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POll 1::lOI.lJ 

A U udy oC t ltt: occurnno::e o f ... pd r ipp les ,en.euted by wave .. c tion 
in the ..earshore .. rea h ... be_ "",de ha""d On ob""r .... tlons o f .w~r . 
equ ipped .. It II Hlf-conUu...d unde rwater bre .. tiling a ppuuus. Such 
para-tu ... the .,-_ t ry o f the ripple., and t heir wave lengt h and 
crest IJ!nlth , were IOI! lsured &00 are rebt ed t o Ihe cUoo Ihe , and to t he 
orbItal veloc ity and dislI l aeeooent of the .... ve .,)tlon gene r .. tiog t he 
ripples . It .... S felt t h .. t I'IIblica tion o f t his data wout.! be of lntrre.t 
t o workera in the coasU I .,ngineerins: " nd geo log:y fi e ld. a. presenting 
additional data to .. i d In the undero:<hndi ng: o f nt .. rshor., p r D(:es ""o:< .nd 
the fact"" s inf l uenc i ng l ongs!!o ' ''' JOOve.c:nt o f aater,,",!. in ~r tlcular 
the- ..ech .. ni,... of ripp l ., fo raation and , . owth. Th b n por t t>re,foenu the 
r e-sult . of this . t udy . 

In ,.,,,,, r .. 1 th., tll'l'le a b e inc r .,a..,d with .. n incr., .. "" in sand size 
and . t o .. certain rxtent, with water depth . Ri pp l .,s i n "", • ., exposed 
.reas wer e ceneral 1y l arger t /l .. n tho" in sheltu C'd bays. n i pples "",re 
a1 ... ys pre$<!-nt """n th., orbital .. .,lodty .. as be twee n abOut 0 . 3 .. "d l 
f .,e t pe r second . 

Th is re~ t .... s p r ep .. r .,d at t he Sc ripps Institution o f Oceaoography 
of t he Univeulty o f C.Ufornia in I,."rsuaner o f eontract~ with t~ Ueileh 
Srosion Board .. nd t he Off ice of Nava.l R ~....,arcb . The au t ho r of t he re­
port, O. L. rnman , is .. __ ~r of t he suff of Scr ipps Inst i t ution of 
Oc., .. nocr .phy . 

Views and Cont:lusions e~rrsHd in t his reroct .re not r.ecesur lly 
those of the Bueh I!ro. i on Board o r the. O((ice of N'a ..... l Research. 

This r "port 1. published under .. uthority of Publ i c La", lOb , 79tll 
Congress , app r o ved Ju ly 31, 194j . 
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WAVIi-GIiNI!IUn!D A IPPU!S I N N2AJtSHOR.Ii SAWS' 

'" Dou, las L. l Rain 
Uniwtrs i t, of Cal ir~nia 

Ser i pps Instllution of Octanoeraphy 
La Jolla , C. IU .... nu 

ABS'I1IhCT 

A study of t he f orl)l.tion and occurrentt of unol. r ipp l es 
generattd b, olc illalory wave ~otion was aade in coasta l 
_ter s t o gain I bettu undeut u.di ", of the r ole ri~ples 
plly in the sOftin, and t r ansportation of led l.enll. The 
obser vaUonl , .mieh exhnd £r_ t he surf zone t o dU.ths of 
.bout 17a he~, wre _de by SW'-crs equlpoped wlt tl se lf ~ 

cOGlained undlf r _tlf r br lfattl i n, &[l\lara l "a. The waVe l cne:ttl. 
c Ee lt len, ttl, hei,ht Ind .,...,Ir, of the ripr1ts w re ~asurlfd 
and t lw!ae ...... u"ettr. ,_par ed wltb the she o f t he sand and 
witb t he or bita l disp l lee.ent aDd velocIty of th., -aYe .otion 
genua Hnl t he ripples. 

lUpp,lel weu l 1waya pr nent On nndy botlOfts when the 
signLflcant or bital vdodty t1ad a value betweln about 113 
Ind 3 fetl ~r second. Tht t yJ)t of rlpplt was u :l.a te<l to 
thlf sht of the And and tht nature and dlor of W .. VI: aot ion. 
The ril'P1e waVe l .. ngth ranktd (r_ O. H feet in fin .. sand t o 
OVer 4 hu In very coar se sa.nds . ~ het,t1ta <If the t il'p l ea 
f &JI.Ctd ff O<Jl lbout ont _foutth 1,0 one_.bt"",ntl, Or tbe ripple 
wave le",tb . 

Til &tus of abul1d.an t sa.nll, t he 1&rllfll and lust dfon$e 
.atlf ~ Jal occllue<l on the ripple Ctelts 1114 the fintst and 
buwlell In the t~ou,h. Ove~ rocky botton • .mo.,e t m: r t _a 
little SInd , tb~ relationship .... lr~quenU, f lf versed. The 
rlpp llf c r elt consi.ttd of aa.nd .. Ihed rtnm ..eng the r ocks, 
whll .. thol cou ........ t"-'lIl u ... ined in the tr~. 

tNIRODOCTlON 

Ripples .r .. lenua ll y IUhrl.l.wtde<l Into current ri"" l rl and OlcUh ~ 
tory tippin , depending on wht t ber the aotion lcadintl t o thelt for.atlon 
wal tbat or a unid.irectiona l cur r ent •• in Itre ...... And eolian tran'I>O:l:t 
or III oaclilltory current IS i n WIVe aotion. This paper treats tbt 
0..,II1o.lor1 type of $And rippl ts , wtIlch Ire d .. rinlfd bere IS t b .. Systl'a~ 
Itlc ~ties or und.ulatlons ot Vlve. tbat fora at t be "Dd~w.ter In ter~ 
race under the ioflllt~ or sur race cravit, waves. Such rlpplea (of a 
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when tbe flllid It~UI all tbe botto. il sHlhtl,. III txceu of that .... -
qu hed t o lIIHLate _ .. eMnt of aed_nt parllclel , Ind dJ.upp,u.r -.tIen 
11'1er~ ... enenl bed .0110n at _what h.irbe~ fluid vel«itl~l. 

TI'Ie. ...... "xt,,"d .. ~ .Ut"rat\U'e Oft ripple _ r 1<l; "u-llAir work iI 
li,ted u. • h ibli ...... pbl' on the ... bJ~ct by J::indle . Dd I!d_rdl (1924), 
.nd .0 .... r~c~lI t .... rlt .. ,_rhed in paperl by van S UI .. t,," ( 1953) .... d 
Ka.llohJ,r U9S)) . H~V~l, , Olt lllV~ltiptionl and .".sure.ellu IIf 
ri pple ch.r.c'~riltiCI have ~~II re"ricted til IlIci~nl 1«It, or s-&Il 
lelh Laboratory ltud1eI, or t o rlpp1e UoPJ'eniOllI uposed I' low Wlter 
or ob",r~d (ro. the IUr(ac~ in quJ~t water. The advent of ~lf-contalned 
underwater breathinl 'pparatul, which Illowl lWtm.erl t o love about 
free l y and to .. te Malure."ntl Ind obaerv .. tions uDder water, hal pr o­
vided the M ..... tor ooe .... rll1l and Itudyinr ripple. iD. lOtion IQd under 
naturll clrcUiltancea (!ilure IJ. The purpose of thil paper i. t o 
de!l(;rl.be o.ci11a.t0'1 ripplea II they o.;cur in nature , upedaUy III 
oc~.n.l.c coa"ll .. terl, and t o dilCU'1 their OCCurrenCe .nd phy.1cl1 
cba.r .. cteriatic. III relation t o tbe .. ve. reDuatLnc tbeJo. 

MOlt tipple obaernUonl and MUure.ellti in the p ...... llt Itlad,. .re 
.. de &lone ttle undl' .m:1f bor der!n, the COllt of """thern California , 
l11boolh the Held wor_ included obHrv,Uonl frllm the narrow Ihd f 
frlorin, the Hawaliall Islandl and the Ihtlves of other islLnd. alone 
tile e ..... 1 of rv"icn ,nd CIlifornia. In Iddition to coasta ~o.ed t o 
the open ocnn . ob,erntion' wre ... de in other enviroTIIIWn u lIIetudlroc 
protected coaltl, ba,s, hi,. behind ba. r rler reef~, and on.. Db'ervation 
fr ... I -odel wave tlnlt . III all , lbout 1, 000 rippl • • wre -elsur"d 
durins aL.alt 200 observationl whicb were .ade in waters rl",inl ill 
depth fro. I frae tion of I foot to 170 flet. n... ripple s .ulur~d bad 
.. ~ 1enlth, fr ... 0 .14 to Over 4 f~et. Whene~t poss i b l., IS in 102 
casel, IlUlface WlYe, were recorded dutlnf the ~rtod of ripple ob$l! rva­
tinn. 

In addition to I witte geOfl"taphic dist ribution of ohlSen ·a tiona, 
ripples fro. apec if!c areal wre Itudled over l on, ~riodl of tlee and 
under various Wlv~ conditions. A urlel of f our statiOll~ ranging in 
depth fro. 18 t o 70 ftet ""'low _an lower low w .. ter were visited fre­
quently durin, • period of se .... rl1 Y~ltI. Th~$e ltations ate locat~d 
on 0 r .... e. which il On the shelf off La Jolla. Californis, where t h~ 
aedI.entl consiu of I uLatively uni!or • • flne quaru sand ( figure 2) . 
In .dditioD, four a.r~al wre viSited frequently on t ne Ihelf off Point 
La Jolla It depthl of '0, 40. 5' , and 15 feet . Tbe aedt.entl at theae 
areas differ _rl<edly ho. those on 0 r .... " in that they oeCIlt in Large 
p.tebel Hpar.t~d by low roct outer opl. $ed_ntl are eolr aer. _ ­
~at .ore rounded, hav" _ re .... ell fta~nts, lnet in 8~lIttal do not 
,rade fro. one type t o ,noUler. The stat lonl on 0 rl~ _re "stabUshed 
In conjunct i on wit h a l1udy of the chances in I ~vel of the sand,. bott ... . 

, 
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FIGURE I SCHEMATIC DIAGRAM ILLUSTRATING THE TECHNIQlJE USEO 
IN MEASURING RIPPLES AND THE NOTATION FOR DESCRIBING WAVES 
AND RIPPLES . (Ifm is Ihe mo.,mum hOli~onlor orbilol ¥eloc; ily 0{ Ihe WO'IfS , 

and do 15 !he orbi lal diameter neor Ihe ballom . ). is the ripple wave lenljjlh, 
"I ItIt rippie heigh!, ond >Y1) and PI), ore the ripple mdex Ond meO$U'f 01 
symmetry respectively.! 
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fIGURE 2 INDEX Cl1ART SHOWING LOCATION l>.NO DEI"TH OF STATIONS ON THE SHELF OfF 

LA JOLLA , CAL IFOR NI.tI . O~_¥Otan~ I,om !lie lout !lC'","S on 0 ' C!>\Ie af. looula led dlronoloQiea ll y 

in Apl>tnch. [A-I D, 0tId !I'\()" I.om '''' 1I00IO<1s 011 Point Lo Jollo, Co llfcornia _ lisTed by de"", In 

AppendiJ. D A . 



Ttl" cll&.n,el i.o lenl between each ~ipple ob.se~ .. tion on t hi .. unle Ire 
,it''''' by lna&n alld Rur.na.k (19S6). In6 tM 6ucription of tM 1O!6lat:nt 
chlucteriltlci "nil tM h,droIUra, of bot ll lreal is Ihen by I".an 
09n) . 

The colloc.tion of 111 data WIll b&.te.d pri.Ju.rily on tht wa"" ex­
posure of tilt:. ar .. , ob..,rvltl.on .. (rOIl co.-u. upolJf!d t o the open ouan 
are tabulated in Append l ce. 1 and II ; t bo .... fro. lee and protected 
coa.ts in Appendix 111; and thoH: fro. n ell of Haited f_tch in 
Appendix IV. The ooo .. t cOllp l lie .nd IYItuu.tic oblJf! rvetionl wre .. de 
.t the (our Itatioos on D range 0(( La J o lla, ·.nd these ue listed 
du'onolo,l .... U ' by stulon in Appen<! u. 1. Ob .... rvation. h. t M four 
au .. ocr Point La JoU. Ite liued under the appropriate dept h in 
Appendb II-A . 

