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Longshore Sand Transport oir Beaches

P,\uL D. KoMAE aND Doucl-rs L. INMAN

Scflpps In'ritttion ol Oceohoitdah.t, UtuLeBtv ol Cdlilomia, La Jolk 92!s/

Sibuiianeors fleld measurements of pave ud cuneDt paromeieB in the surf ,one and tbe
resitils lonsFhore trandFort of stud hare bee! msde on iwo beeh€s under a vdieiv of

colditio;. The direction ud nux ol wtae enersv rei mesued fron an drav of disital
{ave sns6 !l&ed i4 dd neu the sud toDe Quantitative measuremenb of the loDsEhor€
sand ,ranspor:  nre sFrp obraincd froD rhp r iae hisrory of  ihe .Fn{er of  sra\ i iy  of  @d
,tud Th€ mesw€mo's h.\p br"tr usd _o ,€ ,Eo modFls fo. ih. pFdh,ion of ,he

lor4hore t.aNDort nie of sand. The 6sr model sive the ihbeBed weight loneshoe tra.&

"-i."t 
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save sroup velociiv
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( r , \  provide

a loncshor romnoncrr rbal resuls i! he lorsshoF lmDspon of satd a"cording ro rnp

drti;sniD 1' = K' locn)b cos a.(!r/u., wherc z- is the mas.itude of the manmum

horizontal conDotreti of orbital v.lociiv n€ar lhe bottoh uldef ihe breaLing w!ve, astrm€d
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rhat  botb modeh su^rp$ful ly nr"dr.  rh" ssDd ,rrospor l  o le,wl lbvalue3

of lh€ dimFociol le$ .oF6'rn s K = 077 aDd X'  028 ThF 
'oharPnct 

of  lh4 modcls

i - . t ie r laL rhq ara rn,pml- lFd, rb" i r  ronroD sluioD siqos 'h" 
ts la ioD as 

'  
-  K"

n na 
- .  

qhtre K" 
's  

o drm"o6ionlps "ohdol l  .qrs l  to 2.7.  This Fl i i ion.0n bP oblrrDFd

direct lv bv.aua, in(  'hc lonssqorP.urrplr  4d lh" longshor"omponPn' of  rhF momcnlum
n"'  r .aaiadon su" isr  ot  t t ' "  brealus wavps. Tbus, lh" .oh4.!@ ol 'h"  ood, l .  sppp'E

to be bsed on th€ generation of ihe loDgsbore cu..ents bv the loDgshore radittio! stl@-

The models will mi be cquivaleni if {/, o*es its onsin to sohe other seneratins mechanism

.nch as tide! or witrds-

It has been recognized for many years ilat,
when waves br€ak at an arsle to the sboreline,
they ca$e a iranspori of sand along the beach.
Tbis lonsshore iranspori of sand is of g.e8t

inter€6i io the co:stal eDgineer \tho js to build
structurer such as jeities and brea.lsat€rs that
aci as dams to the lorgshore movmeni of sand
It is also of intercst to marine geologtuh in
uDderstandins ihe fornatior of spits ard tIP
ira.Dsporl ot sard sionsthe cossis of the world.

Gr\flt ll943l has nsgesied that the lory
sbore cureDt coidbined wiih tlle agitatins ac-
tion of the breakiDs wav6 provides the driving
lorce lor movins sand alons ihe berch. A repo
ol the Scnpps Institution al Ocemogro'phv

U9471 suggests thai the work perlorned by
\',aves nisht be a useful parameter for prcdict-
ins the lonsshore tralsport rate of sand by wsve
action. This conc€pt hes been applied by the Los
Ansetes Disirict of the U.S. Amy Corps of En-

gineers io estimste the predominart direction of
sand iranspori from hindcast wave data lEdton,
19511. Shce then, D merous ltbomiory and
field investigatioDs of the relatiotr between the
sand transport rate rnd save 3nd curreDt
paramet.rs }ave been conduct€d. The fr€ld ex-
pe meds of Wdrts [1953], CddueU 119561,
and.In{le [1966] a indicate that the lonssho.e
trsnsport of sand is proporiionsl to the long-
shore component of ihe energy flux of the wav€s
measured at the brcak point. How€ver, none of
thes expedments wer€ made with suficient
resoluiioD to pernit atr accumte asses$ent of
both the ssnd transport raie and the energy

Thus, a majo. linitaiioD of ou. undentaDdins
of the relrtion behveen the longshore traDsport
ol sard and wave aDd cutent parxmeters has
been tbe aim6t toial lack of rcliable fi€ld
measu.ements .elatins the tso. The develop-
ment of radioactive tsgghg of sand grains ard
the mo.e readily applied iecbniquG of fluor-

5914



LONGSHORE SAND TiiANSPOIIT 5915
esceni iaggirg ol sald togethcr Fill the pro-
scdures of Cn:,.tn,re atld Lco'n lll)ti2l made
tlie r.cumtc $sessmert of sxnd tlansporl mtes
tossille. To r€liablt meanrre th€ ene.g] flux
of ilie $aves one rn'si jnsirll $ave sensor &ir:rys
in And lear tl'e snrf zone and conpute {!r'c
sFcira &rd cross Erectn lKoait, ad Innan,
196t1. Field rneasfieDents rsi.s rhes€ neFer
iools lesan in 1966. In r pretimilir)' repori
hman et at.. 11969) 1e fied i,liai ihe lonsshore
iralspon rate ol sand is directl.v'' protortionel
io ihc lorgshore componeDt of warc powcr for
lullv dcveloped iraNpori coldiiiols md shoirc.l
ihri the fActor of prop. ioraliiy behreen ihe
tlanspo( rale and tI€ €rergt flux of ihc weves
{s l&ryer than previously ihought. Ou liLrdl.
aho shon's tlal, trexspod conditions nr ih€
laborator] !rc noi h l)' develorred and that
tlierefore lahorrtorl datll, con.ot be lj.errll
€dretolated io lredict ficld coDditioDs. Thls
paler pfesents ihe re$rlts ol the .ompleied
studaj ii is also in IJari r sunmary of ile P|.D.
ih€sis of -Lor?rf 119691, which mN! be con'
Bultcd lor greeicr .lcteii.

