'rror i~ ;1~Slllïll:·d CLllTI'cl to witlrill IIlII)',lrh' l ':'; 

uf J-f, (ddiIl!'r1 as klllr t,imi'c: th,:, ~IIrfaCl' ,,!<:\'ati"ll rIW;), 'l'Ill' 

,,~();tl ill t Iris ;Irl'Ilil cOlltinlll'S tn 1,(' th" .!clillit ilill (If " r"J,II~1 

rulltilll' tiraI I1lillillliz('s hollr p,I'''pll\'"ic,d- <llId Il;,,.\;,'r'I,'LII,,,1 

1<11Il'." ~lrirts n,taled Il> SI'" ,tatf' l'Ir,IIIr,;f!5, St Ildil'.'-, ,'-,nl'I",rt 

J.,!"", ,II ('i\IlS/II~I'lll':, ,\hIS",t1I", 1"1"111"', 

1'''Pél Il Il 1 Il !ln êll(II(~I,(II,l1·I(, 
1I1!')-I,X,':(,!1I1 ;.1,11111 (;j ,IIII,1,j(,SI15 Iii) 

ing tlris goal Irav!.' 1}('f'lI U>lldIlCll'd ill tire arcas uf thc'orl'li

cal J[ludf'lillg [E/fol/llIlIly f'I. al" Illf)f), 20()O, 20011, "Itilllder 

willd speer! l'(.'ddinitioll [(:fJIL7TioIJ. cl Ill,. 2000j, and Ei\! bia;; 
licld f'xj)(!lillll'llts [Milld Ilnd Arnolcl, 2000], Tlrl'sl' dTorts 

al'(' Illtilllatcly in SC<Hclr uf Il!'W gl'uplrysical cmrclatives t.h"t 

het t l'r ddillf' the EI\[ hi"s process and can scrve as ,lllcil

Iar.\' SSI3 llludei inpllts, Tlris paper adclresses t1re impurt 

uf 1 hl'se drorls witlrin t1rl.' (,()lllexi uf a rCCf'lIt clIlpirically

dcri\'l.'d TOPEX SSB llludel[ (;118))(11' Cl7ld PlO/FI/S, 1!)!),s], 

Nonparametric SSB moclel allalysis 

Tlw gl'n('ral [Orlll or tir" SSB model is always giVl'll as: 

( l) 

wlrl'l<' Ir is tire altilIwlr'r sigllificallt Wiln' bl'ight ('stilll,Ü('. 2:: 
1111' lllJnrlilIlf,'llsional. ur rc'lat i\'I', .'-;.e,' n fllllCl ilm .. \- the \'('dur 

ur tlll' clrlJsl'n dl'pelld"llt \'arialdes <lllrl " thl' vcclnr 111,,,11' nI' 
t Ill' CIrOSI'1l lIlodel c()dReil'llt~, l\'llllH'rOI1S stll<!i,'s point Ililt 

1 hat Eq, 1 t hen l'nCIlIIII!,I"S('S an)' r,lllW' ('ITIlr (not sulely t hf~ 

Ei\1 },ias) e"rn,bl"rI \l'ith ..tlilll)',r's ill fL, T" dat!', c!Il,SCIl 

\',Iri"h!<-:i ,\l,' tlwsl.' '\l'tllall} Illf'''SIlIl'd 1)\, tlll' altillld,,!': H" 
,Il1d (T", tll(' radar hackscat IcI' CI",fIieif'llt al En-hand, 

TIll' rl'cellt llonpar'Ill\('1 rie SSB lll"dd of Casp"r and Flo

r"lIs (11)!);';) a\'oids 1'1'1'01' jrrlll'l'l'11l: withill pa!'.l 1,lr"rl, tbill 

slllvl.'d for EC[, 1 u!:'ing fl jl1'ifJri l'Il Il cl ional OISol1111pt iUIlS, HI'

,'Illts dl'rin'rI [rulil a 1l11rlti-\,'ar glo},;d TOPEX (TOo'S(I\'l'r dif

f"[l'Ilc,' data Sf't arC' r1i:-:pIaYl'd ill fig, la, The lllUdl,1 is pr<'

SI 'Ill l'd as 1 hl' n'ht i\'l' l'ITor 'S S,C, /3! fI, \'crSIlS (Tu' TIlf' 

is 1111' \\'illli '1)('I'd flU1Il fT" IlSill['. tir" \!,,!Iifi,'d Clr"ltllll-\\'I·IIli'. 

