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ABSTRACT 

Investigations into the characteristics and undeT'lyinp.: mechanism 

of the circulation of water near the shore are reported. The two 

main types of circulation, one a cellular system resulting from 

Haves pro~agated nearly normally to the shore, and the other an 

essentially alongshore flotv associated t-7ith oblique ~l\Taves, are 

treat8d separately. 

The cellular circulation studies were ~ade in the field at 

Virginia Beach and more extensively in wave tanks. From the field 

experiments data were coll~cted about the di~ensions of the cells, . 
thp. ~"ay in which the Hater circulated, the rate of exchance of surf 

zone ~'later and the extent of recycling. A method for measuring th~ 

changes in the mean sea level over intervals of time greater than 

those of the vlave periods, tN'as develoned. The model experiMents 

carried out in uniform vlave tanks shm07cd that the cellular + · d 

circulations could be \-1ell simulated. ~1easurements were T1l ad~ of 

the cell dimensions, the velocity of the longshore and rip currents, 

and of the recycling regime. 

A finding from the \vave tank studies Has the presence of ste.nding 

Haves formed by transverse edge waves. The interaction of these 

standing waves with the gene rat ed waves normal to the shore could 

be the initial cause of rip .currents and thG cel lular circulation. 

Studies of the alongshore sy'stem were made in the field only. 

A method for measuring the volume of floH of longshore currents 

was developed, tested, and applied. Calculated volumes of flow 

using a theory based on continuity and the solitary wave theory 

(as proposed by Inrnan and Bagnold) compaI"ed tol ~~rablv vJGll with the 

field observations. The cclculations of volume of flow required 3 

knowledge of the wave height s~ectra in the surf. This was 



established by making ~>lave height recor.d ings in the bet~ve(3n-breake.r 

zone . It was found that the chare.cte ristics of the s pectra 

compared r e asonably tvcdl with those pr e dict e d by the Longu 8t-Hig q: ins 

theory, previously assume d to apply to dee D tvc.t e r Haves only. 

A mechanism for the transition from c e llular to a longshore 

system is proposed. 
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PREFACE 

The studies here recorded f ormed part of a general enquiry in 

the water movements in the n earshore r egion off the natal Coast 

near Durban in South Africa and cover the period 1960-1966. The 

enquiry was instigated to evaluate that part o f the s ea a s a 

receiving ~.vater for wast e. disposal. In the course of the ~vork 

certain fundamental problems t.-1c re r e vealed and the study Has there­

fore extended to include not only qualitative and quantit ative 

aspects of the wate r moveme nt s but also the basic underlyin~ 

principles. 

Certain o f the qualitative findings have a lr8ady been renort ~j 

ih an M.Sc. thesi s . 

The study tvas financed larg·2l y by the national Institute for 

Wat er Re search of the South African C.S.l.R., in conjunction with 

the Natal Provincial Tmm and Rs g ional PlanninfY, Commi~sion, who 

t.Jorked through a St e ering Committ ee for the Harine Dispo sal of 

Effluents. In part it tvas fina nce d privat e ly Hith assistancG from 

the Dept. of Physics of the Unive r sity of Nat a l. The Dire ctor of 

Special Service s of the Durban Cor poration also gave valuabl e 

assistance. 

vvhil e detailed acknowled gcr1onts a r e r e co r ded c t t he ond of the 

report special mention may be mad e of Dr. S. Stander, Director of 

the National Institut e o f \·<Jat e r Re s e a r ch '(",ho made the re s~arch 

possibl€; , and Prof. D. Clare nce , Head of t h p- Departme nt o f Physics 

of the University of Nat2.l, whose encouragcn e nt and guidance were 

invaluable . 

Grateful acknotvledgeml~nt is mad e to thE' Council for Scie ntific 

and Industrial Re s earch, v1ho permitte d t he research dat a to be used. 
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.. 1 ~ 

iNTRODUCTION 
'II dt 6. ---... 

The nearshore r e gion of the s ea is th~t region l n which 

the ~..,ater movements at's chiefly the consequence of Have de forID-

ation in shoaling wat er - e-specially Wd.ve breaking". It cOfllm')nly 

extends sea \vards from the shoreline to a distance of roughly 

half a mile . The Hat er movements in it are usua lly de scribed 

as the nearshore circulation. 