MrcHdNics or T|ANsPonr

Two concetts or models hare becn pro|oscd
for thc longshore i..nslori of Eud. The lilst
is princitxlly jnhiiite rnd ritompts io corrclare
ihe saod imnspoft raic to ihe lollediorc coD
poleni of tle w.!e energy flux l)cr unit iengi,ll

Pj : (rcdd sin a, cos ad (t

{here .a ;s lbe saye enersy den6iir, Cn is thc
ware gronp v€lociiy, and d, is the ll"rker
anglc. The subscript b denoies lLe Fave
breale. lositior. Energy flux h$ the uniis of
po$'cf, and lor thrt reason ]a, has g-"1,r1r11t
becn temed 'the longshofc component ol {aae
power.' Ho\rever, this telm is somewhri nis-
leadi.g because in lhrsics powcr is e scrlar
quAliilr lhai hcls direciion.

IrriLial rl,templ,s io correlatc FsDd iranslo{
to wave laremcteN locused on de]noxsimiing
empirical reletionships bel,ween P. and itre
longshore lolulle transpori nie ol .md Si
Urotts, 1953: Calduell, 1956 ,So,rdg., 19591.
Such purelv cmpirjcal correlatioxs matze
the available daia bui ha1-c thc disadvantree
of being djmeniionally incorrect.

htnn d d tsal1nld l1903l loiri ouli ilai
the lrrlslori r.tc ol scdimcni snould bc et
prcsscd as !D immcFed $'cight transfort rale

r ,  :  (p" _ p)sa,S, (2)

qh€r! p, tnd p r(" re eolircly the sand rnd
s'eter dc$iti$ and a' is tle correction fAciior
lor pofe sp.tre rn.l cl1l be irl(cn as 06. It i6
trdvertescotrB to cxtFs the sud tmnspori as
en inmcrscd weiqhi rnrher i,lar a l'olume
becense doirg so trles inio.onsi.leraiion thc
d€nsjiv ol ibe s€dimenl gHirs ,l irc.nits /,
rnd P,, Nli(h havc rlle simc nnits, to be rehtcd

It  :  I {Pt :  r ( tcn) '  sni  a i  cosa'  (3)

rvhere i{ is e dineFionleEs coelficieni or pro'

This r€lni,iorshb $'ns bnsicdly inLuiiive be
clrnse ro red coNidention of thc actlal
ncchnnics of sdd trrn:to Nerli ilio ils
lormrlxlior. Iloweyer, f(ondf f19701 shos,s
tl[l equllion I ce! lc iledlod difeclli urder
ihc ilsunrpiro! th{l lhe lorgshofc iranslori
.iic of !.nd is equal Lo ]lre iorss]rorc con-
tonent ol iie sedimell being cardcd lo.{rd
{ndcr t}e irol." from rhe hFnlinrs vave .ts tl)e
wrve .d!ance". obliqrely toFrrd the shorcline.

Lrnan ontl Ftaubch! 119661 crl.uliied ibe
immeNcd weishl ir.rnsport rei.s /, for tlie avrjl-
able field ind la|oniory datr. -{ strai.s|i line
ivith a slopo of urjty on e loslos llol ol 1.
verNs P, fltted i|e .hfa iben rvall;ible, giring
a valuc of 7( iD cqultio! 3 ol 0 25.

AD {ltema1e, .eelningly jnd€pendeni rela-
tion |elqeen thc send irenqroft nte and ihe
{ave ind.urrert prrelnet€rs was propos€d bt'
Baanahl. 11163, rr. 5181 and .lDlicd to thc lii-
tonl ,('re by IntuM and Buunol.l 11963, p.
5.151 Tbis model is besed on the suppo.iiion
tliai ihe orbitttl mof.ion ol ilc wav€s suttoft:
xnil moves sedimenl b.tck ald lorth but pro
duc€s no net tr,rnslori, crcn ihougl iyave
eDergy is experdcd. Snrce ihc back md loril
r]lolior ol thc send js sutlorted by ilie $ave
moiion, my let clrent slpeimposed oL this
motion rvill plodllce a nei iranBlori ol sud. Il
soDle po ion .l the energr flux is dissipated in
plecing rhc send in Inoiior, the me&D Bire$ op-
pljed to ihe beeeh face is proloi,ioral to

AdG
Texte surligné 

AdG
Texte surligné 
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(.ICr), cos a"/11", {liere (tdn)} cos ar tu the
energjr flux per trnit lcngth ol berch and u"
is the meen friclional velocity relative to thc
bed Niihin the su zone. lve assrme lhti l!
is tr)lortionil to 2,,. ihe maimum loriz.nia.l
0ompolcDi ol tl,e orbiial velocitr,' re.]r the boi-
i.on just bcforc ihe walc bpe}s. If (,t is ilc
iveragc long"{ore currcnir in ile mrf zone, ihe
resuliing innersed ivejghi srnd trenslort rrte
plli,t a smtion ol ber.ih becomcs

rt : K'(Ecn)L ms d, (,,)/,. (1)

{h-"r 1l is a dinclsionicss fA.tor of propoF
tionilitt. TIc origin of the cuneni, (,,) js left
uspccified so tlni thc model permiis r long-
sliore trmslorl ol sxnd to r€snli lron r wave
irein ar.ii.ins llrallel io rhe shorcline (a' = 0)
iD thc prese.ce of e lorsshor€ curreDt whose
generrtion is not depcndcnt on an obliquc $'ai-e
Aftrorch. For exrmlrlc, cqnaiion 4 {'ould pre-
sLrnrbl)' tredici thc trensl,ori of sard L"suliing
from iidrl or Find{lrii-cr lonsshore eurrcnts
in thc pres€nce of sirc rciion.