,dl~I'lillrm : 11',11/ /' I/I/d ('1"II"I/, 11!'11: TIll' rl'o'lrlt,~ ;11" qll,d

il,di\'I,h, Silllil'Il' tu pl,'\'i"lb 1"llillll<'lli, rI/'\'"j, 'iJlIII'11I c' [('"rI-
1(11/ /1 "l" :!()(Ilj },lIt tlll'J'<' M" >lrlhIOlllli,r1 challgl'~ ,,1\Ch lil,!I 

1 Ir 1:; lll<lppill)', rl.'IJrI'''''llh t II<' Ciln/'Ilt I)('st 1"'1 illl;!I l' ,,\'1,1 t Ill' 
I,i\'ilri,!I l' illpllt d"!ll,tin TIll' Ilfllldlllll'll"iul1',[ "id:" ~:, i:-: dl 
(Il" :t!HJ\'I.' :~ l"; with il :-..\i)!,II\ ilL( rl'd:-,l' for [lt\\'l\l' Il _ ;!Jld ;\JI,\' 

\'dlti" "ftT .. , L;((,ll ,'111\'(' !It<l ill"llill,'" fi,! ,Iilrl" 1'111111":; ':~ 

:";-;Ixi>, '])('dl" .. ,!;J!' \,;\1\)(, ;\1 llj(' lli~,llt·~,.t n" 111('/f·(\,''';I' . .., il! 111i\.~,lli-

111dl', oIlld 1111'11 1','111111'; 1" Ihi:, hi;,,; 11" .. ,1 !:; "; 'II (T.. 1) dB) 
[II ,<lI ,',le",,.. Il,,, IlIiI>:1111111111,,"'II'.'; \\iI11lli: Il'1 dU "fll),:;.tH 

.c...;l/i'll Vilr111tl11l1 iIL,j) !\!)!\l..., 1111(' flll ff l~,\'~'l.~, 1](J! : ... IIt)\"'11 

3947 



C:UIU nt:1fJ/UUUGUUI/, /t::/-I/t::::>t::/IICIlILiII t::! UIIIU<JIUIIIIIlC/LI/lC':>. LVI LIli VIIVII,;;Je... 

3948 CHArRON ET AL.: NEW LOOK AT ALTIl\IETEH SEA S'rATE BIAS 

14 

u 

12 

11 

III 

9 

1 
B L,-~. 
-2 -3 -4 -5 ·6 

SSB (% H,) 

CD 
·0 

b 
x 
w 
Cl 
o ,--

o -1 -2 -3 ·-4 
SSBmod (crn) 

2 r.'.·'·1 ln 

rn 

rn 
·0 

o 
b 

X 
w 
Q. 
o ,--

[c~,(C)1 
-2 -3 -4 -5 -6 

SSB (% H,) 

Figure 1. Resllits Laken from nonparametric 'l'OPEX SS13 mml
els with curW1S for varying sea state CLS indicat.ecl. (a) Nominal 
dual-parameter SSB moùel \Vith bia,; given as E (relative bias) 
versus a", (b) 88JJ"lOd (sec text, Eq. 2) verSll!.i a" where tire bi,LS 
is now givcn in absolute range, and (c) same as for (a) but now 
from a reviscd SSIl mode! derived aller relllovai of SS Hmod. 

The local maximuIIl is a recognizable feature of the SSB, 
both From fielcl experiment [Walsh et al., 1991; Arnold et al., 
1995], ancl oIl-orbit perspectives. Note however, that. the y
axis of Fig. 1 is not the truc wincl speed, but rather U O ' Re
slllts From EM bias field obscrvatiolls and theoretical sLudies 
have always been reported in terms of the truc wincl speed 
rat.her than the mcasured Cf". This dist.inction is raised basecl 
on recent \Vork showing that altimeter-derived wind speecl 
errors arc systematically correlateo with JI, variations. The 
physical basis for this observation is that aH altimeter's u" 
is derivcd from ail roughness (wave) scales inclllding a non
negligible contribution from long waves that arc Hot neees