2. The purpose of this study has been 

3~ 

(a) to det er mine the qualitative and quantitative nature of the 

circulation and (b) t o enquire into the underlying cause of 

c erta in type s of circulat i on especially those Hhich are 

characterised by a cellular structure. 

Though t '18 pattsI'n of t he circulat ions may vary greatly 

tvith changing conditions, past experience ha s shmvn that there 

are certain essential f eature s \'-1hich make broad classifications 

possible-. In this report a distinction is drawn between those 

in which the cellular nature is marked, and- thos e in which the 

movement of water is a lmost wholly alongshore to the virtual 

exclusion of cells. The former have been named the "cellular 

circulations" and the letter "the alongs hor e system". These 

t~vo type s are treat ed seperat e ly in the account which follows -

the former being dealt ~-l7ith flrst,; 

The cellular circulations are a physica l phenomenon of 

great interest but do not appear, fro~ the evailable literature, 

to hEl.ve received much att e nt ion. In snecial circumsta nces 

their form has been successfully a scribed to div~rse under_ 

water topography. There ha s also been S01!le s peCUlation on. the 

possible i mportance of {-Jave resonance . But the r e is at present 

no genera l tJ~~ory t o expla in them nor is t here much informat ion 



5. 

6. 

7. 

- 2 -

The alongshore system on the other hand has been more 

thoroughly investigated. This is prim~rily because practica l 

problems of sediment tr~nsport, such as beach erosion Clnd 

harbour mouth siltation, often ari se from strong longshore 

currents. The theoretica l approach has almost always been 

concerne d vlith the prediction of longshore current ve locities, 

and the c c.pacity of the current to transport sediments. The 

quantity of water moving a longshore has not been a prirn'lry 

interest. Studies ()f c oastCll en gineering problems Hit'! models, 

usually deal with s pecific situat i ons, a nd t he divers e topo-

graphy tends to obscure the fund '3.lTl,~ntal considerat i ons. 

There is ho~vever a lar ~e body of literature treating 

subjects which are: r e l a t e d t o eL~ments of the circulation. 

Notable are those on wave pro~ag~ti6n a nd deformation in 

shoaling wate r, and set-un a t the shor e c aused by v.la ve 2ction. 

'.:lhila the literature on the s e subj ects is of great valu ,:'! it J.S 

in the main limited t o the two dimensional c ·'3.se - J.n ma ny 

instances a limitation consequent u';) ::>n the us e of wave flumes. 

In the studies reported below the aim has been to examine 

the circulations as a whole . This Dolicy w~s adnnted both 

because of the ori gina l n'2,ed for ."il1swers to pr a ct i cal :f)roblems 

·=md because this a npro.3.ch has been so s e ld om trisd in the; past. 

Inevitaply the consequences of such a pol i cy are that depth of 

t d t t' b '+' d d d f . d s u. ~y :nus some L'1le S e s acr:L. J.ce ,an or er 0 .. mngnltu e 

!!l8.::t8ur'ements sometimes accept ed. 

The work c arr i ed out on the c ellular circul~tion c0morised 

(a) measurements in th8 field, ma de mainly at Vir!J;inia Br,;ach, 

to determine the dime nsions of the cells 2.nd th~ circulc.tion, 

including the order Df m.=.qnitude of the vo lume of f10 vl. 

Some sea level measureme nts ~'1ere a lso made. 



- 3 -

(b) experiments in wave tanks t<7here t he emphas is ~.vas on the 

underlying principl e s, e SDecial1y t he part played by Have 

int er act ion. 

The longshore syst em study included 

( a ) wave height s pectra de t f'-;r minations 1.n t he bet \n7een breakGr 

zone 

(b) the d evelopment and t e sting of a method to measure longshor e 

curre nts rate of flow 

(c) the application of t he method on se l e ct ed occa s i ons off 

beache s in t he vicinity o f Durban; and a compar i son of t he 

r e sults with thos e pr2d ict ed by tht'Oory. 

The location o f the sit e s of t he fi e l d t e sts ar e shown in 

Fig. 1-1. 

8. The arra n gements of the d at a is a s fo11oHs. 

The first four chapt ers ar e c0ncerned ~..,.it h t he c G1lu1ar 

circulations; Chapt er I ~.vith a gener a l lit erature s ummary; 

Chapt er II ~'7it h a summary o f a pr e viou s study :m the Natal 

Beache s; Chapter I I I with .3. r eport o f t he exper~_menta1 work -

the fi eld wor k coming f irst; and Chapt er IV with a discussion. 