Equrtions 3 ard ,l trovlde t{'o seminsly
independeni relatiolships lor thc tred;ction of
ile lonsslore Brnd trrbs|ori rate from rv&Yc
rnd cureni pcrmrcicrs. Ii, js apprrent ihai
both models ceD bc correct only wb€n they are
equi'alcnt, ard it Nill be shown ihei this
cqun,aience occurs vher thc lorgshore cnr€ni
is due only to ihc longshore conPonent oi i.he

Bode" l106Cal $rssestad that longstrore dtr-
rent6 .tre g-onerrtcd from th€ lorsshor
comlolent ol the rrdiation stress, {here thc
radirrion stFs is defined by I'onuuetgiogilB
ard SLeuatt Usall es the ercess flow of no-
meni,um dnc to l,he prc.encc of ihe wav€s.
lolloFjns this susscstior, 1?rnar di ol. 119691
at\l Lotl.awt-Eissins [1970] lave indcpend'
cntly obhin€d the relaiiorshiP

tdn I
( r / ) : , , r6--3rr4, .4a,  rD,

for the lonssLorc cnrr€ni, rh€re tsn p i-r th€
L-" t1", . - ,T- l  'ubrrorr .  . . . , - r

or. 'g i  oe 
_-dr 

.  r '  h

rnAximum horizoniel compohent ol the orbiit;

\ - l  ,  t  o , l ,  \1\- .  dd. ,  |  . '  dnpoio '"
,  
^ . f i ,  

.  1,  o j  ra l  i r  'onJ , ,J I  1 /n.rr ' '  /

l l .aq 
"  

t^ in l  s"-s-5.8.S.-  "  ro-

iliis expression of (r, in cq&rtion 4 sires a
relaiion ihat is similar to (3) but is elso dep€nd-
dent on $e additionnl hcior (tan p cos a"//c)
tlowei-cr, corsiderations b,v f(omaf f196!l 6ug-

(ten B ms d,)/ci : comirnt (6)

so thet viriailon h thc beacl rilope i&n p dos
rroi, lro.hcc r ch.rnse in tlie lorgshore trans-

rori rate ol sxnil. This lossible dependence o!
hn p ilill be reeremined {irh the dria ob-

MmlroDs,r\D PtocrDtJREs

Lotq\hare trwpart ol sdnd. \\tc obiained
quaniiiativc nessuremcDis of ihe longslore
irrnslort rrte .f s&nd bJ uEing sand imce$,
i.e., Driire sard colored ritlr a thin coaiins ol
ilrlorescent dy€. Thc sard t.acer was int.oduccd
onto tbe leach f&ce as a single larse jlrjeciion

ol beiaeen 45 and 90 ks (100 to 200 po'rDds)
Thc timc lrisioD' ol thc posiiion ol lh€ cenier
ol gmvit-v ol Llte iricer es ii moved along the
beall wrs riilized to ded{ce tlie nic ol adlec-
tion ol lhe sird on ihe beN(h. Tle motcmeni
.l tlie seDd wls deiernined bI cou€c|irs up
ro 200 volune samt les fron e grid that e{endcd
nf i,o 150 mciers rlorg the shorc snd 60 rneterE
ofshoF. Tbe sonple locations qcrc clos$t
tosctlrer near tle iniecl,ion site !]1d become
progre$irell fa her xlert $'ith distance lrom
ihe injection lme. Samlling wes senerelly con-
ducted behleen 2 rnd 4 hours ${ier inj€ci,io .
All sanirlcs were eollected with s iolune sm-

llci that teneinrtes the beaclr frce to t dcpth
of 5 .in and obtaiDs a rohme of about '150
cnf of send. A sanple ol tliis size permitB

dcicctior of iriccf concenireiions as 1ow 3s one
traeer grrin jlr 10' to 10' untegged grain8.

,{fter thc semDles wcre t,rought back 10 ihe
labofalorr, w$hcd, and dried, the numbcr o{
tnccr grains Fxs coutrted by scanning ihe samplc
\riih an ulixaliolct lisli. T!&ccr concentrai,ionF
were drfe$ed as tbe rumbcr ol imcer griins
p€r kilosnLm ol sanple. Tlre lalues of tracel

wdP 'o l rourJ " .1 1d in r is.

'  r "  L O' l ' " r  oF,f lb"ronq r ,ad rr  '1"  ru l f

t  Ko-o.  to . l  ro lo! ing rh,

lrocedurc d.vclopcd hy Crichmore ond Lean

lL962l for rircrr, we calc'rlated thc mear
diilance of iransriort from ih€ imcer distdbLt
,ur ' r ' l . rs 

"FF !orer .  h "u!-n
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tration in rhc lonsslore di€ction rboui ihe in-
jection line. Dividins ihis meAn lonssho'e irans-

pod disiarce by ihe elxp:ed time betNeen m-

iectiot And srnlrling iheD vields & mcan specd

ior ihc longshore saDd trabslort (v, ihal is

ADDlicrble to ihe total thiclness of sand moved

ilearinsful results are obtaircd bv this pro

ceriure onil' rvhen the volume samples that the

concentraiion diaErams are bascd on exieDd wcll

inio ih€ beeclr lace to the depth of hial of the

san.l trscer. I"sle [1906] us€d sijckv cads tll,i

ssmDled onlrJ ihe iop laver of sand on the

bea.,h face. Such s{impling vields resulis that

ire not represenirtive of ihe entire disiributjon

of tracer rnd therefore are not suitabtc for

quaDtitaiiv€ purposes. In our siudv the srid
smDlins oD ihe avcrage accounted lor over

80t ol ih€ i.tsl treccr iniroduced onto the

The ihickness of i|e lale. of motion on the

beach lecc as wel as tlic laver's adveciion rate

arc requir€d io compuie the lolgshorc transport

$ie. TI€ tlrickness of ihe lav€. ol motton {as

obtoired in iwo ways: (1) We dvavs assuned

ihat the thickness of motion wes €qual to the

depih of burial ol ihe tracer in cores of the

beach fsce. This requires ihrt sufficieni iime

lor buri,tl h$ ehpsed, but burial app*rs io be
quick, b€ing compleie within & Lall ho1D eltef

tracer intloduciion. (2) I'olLo{ins rt4's 119511
appro|cli (ivhich can be us€d otrlv at locahons

vhere thcre is a sizabl€ tidal ranse) {e dus a
series ol Bmoll holes irio ihc be:rch lacc and
fitled tl\en with raiural besch sand d)€d riil
Irdie ink. Nerr each we plac€d e st&ke 1rs€d
hoili io relocAic the position and io deiermine
clianses in ihe level of the beacli face Dulils
the snbsequeni lorv tide $e excai-aied the dved

sud sii,es and took thc dcpih to whictr th€

dled B{nd hrd been lemovcd as a meesure o1
uie ltricknesB ol movemert.