sarily couplecl to the local wincl. A recent sludy 1 GOII.n-irm 

et al., 2000] discllsses this point and crnpirically-derivcd re
sults are shown in Fig. 2. These curves are clerivecl frolll 

il collocation of TOPEX aitillldcr measurclllent.s with SUl'

face wincl speec! estimates From the NSCAT scalte]'()nlCtr~r. 
The figure clepicts a global average, determilled [rom nOll

parametric Clualysis, of the relatiollship betwepn Ku-band 
[T" and t.he 'trne' Hl !Il wine! as infcrrecl From scat.t.crollleter 
data. Cf" varies for a constant wincl speed dependent llpon 
1-1.,. A given CT" corresponds to higlwr wind SIW('c! vaIlles as 
H., clecreases. This multivailledncss is cvid(~nc(~ suggest.ing 
caution in direct comparison of field cxperiHlcnl .s'SB rela
tionships to on-orbit mocIels in ter ms of 'tme' wincl sppcd. 

Returnillg to Fig. la. recall thal relative S'SB lllodula
tion versus CT" is similar al (,ach JI., level. Furt her, sepa
rat.ion hetween lhcsc cnrv(~s i~ greatest wear the local SSB 
maximum (Cf" c-:- 10.3dB). Ohserved SSD modulatiolls thus 
appear ncarly f-r, inclepelldent. fig. lb p['('sents LI model 
thal isolat es the observed signal variation as 

S'S'B",od (in cm) = 1-[, * (I: -!\) ~ J'la,,) (~) 

wlwrc !\- iCi Sitllply a constant. or SoS' [] J.>cdr,-st,d, sd t f) \-'idll(," 
nI' 0.031 -',O.OOS for each J-L sllOwn. !lr,;;lIlh collaps(' t.u a 

nearly idcnliccd relat.iulL Vel'SIIS {Jn. \\ilhin tir!' t<lllge of U ln 
l:~ dB thcrr, is 1('5S lhall 1 t'ill r!evialiutl. Tlw tllaxitlllltll Ill' 
l'Iris SSB rnorllllcrlioli is ·1 CUl anrl still residr·Ci ;rt CT,,'· [O:l 
dB :=()~ <ln al ;rll f-f". 

\Vhilc tlll' f'l)IT(,ctiolt of Sf,a staIl! Lias dlle to thr~ ailillll:
l,'1' willtl (i." (T,,) !ri.,,; ;dwavCi I1C('1I of Ci,-'cc1JI(I-()nl"r. Eq. 2 

h;lCi 1I0! [,r,"11 allt i('iIJHtr,d IlO[' idPllt ilic'" ill "rn'iolls st I1ll1e". 

Halllificalions arc cUlIsicl('rabk in bolh thl. cIllpirical and 
t hcorclical arCHas. Ernpil'ically. tl1l1 \lsual IIlllldimcnsioual 
sea state bias tenu recluees lo a f1xed cOllstant value lIear 
to :l %. This relative error decouples [rom Cf" ()\'er IllOSt. of 
the TOPEX data domain. Fig. le illustrates t Ilis pOillt., 
showing t.he rcsult.s of il NP reanalysis perfOl'llWd al' ter rc
Jl10val of the average (computed over H s = 2··,.\ m) S'sn,,,,,.! 
range ('l'roI'. The separation of variables lI<'eds considerat.i"lI 
in future SSB mode! solut.ion as weil as mode! residual H

l'or analyses and field data examination. Theorctically, EM 
Ilias models have .l'ct. 10 address snch a forlll. Halher, t.heir 
applicat.iun is lo the dominant 3 % sca state t.en)l and its 

variability, as presentecl in the following sectiOll. HowE:ver, 
the [lellultimate sect.ion put.s forward wave breakillg, il pro
cess that lies ou tside exist.ing them'y, as a plausible physical 
source for tlw obsl'rved f(uo ) behavior. 