Chapter U deal s \.;i t h t he liter ature, exp(~rirnent s Fl.nd 

discussion perta ini n g t o t he a l on gshore s yst em. 

Chapt or VI has a SU'lLT11ar y of the findin gs and cert ::l. in 

su ggestions for furt her r e search. 
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1. THE LITERATURE 

1. Genera l 

t:Jhile the literature rc;viE-~iJed in this s ection ha s general 

relevance to \'I1ater movement s near t!l8 shore, it ~vill have. ~reater 

applicibility to the cellular circul~tions. The literature 

specific to the alongshore systei'1 ~.vill be revietved in the aDpro­

priate chapter. 

An essential featur e of the nearshore circulations is the 

modification of wave s in shoaling t-1::tter . A r e sult o f this m0dific-

ation is a ch2_nge in Have sh3.1)8 and attendant chanses of Dart icle 

orbits and of mass transport shore~vards. The Droc \.~ ss o f wave 

modific~tion is still v e ry imperfectly understo01, but some insight 

may be o btained by consideration of thre e types of pr0gre ssive 

(a) the sinusoidi3_ l f,,·w ve 

(b) the cnoidal wav e 

(c) the solitar~l \>lave - a ~.vave of translation 

Some: pro;>ertie s of the s e waves will therG for~ be revietved. 

Menti:)n will also be madE o f f"vcve s Hhich may travel nara llel to thE". 

shore. - edge waVQs. 

On breaking , the component of F/C'.V O mome ntum pGrpendicular to 

the shore must cause a s et-up of the water l evel at the shore. The 

hydrostatic head built up tdll, in theory, set in motion a uniform 

return seaward Hhich to a grc~ at er c r lesser extent will counter-

balance the shoretvard mome ntu,-rn. The excess of Ha t e r trnnsported 

shore w3..rds over that returned s \.:awards is carried (via. long8hort~ 

current s) to rin current s Hb.ich return it sec.~vards ..=.t .:S<'l:i.n. Thus 

a c ell of nearshore circulation is cre ated. 

to s et up will also be revie wed. 

Lit e r ·3.ture referring 
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The ~Javes a nd breaker s a'"')proaching the surf vvill encounter the 

contr;:l.I'y currents of the r-ips, a nd will undGrr,c modific-:ltion -

especially refraction. Mentxon Hill be made of this aspect. 

Finally some of the existing ideas on the mechanism of the 

nearshore circulation will be examined. 

2. Haves pr:,opage..ted over shoaling ~.vater 

2.1 ,. Sinusoidal. 

The profile of the simDle sinusoida l prof!;ressive ~-!ave is 

given by 

y = a Co s ( kx - at). 
s 

t--lhere y s = the surface ordinate ( y be ing posit ive upvJards) 

.9. = the wave amplitude 

k = 2". 
L 

t-1here L is the TtJave length 

a = 2". whe re T is the period -
T 

x = distance in the dir8ction of nr'otJagation _ l . · 

For' a ~'1ave of Have length L in water depth d the velocity C 

C 2 = gL - t a nh 1..1r2. 
2". L 

Where g is the acceleration ofgrav:.ty 

is 

(1.1) 

\Nhere d is "shallow" ( 2.t a d8pth d/ L< 0.05 for T)ractical pUJ."'Doses) 

C 2 = gd . 

Airy (1845) showed that,~ssuming the am~litude to be small 

and the fluid inviscid, the horizontal compone nt of orbital velocity 

of the particles is given by 
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Cosh k (y+d) 

Cosh kd 
Cosh (kx - at) 

The orbital paths are closed circle s in deep Nater and 

elliDses in shallc~v \V,J.ter. The motion in the direction of wave 

pronagation under the crest is similar to the motion i n the reverse 

direction under the trough. The closed orbits do not admit the 

possibility of mass transport. 

The small amplitude Airy waves do not represent satisfactorily 

the shallm.;r 1;vater waves 1;vhich ar e trochcidal in shape having flatter 

trou~hs and steeper crests. They a lso posse ss m~ss tra nsport. A 

bett '::!r approximation is g)_ven by the vJaves ·'Jf f inite height of 

Stokes (1847)i 

The so called Stoke s ' .. lave s have a phase velocity to th.3 s ec0nd 

order which is the samp. as that given by Equation l~l. The particles 

within the wave do not describe. closed orbits and they have a s econd 

order mean velocity in the direction of propagation. This velocity 

is the mass transport velocity (U) or drift velocity. 