I  
-  

eni f .Pn'  I3r  'hF rPdr"s or lo 'L

11' t roJ,h. .  fat  d{e_T:!rng r l "  rh i"bp'  o l

'hp l . , r -  of  mo, io1 s.r  a \  ls-p,  q r :"  v" l l
l1 " l i ,n ol  br . . ,h" hr ' tnN or mor 'DPJI js

. t  l  rh.  mo.,  r r r '  
'  

1rr  ' f  s l l  h"  pa em" c\

mlasurcd rr  h iq r^nn.. , ion r  ' \ "u d b r .os

nized that i,he depth of brtial of tncer used
r .F . 'udt  a lhF hi" \nP\ ^ rhp l .vpr ol

. r  in. ,s '  t  r "ou. , l ' . .1 'n""3:

n.  . ,1 |  "  drphJe r l ,a,  In" l  rd""  in.  ln-
,a "ou" mo :o r \ \ rh rql  1, .  onl f  l ls

er- j  t1"p- nr\  I  $ \ .  r l  "  hp - f fA lq 
' l  '  our

md fill produccd by loca] adjuslnents in beach
profile. Howevcr, beca$e eacl eapcrimeni is
l ,^ ,ed oo . ,  f i ! i r .
d i . f r -Fd dur ' lg J 5n" InC'L o l in.

h-,11,h o \ , io l  o l  r r"r  F rb mns-
slre 'hqr 

,  .nnnbp, \ .h 
'  

lqnI 'or i
. " toart  od*d o!  l "  reLv Fen e_ al  r ru.rry r

the trir.cer diBtribntion and on the elapsed time

betrvcen injeetion and sanpling The depil of

Fre. I  t \ t rmDl ol  dsnbuiuo or sdt  u--  a lo lg L 'Mor"no B4'^ oo M'v 5 1966

coo "-  rsr  org; ,"  i j  ' rp ' r  
e in.  r" t  l , losmF lbir ' :oo t rP 45q ks or LL J/ro 

-ro 
sabd

u.-Led ai 'h Su,rpFo'  oy".  lh"  "DrPr of  g ' 'v i  y ot  lb '  0"w 
' lFrnbulron 

F / '  r " rPN

fron ile injeciioq lin€, 190 midies altef injection.

r "t" 'i'
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burjrl properl) .onsi.l€t! ih. rot budg.t of
tricd, ud c{ferience slos's ihat ii givcs dRtt
iliat rfc cohcr.nt. Thi.- ncestre \rould leld to
enone.us resllis il ilc mmsnrcd thickncss
includ.d leycrs of untasscd sxDd, a sitution
wnicn $'es Dot observe,l ni tb$e extr$jDenis.

If b derotes thc mcasllcd tniclncss of rnore-
nrenr ol sanil on rhe bcrch f.ce, rhc bllir
yolune iu.l irrnspot r.te .lors rhe bereh is

,s, : 6rd( ri) (7)
Fl,ere I" is cither ile ridih ol r|e beech fr.c
or ll,c {iiillt ol llc "rud rore. Thr immersed
i{eiglt seDd tnnsrori r'lie is i.heu gn,m l-v

ued ihc ilircciion rld flux or x'ave ererel lronr
sn arrr)' ol disitel Dlaced iD thc
nearlhore zonc (l'isurc 2). The enxr hes boih
onslior-oifshore iDd longshorc conrrrorents {iih
slrcirgs bctrecn strff: of r|out onc quartcr ol
ihe rrcrAiliDg llrlclcngtli lKoantz ad Innan,
19671.

Thc .lrte ouilut lrom cach sclsor L"corded

oD mrgnetic iale |y a mnlti-turtos€ dati
.cqrisitnrn sj,sicm (DAS) and is latcr troc€ssed
lI a comfut r to obtain ihc {Avc Bpectr,r ard
cro$ sricctril mel$; for lari,N pails ol
scnsors. Tl-o $,r!. steeirrm is obtaincd lr'
Iouricr anilysis ol tlic tine seri6 ol witer
lcrcl fltrctmtions .t exch sDsor by nsirs .
rArid pr.ce.lur€ lrodil€d lrcn al,.Lu o,d

"u/.eli 
ll96;1. The irdilnhal -astinrlcs of

dreqy d€ siil rrc printcd otrr nDcrioitr and
ihcn plottcd oD e gr.th as ilhBtrat€d jD lis-
ufe 3. LqtrcL e Crxlh lemils the npid ld-qrtifi-
criioD ol th-" lrxre irxins xrrlri.g.ii i|e l)erd,l
r d.lemilAlion ol iheh |erk lr€qr€rejes, md
comprrjsons ol their cncrgics. Thc srn of itrc
cncrgv densirics urdcr thc spccirll !c* ol lhc
incidcDi wrve irsir rieklc ihe mean+qLlare
€lelrlion of thc $ai.er surtNce (?'). Thc {arc
etergy fer ntil arer ol valer slrfacc is then

n : ps(1tal : +pgrr,..' (8)
irl-"r /.-" is ihc root mcAn square vrle
heighi. The llir\ ol €rersy Der Lrnit length of
qevc crest is iheD P = tcp, whd-" ttre Erorp
relocity CD is .el.uleled fron rlic lre.k peiod

The direction .l energy fillx d \|rs deiel
tnine.l lrom il'e phl]s€ diflerence lehveen !Ai.s
ol sc!,ro$ parallel io the shorehre md in, or
iusl, sea\rard ol, lhe brealiloini ol ihe wares.

-q.t bcedr loc&i,ions whet thc $'arc brc&kcr
heislis {ere l v, Irire heekcr rnglcs \ere
rl,.o ner,.urcd dirccrly bv l[ndij€]d sexiant.
(\Vhcrc il,e brcakms r{.vcs arc too hish and ihc
sat{f too ilcep, the breikcf angie js olculrled
lr co.rcciins thc engle measrc,l at thc scnsoN
to thit rt rhe brcak poini h1' lsins Sncli's h$'.)

$ie Dersued lons:hore c rrentF b)' folloirins
{Lc centef ol r dyc taicJi injeci€d into tle s11
zoDc. rlt iines i'c ascd flori,s of nerr ncuir
buot..c! n) mersrm ihc longshorc crrreni.
Becxnse loh.qshore cun-"nis !rr!-' jn iiDe md i!
,<racc lL atu a,d Quinn,l9n1l, r€.pr*cntative
r&tucs of ( r,) eln l,e oln,ined ollr flom curren1
mersuenicnts nede alollg the complele le.gih
ol he3ch, fr.n ile injection pojni of sind treccr
ro tle mr:imun dorD coasii rrarspofi posiiion
i.d A.ross ile $uf zonc.