Rippl e M"afUr~nt 

Vari ..... teo;hnique .. w.e u .... d i.o t he ..easure.nt of .Ippln. The 
.... It convenien t technique f or aalhr ri»p"'_ wa. t o .... k tM ripple 
dboen .. lon. on a u . n5pateot p .... nic Itrip ,," ich ... . placed on the 
bolt"'" pe r pendicular to the .Ipple trel". The po.ilion of each ripple 
cre.t and trou,h .. lid t he hel,ht of t he ripp'" -.ere .. rked On t he pustic 
.. ith a ,rease pencil. Afur the dhcr returlled t o the Mlrhce , the 
~kin, .. on the pUlt lc .. td·9 -.ere lII! .. sund .nd r ecor 4ed. three 
OIe.SUU .. were obtained for "aeh ripple , the wav" len,th ). • .mich 
is the .paci.nc: betwen r Ippl e e r uu; the ripple hellht 1') ... deb 
is the "rtie. l di .. tance froa. cre .. t t o troulh: and the hori:J:ootl J dis­
tance , . ...... ured (rOIl t lwl ripp le crest t o the deepest portion of 
the trou,h in the direct 1c>1I o f propa,uion of the ..... dace ... ve .. TbtlO! 
, .... su . .... enU are defined ach~tic .. lly 111 fiilure l • .l and , COt 
1M _11er rippJ"s wt:re ••• "red t o the lleareat hundredth o( .. f.-.ot 
.nd 1') to the neuut five t houl.atldth of a Coot. S ince t he positionl 
of the ripple crests _re u .. a U, quite. sharp, ). h a re.aonab ly 
ICcllnte lM.sure, while p • .mich depen<.ll on t he lowest podHon of 1M 
concave ripple (roulh, 1.3 ..... ..".t Ie ••• ccurate. "1 i. the "'alt 
accllute beGiUlle It is t he .ost dHHcult t o ....... ure .nd in fine land 
t h<e wilht of t he p luUc strip t end .. to (lutell t he ripp'" c.relt ... 

The ntlo of p t o tbe wave l ength ). wa .. used ••• .e. aur c of 
ripp l e s,o- try. $r-e trlcal ripplu. insofar .1 tbe position of ripple 
cult and troo!>h Ife concerned, have • v.l .... o ( ,I). equal to~ . Val ..... 
Ie .. or ,luter than t i ndiute that the r ipple h .. 1 a t endency t o be 
.~t~ical like I current ripple . If the ntio 11 "' .. tl'lon i . the 
I t eep I ce face of the ripp l e . {acel in the direction 01 wave p, opl,l tlon, 
and if the ... llle is ,rute r thin i the oppo .. ite 1.1 true . 

The ratio of tipple wave l eng t h t o ripp l e hei,ht, ).'""1 • refured 
to al the "ripple Inde .. •• is o..,d in thi .. ltudy a .. a ..... 51.1 ... of ripple 
.uecpnel5. h ill: t he inverse of the u eepne u ........ c_onl, npl oyed 
fo~ ..... ve pMIIOM'II& . 

5 



ThO! aveL'a JC' va1"e. or ripple .... "., 1 ..... th )., • Itel,ht ~ • alld of 
t he ~ .tio ~/~ and ,/)., for ra~ ob.ervatlon, l ogether with the nuabe t 
o f rlppua -'.sufed ar C' enter"d in the append1eea. t n caM. where tM 
dat .. _ .. inIodequat e t o obu.U! n".., .. i"al va.lu .. , of II ... notatlon_ • 
.,nlned (u. t"'" dh"r , ' obsu'I'u ious J.ndJ.G&tLna: wIle'ber tn. r ippll!a 
.p~.r t o be .,._td cal. of If a.-,- tric:a l. ~t her they r,,~bled 
current rlpplu t nult in«: rrOll! onshorfl (Ill). < i> or offshore (11/).::'~) 
currenta. In addition . if t he ripp le .,..etf)' wa. ObaerYed to chance with 
the pu.sa,,, of nch wave ernt and trough, the .~try _. reeorded 
as " .. .,ver dniN . 

A sbop!" de"ler wal hlr<iCilted f or .. ore dehlied .... ...,_enl of 
the p r ofUe of t a"ee ripp l es . 'l'be device c;ond_lted of • aer ie .. of 
p&raUel bu ... pr ong. _1<Ied .t ri&h t "",Ilta 1<1 ..... 1.1 bar 110 that 
the inst rument nas the app"'"rance of .. latge c .. b (figure 3), Tbe 
prong. _re coated with Irea~ SO that when ror~d inlo t~ .. nd bOt t O. , 
t he l.pr int of the ripple p~ofUe wss rko.rl,. auked U\ the resK. 
;\ spl~U le .... l _. ntsched t o the bar 10 penoil Ihe device to be te~lId 
and U .... s Clve " profUe of t he. ripp l e nlathe to a level 4& t .... . R,,· 
presentati_ profUel u" silmon in HIlIr" 4. 

11 ~callol! app"'enl durlnC the 6tlld,. l hat rippl" profUu could ~ 
bt:oadly divided in t o two types; those with net IfOUlhl se .... nt:lnl Ihe 
c r "lt l which , because of t heir ",eKabl ance to t he analolou' WSYe t ype 
""Te t e ...... d "solitary", and tho.., wit b r ounded tro ... ps whieh wert 
I ~r ooed "IT.,chol<b1" (f{lJut es S sud &l, In Nlly ~..,s. partie ... 1 ... ly (.,r 
sma l ler ripples . il ... not po.slbl e t o .e ..... ' e tht profi l e. aecur a l ely 
and 1M claulHration .,f soli tary o r tr oehoidal "". deu~_r/ll inled hOli 
the visual obse r vations of the diver. A "s ... n oolh" ~ofi1e ""ich h 
ca..on in current rippl" •• was rar"ly obllen e(! in the olcillat o ry ripple" 

Ripp l e s ~r" also c l.&sdfied al t o pattern 0 1 p l a n, the bills of 
c lanHlution beiq the r ati., of I he l"uSe ripp l e CUlt lenl: th to 
waVe l eng t h of the rlppln, Lon,·e~eS'ltd ripp le. , that is , ri ppi.ell with 
aveuge cte$l l ~ngth$ ~res tet t han S tlppl~ ..... v~ l eOC thS, ~re desi,nat~d 
a.s , .. It"rn 1. Inte r ooedbl., cre.t ed .. l ppI.e • • c nst leng t hs bet~en 3 
and 8 ). ,wet e d •• ip.ted a. pa.tter n 2 , and ahort·ctc l ted tipples with 
ru,t lenrlh. lUll th"n 3). '" palte n 3 (see (irur", 6 , 7 and 8). 
Tht l iaJling val"". of 3 and S }.. >lete found to be _.t useflll u. 
diTldt", the rlppI.es in t o t hr~e ubllv" l y disc r ete C l IS,,",S, 

Whenever the WItI''' ....... cle at, t he rlppt.ea >len I>bo t ograplled 110 

t ha t .ore leilJUrely study co ... ld be aade in the laboratory, In this 
way t ile U$/! of sti ll pbotoguphy a "relented the pcoguIII by " U .. 1nstin,l 
.any of t he latric: .. cies o f underwater obsetvati on~ and ll,. asllrelWnt ll . I n 
.ddit i on , tM _c .... nles of ripple Ilo ve..e nt, such as t be chanse in rJppl" 
shape wJlh tiM and It.! nslllre o f the vorlex fo"",,'" in the ripple he 
by nch r e..."".l in ,..tu ... Uon _ .. e recorde4 and studied by lOOt Ion 
pie!lIres. Underwale r ~tion p ictures were ~de of r ipvi ci r.ngins 1a 
_~e l enl t h fr on 0 . 2 to 3 f"et. 

, 
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FIGURE :3 DEVICE USED FOR MEASURING RIPPLE PROFILE . (The 
p ronqs wert cooled 1/1,11'1 orease So Iha l 1111'1,," toreed into Ille sand 
bol lom the impr int 01 11111 ripple profite IS clearly mmked in tile Qr.eO!le. 

A ~plri' level (not shown) .. as Otlocl\ed 10 IIIe ba, 10 oive 0 'evel datum. 
Typical proliles ore lhown ;1'1 filjjure 4,1 

, 
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FIGURE 4 REPRESENTATIVE PROF ILES OF L ARGE RIPPLES 
FROM THREE STATIONS OFF POINT LA JOLLA, CALIFORNIA . 
Local ion$ ore shown by depths 11'1 flQUl't 2, and comeltte de$Q,pl· 

ions ort lobulated by depth and dale In Append;. IIA . 
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FIGURE!s. TROCHOIDAL RIPPLE PROFILE. fROM THE PROTECTED 
SHELf OF F SAN CLEMENTE ISLANO, CALIFORNIA Ripple wove 

lenqlh 0.6 7 fl, depth 01 woter 21 It SOlId on the " Wle crest is 
s1l0h11~ eoorst( lhon thot In the Ir0U9h. Complete ducriplion lobuloted in 

Appendi~ ill 8 
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FIGURE 6 , LONG-CRESTED RIPPLES (PATIERN 11 Ripples m line 
sand 01 depth 01 14 flo on 0 rang' (Appendl. I A, 2. AuqlJSt 1954). Ripple 
profile is ~lo li I Dry~ conSls ling of f lo l troughs separoted by relol ivlly 

shorp crests. Dark colored heo~y minerals occur In ttle " ough, ligM 
colored quortl sand in Ihe cresls, wilh a norrow line of dark mlco at 
Ihe opel 01 the 0'e51 Each scale divisiOn is 0 I ft. 

' 0 
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FIGURE 7. RIPPLES WITH INTERMEDIATE CREST LENGTHS 
(PATTERN 2) Ripples In line sond 01 II depln of 30 fl on 0 ronoe 

(Appendix 1 B, 21 AUOU$t 19531. Ripple profile ;$ $Oh Tory or>d the overoge 

\!love length 1$ 022 11 Reference . od 15 used lor rT1eC1SU"no e~ooges 

in fond level (Inman ond Rusnak, 1956t 

" 



FIGURE 6. SHORT CRESTED RIPPLES {PATTERN 31 Ripples 
in fine sand at a depth 01 52 II on 0 range. (Appendil 1 C; 23 
November 19531 I:lipple praille is Iraeltoidal Scale division 0 .5 It 
Q)rawinq 01 (l phOfographl. 

" 



!}ufine the flpple ob .. tvUl...,5 " '''-Ph of s&Dd ~5 obhlDed ffOll 
the ete ... of th .. rippl ... , "ad in .. ny 'aKI f • .,. t he r ipph t'OIl,1I ... 
_11, The. _In _u 1&bel .. d by daU. nUlOber , .. 00 tbl: letter C Of T 
..... • p~nded to ldentif, the _1 .. wiUl tbe tiJ>ple CUlt or ItC>lllb. 
111 &4ditioo to tne r""tine S&Ill>Jirq; f r Oll tllIl ... d&C .. of the TIpple <;fnt 
IJ\4 the t'''''lb, On t""" (I(;,adon ... " .. I .... flon of the .tructure of tile 
... nd under the cruta .nd U .... ' II. _ •• e'ootplllllM:d by Utllit,ln, .. cot .. 
of ... nd in elt .. witll • polyuur ud.'" 

s"ea.uw the .t .. tty _. ,oncuned .. 111:1 _t"r_tU",poct"d .",dt.ents, 
1I,d.r ... Uc: dus, "'Icll .r" baRd on aetllin, ytloclt, were used in pc"· 
fere"Ge to dre. obtained by lie .. lnK. Tho! s.anll-,Ize fr.ctlon of the 
... pl.,. wer" an&1y~ed with an Eooi:r, SeUU",!\abe (£;,er, 1938, Poole 
et . 1. 19S1), ... lerbl ,,<>&riot. l1>*n 1 .Uli.rooe t e . _. re_ .. ed before 
lhe wttUl1, t .. be &nal,.1I, .. nd lhell the _lellt pcrunu,e rec..t> l.J1ed 
.fte. 1 ... 1,';05 lrIto One e ...... lulve fr~~n<:, , .. rye . 