Insight from EM bias theOl'Y 

'l'Il(' obscrvat.ioll of Fig. la is !lot Cl radical departure 
t'rom past. SSB tllodels where the nominal correction is of 
orcier 2-3% of H., with second orcier corrections relat.ecl to 
ua and H.,. Recent ElvI bias modeling efforts have sought 
to reproduce this observation from first principles and us
ing an anéllyl.ic framework desigued 1.0 e!icit. the primal'y 
physical variables clictacting t,he phenolUenél. The mocl
eb begin ily assul11ing surface statistics of weakly IlOlllillcar 
waves[LOnI}7/.f'l-Hi!lyins, 1963]. This asslImption is valid for 
wcakly-intcracting gravit y waves (a small st.eepness aSStllIlp
t.iOII) corresponding solely to the long \Vave field[Elfou/w.ily 
cl. al., l()99]. For t.hese longer waves, the inducecl surface 
motion is irrotat ioual, and the coexistence of wave elevation 
and horizontal surface velocity dictates t.he existence of a sea 

slate bins. A fmtller rdinement invokes il t.wo-scale surface 
approxilllation to permit prediction Ilsing il 1I10re realistic 
surface gcomet l'y illclndillg al! roughlless sc ales [Elfouhai.ly 
et al., 2000i and tn incnrporat.e the expectecl modulation of 
short waves ily orhit.al straining associatccl with the long 
\Va\'1' he,l\'c [Elfo1t.hlâly cl. IL!., 2001]. The ensemble is reè\
sonahly complete 11[> tu the lill1it of t.he weakly noulinear 
asstlmption. 

Following is a sirnplifiecl n!llclering of the cited two-scale 
E1\[ bias mode! sl1ldies that ai ms to clearly identify the cor
relative relatinnships bet.\V(~en the obsl:rved bHs t"l'Ill and 
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recognized wave field lllcasurenwnts. In parLicular, wc wish 
to highlighL the key l'ole thal the long waV(' ()]'hital veloc

iLy plays ullder weakly nOlllinear theory. li lIder a Physical 

Oplics scattering assulllptioll one call wrile t.he local contri

bution 10 an altimct.cr's tot.al an IllCaSUl'elllcnt as 

(3) 

whew ( rl'prescnts t.he sea surface el(;vatioll al il givell loca

t.ion, and v,,( the local t.ilt. In this approxilIliltion, mss., is 

t.h(, slope variance associated with a given tilt('t! patch and 

nominally ll1\lch grealer than the local tilt. squHrcd. R is a 

surface reflection tl'rm carrying the Frcsnd codlici(~nt plus 
possible ditrraction el l'ec.ls. The [{)Ilowing lllodcl aSSUllles 

negligible difl'raction (R held constant) t.o focus \IpOH two 

contributions, tilt. and hydroclynamic 1IlOdulatioll. As ail il

lustration, atisume a !inear modulat.ion for thl' short scale 

rOllghnC'ss mss". III this CiLse, au can he forlllulated iL'; 

n(1 + 0) v.r( _ 
au ex -------(1 -- -'-- (1 + 6)) 

l1L'-;8 05 71L'iS(J:; 
(.1 ) 

where 15 corresponds (.0 slllall fluctuatiolls of t.he shorl.-scale 

waves along the long wave profile, and where mss", l'l'p
resents the total short-scale slope variance [C/w]imn ct al., 
2000]. Defining 6. to be the variance for thcse randolll flllc

tuations leacls to 

(fi) 

At this point Eqs. ,1 and 5 can Il(' dircctly applied withill 
t.he llsual Et",! bias hpight-lTo cross correlation. TerniS arc 

arranged \lIlder tllé! assull1ed separation j3/è ,\/ = !Jj;',\I_lcll 

+ !3E;.If-hydn, and the expected EI\·I hias tilt contribution 
bccornes 

il/-; A1-- tdt = 
((V,,(2) _______ .. (?~(;\ 
(\7'0(") mss"" - (v,(")( 1 1 i'l.) 