Direci ne$lreneni ol lhe orbii,^l veLocil-v
rcu thr Loilon is extremel]. dillicuh rnd $'r-.
noi ritenftcd in this siudy. INicad wc calcu-
Irt.d this rclociry tuom ihc dalr oLta red lroni

lis. 2. Schen{li( dilgrqln ol s€nsor rrly
Ned lor meaNrils dne0lion ar.l nur ol *{v€
etrergr' lalter l{a."t2 antl IrnNL, 1967. I'isve
161. Spectru .nd c,ocasl)€(lml .Dtrlysis snon! j!
fiFr€ 3 rr. lrciD . loreslL.r.i liir .l sreh in

"*";"
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FNEOIENCY CPS

FiE. 3. Ware srre.trd rnd ero$ilecirxi amllsis lof t$o nr'rnlers ol an lnay of disii'l

...i ri"ir" sr",ri were Drmllel io thc shor.line ud iust' otrtnl' ol ure br'ak r,oirt ol
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2

e" I

the enersy slrcctrum. Whencacr nore rherr.

single lrominent vale lrrin a ives ri the

bercL, r sim!]e calcrhlior ol I silgle velue

lo. 1],, is Doi possiblc. OD sucli occasions {.

crlculircd rn orl,iixl tclocit,v tbri itis relfc

scniatirc ol thc totaL {a!e cnor$ Assllme

ihNi 11, rclrcsenis the hcigLi of 1he brmkrns

rav€ of :rn inr.ciniry' $'r!e lrain thit cotr!

bin-"s rhe iolii enery! fluxes lrom seaerrl s!!er

inrfosed \r!c trrms rcc.r.1mg 10

lpsH;ct: \ncn)- + (ECiD (s)

$here a; is siren bl'iinerrizcd av. thcorl rs

c" : (sh'J'/": (ga,h') '

orbilrl vclocii] tor this {rve is

u":  i l ,C'  (11)

Nlc!$reDenls ol ihe wrrc and otueni pa

rrrDcten s'-ae obtdrcd tnd combnred over 20-
1! limc !e ods Therefore, ercli 20'min deta

colle.iioD provides r merslre of the !o{er
qu!ntilie: rcquired ir ill€ stnd trrnslort models.
lfhe qumtitils sljow some lelialbn dunng anv
4 hour studv ol slxd imFport Oftc| thesc

i.rirlions c t)rosrcssire, cspeciauv whffe

locrllr gcneratcd ra!€s rrc impo art The

srnd lrrnslolt resLllts from ihe tr e avcrrige

ol thcse chaDsiDs F:tve corditions Tl\€relbre,
tho energ! fln\ ol llrc s'avcs ffre lteraged io

obt:rni ! quallitriire Ftrscnlsiion of ihe

entife pedod ol ijm..

(r0)

nnd y, = /,/1, .rrd j: assumed ro eqrlxl 0.78

'flie nlximun horizontal compo;ent of ilie

DAS - 84

al = 0.25 sec. af  =

n = 4800
LO.OO x lOtrcps
200 logs
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Loc,\r,rrrEs oF tuuDY

'!Ve conduci,ed lield measurenents at tiil'o
nainral bc&ches undcr a veri€ty of wave co!-
ditioDsl the two localities difier niarhedly i!
beach confi4raiion end in the magnjttrde of
ihc wavcs ceusing the send transport.

EI Mortu Beach. nl Moreno B€rch is
locaied on the norihirest shore of tlie Gr l of
Califonin in Baja Oalifomja, Merico, appror;
maiely 15 miles lorth of San I'elipe (Figure 4).
The beach is composed ol a coa6e sreined
(neditD dianeier, 600 a) quarihfeldspar srnd.
The co se 6and confincd to n sieep bcneh
face (average slop€, ian B = 0.13E), some 30
meiers ride, ald is abrupity telmirated &i iis
bese by A bro loi! iide terrace conposed ol
ire-graired inuddy a1nd.

The tidal ranse is exireme, reacni,rs a ma-\i-
nun diu.nal ra.s€ of abotri 8.6 heters dunns
sprils lide. This larse tidal ranse permiiB the
send irecer to be jnjecicd orto ihe be&cl lace
at low tide in a shalow tr€nch &nd also ellows
ihe grid sampting to be pe omed on the
cxposed bcach fu0e at i,he subsequent lor tide.

The arer lAndwerd of El Moreno Beach is
add deseri. The p.incirel pave enersy iE sen-
eraled b-v the see breeze tliat resulis from the
preslue gradient betiveen i.he s'arm r ovcr
ihe land md the coolcr Air over ihe so. The

KOMAR AND INMAN

veves.geftraied by iheie local onshore vinds
reoch heights up to 1 meter. Duing tlre siudy
ihe sea bre€?e genemiltr was not dirccily onshore
ud so E€nemi€d waves wiih breaker ansles
ihat rarged up to 160.

Becnuse ol th€ sie€pness of the beach face,
ihc bre*ing waves plurse and form an inien-
si\.e swash zone wiih onlf a na ow surf zone.
NeeNhore circulation ceLls are usuauy we
devcloped wiih spacjne bein€en rip currents
comn.nltr abouf 10 io 20 neiers. We obsened
ihai,, when the {aves rppiorch the shorc rt a!
ansle, ihe ciiculation cells no\c slowly in the
lonsshorc dir€ction. The speeds of the lons-
shore eurentF range up to 75 cmlsec. Tidal
md wind irduced cun€rts ere ncsligible in
conraison with ware-iDduced ionssliore eu-

Sihet Strmd Beuh. Si1\er Strand B-"acll
PArk is loclied on tlie Paciic O{ean 4 nil€s
sorth ot Coronado, Califonia lr'jgure 4). This
beecL conirasts markedly in connsuration and
in nasrii,ude of $ave energy wiih ile El MorcDo
Beach. It is conposed ol a fine-srained (ncdien
diamet."r, 175 {) quafz-f€)dspar sand, and the
averase slole is muc! lower lian p = 0.031).