ThO! partic1.o:~1i" distribu t ion. of tbe Kd ..... tI ... te e"ptulotd 
I .. tee.. of pill -.e.,"u, U ........ , 19S2) lIlat au·y" I •• pprol<t-te "lpIli' 
.... locue' to tile _o.t _ ..... e' " .. ..only ".plo,ed in .hUatle. . The 
p ....... ter. used incl .. "", tb" ... ,11&11 dia.ctu .......... of .. t .. "d.ud 
de~iltiOf1 , IJld ••• sure of .ke_sa. 'nIey I ' e co-puted frOll tMEI 
perC<.'ntll" du-ter. obtaifltd CrOll tile e .... htlYe .i%e-ftequeI1CJ , .. rve 
of tile Hdt.e"t .nd are defi .... d a. foll""'.: 

" "" _diln dl .... ter "", • '" 
" "'" do!v'aUo .. .... ~Iltt " • '" ("'14 • "'16) 

" "" .ke ....... ' ....... re o , • .~ "'~ 
" _.e "'.-10'2 of t~ dl...,tet tn .l.ll .... t ... ", Jttl • Vl ("16.01184 ) is 

the phi ... n dl .... tu • • 1Id "'16' 011'0' .. !WI "M .. re the d ll_Ieu In pill 

.. nltl c .. rre~lIdinll to the Il)th , SOt b .. nd '4th percen t Ue . uspeeth"I, 
of thr e'--'lltb" ""18ht~petc"nt (c .... . "" . ) curve. Sin .... 0""' pili unit 
i. eq .. hll l ,,"t t o nne W"o. ....... rth divhion, the phi do!viaUOf1 ... " .. t e 8[~. 
the u.nda.d d .. y lation of the ~d.laent in trr ... of We"t_rth 1111111. 

The Il"o.phic ""I ..... re. ue ub..1lated in Ioppcadu [ th r Dlllh tv , 
for 'on ...... !ence in interlKeti.nc ",rid abe. t he .... db" dJ..a.ete .. is .1.., 
ta""hted in .lcrons, ... lng convenlon t.ble. eOllpUed by Pa«e (1<)55) . 
The .ceuncy of ,.. ... n_"t of the ooedia" dl...,ter Is abo .. t Q. 02011, which 
conv ... 11 to .bout 2 .. !cron .. f o r very fine Ul'1lI .nd .!>out is .lc ...... f.,.. 
cOl.rae sand (Poo l " , et . ai . USl: r IDS", 1953), 

" 



-
Wave hf:i.a;ht and period and I h~ del'U' or Walet we • ., .... sllted fro. 

tho! boat <lurln, -olt r ipp le obHrvati ona. Since it wa.. "", practl" al 
t o .. oW" conv"ntloral ''''''$Un ty~ _ft ncor""., t h .. Uo."e hOll" 
ut01'dln, (Ul\~tu .... u ... d in In p lace, ,. "ave record o f filii 
tn~ is ru,8(lnabJy • .,c .... t" _n liMed fr ....... U t>oau ove r flat 
bo11011 •• A, tl"", • ..n.en fUhoe''' ....... not .""Ilable , vi ..... ! fIb ........ -
lion. o f ... v. lle1t;ht a nd period wue ..... d. but ,.,dllClt .. n of Ilib Iyl"" 
Dr daU .... not aUe.-pte <l unle .. It appear.,d !lIn .. ,iar>le Ie<l". of 

"""f. ed.hd. 

Whe ...... il.ble . .. t""nty-ooln"l., M'eUIMI or wan record was 
.naty~ .. d to obta i n the waVe pedod T , aDd the hel,h! H, of the alcnU i eanl 
,"",ve, wIIh:h 11 6t:HMd at the "'''e with '" .. ""d.od and belCh' of tbe 
."euSe of t hl! bl, hes' one-third _yea. The ailnUlt.llt wave 1""<lod 
and ""i&1I1 and the depth of "'n wete "!Oed t o c_p" ,., 1M I!orbo.tus t 
<11....,1., . of Uw orbh o f .. pUUe! .. o f _ I t t near I II" batt .. , r e fn . "d 
'0 ""ruh", a. the orbita..1 dl....,U . do. and t"" ... d.lI ... hor h orUal 
.. .,(odr" ... . . 

AIII.otl~h "0 , • .,a' c1aJ.a b .. d" for acetlne, In tt.. _"" c","""u­
tiona , In ,,,,,ua l , It _s found Ihat the e .. "",,,d ... luea (or Ih" _v" 
!>"dod T, .nd , "'" o r bh.l tll_t er do. e ... paud favonbl, with lhe 
~rlO<I .nd orbital dh...,l"r ob..e .... "d ..... r the IIottooo by !Me div"u. 
AlIhOllgh It h difficu l t 10 ",e&sure .-e loelty under w.ter , the pulod 
of oscUlation and I h" anooun t of ,a.plac .... ent can bf, "Ul.oo.Ud .lth 
r"a.on.ble accuracy by a diver wltll a 11011 _Iell .nc!. a fued poirll of 
rrhreo,,,, 

Ilquat/ona (ro. thr Airy w.v" I lleoty wer" ulII:d In cooopull", Ihe 
or b U al ,H.-ler and I"" ..... !.aro orb ital velocity f or obHr .. atlo". wll 
"" ..... r d of I he .... rf %one. An adapullon of I"" .olln.y _VI l\lro. y ..... 
u..,d f"r or biul dl .... Hr and .. elochy COIII>UUtio,,1 when wa Ve. wert '"'at 1\Ir 
.... f ZOIW. Tile conditlo"s under wIIleh I "" Airy or MHur y wav" tllCIOry ~r" 
u..ed and the pr oc"dun. f o r cOIII)\Ilin, orblral di ..... I" • .sid velocity au 
descrlbf,d In deta il In Appendllr: V. 

)larr,,"sl,,,, of Ilyduulic Condi tion. 

Th" wor~ .,t e"nH (I 9l.~) .ad von h ...... (!9~7) indicated Ihlll t he 
c.ha .. c l e r of eurtenl drP l es f orlled by unidirectional (low coult! to. 
reloled 10 Iht "" Iocity of f1_. Por .h.allew waler, Arlde~son (I9n) 
.how(!d • co~rehtlon 10 eill.1 be lveton riwl" wave l e ngth 1I.nd l he Pro<Kl4' 
n""'ber. T",blU , h ... ",,,,I , and Va""I .... 1. (1933) found thaI Ih" dl.>M!nslool 
o f cun"nt ripples shoWl!d tood c<' rntaHon .. ith liInsl"ln'. (IQ42) bed l<>ad 
function t ,which is nhl<'d to Ihe ratio of Ih" Wl!1,lIt o f a soedi.Jotnt 
,..nlcle to the lift ( orce acting on I"" l>artlc1c by 1M fl_. 

The pracllcal a pplication o f hyd . OO'l,na.rc 
~ .... uted by oscillatory fl ow I. "'re obscun , 

" 

princ:ip lel to dpplu 
llagnold ( 194&) II> his 

• [I is realhtd l hat c .... pulu i o n ..... sed on the sl""lflcanl . urfact' """" 
do not ""'","ssar l.l y ,Ive I hI' "s',nlftc.nt" o . blta l veloci l y and dI. .... l e1' 
a' I~ bott_; howe~r , un<ltr the cOO(\itions taken h"re Ihls wa s not ton­
sidued 10 1>t: ctltical . 



"'<l>ul.en, . on dpplll. ,ener.ted 00 • lOOuble bed. slto...,d th.t ripples 
of """neu __ ""I;tI. _ce PfllpoHiona.1 '0 tbe hod.:rllnul a.plitude 
IIf II.eUl.t.tion of tbe btd. Luee. )la""h&< (055) udnr; ......... .o.t 
.... !tar .ppaut .... ~<>Wed that a aodlHeUlon IIf tbe 'it funttion tou ld 
be .. Kd to predict Uw:- cht.ruter or Id.!IOde l ripple. . 

Th .. a . ,enera1 ,lIo.ldent!.n". indicued the net"<! fOf a ....... re of 
tM int endty of flo.o and . aillCe the IIIOUon WI. osci l latory . ror • 
.... ltUI"e of the putle t " d"place ... n,. Ho .... ver. the _ctna of oe"." 
waves is of un bro.o.d . 10 that lhe prob,ab l e e rro r of prediclu., • .." 
wIlue . o( velocity .nd orbU.1 dla..e t HI .... y be In ereor by ..... cb .s 
5~. Also . t here 11 "0 •• Ushelor, proced .. re (or c:alc .. l.tl.ng the 
.treq e"trted On tht botto.. b, _ve 8Otl.on. BlOc ...... of the ... r.cll 
it wal detl.doeG 10 b .... thoe <:h .... cter u..Uon of the hy<kwUc conditions 
on .l.apl..e dboenlion.1e .. u.tio. t ha. could boo obtai .... d at the tLoe o( 
ripple obKr vatlon. The inten'l.ty o( flow .... ' ch . ... cte r ued by the 
r .. hth .. ""lochy u lu. , wh<!re \I a the c..-puled -"Uru. hor hontal 

• • • 
:.,~~~!tt. ":~ '::: !";~:~ ~~~1 !~~ t!eU.!;~~l;:l::t!:~II 1:!~::~!;1 
and etlti<:.l .tr ell uqui.red t o UlUi .te .otlon wa. "Ol ,le.r, it _. 
decided '0 . e b!.tr ... Uy use a val ... e of " I • 7 ... wh .. re u . 11 the thr .... 

ho l d 01" cdUc.1 fricHon velodty (I .... n 1949) . Th .. f.ctnr 7 wa. 
<:hose" bec ... ", it ,."" • UdU", n t oc:Uy ""ieh ...... e"" .. htent .1thoul1l 
__ wh.t conK'vaUve ill c .. puhon wi t h l.bor.tory data IIf lII .. nlItd 
(1'1S0) and 14nohar (lOSS). Thel . da t a a1ll1 th .. relation of "1 • 1 u. 
11 ploUed ., • .inlt particle Ii_ in fi,uu o. 

Th. dlspl.cn,,!nt of a _ t e . pa r tl,l .. rebti ..... to the r ipp le._. 
obt allle(l by the raUo of dol)" .hue do is the orbit.l (ll ... un "" •• 

thl! botto. C~l .. d for th .. 'i«nJ.!ieal\t _vea.nd ),. i a tl>e ripp l e 
WI"'" l"ns t h . A ,nph allowl.l\,g the celat i on o! Ihe r elatlv .. ve l ocity • 
.. / .... t o t he t elltin cU.plac .... nt d I),. for all obsetv.tions r o r • • • 
whi ch ....... p.t .. ter, wen co.puted I • .ollown in H,ure 10 . 