((i) 

wlll'rc the leading terlll in the cxpectatio[\ is [>roportiollal 
tn the corndatioll between long WClVC elevation and sqllared 

slope. This term relates to the well-kllown cruss-skcwness 
coeflîci"nt ddining th(, El"! bias in selllÎllal t.h,·"rdical st.lld
ies [8robJsz, FJS(ij. The present fortll sheds light 1>11 this tilt 
hias tenll wh en one perlllits the loug wavr's tn Ile c1wr,J('
t.erized by il uarrow-band devatiou spectnltll (Iwilr tu uni
modal). Following LonYlId-Higgins [19G:l], the !loulincar 

long wavc profiles will exhibit a Stokcs-like waveforlll. Tu 
first order, (\7,.(") x (\7.r(2)(VI(~)y-l 'l'hus (V,(2)y--\, 
('(-,adily idcntificd with the orhit.al \'(,[ocity \'ill'iaucc nl'ar t.u 

the spectral p'~ak (Ilsing t.he gravit y \\,a\,(, dispersioll rdat i"u
ship). !lecolI1cs Lh(, ]cading tcrlll in the tilt I~i\[ hi,L" (",ltli'u
tH,nl. 

The hydrodynilluic Ei\! I,ias cont.rilJlltioll cali Ill' \\'Iitt<:n 

{fI s.'" ,!.~ 

!rISS,,_. (\7,e)(1, _\) 
(7) 

The,",' rcfiniug dt'\'('I"PlIlcllts illl\'()dllcc IIlultiplw:tu\'" ,;(,tlin)', 

,,1' ri", ('XI)I',-\(·<I 1,,,,,llllg cUl'\'c!ati"lI tr'I'IW< '.C':-, (c.' il! F:'1_ Ci 

an<l ill Eq TIJ(, SGdiug Lwtors "''1"·,,,1 III l'art 011 

the ]"lIg and sltort SC"],, slupe \·al·i;lIle.·" 

'l'·XI. ilSSlIll1i'lg snt;,II-an\plit II<Ic- ancl li'lI';lI Il'1<-1 ",t! i"'ls. 
Il\(· >;11(11"1-\\"(\\"(' 11\'llr(I!I.\'!lîlltlic 1l1(H!II!dli(lI] (1'1"111'\ 1. :\11 j)(. ilp-

'l/I<I 

~I, are t.he amplitude amI plrase' of the long:.,,:ave illd\lcl'd !ill

l'il\' mod\llat.ion, respcct.ivdy. The t.erm \7.,( is the q\laclra

t.lII'e tilt. The variallCl' of the modulation r5 now becollles 

6. = 1~(VI'(2), and the expected correlat.ion wit.h ( is ob
t.aillccI as 

. _) _ (\7 1(2) 
(~Il = --1' eus (/) -----

9 
(tI) 

Thercfore (\7,(2)9- 1 is also the leading term withiu t.he hy

drodynamic Er,,! !lias. Tlw composit.e mode! st.ates that _EM 

bias is t.hus primarily wlated to tbe long wave orbital vcloc

it.y variance rat.bfll' \.han III fJ.,. 
VVe cio !lot suppose that. this model should exactly match 

the TOPEX SSB observations but il should serve as a tool 

for field experilllent èlnalysis ancl instructing future on-orbit 

st.uclies. Of prime interest is the prediction of variability 

sources resident atop tht~ global average 3 % observat.ion of 

Figme le. First., recognize t.hat. stat.ist.ical parametcrs asso

ciated \Vith il given wavelength scale, e.g. H" and (\7,(2), 
will usually be highly correlat.ecl. Thus it is Ilot surprising 
to sec the dfcctivencss of the altimcter SSB algorithrn basecl 
upon H s . St.ill, theory implies that. sublle regional or sea

sOllal deviat.ion frol1\ t.he lIlean (i.e. global average) relat.ion 
bet.weell thcse two long wavc tel'll1S will lcacl t.o sea level csti

mate errors. Changes at shorter spatiojtemporal scales such 

,Le; near ocean or atmospheric fronts or coastlines will alter 

nOlllinal relations between shorl- and long-wavc variance pa

ranwt.ers of Eqs. Gand 7, consistcnt with a changing wave 

stecpness characlerization. In this latter case the relative 

infl\lence of long wave s]ope variance becomes more criticill. 