Thc rrincjpal wave en€rsy i]i Silver Stnnd
Bc&ch is deivcd fron lons period sirell waves
gcnerrl,ed by disiari siorms lrnd is fr€quently
an o.der of msnitnde sreaier than ai El
\Io.eno. DLr ng ihe siLrdy the breaker angles
$'cre senernlly small, however, and reaclred a
neximum of only 8'. Therefore, even tioush
the toial eDerg", flux is nuch lxrger at Silver
Strand than at El Morcno BeAch, ihe long-
shore eonponent of ihe ereryy flux is neari)' the

"ceme. When tlic wave enersy and ansle of
approach arc simultan€ously iarge, the result-
ins ioDsshore com!o!€!i car be ar order of
nagnihlde hishcr thaD at Ei Moreno Beech.
This djlTerence occurred once durins the st|dy.

BecaGc the wa1-6 breek in {ai.ly deep waier,
th€ metsurcmcDts ol the 6mcl trmspori rates
werc confiDed to the 6urf end to ih€ inner
brcaker zones. In calcnlaiils ine jnmersed

{eight trxnsporii rate 1. we $sumed that ihe
measurcd send &d\cciion rate appli€d i.hrough-
out the entire Errrf zone. Thc tracer diagrams
tppear io indiceie that the transport rale
lntrerseii io{ard the breaker zone 60 ihai, one
ni-sht expcct ihai ihe values of 7. are sonewhat
low tsee ,Komor 19691. Because of ihis and

Irig.4. Locetiols ;f El Nloreno Beectr ald
Silver Strand Betuh, where simulhneous meri&-
m€ris ol th. lonsshofc tralsport oI F&nd ond ihe
direciion and flux oi Fav€ etrersy Fere made.

\  (n,r0",1
ocEAN \ I

t \

i -_, , ,  j "h r
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'|ABLE 1. Drtt Rcloling LoD$hore StLd Traalporl lo \yav€ Chancterbiics
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nxie 1I/, ), 6,
fide cn/sec

VolLLme Inrmersed
T*Nport ll-cighl
Rrie Sr, l.|rmpofi,1r,
cn3/scc dvDs/,'ec

Lo!s!hore
Ene]xv (tcz), osa! ra'

Fl,rx P,,
ergs,/dn scc erss/.m sc.

xlix 4, 1960
Nir'' 5, 1960
Oct.11, 11100
Oct.13, l ' .160
llay 22, 11107
NIay 2:1, 1967
tr{ay 2:J, 1967
Mry 23, 1!67
Jan. 28, 196E
!I&y 11, 1!168

Nov. 14, 1067
Nov,22, 106?

Se!r. 5, 1968

050 85
00; 105
014 100
0065 82
0 076 9.0
0.:2 $ 0
0038 7a)
0 055 7.5
0032 75
014 60

0099 20
0.55 6 0
0.15 5 0
012 5rJ

,!490
8380
2ii60
t81

14ii0
4:60
604

2t)2
2060

I270
30100
4680
3760

45LX10i
84.4 X 106
2i7Xt06
9.!  X 105

42.8 X 1{rr
l i1x105

:.9 X 10r
lJax10s

3o x tot

18 x lor

15 x to '
,to , t.,,

1l \ 70r

I:Iish
Low

Eigh
tlis!
TIigh
Iligh

?06 x 106
1890 X 106

tr9 * r0'

ti8 )< 10;
2;l x 1ar
72\L$
29 X 10i

116 X 
'O'

13X10
32 X 105

rhe dim.ulty of neasurins r,h," thi.kncss of
molcmeri ai Sihrr Strrnd Bea.h, the mersLrre-
trlelis ol 1r:rli ibnt locitior hrte a liigher
degr€e of nlccririrty. Hip curfcni spx.ilgs
tyticilly rrnge bci$'een 100 ald 500 meteF
rnd, es nl El Moreno Berch, migratc sloFly
aloDg shore wh.never {lres np|r.rch thc shore
rt an mgle. I.dividnrl lonsshore c"ncnt mde
uremenis rrnscd rp lo tc .n/s€c.

DrscussloN or Rlsulrs

Langshore rukd transryrt faie. Table 1 coD
irils tlc mrasur..1 values ol lle sand tdvcc-
tion llrie {I/) lnd ile iliickness ol uovencrt b,
alors {ith thc calculAted trlucs of {Ie vol'mc
tr{ns}iof( rate S, and immeFed weighi tri.s-
pori raie 1r, lnd :!lso iNludes ihe corrcspond
ing time ave.agcs ol i|e energy flur ot ihe

Tlie .o espordirg meaEurcmcnls of ilic
imners€d \leight sand irl1rstori nie /' rnd ihe
longsliore compoDcnt ol ltie rrte eDcigl flux f',
are lloi.ied in Fign|c 5 to i€st th. rel:ri.ions}it
giYen iD cqualio 3. Ii is :rlprrent urti a
strrighi lire of uii slope $iih r coeJficieni
l( = 0.77 fiis l,he drta olidncd ir ihis .tudl
vdv rvell, so thai equal.ion 3 becotncs

I t  :  0.77P, (12)

In licw ol the urceriainiies in ihe saDd tranF

port DersurmeniE ri SiLvcr Stmnd llerch, the
data rercc surtrisir.El] irell $'itli the besf-fii
si rrisht lile. Lrldiiiornl neasurements f robrbly
sould .cr..l nore reriation rhm sho\rn.

The good nsrcemert betmeD thc data ftom
ihc t$'o lo0rtions, \hose berch slopes djfer iiry
e hctor of .1, indicri€s thili ihe cocmcient -K in
the rchiionslir bctFeen 1, and P, is inde
pcndcni of lhe beaclr slorc. Thc rcsirlls rlso
indicrt€ iirt tle rflatioNbip i3 independcnt ol
thc sard s;e Fithin tlie rangc ol lboui 175 to
000 p nrchLded in ilie studx. In smpcndcd load
tnnstort thc lize of ilic lcdiment griiis is a.
inlortent ardrtrk, LecaLrsc ol the deFldcncc
ol ih. settlilg rclociil on size. Th€ r6ults therc-
fore sLlgsesi ihai tlc suspcnded load irelspori
of srnd tu rhc sLtrl zon-" is les imporrarl, tlun

Thc lield an.l la|orrror! resrlls lrom th. prc-

'iou! 
sludics are also included in Fisur€ 5. Ii is

attrrcDi thai. ile meestrcmcnts ol ile lorg-
lhore cDergr flux oblailed in ihis siudl llre
lboiri, one hilf thc rllh€ from lrcvious ffeld
si.udies lof r gi!.n irDsDort rrte. TIis dis
crepenc,! r|fears io resLrlt from the crroneous
$c ol the sigDiieari werc heighi in conputins
i"'e cncrgx lor l,he crrli€r field obscNr{iols is
slrg-Eesred bt' InnLan 6Ln F.autschy 11966l
L.nguet llir|ins f1l52l, br assunins thai a
were s'lrectrum consisis of a mnow bsnd ol lre-

AdG
Texte surligné 

AdG
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P{ .  l tcnlb s i  dh cos db, e 'q^oc.cm

]is. 5, R€laiioNhi! belw€etr ihe iorreB€d n.isht longslore san.t ruDs]Dri rrte and
ih. Iorgshore conronent oI *av. .,D.ryy flnx !€r unii lcngt! of bea.tr. Ttie new data aro
lislcd h labie l iDd ihe vl|iotrs sonre lo. Urerlrevious sludies,{r€ glre\ )\ Imtu et at.
119691.