TIl. hy(l .. utic cond1Hons _r ... rblturlly .r",,~(1 1nto t_ , .. "era 1 
t ype. On a ba .. iI of the relative ve lod.y ."" t he rel.tift dlaplaceaenl 
CflJ .. u 10). Type I incl .. des tho.e conditions In wIIi,h elthu or both 
r .Uo, han ..... I ue lIIn tt .. " OZ , and type 11 i"" I\Ide. t ho ... c. ..... in 
""lell both utlOI excet"<! a val"" of 2 . Thua. type 11 indicate. cond i tion. 
in whlch the ve lodty is Lar, .. co.pa r .. d to that req .. t.red to initiat .. 
aoUon of the and .nd th .. or binl di_t .. r hI ... , .. <: .. p ..... 4 t o the 
ripple .... v .. lentllh . On the! othe. hand . fix thrn type. I inIIic.u .. : 
I e) cllllltUIODI IO'here lho: V<!loci t le. at .. Ippr oxiaateiy the ..... or<l.er oC 
_Initude • .1 the l laoitl.", vel.oc.ity rllr inltl.tint; sand ...... noent. Or lb) 
Ih,t t be o r bital 41apJ..ce.eoll .re .i.Uar 1.11 .... nl. t .. de to tho: tipp le 
..... e le"l t ll, or II) both veloclt, ILnd 4bpl ace""nt ... e lu.ltl,,&. I n 
addition . two .. xu .. "" h,<Il'.ulic eOlldlllorl' .... r .. noUd, til .. condit!"" In 
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""ic.h th~ ve l ocit, exc.eacled tile ... ppu lbolt (on ripple {or_Hon .. 1'14 
bence , the rippl ...... r •• bMot on "pls~: and tbe otht;r ednooe in 
vhlch tIM! _ter _. stU.l or Nquiescent" .nd the ripple fon .... 
de.troyed by hurrowrn, orlanI.I . Th .. eondition of planation_ .. 
fl'equefttly ob ... rved "" ... the lurf .one whUe that of quie .. cence _I 
..,re c_ in cI .... per _ter (USUu 20). 

n«BlPRSTATIOH 

S."", ripples vary wldel, in ltu •• h .. pe. and duration. Some 
rIpple ........... U or •• ith IGnfl p .. rallel crests. o tbers occur in various 
e_ple" p .. tterna such •• nChl\Jl:ul .... Unguo l.d , ."" herrln,bone. UDde r 
__ cOGditlon. rippln .peter.< t o change but littl .. witb tu.... . .. r.t1e 
in ntller •• e.pecbUy "" •• the .... , UlDC . tlu!, ..... aLlllon cpbe-.u.l 
ill natur ... c~1.11J .. hh .... ch wav., surle. At tiM .. It .. ppura thu the 
rippl .... r .. .ult (rOIl leyer .. l (.etors. as for ~ ...... 1e when •• ve . e tion 1. 
lJUper;bopoMd on tidal curren,,: .t other tu....a the, .ppear to be in 
the proc .... of modific.tion frc. OIW f o •• to an.o~r. Thu. it becOMe 
.pparent ,ha t ton.si4 .. n b l .. c ......... " be ,,)len~iMd in tM collection of 
4&t. If .,ateat.zatlon i. to be obUlued fra. the various ripp1e f or. • • 
and the cornl.&tloft of ripp1e •• mI tM f orces Pncratlol tbe ..... e t n 
h&ye s~ifie .... ee. Thu,,-fore . can _. hhn to ........ e ripples ill 
ar .... which _u .. LaUvel, r ... fr .. bott.,. ob .. tructiOll ..... ch ... rocll s . 
pier pUings, etc. 

It 1a of course diff!cu U in _. t c ...... to Ulcen.in if the ripples 
•• , .. ud .... re in h <:1 (oc.d by lhe _yet preMot .t the t!.e of _ ..... e~ 
_Ilt . Man, ob ..... ~ ... d.UOI b .. ek t o D ....... in (l1l8J) .lId Porel (lIIU ) . 
ha~e called atlentlon to the fi e f th.1 onee (o • ..,d, there I. •• tend .. n.:, 
f or the ....... e lencth of .. tpplea t o u_in eonstl.llt o e 10 be bul slowly 
aodl£led . unde r chanc in, condition.. In tbla re,ard • • i. ppin in {ine 
... nd .. rc .ore r.pidly lIOdifled lhan ripples in eoar ... ".nd. A Join l 
t.buLation of ripple lllId _w cbau,cted .• tic. _ .... U _pled onl, when 
it ... conaidere(l. Ih.1 the ripples wee. in unhon .. ith the force. ,e"" •• t­
iI!( the_ . An e"ceptiort t o Ihia undoubte41, occurred Cor .., .. sure.nu 
in cO&J'8.t nnd. U such ripples .odH, slowl, .nd .. , onl, be in uniaoll 
.!th ....... r.I1'" f o ree. undo!r extr_ wave condltionl. Sone •• peets oC 
COOlplex ripp l"s OCeurr J.nl "" ... obstruction. o r in the proces& o r lIOd1!Ic.· 
lion In dheu .... d briefly in ..... ter section . 

S,nd ,ltd Ripple Sbt 

n,e .be of Hoe sand II l h" si ... le IIOIt tar-ortant hclor in d"tu.inrn, 
the dR of tho! rll'ple. A ... ph (fi .... e 11) of the ."'p le wave 1e",th 
.. nd the _di'n du-eter o f t ho! ..nd {o r .11 nbsern. tiont .lIow. th.1 in 
",nerd, 1 • .,; .. r ipllie' occur in coarse and and _.Uer ripple. in flne 
aand. It is .1so .ppuent fr o.. this I"Pll th&t for aqulnlent Ii .... o f 
II&nd . rippl". froa deeper water alo"" e"Poled c_.u tend t o be larle r 
th .. n ripple. in ahai iOW •• t e ... ,Ad that ripples rrOi .rea •• uell •• bl,s 
and lake. Wle ... the .... ~ hteh 11 H a tted haye tho! sIIorl .... , _~ le",tb 
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fIGUR.E II. RIPPLE WAVE LENGTH ANO SAND SIZE AT RIPPLE 
CREST. inr;1uOe5,jj observations In which Ille median diameter of 11'11: 
sediment in Iht crest WO$ 1000 mOClons or len , Tobulolion of data i$ 

qiven In AIl~ndb I IhrouQh :nz , Only dolO e ~ cluded Is that '01' (I 

"pple Irom (I su rqe charmer (Apptnd ,~ 11 01 , ond lor Ilpplu ;eneloled 
by l/Ie fe-Iormotion of ,,"oves breoklnCjJ (Ne t 0 bO fFIer 'HI In the 
Howohon ISlands (Append;. E.: B, 8 December 19551. 



of . U . Tb h ,,,,,u .l r elat1011 of ril'p l" wa."" Ie",!h t o "nviro,.,.n t 
.ppeal'S t o r e .... U (r_ the ibU.tion. on r il'ple au.., du .. to dlffu"nee. 
In orbih l .... l ochy _04 dbpl_"".-nt. TIle wa."" I"ngt" of t'lpplu .1'­
l>U"n U y ".nnot excud the orbit.l d!....,t"" o( th ...... "" KenerUin,g 
! !wI tlppl" . Also, Ihis study lndlc.t"d that rippln ,e"~ut,,d t>y hl,h 
vdocitiu which .pprO&cbed the value of Ibe Ul'P'"r U.lit~ vdocity 
(fieur" 9) tel1ded to h.ve shorter .... "" lengths eVCd thou,h the orbita l 
dlaJOetU' _s Wle. 

Thus , in ,,,nenl . rip l' leS in f"e OC.,.n t.,nd to boo l.f,., bo:c .... ae 
t he wa. ..... ar., lon, .nd ,,"" ... q ..... "lly han lUI" orbital 6u.e ters. Of 
th"M oce.n r iDl' l ,," Iho ... oceulrittl <Ie.r the .... d .. one aU u .... l1y 
_e""o.1 .... lI" r betau ... lheir slu h sH.,eted by the hl,her orbi.tal 
.... l ociU" •• On I he olMr hand . booy., lahs, .nd other .rea. of It.ited 
fetcll Und 10 have .... U ripplu I>tcau ... o f the lIMit orbih l dla.etu • 
•• soclo.1ed wit" lhe shot t __ I ""iell occur there. The r",!allan 
bet"",,.n the and size atld It... riDpl.e _ve len, t h for U>e 5I>ed .... 1 con­
ditions ..tIere bolll the orb ital da-Ier .nd Velocity U'" r", l atl"" l y 
la r ge, t.". t ype H hydnu lic <;<>tWi t ioll, i.. all ....... in filfUr", 12 . Th" 
I·yp" II hydraulic <;onditlon b .. on t'l'i.;&1 of sandy aU •• slon, exp o ... (1 

<;OI.nlines Just ....... rd of the iIIlr f '0....,. 
The eHe<;t of orbit'l dt....eter .nd ve l ocity on Ihe .... ve len,lh of 

rlpp l ", in IhI""e Ilu Ullin of .and UI sho .... In fi, .... e 13 . ~ au:ioma 
_v .. InCth for ripp l n in fine .... d (12$ duans) 15 atout 3/. fool. 
The ripple wave l .. ",Ul, are "PPl"OJ<wte1y "'Iuai to the orbital dla.ooeter, 
"""'" tho! orbital tllaJOetc r is leu ttu.n tM .. xu.... wa"" len,tb for tb .. 
und . A. t be or bital dl.-cter Increa .... beyond t he .u:u.u. _ve hn,th 
of 3/4 fOOt. , t he rlppl ........ I.e", t h ,udually tlecrU5U to .bO<lI 1/4 
f pot or I .. s • • The deereale in tipple ... "" l .. n~lb for 1&r£e orbiul 
dill'lsce.ent i. attribu t ed t n t he i.ncrUIit In orblt .. i n l o<;lly rather 
thatt to the in<:rea ... in dlap l"" ..... n t . If lhe _v~ p.riod h CQIIUaJI! . 
U\ in<;tea"" in orbit. I .Uspiae .. .ent . t tIM! bott_ r ..... l ll in • 
con e . ponding lncna .... in the .. ax~ vel<><:Jty (APl"'ndix V, .. q ... Uon 3) . 
The tende ncy for the ril'P l e ... "" lensth to de<;u .... with lnc r ... sing 
orbiu l "" I oc iry i. not .s "ppa.r"nt for Ihe ob ... r v .. tioftJII of lar~e 
ripl'l .. s in cOI.llNI lands. Th1l a .. y be be<:&use nf the ulat I"" pl.udt'( 
of obHr .. atlona i ll coo.r ..... nd. , Of it .. y be due t o hClorl •• sociated 
with t he wi.der nns" of hydralllic cottditfons and '''OCr .. "ltlc location 
or tile coarse sand staUons. A t end .. nty (nr ripp l e ..... n leng t h to 
deena. ne", the Ul'P'"r crltlc.l ve l ocity .... not obser ved by' " anolar 
(1<U3) in bit labO.Uory studl". of r i pples ,e ... n t .. d On a aovahlt bed , 

Since t IM: or bild dl ..... ter Itt sha llow waUt La prlncipa ll, dependen t 
on the wave hel.lht and p..riod, On tht a"" ' .,e the r ", c,d.U a badc dif­
f"unee in ""ve lene t h be t ..... n r ipl' le. , .. ne r .ted by ....... e action .. long 
oceanl<; .;oa.ts .nd l ho ... I .. nerahd alo,,£ t he: ~n. o f _I"r bodk, 
wit h l bolted fe t ches . u ch U ..... U lake'. This depend<!noe o f dppa. 
0.. 1M charac hr of Hie _~ ... ,,,,,eu U ng t he. should be h<llp(\ll iJ\ 
ev.luating .ad .. l ,tudie' of .and tta"s po r t. rt .ho\lld al.o pt ove helpfu l 
i n i n t er rnH l na .""unt .. n~l.ro .... n' f r OOl fon U ripple IIlltk,. 
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fIGURE 12. RIPPlE WAVE LENGTH AND SAND SIZE AT RiPPlE 
CREST tncluliu observations whefe bOlh o . biiOI diameter aod mo~imum 

velocity o rt large (Ty~ 11 hydroullc condition). Thes.t. col'ldilioos o re mo11 
' ypieol of sondy bottoms neor Ihe surf loM 01 oceon beOd\tL This 
dolo is oIso planed 1'1 fiqurt U. Hydraulic Conditions ore defined In 
filjju re 10. 
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FIGURE 13 RELATION BET WEEN RIPPLE WAVE LENGTH AND THE 
ORBITAL OIAMETER OF WAVE MOTION FOR THREE RANGES OF SANO 
SIZE The OI'bitol !;I1omere. IS a conllolllnq fa cIo. in "pple wove length ul\lll 
l he ripple reaches (I n"I(Ulrnum size Increases in orbiTal diamerer beyond the 
value of mGJ(imum W(lve illnvth fuul! In a decrease In f ,pple wo~e Ien';! lh, 
opporlll!l y because 01 Ihe IncreoS!! In Ihe mOl;mum orbital ve locities. The 
Ofbitol velOCi ties fOf Iht 125 -micron sand apprODch rhe disopp.eoronce or 
plano lion velO(. ty 01 klrge orb.jol diome!ers (do grea te r Ihon about 4 II.!. 
Becoun af Ihe paucity 01 pom!s 10' Ihe coo.se . sonds Iht dashed linel a"", 
intended to. be more schemat iC lhon best Ill . 
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lIipr! "' Prof i1!:, , 
The ripple Index ~"f) which is tbe i nverse of the .~ee"neu , 