The h~rizantal orbital vclocities are give n by 

u = :rrll Ca s.h k(y+d) Cos 
T Sinh kd 

3 n 2H2 Cosh 2k(y+n) 
(kx-at)+ - - . d Cos 2(kx-at) 

4 LT (Sinh kd)4 

The equation describing t h3 mass tra.nspc>rt is (Longuet-Hi l!,g ins 

1953 ) 
u = a 2 ak Cosh 2 .C y-d) 

+ C 
2 Sinh2 kd 

Hhence C is an arbitrary const"l.nt and y 1S positive dmmwards. 

In this exp~ession the drift velocities ~vith depth [',re all 

positive. In closed wave channnls often us ed for w~ve studies, 

or off a beach wherf~ as a result of 1;.;rave act'ion there is a s et-up 

of the water surface at the shore, it is nece ssary t o postulate a 

uniform return flow s o that the net mass transport ~cr0SS a sect inn 
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is nil. In this case the arbitra.ry constant C becomes 

C = -a 2 a -- Coth kd 
2d 

The Stokes eXDression for the condition of no net flov.] predicts 

flm<17 in the direct ion of wave propa.r,c.t ion ln the upper port ion of 

the water and a seaward flm., in the lOtver 'l)ortion. 

Model studies such as those carried out by Bagnold (1947) 

and Russel and Os.-:-·rio (1958) have shown that the Stokes concept of 

mass tr.3.nsport does not ',; ive a true represente.t i:)n of the transport 

ln shallow ~-later. Mass transports near the bottom in the direction 

of waves travel \vere found. Evidently it is necessarv to take 

viscosity into account. 

For shallow t--1ater Longuet -Hi;;g irts (1953) invest iq;ated theoret ic-

ally the nature of the ma ss transport v e locity ih a viscous fluid, 

th(; mot ion being assumed rot at ional. Hi s theor~! is based on the 

concept that vort icity generat ed in a. thin la~'er near the bed !"lay 

diffuse by conduction or convection into the bodv of the fluid .~nd 

produce a drift velocity profile different to that d ~rived by Stokes. 

Assuming no net flmv, a positive drift is found near the bottom and 

a negativG drift near mid-depth, ~>l}wn the ~.,ave amplitude is small 

compared with the boundary layer (a !'are conditiJn) .. The so-called 

"conduction solutio n" preriicts t:la.t the drift v elocity will vary 

tvith denths according to the follmtJing, tvith y positive dmmt'Jards 

u = 2Cosh2kd(~-1)+3+kdSinh2kd(3~2_4~+1) 

The symbols are as for the Stokes ~xpression and ~ = Y/d. 

In their drift velocity studie s in a close d channel Russell and 
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Osorio (1958) found thct between the values 0.7 <kd> 1.5 the 

observed value's "at all depths WEroC in a.?,re(~ment Hith those 

calculated from Longuet-Hi q;q; ins' "conduct:l.orl" solution (in snite 

of its limitatior: s ). A feature of th.~~ drift velocity pr0files 

was a strong forward velocity near tIlt''" bctt0~. 

~.2. Cnoidal Waves 

Korteweg and de Vrie s (1895) in a )"",::.. thematica.l study of the 

change of form of long Haves proposed '? ne~.y type of wave ~"hose 

form is given by (in the notation of Hiegel 1960) 

Ys = Yt + H cn 2 (1.7) 

Where Ys is the deDth fro!:l surfc.cG to botton 

Yt 1.S the depth of trou gh to h")ttom. 

cn is the Jacobian Elliptic function associ,'\ted with the 

Cosine 

l«k) is the complet e Elliptic function of the first kind "'lith 

modulus (k) 

X 1.S the dist a nce from the wave crest 

L is the tvave length. 

t is the t L'Xle e lapsed (lft er the passing of the crl~st 

T 1S the wave period 

The wave velocity for a \vave of heil~ht H, (when the }Y)Y'izontal 

momentum of the water ha s b(?en reduced t o zero) is 

c = 
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Where E(k) is the c omplete Elliptic function o f t he second kind '>lith 

modulus (k), and d is the st ill-t>later depth. 

It can be s hor.-m that this equation approximates to the ve10city 

of the Stokes WClve ( l inear) theory ,(when k 2 -+ 0, E(k)/KO<> -+ 

unity) a nd of the s olitary t,ve..ve when k 2 
-+ unity, Ck) is unity and 

K(k) is infinity. 