SSB variation and wave breaking 

The El\'1 Ilias contrihutions discLlsseci above resicle within 
the ass\lrnption of a nearly Iinear correlation between S\I[

face elevation and slope components. The lI11derlying grav

ity waves have srmlll sloPf's, propagate and interact weakly 

with botl! long and shorlf>r scales. l3y contrast, W<lves also 

hreak, implying st.rong intpractions on the surface with dra

matic Il!udifications of the wave geomctry. For this clLL'iS of 
interact ions, changes DCCIII' vcry rapiclly, and the local sur
face slo1''' and Cllrvature is large. Following the PO model, 
an Ei\! bias sule]y ass()('ial.<.·d with thé, diffract.ion terrn can 
he written as 

(() ) 

w\rere the correlation only canies contributions cOJ']'esjlond

illg tu Cl cliscret.e set of waves at any scale reaching a criti
cal sll'eplwss. A sclf-sÎInilar wavc gcuJIlctry can oe invoked 
[Pltillip5, 1<);-,;::;1 for t.he, l\ear-tm'akillg conditioll \\"here the 
dilfrilcl.ing <l[('a is inversel}' pruportional to thc local eleva

tioll_ The l'o[J'(!latir,/\ ill Eq. ~) would thus be clcvatioll ill
d['!)('I11lclIt. I\lost illlpurtilully. ilII}' él-"sociat.cd El\! hias ('()II

tril,llt.iull will ullI)' fullm\' if the l'rubability d t!test' c\'cnts is 
sk[!wcd ahuut tlH'all "('il 1(,\'cL Tlris Ilia)' be appruxixlliltcd as 

th:.\/ d. f f I(t',,(( > 0) -- n,(( < (l)) ( lOi 

""hcn' n,((l is 1'f,I;lt,·" tu tlll' ("_-"lliitiulla) prulnlhilit.y uf il 

\1,1\'(' tu he rt'ilchi'I,I~ ;1 critll';d .'ill,epl\Css (as dclcd.cd !'y t.he 
J,ldar illtillU'lt'r). ( is il r<llll," ('rre,r tCJ'l1l relatcd tu t.lw wa\"~ 
{"!"f':-it. gClJlll!\t l'y 

'l'll(~ /11-:.\/ .III j (·()Jt11'11[H'lIt. nlClt ['(Iry to tltt' \\'cakly Il(l/I

lillt'"'' ,'(,tll,iLI/li"ll .sit,,"ltl ilt· I/,·"rI\' indc'l'Clldf!nt .. 1' 1'''II~ 
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wave stat.i~tical p'1f'Il11dl,rs. llld('cd. tlH' probahility (If oc .. 

CUlTCllœ of bn'akillg dill'r<ldin[!; ev(,uts is ll\ost directly n'

latee! lo highl'r-onl,'r 11IIlilll'Uts; i.e. wl'ightl'd tO\l'ards the 

highcr WaVl'Ulllllhcr eue! of thl' spectrllul. 'l'II(! overall impact 

tif t his 1('1'111 SIIOIIIe! he ul'gligihlc for wiud Slll'('cls I(,ss thall il_!) 
Ill/S ,Ille! qllitl' sllIa!] for relllaiuillg ohscr\'ali{lIlS Ilf'cause the 

UCCIIITl'IlCC (hellc(' an'a) of hrcakcrs is alwa}'s infrcqllC'lIt. III 

ade!il ion, t Ill' <'frh:t. is likely radar wavelellgt.h dcpeudellt. In 
(,sSl'lIce, clil-Ievcl range ('!Tor onsct llIay he as~oc:iatcd with 

1 hl' OIlSI't of hn,;ll,illg wa\'l'S as the surface rOllghness reaches 

a point where holh wind inpllt and wav('-wave illteractions 

activdy cuntrihut" tu the l',ellcration of short gravit y wav['s 

havillg suHicicllt stee]llleSs to hreak. The critical maximullI 

(fT" = 1O.:i dB, Fig. lb) is Iikely atisuciatcd with the max

illllllIl population difIerellcc bctween breakers (as detec:ted 

ily il Ku-baud altilllctcr) residillg above and helow lllean sea 

l('v('L For fT" Iwlow titis critil'al ll'vel, the location of break

ing events along t he longer \\',]\'l' profiles Il'llds tu the lilllit 

wlH'rc W,lV('S l'an hreak everywlH're [LOT/.gl1/'1.-Higgi1l8, lfJ91]. 

The r('lati,'('ly slllall contrihution of Br-;,'I-",!! ill1plics this 
f'ildor's variation llla)' play tlH' li\rgest. rolr! in c!osed hasins 

w!Je]'(' fl., is sillall hut the '"vint! speer! is high, i.e. fdeh

lilllit"c! caSl'S. 