I.verl.led between (I and 10 (or (i.n<> and "",or One .... nd. anti I.boo,n 6 for 
eOl.r.e. sands. The variltlo" i n ripple index for fLne .. nds w..s lrell! , 
r ~ nline r r Olfl ~bout , t o W , ><flilr in COlf,... . IJ.J.ndS It .... reilthe ly 
Go"stan! (figur e 14 ) , even for SIOI. U .... ~ length. t he tndU for llllediw. 
aDd C:OUIW: sanc'l .. fell . ithLn I ranle of .! 108. I n part , I"'" ,realer 
variab ili ty in fine sand .. tesulU fr. the dl({lcultle .. in ..euurlnG 
r ippl e MightS discussed prevloul1r; howe ....... , t lle r e were suffiCient 
obJerv.tions t o indicate tll.t the diff e rence is rel.l lod tll., t he 
ripple index in fine sandi CAn be .... ch larger than in cn ..... se sand .. , 
There is 5'- concl~tl.on in (iM sanc'l .. be tween r i pple Index and the 
... gnit\>d.e of tile re lative dhp acelllClnt .1 the bo tton , d I). ,.nd 
• ..tati ..... l ,. velocity u lu , >I1ieh ,u'I"lIt. tho.. _n tI.eo. el.Uve 
displl,ce_nU .nd Vd'ac.II,,, ... re Il.rge , 1.1 ~.r the surf eone , the 
ripp l e. are I"u ,"e"p Ind thul h ... e 1I.r,,,,, Indicel (fiSUte.s 1-' .nd 16). 
The p l o tted points l.n {!.&ure 16 f or ripp l e index Ind reLatt .... ve l ocit, 
indlut e I positive correhtion for fine und '.1Id. Uttle o f no cor(~h_ 
tion for .... rK .a~. 

Th~ atupest ripples were ."""",nIy trocholdal in pro(U~ and _re 
"luaU,. r estricted to de~pe. _ter llIong ex posed c .... U and ._ ...... t 
sha llower vater ~ Ion& I~e lod protect~d coalts ((igut~ j). The 'Ie"p 
rippl~. are of the vor lex t~ , t~e .. Ierial on the tippl~ cre.l 
Min, lifted aboYe the bott_ and ~in, ... ved .n int"llul nuabl!r of .... v., 
I~n(th. witb the pa'''Ge of each wave cr e .. t and trouCh, Hydr.ulic con­
dition I.a I.e .... to ~ .0." condllcive t o t M fo."",tion of rl.pp l~ •• .ith 
. t ...,p trocholdal !'Cofitel , This couc'litlon ocCUfi nu.r the Ju.oc:tion of 
t he !lO U d and dished Hr.cs in H",re 13 where tlHl ripple _y, 1"..,th5 
at , ,r"atel.! , 

The .. olitar, ripp l '" Wh i ch ar" nnat typlcll of fine .and tn very 
shal1_ water tend to be Ie .. Ite~p. The !IOthar, dppka Me f_d 
when the wave tuinl are ( ""'t .... and Ihe bott.,. ,..,loc1liel IJId the 
orbitlll di.-eten ""e relatively lar ll'" which Is l,plcsU, a Ty~ 11 
hydraulic condition . Th~ hieller velocities ... hich Ufo auoclated .... ith 
the ,0Utary profUe •• """u to pl~ce the ","erid in •• Ute of "Stlb­
.u.pension'· "Hh the PI.S"~,, of elch l<aYOl crf'Il, In I h is else the 
bon .... terlal is _oved on IUIc'I or! shore 15 • thin but den", la,.e. of 
.... 'peD<kd putlclts , and the dilGrete cloud of su .. ~nded IlIrtlc!u which 
for .. at trte crelt of the trOChoidst ripple. appun;to be Ibsent. The 
thic:lrnen of the uru of •• .... b-.uSI"' n.;o" .. although .onelilhat variable, 
I. usu.lly of the or~r of I. fe .... cent~t~r., Ind appears t o d.,pend on 
t he .. ize nr tile &lnd Ind on the orbitll veloclt, and period ici ty o r th" 
_vea , 

Sort!njl 

The .... OURt of und aval h.ble for transport ..... r " flecud in t he 
r ., l a tion bet...,,,n t he .. Lu! dl.s trlbution of .. nd In tM. ti.pl'l~ cresll.nd 
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t .roughs. In ge..en.l. if there waS an .. bu..J .. nce of land availabb. for 
tr .. nsport .. tlon, th ...... t .. ri .. l of the largest size and least density _. 
typically found on the ripp l e crest5 .. nd the finest and heaviest 
mate rial in the trough. If the source of sand waS limited, a common 
condition ala,,! exposed r ocky coasts, t hen the ripple crest conslsted 
or s .. nd .orted frOfll t he rock:s .. nd th .. trougb .... teri .. l was essentially 
r esidu .. l . which w .. s frequently eoarser than t he material in the ripple 
ecu.t (compare 'isnee. S , 6 and 1 with 171. tn dthe r c .. se U is the 
type of sand in the ripple c r est which ls influentiJol in deter.u.ing 
ripple properties , sneh .. s wave l ength and s t eepness . 

The re1&tion bet_en th .. s i u distribution of lIedLnen u in tile 
ripple crest and trough is shown in figures ~8 and 19. Inspec t ion of 
t hese figures shows that In gener .. l the sediments frOCll the [ipple crest 
tend to be couser and have ... 11er distribution "", .. sures (i.e •• be 
better sorted) than the sedu.ents fro .. the trough . Better $arling in 
the ripple creat was typical of all envi,rolllllents . as shOWn in the gn.pb 
of £lgne", 19 and illustrated by tbe ripp l e phot ograph in figure 17. 

10 only three ca.5('S waS the .... terial in the ripple tr""gh found 
to be coarser than that i n the cre~t ( figure 18). I n two of theR. 
the sa .... le~ were frOlll rocky areas On expoRd eoast8 where there WIIS a 
vuy lilllUed supply of sand. and the o t her was £rOC! a bay wIler "- the 
"avell ..ere relat ively _11. 

BecauSO' turbulence &.lid lift for ce are Doat intense .t the crest o f 
a ripple. only the eoa.rsest of the transportable ... terial ls deposited 
there. Since coarser sand for .. 8 Larger ripples , the rippl e tends to 
grow in sbe c_nsunte with the coar&eat mat~,ial wIIicb the waves art 
capable of transportint;. TIle capacity of a ripple to son out al'd 
remove fine $&nil incre .. ""s with ripple size, as the int81sity or the 
\rQr t ex al'd lift forc.,s increases "it h the l ength of the ripple. The 
fine .. ateria.l is place<.! in suspension by the vortex a t the ripple crest. 
and eith .... carrIed fr om the area or is deposited in tile ripple t r ougb . 

It .. as fQUnd that boundaries between coarse and fine sand areas 
were sharp and well-defined. Appare ntly this is a natural result of 
the hct that lar,e ripples , row at the expenSl'" of 5lU11 ripples . and 
that once large ripp les are forme~, .ave action t ends to eape l fine 
sand fro.. the Ilrea . It WIlS observed that the fineness of the tr(>Ugh 
sediment relativ" to the cre.at !K!dilllent could be uud as an indea of 
the proximity of fine san<! areall . On the other hand. si.,Uuity in 
she of crest and t r ough ..... teriAl. or the occurrence of coarser .... terbl 
in the trough. iootened that the large ripples _re ,"OTe di.shnt (r ON 
fine sand areas. 

Fine Sand Ripple§. D~anGe. La J olla 

~ relatively large n~ber of syst ...... t ic observations at the four 
Itations on D-ra,,!e ma~e it possible to describe the fine sand ripples 



.. -

FIGURE 17 LARGE RIPPLE Nole WQfse, poorly sorted debris in 
,he Irou9" ond liner ",ell sorted send on the c:~sl . Ripple i5 hom 
o depth of 65 II off 1111 rocky coosl of Los Coronodos Islands, 
Mexoc.o, ond hos 0 wove lelll4,h 01 2.7 II. Compore ",jlh ripple In 
fi9urU 5,6 and 7, whlth have coarsesl sond on Ille ripple efes!, . 
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FIGURE 18 RELATION BETWEEN THE MEDIAN OIAMETER OF THE 
SEDIMENT IN THE RIPPLE CREST AND TROUGH. In g,ntlol Ihe 
Cftsl sond is toOne, thon 11'101 ill Ine IfOUl;lh . £"CIPl lons Dew, in 
OleoS \IItIerl The sond stlpply II limited and the $t!dimenl Is relaTively 
coarse compored willi Ille ability of Ihe WO\IIS to '.on$p)tl II Two of 
lhe poifllS belo"fj rhe line reOO'neill rocky ol eos willi limited sand supply 
lApp&lld\~ II 0, Gnd m A, rhe olh" ,s Irom a 3moU beach ,n MinIon 
Boy (Appe"dl~ m A). 
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on this range in terms of depth and the frequency of occurrence of 
the various types of ripples. A complete presentation of these ob­
servations is given in Appendices I-a through I-D, and the data are 
summarized in tables 1 and 2, and presented graphically in figure 22. 

Occurrence. Ripples were always present when the computed maxi­
mum orbital velocity was about 1/3 foot per second or greater. They 
were planed off and disappeared when the velocity exceeded about 2-1/2 
feet per second. Because of high velocity, fine sand ripples were 
almost always absent in the breaker zone; they were frequently absent 
out to the depth of 18 feet, and occasionally at depths greater than 
30 feet (Appendix I-B, 25 January 1955). Since orbital velocity de­
creases with increasing depth, the frequency of occurrence of periods 
during which the orbital velocity was insufficient to move sand was 
greater at the deeper stations. During these quiescent periods the 
ripple patterns were soon destroyed by burrowing organisms. Quiescent 
periods constituted 22% of the observations at a depth of 70 feet, and 
5% at a depth of 50 feet (table 1). Although periods of quiescence 
certainly exist in shallow water as well, their occurrence is probably 
not statistically significant. 

During quiescent periods, burrowing organisms and deposition of 
fine material from suspension give the bottom a very cluttered and 
dirty appearance as compared with the clean sand that appears when waves 
are actively forming ripples (compare figures 20 and 21). Within a 
matter of hours after sand ceases to move, the effect of bottom dwelling 
organisms in destroying ripples becomes apparent. Within a few days, 
as shown in f;gure 20, deposition of fine material causes the bottom 
to appear dirty and 'rusty". Microscopic analyses of the film of "rusty" 
material covering the bottom on two occasions showed it to consist 
principally of siliceous planktonic diatoms. 

The resumption of high orbital velocity following a period of 
quiescence soon causes the bottom to become rippled. The interaction 
of the wave motion and the ripples causes the fine material to be 
placed in suspension and the bottom soon appears to be composed of clean 
sand as shown in figure 21. The effective sorting actio~ of the ripples 
must play an important role in removing silt- and clay-sized material 
from the bottom and in keeping it in suspension until it finds its way 
to deeper water. 