N0 expre ssion for the mass tr,msport o f the cnoidal Have has 

been f ound in the literature . Wiegel (1960) does however glve an 

expre ssion· for the horizontc l or bita l velocity and this is very 

cumber s ome. 

2.3. The Solitary Wave 

A not a ble featur e o f wave s ju s t prior t o brertkinq is t he 

modif i c C'.t ion which they under gc . The trough s fl att en, and the 

crest s peak. The wave profile tend s t o the form of t he solitary 

wave which '>Jas observed bv Scott-Russe ll in 1884 dur i n (2: Hork on J _ 

wave s in canals. The ths ory o f the solita r y tve..va W1 S d8ve l oDed 

by Boussinesq (1872) and l at er by others not a bly McCow~n (1891). 

Munk (1949a) sum~arized ~ast work and organised it in ~ form 

suitabl e for ap?lication to surf studie s. 

The solitary vJave is in theory a singl e crest r .-:t i.s ed above the 

still water l e ve l. It can be propa ~!.ated T,,1ithcut chang~~ of shaDe 

and ha s infinite wave l e ngth. 

Following Hunk (194-9 3. ) t he equation of t he Have profile 18 

given by 



- 11 -

t.Jhere 1l = the elevat ion C)f the free surface d ivid e d by the denth d . 

y = relative wave height = Hid. 

X d i s tance horizont a lly fr ·-::>m the ~tVD.ve crest 1 iv ided bv the 

depth. 

H = \,Jav e he i ght 

d - d epth be l ow st ill wat f3r level. 

Integr atio n of this eXDr e ssio n. per unit crest lengt h violds 

the \1-:) 1'..1me Q. 

Q :: 4- d 2 IY7T 

Not e this may be ~Jl""itt cn Q = 4- fF I 13~3 (1,3b) 

vlhen for exailple y = 0.5, 90% o f the volume lS cor.t ?j . n~rl het\.vee n 

X = ±2 .4- (see Fis' 1-2). The c onc entr3.tir.·n ne ar the crest is, 

. . t M 1;. ' accorrlJ.nC 0 . • un_,,-, "the Jv >,.sis f or ctpp1ying t!H'; 2xnr essi nn s for the 

v ()lun8 I) f a solitary wave t o o scil18.to!'V 'i,r;1Ves of. f:tliit e leh~h". 

Since the vdiJme Q is trEu1spo:bted during, t1-ne T, (the i' e ffectivc:" 

\>Jilve l' G:riod) the mean r at e ')f tra nsport per unit tLl1e is Q/T a nd the 

volume transport v elocity ?_vf'ra <7, Ad from surf.qce t o ' }'ottOrn. .; S 

U = QI (Td ) = 4-d /'YT3 IT 

If th .. " wa ves ~·'; t;;: re bre aking normally t o th0 shores t h is would 

also be '? quivalent to tIn thGorstical vel ocitv T~ the unif'orm r eturn 

floH. 

In the s ol itary w~vc the t r~~ect ories of thc w2t e r nartic18 s 

are sh?.ll-:)w p2.!'abolas in the dirGct ion of propaga.t iOI!. The r e is 

no T;l')vem ent in t he r evers s direct i o n. The ho!' ~z ~mt 0.1 c or.!l~oner..t s 

o f particle ve l ocities under t~e cre st h ave be en calculate~ by Munk 

(194-9 ,;::. ) and are shOHn in Fi ~ . 1-3. The mean h'Jr izont -:-t l di.sDL:!.ce-

mGnt (D) of the particles l S 
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OtITANCE • '1IOtII "UIT Of' to\.lTAIIY WAvl 

Curves showing partial volume 0'/Q contained 
bettveen the solitary wave crest and distance 
X (actual distance divided by the depth). 
(After Munk 1949a) 
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Horizontal particle velocities under the cres~. 
~ is the crest height above the bottom divided 
by the S.W.L. depth. U is the particle 
velocity divided bV . the Dhase velocitv. 
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D = = ltd /Y/3 (1.5) 
d 

For the breaker of he i ght Hb ln depth db (where Y = Yb ) t he 

rate of volume transpcrt per unit l en gt h o f ~vave crest i s given 

by 

2 
ltdb 1Y73 

.. & • 
(1.6) 

T 

ThE' theory pr edicts the he i ght at breaking t o be 0.78 db· 

The vel ocity (C) o f the \Vave is given by 

C = [g d + R J! (1.7) 

2.4. Discussion on Waves 
T . 

The question arises as t o which wave f orm !!t~ st closely 

represents the natura l wave near its break- point. In thi s connect-

ion there e.re sever a l field 'lnd model studies which fI.dduce compara -

tive e vidence . 