Sumn1.ary 

Ou-orbit sea stat.e l'lias ohs('[vations have becll re-analyzecl 

1 () idenLify a sC'cullll-ordl'r factor thaL lies outside the usunl 

uon-dilllcllsionéll formulatiOlL The proposed dccompositioll 

uf t!Je NP SSB mode! now ICélc!s to a silllple form for the 

TOPEX observations. As f()und, a siliall absolllt,e range er

l'ur tcruI, rclaled only tu the aitilllelcr-derived a", augments 

Il,,, domillant H.,-dl'jlclldcnt Jùc(or. Ir is also slwwlI thal 

1 Ill! pradicr' of prcsC'lltiug SSB data in terlns of s\lrface wintl 
spcp<l is il sOllrcc uf illlprccision, esp(,cially wh en rclatillg 

ridc! or lIlodd st\ldir>s to oll-orhit rt'slIlts. Ohsr,rvecl SC".l stllte 

depcndenc(, witl!in t!Je act\lal altillll'ler \Vinci spe(xl slwlIld 

he ilckllowlcdged tu diffen'rll.iatc il frolll a '1 rlle" willd speer! 

in t!J(~ contcxt of SSD stndics. 

Sill "ias the'ory, IIlld(·!r the weakl," lloll1incar and twn

sc al" ilSSlillIpl iuw;. is shuwn to C'xplicitly lillk the dOlllinant 

,.;ca ,.;t.al.l,-dcpcndcnl SSI3 tenll \Vith tllC' lung W,\VC orbital 

v"locity. St.rnng s('lI~c()rrr:lati(J1I hl't\\'cen l-f., and the lIea\'(' 
is il likcly expbnation [or suceess of ClIITf'lil. SSB algorithms. 

'l'Ill' ltI,,, Ici also si ,\ t es t hal IOllg ;\IId short W<1\'C slope vari

'H\(,('.S ,lIld tl,,· l "\'f' 1 nI' hnlrodYllilllli,: IlIodlllation wil! ('ach 

S<'I'\'r' tn eXI'I,1În IInl'f'soh-"c! ,'ariahility. TI", H,-indelH:ndc,nl 

SSI3 factor (f(fT,,)) is ph:;sieally idcntili"t! with variatioll ill 

st,'"r' Ill,ar-brcakillg w,n'cs that G\I\S!' diffraction and t!Jat 

prd"renlially r('siclc' "Love 1IlC'<l1l sca IC\'l'L 

This tic\\' look at global ait ilIlC'tn range l'rror estinliÜC'S 

:'figg.-:st S s(;\'cral l'fi 1 \1 n' sI ('l'S. On-urbi t nSSCSSIIH!IJt.S shoulr! 

t'i,llsid"r rl'llIo\'illg tll(: S'sn"",,} (,OlllpOllcnt prior lo addrcss

ing the dOlllillant H,-rel"t.-:d ll'l'Ill Pn'l'!'I' clrarac('riza

li"ll ur Ihis d'.'('ollpling j,C'lw"r'll (ang" ('nor t('rlns s!JOIdd 
Ill' ~t\lfli{,(1 \I~ill,~ ('{Iilli'icll'II! ;.,llrLI('I.' illft_lrllliltirlll, 11I)l'()llllllg 

,111;<i-frr'CJ"Il(,)' ;t!lilll"I"r (1 .. 1Il'·'L"III'·llll·III.'. ('-[\11 1'''1' .JA
SO[\!. :-;-[\<1 for L\VIS:\T-rL\J. ;111<1 f~I\1 1; ;IS li"ld '':-:l'C'(-

illH'nt data. On-orbil SSB solnt.iun residnals shonlcl lJe dl'

ri\'('d at l'l'gional ,\Ild scasonal SCilles alungside a wa\'!: lllodcl 

ilnalysis tu inr"r slIhlle changes in IOllg-wa\'e llonlincarit.y. 

Finally, hrt'ilking wa"" statistics sllOnlcl be cOllsidered in ru-
1 \11'(' experinlC'nt.al and tlworl'tical i'lrorts. 
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