Ripple Form. The patterns and profiles of the ripples varied 
systematically with depth (figure 22). In shallow water the fine sand 
ripples characteristically were long-crested (pattern 1), and were 
solitary in profile (figure 6). The only exceptions occurred in areas 
where the offshore flow of water in rip currents resulted in a confused 
water motion which caused the ripples to be intermediate or short-crested 
(patterns 2 and 3, illustrated in figures 7 and 8). Even in shallow 
water, short-crested ripples were more commonly associated with tro­
choidal rather than solitary profiles. 
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F IGU RE 20. DEPOSITION OF MATERIAL FROM SUSPENSI ON AND 
DISRUPTION OF RIPPLE PATTERN BY BURROWING ORGANISM S 

DUR ING A QUIESCENT PERIOD ON D RANGE AT A 70 FT. DE PTH. 
(Appendix 11 D, 29 March 1954). Dark appearing material is principally . 
depos ition of planktonic diatoms. Compare with figure 21 . 
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FI GU RE 21. CLEAN RIPPL ES GENERATED BY WAV E ACTION AT 
DEPTH OF 88 FT. ON D RANGE. Ripple profile is trochoidal and the 
wave length is 0 .32 ft., (Appendix I D, 10 FEB . 54). Note burrowing 
organisms; sea pen (right) and distal ends of brittle stars (grass-like 
protrusions). Each black or white divison is Y2 ft; arrows point towards 

shore. Compare with figure 20. 
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FIGURF. 22 GRAPHIC SUMMARY OF RIPPLE PROPERTIE S AT FOUR 
OEPTHS ON 0 RANGE, LA JOLLA, CALIFORNIA . NOle tho ' symmalic 
d'ffertnce aCCl,lrs in Iht frtquency of occurrtnce of all p,opef\lu hom 
shallow to (!tep wOler Onshon! ond olhllOl'e symmtlry perloinl 10 osymmel~ 

rico l profIles 11101 .esemble currenl , ipples {Jee face sleep. $IOSS lace ljIenllel 
lormtd by sleady onshore or offshore llow respect ively., ' eversillQ symmeTry 
applIes to condit Ions whlre flpple symmet,y reversn 1011111 Ihe panaoe of eocII 

wove crl!sT and trough. Ripple polll!rns ~ 2. and 3 pertain 10 lanljl, inlermediate., 
and short cresll!d ripples respecTively , while planed refers to condItions where 
the orbiTal veloc ity was suf fiCIently oreat to couse ripples to disappear 
Orgonic diSfl.IPlIOn 01 ripple~ occurs durin\! quiescenT conditions; other 
hydraulic condlTlOn~ are dllfmed in figure 10. DOlO afe loDulated In Appendil 
I A ThrouOII I 0 and ore sumfT\Oflzed In tabll! I. 
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At pr ollr eul.vely deeper ,tallon' 1Mre _s a consisten t cllllng<! in 
ri pp l e pr ofU e ltoa .0Litu, t o troello ld.ll in pAttern. At depth_ of 
70 reet and ~reater, 6~S o f the ripple profile. werr trocllo ldal ~nd 
fibS of t ile ripple pltte rns were intenlt'diAte or shon-(re,ted . 

In lOr-.r II pr of ile a nd pattern I re concerned, t he ripp les tend to 
i:rIhate l.n .. ilI iatut e t ile: particular _Yes Whieh geneute t he.. . In 
~per nter ..tier<: otblu.l .... lochies IlU lower and t he waye profile 
h apprOll: l ... tcly u oehoi da.l, the d ppln tend t o be u oeholdal. I n 
shallow water ~rl': t he veloeit i u are hiAher and _ve f or ." Ue IOUUt" 
the rlppb5 tl':nd to be 501itary. I n "" .. pe r "",tet, the direction 
spectrUll o f wavea is b r oader and t he r l':"" Uing varia t i on in t he direcl i ..... 
cI. o rbital .." Ion "reflec t ed I.n shorter nested ripples . In $h..ll .... 
vate r, becau~ of refractio n , t he direction lpeC t r u. of t he waves is 
narrow, re ... ltlllB i n a narrow .ctr ulO o( or b ital ve l oc itie s which 
producl': lonl-Ctes t~ ripples. On t he otber hand, tIlL". (or . of the ripp l l': 
dHle .... fr .... t hat of t he waves ,,,ner ating it l.n that the ripp l e wave 
len&t h and steepl\Ccs u e , H a ter in deeper .... t er t han In sballov .. aler 
(Hgurl':l It and 22) . The I vera6e rlppll': waVI': l~ n,th was O, J6 f oo t at 
d~pth ' , reater than 7Q f l':~ t. &Ad 0.23 foot M'ar t~ surface zo.n~ , tve n 
th .... gh t hl! un<! in the sha ll"" water vaa &;liGhtly coarser . 

Vuiation In 'o.r • • ~easur .... enu ;o.1on&: O-f anse sh"""d tnll dl)pie 
chuac t erisHcs such a s waW! 1"",l h , hd,ht , and sy .... try vue rdl.livel, 
un ifo.u at any _ t_ .. I. t hl. .. tile a:rea of ooeasur e>'l("nl h abll': 2) . The 
variatio.n i n ripple wa Ve l en&:t h va. consider ably l ess , about I~. th* n 
th" varin ion In he \&111 , ..nich was abol, t J7'l. . The colltr ency o f ..... ure ­
..en t ""' I so.eWtlat be tter f o.r l one- c rested ripplea (pattern t) than f o r 
Slort" .. crested ripp l es , although ew: n s bort-<;res t ed r ippits ,,,oe fairly 
consl8t l':nt _ve lenst!> ... Shown by cOlop.ri~n of fi g""t" II with the 
Individual ..,asurl':""nts listed i n tab l e 2 . The r e l1.11 ve1y l a,,:e varia­
tio.n In rippl e llei.f;h t 1I due in pan '0 tile difficu l tie s in aakiJI, 
accura t e mea ..... e. or s_ l1 ripple', as d i sC"U.~d pnviously. 

ThI! <!at. In tahle 2 for the .tat i on . 1 " depth of ~2 r eet 011 
16 NoveJllt>er 19$J is "~pfeMntall.",, of I"" I~a&t conlisten t rlata obtained . 
I n this case IhI! II r OUpln, o ( ripp l e .... ve le"l;th. ,.r Mod values of 0 . 22 
a.nd 0 . 35 f oot su"C"sts t hl.l the ripples we r e no. t In ~"",p lete unison with 
t he _ ves ,I':""ratlng tMD!. 

I n .. ny .. ays t he findlr.,s fro. tile l aborator, S,.I field an l.n 
all r e<! .... nt: however. t~ re .... e silJnif Icant diffe r f"ncts whi Ch art 
il lust rat .. d by the f o llowint c"",,pa r l 50n of t he fie ld observations .. ith 
tre 1IOde i txper ~nlS of Manolar (l~sH illId 8a~nold (1946 ) . The ~1I:l'tri­
.O!nts by bot h tunohar a nd tlacnol.d were conducted in still wl ter by sub­
Ject . ", t ile sedu.ent bed t o slaptl': ba r .oni e OIOtion in I ho rh:ontai 
p lane. a p r ocedure adopted becaullt the lu"ge bo lt.,.. d.isp l sceMnts &Ad 

" 
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b1Sb orbita~ ve l ocities t~pieal ot l ong waves in the oceI.n cannot be 
obrained in waYe channell in 111e laboratory. 

I) The IlUI.on.- ripple _ve le"lI-th obtained 1n laborah>ry 
studiea __ s~_t le u tlla" tbat obtained in nature tor tile 
"'"" a17.e sU>Ol , eve .. thOl>,h the diaplacenent of the IMWab ie be!d 
excHded tbe! ri pple _v .. I"nelh. For en .. )l"'. til<' .. d_ wa~ 
I",,,,th obtained in (I""ttl. und Clf I.bout 1 _ dh_UH was ' p­
prClxwtely 0 . 7 foot in 8"nold' I u~ri.fnta . 1. 0 foot in 
Manobar's ""tk, and about 4 ( .... t in th .. Cluan. 

;2) Fo~ . gin"TI she And , tile ' ''",ell ripple wan lenglhs 
in nat\lre were obse r ved in d .... l'<'r waIn oJIere the orbital 
velociUes ,,,,,,,,uHng th..- were ne.r the l ower U. lt required 
fClt ripple for_Uon . At higher vel<>cities the .... ve le",ths 
o r n.'ur.1 r i pples tended to decrea,.., . in t h .. laborator~ 
lnvc.Usations of M.noII .... the l on~est riWle. <>ccur r ed .1 
hi.Jr;lI<'r ",locHl ... Jull priDr t o the disappe ... nu of rlppl .... 
Since It ....... ripples were .... ry 1_. It is poaalbl .. tha t th .. 
<>ccurrence of ".il.r phe-..:na could not .... detected in the 
f le!d. 

3) Th'" ripple lndn ror ""tura l .. Rd .. nt aU aiuI ran,ed 
fro. about S t o 20 , .. hUe in .,dh. and c .... rse sanda the ta"G'" 
waS {rOIl. S to Il. 8'",0101' I -easur .. .,nt . c.-par .. d favorsbly 
.. Ith t tl<! (Ielll obHryatll>l\l . l\oWever, ManotLu ' s Dbservati ..... 
whiCh Wl!fe ... &! in "",~IWII and c"use "nd Ilad IWCI! lar~r Indices, 
witll an ~vera& .. value o( about 20 . The st .. e""st r 1PJ>1 .... in 
1obn00IlU · ' .. t~, had an 1ndc", of D . 

o:»a'l.HX RIPPLES 

Ril'plel .m.icll f ora IMlU ClbstruetiolUl such •• rocks , pte r pflings. 
and t he lik .. are frequently e .. p Ie " IU>d do not al ...... ys fall readily 
lnlo the c1nllfLcatiOnl used rDr Uoe sioopi.e Ior.s to which tills paper 
is l>I'~ril.,. <kYoted . rt is Illso c~n t o find Ihllt bolt"'" <!wlllnS 
animals ..... y h.~ an apprecu,ble effect 111>«1 tippl .. f o r . . Thl, i. 
J:&J"lieularly U1.Ie of cohml..at ..... laa.u .... ch ... ""nod dDI1.a..rs and pe tyehae te 
W<>fOlS Ut .. Ow~nh. fllsifot'"lh . 

" COlll;> le" uran,_e", Clf rippl .. s which ha. be!en 011.." .. ,01 "",.r the 
end o f kriPflS Pier 011 several oce'siD"s ,,,,11 serve t D "IO/lh.aiu the 
d l w"rslty of pattern. po..ibl .. in the vicinity of botton obltrllcllo"l 
«(Isur" 23). The pattern ob..,rved apparently results rto. til .. su~r­
PDsit/,,,,, of twO rlpple. SYIU.S. 0"" avu ... condata "r t1¥ ol (\I"",y 
,..ve .:eoerated rlppl .... wltieb bave Ift~ lens-tils o f about 1/4 foot, and 
rll'ple cruts paraU .. lilla tile _~ crest. Thu .. art supui"posed "" 
brse low ri""Ie l Which ( or .. at allll"s "r 300 

to 60 witb the Inn& axis 
of tile pier and have wave le"St hs of about 2-1/2 feet. Mear IILe end 
or the p ier wILer .. the _ter is d~~per. the o rdin.ry sll"rt d p[lies for. 
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FIGURE 23 COMPLEX RIPPLE PATTERN OBSERVED AT THE 
OCEAN PIER OF I HE SCRIPPS INSTITUTION Of OCEAN­
OGRAPHY ON 30 DECEMBER 1954. Tile posIt ion ol ar l O 'b~ 
.,.03 observed 10 move off and on slIor l5 WIlli Qroups of IIllIn 
and low waves. 
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."rau tbe tualS and tra",gha of tbtl lon, ripph! (uu A. fiBur~ 013) . 
III ~aUo..er ... ter oear the bruker 0.0 ..... . the a rdJouy ripplu He 
pl~d fro. the &r".ta of the 1.r,& r ipple. by the hlsh orbit.l 
ve l ociti.,. and u., on l y found in the protective tr""&h' of the l ar,., 
ripple, <.rea II). The pO.itlon of 'rU II 11&, been ob"'r~ to .ove 
off .11d Oil. shore with ,roup. of hi"'~r and l-..r w~:ve.. Oil 30 
Decn,be r 19H. wtw.n tIM! prt..ary .... vu had • dgnifica.nt period of 
al>oo.lt ., second. and • dir~cUan of approaeh puaUeling the ax i . of 
the pin, ripple patterll. ' typieo.l of uea A .ere obaened to o&CIlt 
t.n. 10 feet of ... ter lItoeli. ttw .... ve. _r~ .bout twfI het h4;lo . aoo 10 
cnan,e t o pattern II when the .... e hei",t increaeed 10 J ot 4 feet. 

nob pape r r e!>t"esenu t.n. part re..,1t. of n,ae&reh carried out by 
the Univusi ty of Califor nla unde r eontrach with tile 8u.c.h 21-olion 
Board and the Or Uce o f ";a_l ReaearCh. Fie ld worl .. , iultlaud In 
tile ... ..er of 1953 .nd thll pretlAinary re...,lt, were reported an brbCly 
by (/1III&ll and Scott in 1954 , The He 1d ph.se of the at",dy ..... I.rgely 
the ..... r~ of I!ar l Murray . ~o .. s In charge of the boat .nd toot ItOIt 
of th'" un4erwater photos"ph, and ..... t .. ents. ... .. 1It:,,'1;01 In anuyal! 
w.a ,hen by JII.n Short ~ Helene "landers. arod ... {.stance with 
Ulllltratlooo.l wal ,ive .. by Robert "in~tt. Valu.blt "l!guH~ ... lid 
pidance d...rUoc ttlC! .tudy "ere eontribo.ottd by Robort S. Arthur arid 
Jeffery D. Prautschr . 
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AppeDd.h: lJ. - III _ tipple aDd "an para-etera for couts pPOI..t to 
the open OCUlI. D R&D&e. La Joll.a, CalUo...ua 

U _ Station tot 18 ft . &.lid le .. u depths 

lB _ ShtiOD. at JO ft . depth 

I e _ Station at 50 ft. depth 

10 _ StatiODS at 70 ft. &lid crea.ter depth. 