Mill er and Ziegl er (196 4- ) made a not able stutiy of the i nt erna l 

velocit y fiel d in near-brca.king a nd br eak inr; Have s. The stuny 

wa s Tnade at Cape Cod and t he breakers "wer e of t h'? t ype tha.t break 

d irr;ctly on the shore and inclu(ie with in t he s equ ence , t he run-UD 

and t he b"l.ckt,v?.sh from thE: fore shore". Thre8 t ype s 0 f bre akers, 

plunging (symmetrical); s pilling (very asymmetr i cal) nnd int er-

~ediate types (asymmetrical), were all experienced ~n the s ame 

bottom slo!)e. 
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The avercl. g>. d r e sult s ~.Jel"e r eport ert in t he for m 0f wave 

profilGs . Tha f or br eak i ng w::::.v e (" s~rtlm(;t l"'i c al " or nlunging ) 

is shOT.,Jn :~n Fig l-l~ a n :} i s c ,,)!!lDa'red tvith t h 8 a n a l ogou s ne ar 

breaking pr ofil s fo r the cno i dal 1i-laV 8 . In t h e f i o;ure 

t 1S time 

T 1 S the ve pericd 

Z i s t he 

Bd is t h e o f the breaker cre st abov e t he bot t om 

wd 1S the o f t he cnoi dal wave cr e st a bov e the bottom 

L is the v e l en~th 

x is the t hG cre st hOl"izont .'11ly 

U 1S the horizo nt a l or bital ve l ocit y wi t h Um"'x the ma ximum. 

Th e authors c 0nclude tha.t t he "near br e aking: t h2 cnoidal ~,Jav e 

mo st nearly r e s s . bles t he natura l ~lave " ~ Consider abl e d i ffe r e nce s 

,,Jere howev e r a pp rent, 

I t ma y l -::t e r ref E!renC e th'1t t "IJ.s t-73.ve he i ght t o 

still wr:'..t e r r atio i s about 0 .77. 

Hille r a nd ~ iegler ( 19 64) sugge st t hat t he f,lre St3nt cons ensus 

of op inion of ot ,er worker s is t hat in the v e r y shall 'Jt\1 zo ne j ust 

short o f the bre king po i nt , Stoke s finit e a.T!lp l i t ud0. thee!''' ho l d s 

r easo nabl y up d /L = 0.10 , t h e cno i dal t heory in gene r a l in the 

re~ion 0.10 > 0. 02 a n1 the s olitar y Have i n t h s rcr:;i::m d /L< 0 . 02 . 

Wiegel ) has c omp21.!' t?d t he th'~cr 2tical ~']'Clve nY'ofil es ,.lith 

so~e e x;)er i !nent a t a nk mee..su r erilent s. His f.;r =tnh ic~l r ':-?pre 8e nt atic n 

• h ' 1=" 1 8 s own I n . l g . 1-5. The symhols in t h i s fLIUr (·~ are 
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H = wave he i ght 

d = dept (S W L) 

ys = surf ce o r d inate 

L .- wave 

x = horiz ntal dista nc ':; fror:t the crest 

Other evidence been sum.rn-:!.rize d by Harris (1964) as f ollo\--1s. 

"Munk (1 9 4 ha s r ec onstructed the tr?l. ~ ect ory 'Jf a. particle 

und er a solita r ' wave . HG superimpo s ed a uniform return ve locit y 

such a s e ncount e r Gd near the s hore because o f the :h.ydro7.:" 

s t atic head whi h c ould be s et up. The conhined movements r e sult 

in orbita l path similar to tho s e deter"ni ned i n ~.]ave cha nne l 

exper iments by h e Be ach Er:) sion Boar d (1933)" 

"Inman and Nasu (1956) measurGd the o:r-bital v e lodit i e s 

associated with wave s near the bott 'Jm I n sha llmv t\1i1ter j ust outside 

the surf zone . The ir c onclusion '>l7as ' .... i i t he observe j m'1X imUf'l 

horizont a l orbi al v e l ocitie s i n gene r a l c or:tpare mor s f~vaurably 

with velocitie s pred ict ed frOB the s olit J.r y ~V.J..v e theory than from 

equations of Ai St ok e s. The observ ed ve l ocitie s we r e i n 

better a.greeme n ~.;ith solit a ry wa v e theory tl7hen 

(a) the a ve !)rofile tya s not c ompl e x 

(b) the T,17a v e period T,17Cl S l a r .2;er tha n a bout six 

s eco 

(c) t he wave he i ~ht via S gr e at Gr t han a bout 0 .2. 