=

qu€hocs iDd i1'ai lle n'!re olergr comcs lronr
. large nunilier of drtrerelrj sorrces whose phase
is rMdom, dcd!.ed ihai the retio of ihe sis-
nllicairt {'avc heigli i.o ihe ms wlve heiEhi
11',,/11.,,, should lave n rahie of 1.418. Il iihis
L: iirL'e, ihe $'eve erer.sl calculaicd lrcn the
sisniicaDt \rave heisht lrould le a lactor ol 2
liigtrer rhar ile energr turrccrly clrlcrlaied
from r/,-,. Ths n'oxld ihen accorlni lor ihe
dificr€nce beiween Lhe cleryy iLx calculeiions
o{ t|l! shldy and those of i,he previous sirdies.

To e\rmiDe th;, sets of rsrc deia have been
analyzed loilj Ly ile slerifi0ant were heishi
rfproach ard by s])ec|Ia anal$is. The drl:!
i0qrisiiion -rystem lrorides & zornir &Daloe
record $ s'ell ns a digiial record ol ihe {avesj
lrence suclt a conlarisor cm reaililv be rmde.
The resllts ol several sl(| corlparisons
l,(dflaf, 19691 indicaie llnt lhc aDatysis of
LrnsuetIlitgills lr{152l geherallv aptlies io
tl,e ficld dlril of tl srody and thus exllains

rhe discfcrer.r- beiween ihe .esufti of ihis and
rirerions neld slldics.

l'igure 5 so shoss thair tle laLoraiory
Deellremcnts fall ileti below llie ciieNion ol
ihe niraishi linc establisled by the field daia.
\Ye heliere that the reaso, lor ihis is the lacl
of lxlly dcreloped rranslort conditiols in ihes€
leboratorv siudics. h thc irarslori ol sand by
rirers ihe nnmeNed weighi sand tr&neort reie
N proporilonal i,o ihe availeble t oF€r {ith a
conslui |ropri,ion&ljty faeior olly vhcn fully
dclel,ped flos is achieved [Bdsnold, 1966].
UDd-"r ]o{Er flos' rcgimes ilai, are noi fully
deteloped lhc cfiiciclcy ol ulilizeiion of tnc
ivailable tower to iransport Eend is less ard
ihe trotortionalit)' lrctor i lower and is no
longer consiani. A siuihr efieci carl be e{-
pecicd io oc.ur ir rhc trilstori ol ssnd on
Lcaches so rhai the traclort meclanism iB less
eflicieDt for ihe laboratory sixdi€s than it is
in the field. Tlis difierenee in eiliclency must

,  \1, ; io

'  . . : . :* .  t
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(Ecn)b cos or't

Iie. 6. RehiionshlD betwe€n ihe innerscd seight lo.sshofe sbd lralsport raie atrd iho
- eqeryr flux ierns oi equsiion 4.lloited drta ar. hred i! Trblc 1
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g ro'

be considered in ary attempis to e:iralolete
leboraiory measuremenis to ield cond iol's.

Thc .inighi line of Figurc 5 xrd theFlorc
cquai,lon 12 represeoi fllly deteloped trans|oft
condiiions and prcdici ihe maximm iransport
possiue lor a given $'aae situation. Ploited
positions ol less eflicicni iranryori conditions
can be expecied to lall beloiv t'}lis line, which
forms an upper lilnii. This is sc€4 io be ihe
situation lor tlre laboraiory d&ta included in
Figure 5.

The correspondhg mersurenents ol ilre

sand transport r.te 1, and the queniitv
(rOD), co6 a, (utlr- or equaiior 4, listed in
Tablc 1, .re ploited in Figurc 6 Although tlje
sc"lter ol ihc drta is son€what sresier than for

the rreviors nodcl, it is alparert thAt ile d{tia
foloF a trend thai, ]'iclds ile relaiionshi!

1. t_
1,  :  0 zb{.dcn),  cos ad Ya (1J)

as lh€ bcst fit. Therefo.e, even r,hough the i o
models are corceptually difiere.nt, the data

+ Ialues lor Silrer Simnd Beaol. Al1 oth€r
values are lor El Mo.elo B€ac!.
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obtaiDed in xhis study co;firm both. It appea.s
thAt, wh€n ihe longshorc cur.eDt and the 1on8-
sho.e sand transpollr are due to an oblique
wave apprcech, the iwo models arc €quiralent.
A simple sim tancous soluiion of equaiion! 3
and 4 yields th€ relaiionshiP

(!,,) : (r/4tl- sin a! (14)

This result is sjrnilar to equatiod 5 for the
generation of the longshore curr€nN by the
ndirtion siress, except for tle pres€nce ol the
facior ian p cos aftl. trorm fls69l irdicaies

ihAt the laclor r$ B ca$ alq eppears to be

To examine this point furihcr, the param-
€tcrs ?,," (ian p cos a,)sni a" aDd &- sin d, heve
tecn computed for ihe rLms in wlich only a
single ware train predonrinaied. Tlre resdis e

siveD in Table 2 alons with tle measured 
'&luesof (,t md are tlotted in Fisures 7 and 8. Also

included in the plois are the field neasurenenis
af Putwm et al. U9491, Inmm md Quim
[1951], ard Gallin ord Sordt,, [1966] as labu-
)xre'1 iL Gat\in ad,V€ko, f19671. Compari-

r8o

. E Moreno Eeoch

A Pu'nom, Mmk ond Iroylor (1949)

o Inmon ond Qulm ( l95lJ

" Golvin ond Sovoqe (1966)
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Iig, 8, A rellot of ibe dala shovtr itr fieure 7, nDder lhe assumptjoa that tle ratio
tan p cos a/.i in equation 5 i6 cohsiaDt !s indic&tcd by Komat lr96s-1.
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son ol ili€ hvo figurcs roniims thc a idit,'
ol equrtioD 1.1 rnd i licites ilitLl tlc reJio
r.n P col 

",/./ 
is ncerh consiiDi. This elplai.s

the atr]ltrent hck ol de!.nderce on bcech slopc
of both proprtjomlii! coclfi.ielts X end 1l'.