Appoa.dU: lU - lID _ tipple aDd van pt.f"UUlten for couts UJIOI..t to 
the oPeD ocean, aiICelL&Deou. ob •• rYatlona. 

UA - pt. La Jolla aDd San DieAO Area., C&llfonda 

lIB _ pt . 1IuIae, Calltonda 

IIe - ~'.d.lllpe h4nd, Hu:ico 

tm - Svr.lt: c:.h&Do.el (.,.eial case) 

Appendix lIlA _ IIlC _ Ripple end va.. par.-eteTI tor l ee aDd protected 
eo .. h of oce&D iahmls 

lIlA - Santa Cn,ltna Harbor, S&Du. Cata.liaa, C&llforut.. 

ma - San Cl_te bland, California 

AppeDd.b: tVA _ IfC _ IUpple aDd va.e para.eteTi tor anu of l.ial.td 
htehl hQ'I, .-dlll, etc . 

IVB - Hnoa1ian h"Nh 

App.end ..... V ~ C<:*PIIUtiOIl of Or bital Ve1oc iti .. a04 Dlaplaceaellts 
HI" tM Bou .. 
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APPENDIX ID - Exposed Coast, D Range 70 ft and greater depths 

1) 2) RinDle Characteristics Waves Hydraulic 
Sample Median Sediment Depth 3) 4) 5) Condition 

Date-Number Diameter Size of Wave Height Index Sym- No. Pat- Pro- Period Orb. Orb. 6) 

in Distribution Water Length A metry Meas. tern file T Diam. Veloc. 
Microns Melp' up' O<p' ft A rt - fi- sec do f~sec 

do Urn Type 
ft ft '1. A ft A Ul 

29 Mar 54-1 III 3.17 .42 -.17 70 - 5 0.2 0.1 0.3 D 

27 Apr 54-1 117 3.10 .42 -.10 70 .41 .02 20.0 s 9 2 T 

14 May 54-1 113 3.15 .41 -.02 70 .38 .05 7.6 s 5 2 T 12 2.1 0.5 5.5 1.5 Ib 

18 jun 54-1 114 3.13 .38 -.03 70 .29 s 5 1 T 8 2.2 0.7 7.6 2.1 II 

26 jul 54-3 109 3.20 .40 -.12 70 - 5 0 0 D 

16 Aug 54-3 111 3.17 .34 +.03 70 - 8 still D 

26 Aug 54-3 112 3.16 .42 -.09 70 - still D 

1 Sep 54-3 no 3.18 .40 -.05 70 - still D 

4 Oct 54-3 111 3.17 .42 -.18 70 .37 s 5 2 T 

15 Dec 54-1 105 3.25 .42 -.07 70 .29 s 6 2 T 10 1.0 0.3 3.4 0.9 Ib 

25 jan 55-1 123 3.02 .46 - .06 70 .23 s 6 It S 16 4.5 1.0 19.5 3.0 II 

15 Feb 55-1 103 3.28 .39 -.13 70 .38 s 4 2 T 12 l.0 0.3 2.6 0.9 Ib 

10 Mar 55-1 113 3.15 .42 -.12 70 .22 s 7 3 T 

22 Mar 55...1 110 3.18 .37 -.10 70 - still water D 

6 Apr 55-1 109 3.20 .36 -.16 70 .53 s 3 2 T 

20 Apr 55-1 110 3.18 .38 -.05 70 .35 s 5 2 T 

29 Apr 55-1 134 2.90 .25 -.20 70 .29 s 5 2 T 
- -
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APPBNDIX V 

COMPUTATION OP <IlBITAL VELOCITlBS A~ 
DISPIACEMJ!!n'S NEAR IHlI II01"TOM 

1ltere appe:uI t o be no lil1&l~ wave tlleor, .,fell i, both c.apable 
o{ nibble predtetlon of tho: ""ious wave propoen iea fro. deep waur 
inlo tbe IUr{ ~ne. and whieh i, in I praelicat for. for their eo.­
PUtation. Por tlli _ rea~n it se~~d ~zpedient to uae different 
t eehniques {or eo.putiDS o r b ital yelocltie_ and displaee.enta near the 
... rf :tone (ro. tho ... uud in deeper .. ter . Itt Seneral, the Alr, 
tlleory {or wayel of _11 upUtllde _s used in deeper _te. , and an 
adaptation of .ol1tary WlY" theory wa _ used wl\£n WI""a .... r e near the 
))r"ahr :r.one , The t_ t".:.hniqu,"s Ur de""rilN!d belooo tOI"tber whh 
, e ritulon {or t beir UK , 

ADlY NAVES 

The .:.lan1(:al tll"or, of _n moHon, attributed t o Airy in 184.5. 
it strletly appUeab1e t o _~s of lnHn.J.tdy saa.11 hd,ht In w:uer 
of anr depth. Tb" wan profil" il sinuloidal and the !)I..Heu cnblu 
are eloled e irclel to deep _ter and ellipsel in shillow wlter. Tbe 
orbital velocities and partide d isl'bee_nts vuy IS &trw fllnetlonl 
whh tUM!, Ind thell .axJ.m:um .. agnitudel in onillo r .. and oHlhorc dire(:tionl 
Ite equ.1. 

The inatlnt.neolls horizontal displac".nt, r, of ..... t", p:&,ticle 
(ro. itl .. quillbriu. pOSit ion f or an Air, wave 11: 

, . - , .. (ll • Ctl ro, 
.re L • CT b t be WlY" lenSth, II 1s the depth of Wl1er. C, T, .nd II , 
at" tile "'YI! phase "tlocU" period , and heighl ' ''lPf!c1!Ye ly, a h the 
vertical coordin.te _i. ... r ed fr .... tile boH,. upwardl, and a Ind t .. e 
the 1I0fizont.1 dllt'~1! and ti.e oaea.ur"d (rOIl til" wave ere.t, The 
t otal .. "~e of horizonu l disph.eement, Of or bita l di .... tu d , II equal 
to twiee the Ib.alvte ~u.u ... lue of r. ~"a. the bot1a. thlt reduce. ,. 

, . 
• " 

sinh2lr ~ 

The .uiaIJI hotuonhl ea-po""nt of cnbital veloc ity 
atant of W:lYe ere.t and trouSh pungc , and ...... 1'" 

:-'.. 
II." T 

A-!S 

'" 
OC:Cllf I II the in­
bo lt .... i. ,!Yen bJ 

'" 



, 
TIM c._ta1!on of d and u h hc-Ult.ted. br tabus <I( sinh 211-, • • 

u func.tlon of the depth and deep •• ue., _"Ie lencth (Buc:h Erosion Boud 
Techfliul Report Mo. 4) . 

SOLrrARY WAVl! 

In shallow wate., and nesr tbe breaker ~on" the eontinuous frequency 
characteristic. cOIIAoni, u,oelated vitll waUl in .s"ep nter .. re Ion 
an<l Individual _~s t"nd to nUln their identity and in .... or .... , • 
.,e_hte thc aolituy 'AVC of SCQtt~u,,_U. ' or thls Ua.on the ..:oU­
t,.ry way" cone .. pt hu been applied to _ore. ne .... the break .. r zone and 
hue _ t wUh _ dep''''' of alcun. Nunk (1949) _rued ulOefui 
relation. derl~d fro. IfOUta.,y ..... " t .... o.,. and .. de I"". acussible to 
~riell e ... pie and lnaan Ind Haau (1956) coapared __ sure.eot, of 
.,.-bital >'I!l00:ity of «un waves w!th theory . The 'ate r study aIIgl!e.u 
th .. t .. re •• olU-bLe proxw tlon t o the horizonh l orbital ve1oeltl.e1 of 
wl.ter p .... tlele. neu the botto. un be obtai""d trOll solita.!",. theory. 

Ac.eor dln, to .o11ta~ lbeo~" water partic les are easentilll, at 
rest .t s_ dis tance in front o f the _ve crest. As tbe cr".t sp~ 
proacbe. t~, ...... forward • ..t upward s.nd attain their IOAX~ ve l ocit, 
.. t t he inltiln' of cuat pusa,e. PoUOYil1& the ~1S&,e of tbe creat the 
v"locit, of the p&tticl"l (lecualles and tbe, -ove do\mWllrd. " ... ntu.aUy 
r"achine a new re .. t poSition a castance 2r in .dvance of their fon.er 
ust poshion. Thus, whe " ."Utar, waves travel through stUI water, 
p&rticiel uMer,o rela,Iv.:ly flat taj"ctorl"s "'itl> .otioo onl, in t be 
direction of _ve propalatlon, CloNd or partiall, clo ... d tnj"c tor1"a 
..nd orbital -ollon ...a." nearl, ulIe.bli"l thr.t of shallow water _vel 
in natun ar" obtained froa the t heory bJ superpo.lnc ..... sort of r"~ 
turn How on thoi' ,.,Utar, wa"e . 

The condilion of no r"turn flow , or of solitar, wav"s tra""I!aa 
throu,h IfUI wat"r, leadl t o .... xu. ... ""t particle displace .. ent It 
tbe bOtto. with tbe passage of ""ch wave crest. The net displac~n\ 
decreasel a"d the traJ"ctory bec"""" .. ore orbiUI in nature a. the re ~ 
turn flow increases. The net displace ... nt becoaea ~ro when the retu r n 
How, Y, h equal t o the stitt wate . displlc..-nt , U. divided by tbt 
wav" period. Although tbe condition of "'erO nu partic le disphe~nt 
alone the bott"", Is certainl., I>Ot ri,oroud., fulfille d in natllre, On 
t he wole . uch an uSUllption My Jive • rUlOnable .Wroziaatl .... to 
condition. r:e"",nU, encOllnl'e red tn .hl.llow ..... ter. 1I.,..,,,er. 'pp lica'ionl 
of concepf. ol this t,~ to conditions in nature are .t be.t 001, 
IpprOJl"wte; and .re subject gong other thi"ll" to- tbe lboitation 
u.po5l!d by aaSOQld (1941) and />look (1949) . An u.portant li..lting 
criterion, th.at tbe periOd of the ..... ves .ust be equ&l t o or greatu 
than I bl! tHec!ive pe.r lod , is dlscuu"d later. 

A-16 



The putiete displace-.en t due t o a aolhuy _ve Havelu.,; t"~",,,h 
Itill ~ter . and the orbltll dia.ete r of the part ic l e trajectory for 
th" Iileci.al CaN: in 1Oh1ch ther .. u. no net parHcl .. displace ... nt at the 
bolt .. are deriv<ld below. -.J)(! IUph. for U.eu c"'"PlttUlon Ife glftn 
in Platea 1 and 2. 