~Vhile a r;r ec · .~ n:t with thc~ory tl7a s sOrrl o ~..;hat bett er f or t he l ongc-r 

, 1 't t " 1' d f ' , wa v e s, In gene r l WO. S S l_ qUlt e goo. Ol" most slmpl e wa VGS tl7l.t h 

r elative wave he i ghts great e r than a bout 0 .4'." 

Munk (1949.=!) obtained t he "criteri::m f o r the out e r boundn.ry 

of the s olita ry :lave regim8" by calcula.t i ng t he cha nrsf; s of Have 

hei~ht with d ept 1 accor(i ing t G t he cl :?.8 s i c a l 8.nd t he s C1 l it a r y wa ve 

theor y a nn. compa ing the r e sult s ~ ... it h a ctua l observClt i(")n~ m ;'If~ p r.rr 
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the Scripps Pier' 

place a t a deptp of 

His conclusion ' .J2.S th"it the transit i on took 

about 1. q. t iI'1 '-s t he d ,; _.ith of brGC'_kin~. This 

correspond s to a rel ativ0' ,.ra.ve h "' i ght o f 0 .35. 

The s01ita~y wav t heory predicts , 4ccording to ~unk (1949al, 

depth a t breaking by e quation 

(1.8) 

or the height at breakin~ Hb = 0 .78 nb • 

ObSerVi'ltior s "ade i~ the.surf at ~cripPs ~re fe~ed t o a bove I 

g ive some pract~cal conflrmatlon of t hlS r e l at :-Lonshln . "t-'lunk (1949 8.) 

describes how " r recise a nd silTIultane:ous measuI'ements" t.vere f.l c"l.d e by 

hold in~ a hOllOr tube with its e nd just in the sand in the re~ion 

o f breaking . f he Hater l ev e l in th o;. tube indicat ed t he still water 

level while the breake r hei~ht Vl·:=, S -:neasur-sd on the C)lit sidc~ of the 

tube. The r e sults a ccorded '-veIl wit h the s c1itc.r:! wave theorv~ 

Ippen a nd r U1in (1955) using a l o ng t a nk e X("Jrtlned in some 

detail the d enth at which solit a r y wa ve s broke . They showed that 

the relat ionshi 

= 

or 

= 

For steeper ~vas true for alt init ial waves -:>n a sl-:>T)c of 0.023. 

H 
slopes the va luf 2 was s reater th'ln 1.2 a nd increased sharply 

db 
with dec. reasin r-s I init ial ~'lave hei ~ht. 

I p!)en and r Ulin conclud2. thJ.t the bei12.viour of tru E" solit ary 

waves is not vJe t l predictec. by t heory. On this ba sis they 2.r ~u e 

that except for I the fl a ttl3st slope the agreement hctween t he values 

obt~ined in the Scripps surf and the t h eoretic;11 v;; lll ~ ~ ("\ht-;,dnD~ 
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from the solita y w~ve theory mu st bo judged fortuitous. 

Finally Ke. legan (1950) h~s ~roDosed that the dividing line 

between the app icability of th -:--,; Stokes waves and the cno idal 

~.]aves should be the depth where the ~v,3.v01ength to de,th !:.:!t io 

is 10. 

\l,111en calcu ations rele vant to the nearshore circulatio n ar '2 

to be !I\ade, an e sent ial condit ion is good similitucte between the 

mathematical ~o el and the breaking wave~ 

foregoing eVidelce suggests 

Consideration of the 

(a) that the form of the breaking "I7ElV e is quit'2 vJell 

stimulated by the profile of the cnoidal wave and 

litt I e less well by that of t he:; solitary ~.Jave. 
(b) the olitc.ry wave nred icts t o l crabJ.v ~7e ll the depth 

(c) 

at b eaking. 

fiell. t~sts he.ve sl18wn that. the hor:i.zontal orbital 

velo(nt lE~o s nca,r the bottom ll1 shalloH w'1,t er just 
j 

outSide the surf zone comnare better t·7ith those 

predicted by t he solitary t'1D.VC theor" than the Stoke s 

wave theory. 