Thc rehllorshit bct\teen ihc sird innsloi,
and thc ncxrshore olrcnlation of rl1ter rcquires
furlhcr comrneDi. Brr'., l1!67, l961lbl rnd
uober dtrl In,wt [1!69 hirc shown ihrr in-
tcrnclions beiive.n rn inco ile $rve tltin ind
edge Naves gcnented in the nea$horc rcgion
control the stia.ing b.t{ecx rip $'ncntij end
.eELii in circuhlion cells likc rhose shorvn in
Figure 9d. L-nd€r !n oLliqne $'are riircl ih.
circrlaiioD cell, harc beeD ol)scn'cd io D,or-"

sloNlr- xldng ihe shore; rhe molio! is mde
rffrrcni lr* lh. migralion of lhe rit cnncnts.
Btu.xLrse of ihis migrrlioD thcr s'ill bc no nci,
IonsItre irrn.toft of snnd rcsul$rg lron the
slmmeiri.al di1€rging curr.Dis in thc cell. Ai,
!nv oDc l)oslriorr or the b€lch tlc iratslori
wili b. firsr n on€ dir€clion xnd th€n tli.
olrloslie dir..tin ,: the ccih nisratc d tbe
c.ll eur.ent ovcr ihe foriti.,n L"rcEcs. h our
inersnrmelts of ihe trrcnse loneslore cLrrreni
orer ile e!1iF eoll (",) thc crrlenls of tl'e
circnhlion cell ol l'ignr.i.-r,.1 licrisc oui owiig
to the -<]rnneir\. The rcsidnxl rvoNge iD tle
longshore curfcn( is (he clurert gcnerrtcd by
ihe long:h.re coDtoDcxt of thc radiNiion siress.
It $'ill bc fetrl) co!,nant il difection erid nag
rirn.le so thrt iis elfc.i rcill le to produce l|
nci bnsshore drilr ol :rDd. This ctr ent ilius-
i.rtcd ih Fisrre 9l,, vheD xddcd vcclorrllr t
iie ci,culNrion s)siem ol l'igure 9,1, rc$ rs in
ihc nc r+iorc cir.L,lrti(nl pxtierD sho$'n ir Fig
ue 9a-'. It i! this s]'s(em {hich iF obseNed in
rhe iiekl Nh.nerer ilsrc-c erproach obliqrrely

Th. dr i r .o l lccted bv t l is  eDd rrer ious
s{u,lies dearly slos' ihet ilie imme$cd weisht
lorsslorc irxDsfort rrtc ol sann is direetly

lirof.iiotl ro ilie lonBshore comlrorenl ol lljc
wrvc er.rgy flnx i,rnjrs !l ihe bca.h m tre
dicicd br tho rrIl.n n,),lel (.qurtioDs 3 rDd 12).

'r'he sccoDd nodel, ltalsose.l bf hnnah and
lSagn.ltl llll:11 whefcl! l,he vrre notion lro
\ide. the lircs to :ut!o( rhe smd Dd a
ruerihfo:ed longsliorc o..cnl .ruses a nei
r,insporr, rls. snc.esslullv rclates lhe send
lnD3t)orl rite io the ]vrve rn.l curr€nl, Daram-
clet !  (eqi 'a i iors,1 ald l lJ l .

From llic cqulvrlence of rh. t$'o niodels it
is de.lffed dixi thc avcfage longshorc eurrcnt
resrlti.s ltun ihc olliqxc llprorrl ol veves
is rroloriional {o z. lin d, Th; dilTcrs lrom
thc rchlionslil) .liAincd rrcn thc gcncrariot of
the lorsslorc currcnl lr ihc longsliore con-

t!treri. ol lb€ rrdifiion stfcss Lr o.ly {he
Lr.i.r lin p cos a,/cr, irhi0h rlt€rl3 to be

Tli. 1\to niodeh arc nol €qiit.lcDi if i com-

r)orent ol tlc ld,Rsl,orc cnneni, is s-qicritcd by
*rne othef nechrDisn sucl as r.ides .r {inds.
ln l.lis sitrFrion ile sccond nodel (eqraiion 4)

B
-/ ?^,r -_-/ -'? -,-

i ' ; . .  c  i i ; '
i \  / )  ) \ - t ,r r  - )  ' \a. /'\ /.''
:l .,-,.- -,--'- '-t -t  1 . . /  '1 '

2. -  -  - - - -J_.

!is.9. {,,1) Tl,e nerrsho,e circulitioD rcr r
ins frcDr $e nner!.tion of lfe inci.1.nt ear.-.
$lfh .dnc rvirer. 1A) TLe lonsslio.. {ar.r dilt
dr. to th. l.ns,.ltfc coDrot.ri ol ih. $rve
mon€ltru! iur. (C) Th. r..tor sun ol t|e cu.
relis s|.wn in j)rrts ,4 ard l? to sir€ ilie ob-

AdG
Texte surligné 
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appears to be more fleaible and wollld pr€-
sunabiy pr€dict the lonsshore transport of
sand, providins that the lorgshore current i3

Achho@lpdshen^. We de hdebi€d to Pro-
feso.s R. S. Arihlr atrd M. S. IoDst€i-Higsins,
vhose edvice hs beeD nodi helpful iD condlciins
ihiB study, dd io C. X. Nordstron, W. A. Kooniz,
E. A. Muloy, S. W. Roberts, dd R. J. Mann,
pho &ided i ile @Uectioq, collocation, ud a!al-

Tlis study was sppo.ted by the Cosstsl Ensi-
nee.ins Besea.ch center, u.s. Amy corrs of
Elsileds, ard by ihe Omce o{ Naval R€sesch
under coDtraci wiih tle Universitv of Califomia.
Koms was tulporled ior t{o ycars by a Naiionsl
Science Foundstion lellowship.
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