Solihn Wave in SdU W,ter 

Poll_ina approx .... t ely tbe d .... n$lonlus notation of Munk (19~9 , 
"'I . 31> , t be Mc:Cowll.n eq\l&tion for Ihe ho~honta1 e","pOn •• nt o f o r bital 
", l ocity alo", U ... bott.,. is 

I • coal> '" It " . , (., 
whete II • aJ i. t he horlz.ont. l ,_pon.",' o f o r bita l velocity , x • I'IX 
h tbit 1I0r hoot ... , distlnce • .,.sured If .. the _v., crelt. C _ V,(b. H) 
i. t he vdocU,. of proPlg.tion of the wa vt cu.t, H is the Wlft hei,hl , 
h h t be depth of ..... ter under t he waw Ir..."II, M and N are functions 
of tbe utaU"" "",ve hel.&ht , Y_ H/h , and u .. ddlned br the .. quat i on' 

Y.;UnV2 (!i(I · yD (>, 

'" 
rf r h t he horhont,l dhpl&u .... llt of • _u,. " .. tilde .. t ti lOe t 

relative to ill podtion a t th.o Instant o f $>IL''',e of the wave crest, 
tben (Nunk, 19 49, eq , 14) 

r_ I t
\ldt { " " - c:;- dl< '" 

It_i. IX IU_U dX '" 
Substitutu.,; u "" value of U fro.. equ&tl.on (4) ... nd taking twice the 

nlue of the inlellro..1 10 include Ih., dhplace_nl puceOirlfl the runge 
of the wave crest 

'" . 
wllere COl ~ .. 1 - N 

'1' , -
, 0 

(0' 

A-I? 
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PLATE V~I TOTAL PARTICLE ()!SPLACEMENT AT THE BOTTOM fOR 

A SOLITARY WAVE TRAVELING THROUGH STILL WATER, (EOUATION 10). 
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PLATE V-2 . HORIZONTAL ORBITAL DIAMETER FOR THE CLOSED ORBIT TRAJECTORY 
OF A SOLITARY WAVE, (EQUATION 15). 



~o .. the <;I.,"" "hU~ X il ta~.,n ~o infinUy, the total puHc!e ,Hs­
tllaUMnt h g i wn by 

II esc P ( to) 

Tile d~nsionuSi dhph c ..... nt 0 h gup""d as • function of Ihe 
.ehtive _"" lleight r in Plal .. I, To conwn the dlsp lac., ... n t to 
convenl i oM-l .. nbs It is Rec.,ua.y t o "",ltlp1y 0 by the depth o f wate .. , 
d • 1lD , 

If it Is an ...... d that there 11 no net dhl' l.c.,_nt or • _ter 
particle alon, the bo tt"", due t o solitary wave .. " tion, then. d_".lon_ 
leu r e tu rn fl ew V, OI>l><'sed in dl .... ctio" t " tha t of the .... u pr opagation , 
h dert~CI 

v • .JL 
, £ , 

_.e D I.a Il.wn by equatlon (10). T h thl: "" 'e p"ri<>d . 
' />e di.,.-nd<>nlcss _ve p<'riod. 

(II> 

" 
UntI.,r the.., conditions , and t .. tallY<! t o a coor dinate -rSI ... "'Yin, 

wtlh the ... u crell . a Waler panicle wlll ....... for.ard dw'lnt; the 
passa,~ of • .."lIluy _vc CUll '" dishnce X unlil t he or biul 
velocity U deena,..., 10 t h .. nlue of V, .t wIIlch , ..... , "" pan i cl., wUl 
rueh • .axu... ror ..... d posillon in ita traj .. c t ory, It "ill then IOOve 
bIoek .... 'd untler th., infl".,nce " r th., r.,tutn flcno , past i.ts Initui 
posil ion to I posttl" .. ·X l , Th .. follow'nG .. a"'e crut .. itl th~n UUH 
the put i~ le t o ...,Ye {orward SCam when till! otblta l velocity .,xceeds 
the r eturn f l "", aoo t be tnje(tor, {o~ the c l osed orbit .. ill be e(JOl­
p1<:ted . X .. obtained fr .. equation (4) by utting U .,qual to the 
relurn veloc!t, V . 

Rebthe I" lhe .ovi n, CO<)I"di".I" 'Ylle .. , t he to, .l displact!.en l 
Lo;>.trt ~d to • _t.,r panIcl., du d ", Ihe I>t opI,atJon of the ... "e casl 
rr"", - ~I t o · \ is ,Iwn by ~. In equation (0), It rf:I'UI!n. t o 

e .... h.le the trandt th.e, 2 t\ of th .. pattlc l e betw .... n - XI aJSd • XI' 

Since the wa~e CUll is advand.ng w\th phase Y~locit, C, r elaU "", 
t o a (jl<pd poin t on the bott_, t he _ter partic l e will h ...... adnnccd 
a dl$lan.:.. "I and , he .. ave cret t "il1 adYlnCe a Cl i .nne .. r

l 
0 XI durinK 

Ii ... I I. ThUs in "'2"ln. fr(llll. -x 10 OJ< th .. .. a t et pal'l l c l .. u.e ed on 
by tbe rHutn flow Y f or a li.e, 

( 12) 

A-20 



£ ) Z1 1 /1 "2(Rl ~ X I OJ) 

In t u.e 21 It.. "nn par ti c l e i. _",<I backward. by the nturn 
flow V a t ohl Ainanc" 

( 1<1) 

and durinf: tM aa.e tLle t ho: , • • tlel" is carried for_rd by the orbital 
.. otlotl or the ... llt'arr wan. dial 'QCe at!, n.erdore . ,11" t otal 
IIorbol'l t d orb Ual d;"..etu of the cl""'CI orbit U&J"c t or, beco.ea 

n - 201 ,- ') o , 

",., dlaen~lon leu orbital dia_ te. IJ is ,nphed I. ~ (""cHon of 
<"tUbe .... >'e lwei&ht r and dimen$h",t.e.~ _"' ~dod T); In Plate 2. 

To eon"'[t the orbit&1 ,U...., IU 10 conv"-nU ....... l unit. it 18 ,,"ceuuy 
10 OII1 it lpl., by' U .. .... t er dep t h II , 

Clyyd Orbit Vdos:;iUe. 

UDdH the __ I'llon 111&1 tile wave .., l iOft is ""Ht .. ., In nU ..... and 
thil l t he In Jector!". of _In partIe I". f o .... ,.10*"d orblu &l oni " .. 
bott ... . tile -.rJ.,ouoo horl1onul orbiu l ye l ocU1e1 under way" tUtU 
and H OUR"I Un be c_pul ed (r ooo Ule .bo~" rdatton • • tf the ... we 1e",!1t 
h .,,,ry ,rUt c_p •• "d to the <leplb of the _Ut , lhe .. xu.... ~ck_rd 

"" Iod ly tinder U .. e ...... I ...... 'h h supl ., equal to the net utu(n flow 
derLr>ed ill e'l" .. tiOtt Oll. wIIleh "hen eon'orer t ed ~o eonvenl ional nOhllon .. 

" .'" , , 
lleferriJl« to equation ( '), d lre e11y """". t h tM Idve ereat ~ il 

:ouo .. n<! the hOrjJ;ont a l velncIty .. Ion; t~ bolt .... bec_~ . I" C<:>n .. ~n t ;nn"1 
nohtl<m . 

.. • .! Ie , 
TIIl.a is till: "''''Uruao hor;J;ont .. l velD<: ity alone the bottOll for .. 

lIoHury .. ave travelin, throu,h 111111 .... l er. The 1U,u,,\lI:I horuonhl 
velocity unde r t he ... ve <:cut f .... the special c .... o f .. c l oaed o rbit 
tra ject or y 'flen b<ee.:-a 



-
Uc -"-", 

Values of .. fC>l" vuiou. _ I U dtptbs 
In , ...... n and NUll (1936. 1'1.f;un. 27). 

(19) 

PitU! .euurt_nu or orbita l velocity.aGe jill' seaward of the 
brutn :.one by 1"",,1'1 and lola", (1936, t.bl~ 2.b) ahOWf'd the ratIo of th 
~~ crtst H' .u:~ t(OUCh velocity to u~ .. ( • .,.. about 1 to 4, 
tf for pr.tc tical pUtl><J"" I It h IS.""",<1 th. t th" td to d...,. 1>0' exu .. d 
4 , Chen •• an upper llloH flu! -...xi .. "'" creat '\'"loctty .... Hl not ""ce~ 
~ or the _",-", 'tUI ... tu yelocity rlveo by equulon 18. Tbu. 
101 r egl.",. "here IN! -"HIatt th.~y aI>PU,,-s. tM II\&Xbo .... horuanal 
orbit.l ytlocJtV unde, the "aU Ct".', ... i. ubUarlly der .... (1 .. I 
beine "'1 ... 1 to II • but not to ."ufil O,B"'''. 

< 
< 

".U a. fllI • < 
(w> 

"wlJc.o.llon of solihry theory to orbItal velocities and dlsplace-
"",nl .. r equ ir ..... ....,.., <>the. t bu.". , II .. t the .... Y1! c r "IU be su{f I cient11 f". apart t o IHlr .. it trw: 1..s$ll:lJ>tlon that .... tet particle coooea to Ie.' 
{ou ..... lng the pan_," of rach _ve crut whe n the $Olllary otOdel i..s 
tuvellnr. in stUI wrotH. An dfective waVe len,tI, L .. 2X can be de· 
fined \oOtoere X is tile dlsunce fr_ the ..... "" ere" ""c~ua.ry 10 ceduce 
the o r bl1al velocity to .... cupta"le fnetlon , f, of t~ ... :.:1_ 
ve l o«Uy IIndef the "a¥e crut. Pc_ equations (~) and (1ft) the du..,nslon· 
leu dutanee ffOOl the ereU bo:'c ...... 

, . 
T • • 

-, , 
cosh (_ -I) 

[ 

• 
(Zl) 

tr we ~~ Ih>.I a red"cti lln In or bha! ve1<>clty to 2- V2 !'C cUM 
of t he .... "la:aJ,o c r UI velocity b ."HIdent to penoit aprli~Hon of 
aollhn theney , the n r • 1/_0 , aBd X "<I ..... i. approxlnRttiy ~ , fr"" 
"',!.eh the eH.ul..., ""flOll bec __ _ 

.!Q... !l . , 
This Is no t lli!:c" ..... rlly a con."rnUve '"-It ...... ,,, f o r T Wca""", the ff­
do'c!ion In ..... ve velocity by I~ return f);.,.. 1& not c.oniider~(J I" cr-.· 
I"'tll1ll C, TIler,,(or., It was u ..... (J Ihal the solitary l heory eou.ld 

• 



Tllis r~uir~nt Is 8o.ewhat .. un cOflservulv~ ttlmfl tho. 
~rlod d,dlned by Bqnold (1947) and u""d by Munk (t~49) . T • 

SJlMPlJ! altlPl1l'ATION 

C iv~n 

". --- IIdglit ... .... ... , .... ' ... • " " . .... ter deptll under ~". troucll • • " '. ~". period .. ' . ' , ... ' , , , .. , ... 10 ~, 

Coooputatlon 

(23) 

eff~ct~ 
• l.!!. 'Ill . • • 

O. !< 

(J . lla' 0 . 57 

C _ve velocity Vr, (b" H) .. .. .. . ...... .... .. . ......... 1 9 . ~ rVsec 
C 10 

D~nslonles. wave ~riod T h > M ...... . .... . ... ... . .. .... . 24 . !< > 11. 4 

Solitary tlleor y applies 

• • • • • • • • • • 
D • du.ensi.onle .. partic~ dispiace"",nt :'stiU vater) plate I .. . . 

Do' diltensionleu or b ital d UM'tt'-r (dOlled orblt) p llte 2 . .... . .. 

do. othita l dta_ter (c10..,0:1 orbit ) , lIDo ............ . .......... . 

u ,"u.u.un orbital velocity (stU I _ter) , eq""llon IS, or 
I ....... n Ind NlSU , 1 9~6 . figure 27 .. .. .. .................. .. 

u
t

' .ax. ~rbitll v~loclt1 under trnu~h (closed orbit), eq . 17 •• • 

" . , 
, . 
• 

.ax. orbital ve locity un4er erest (closed or bi t ) . u - lit •••• 

pnet icat .ax . orbita 1 ve l oc ity ~ .... 1s Uc < 0. 8 u. 
equation 20 ...... ...................... . ... . ......... .. .... . 
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1 •• 

0 . 93 

'.-" 
'.' ft/sec 

1. J ft/see 

_. J (t/.sec 

4.3 ft/ll1ec 
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