It seems t~at the solit :lry wav e theory mir,ht be used Hithout 

involving any 5,eat error. Th" theory has the actv~ntaRe that it 

has been well wlrked out f or surf zone applic~tion. Furthermore 

its expres.~i~n 1o~ .. ma ss transport , ~ ~s easy to handle, while the 

corresponding 0 e for the cnoidal theory ~7ould be l"10st cumberso~e. 

With these points in mind it has been decided to use the 

sol itary ~-lave. t~eory in n~c.rShore ce.lculat ions which follow later. 

Nevertheless 1tJ shortcom1ng s are noted. 
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W3ves tiavelling along th~ shor~ 

Apart f~om the ordinary waves approaching the beach there is 
I 

possibility of \Vaves travelling parallel to the shore. 

3.1. Isaacs, Williams and Eckart (1951) have drawn attention to 

the POSSibilJ"ltY of surface gravity Haves v7hich have been generated 

in the surf one e . g . by reflections of incident waves, be ing 

unable to esJape from the surf zone because of their being r e fract ed 

back from deJ p welter. This could occur if thev approach deep water 

at angles grJater than the critical angle~ 
The aut J ors also note th2.t waw::s from deep ~Nnter may be 

II captured" bv]1 the surf . zone whc:r e t he confir;urat ion of the coast 

is sui ta ble • 

They al 0 speculate on the possibility of resonant effects 

being producJ d and that they may be import ant in explaining shore 

processes e . J. Surf beats as described by Hunk (194gb). 

Edge wa+ s, described below, would seem to be a special case 

of incident ~..;aves being reflected ( by promontories) alongshore or 

being caPtur~ as suggested above . 

Alongshore wind would a lso be a fruitful source of waves 

travelling palallel to the shore. 

3 • ? • Ed ge W ve s 

I . 
When a ur 1form wave is propagated parallel to a sloping bound-

ary it ~vould iPpear that it must by refraction turn towards the 

shore. By e~uation 1.2 the velocity of the portion in deep water 

must travel f f ster than that in shallower water. It \Vas however 
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shown by Airy{l 45) that when the wave be came sufficiently "bowed" 

it may be prop a .,ated ~vithout further change .• Conside r ttvO such 

procee ding parallel to the c oast and seoRrat e d 

at· all points b

r 
an e qual distance me asured pa.rallel to the coast. 

The distance betwee n the waves perpendicular to tha \.vave 

front (i.e. the direction in which the wave must travel) 1S consider-

ably less at th shallmver e nd than at th8 dee per. If the curve 

of the wave front is such that the perpendicular distance is just 

that which the I-Jave could traverse at that d'3pth in a vla ve p~ricd, 
the wave form till not alt e r. m1. • • 

.!. JUS of course explal ns 

why a tidal wav ~ pr0pagat s d paralle l to thG shore can produce 

cotidal lines p~all~l t o t he shore . 

Kelland (1839) made a theoret i cal stud'l of .-laves ln a. cana l 

of triahgule_t' s~ction \vith sides Sloping at 45°. He found that a 

vlC'.ve without an" bo vt could be propagated Hit hout change . The 

T.-Je..ve tr.Ja s higHer at the shor e th3..n in the c e ntre of the canal. 

Stoke s (1847) r marked that there Ha s a critical lim i t t o the 

slope of the ca .al bl~yond which it TtJould be irrmossib12 t o pr0pa '-Sat e 

such a wave. · e noted that when the i~ave l e ngth ~va 8 long compare d 

i.;ith the depth it se81:led th~t "the circumstanc ('~ s of the motion of 

anyone Have carnot be mat erially affected by the Ha v e s which 

prec '3de or foIl \v it". He also notes a similari ty bet~A7een the 

form o f e of these ~V'J.ves and that of a s olit2.ry ~~aV ·3. This 

pould have mass transport L'1lpl ica t i ons. 

Stokes del' ·ved an Gxpr es sio n f0r thes ,~ ~.;avc s for boundary 

slopes o f any gle e The n ame g iven to them is e d r,e waves a nd a 

brief account g ive n of t hem at this stage because !,3ferenc e s Hill 

be m.~de t o them be lm-1 in cc-nnection with certa in phenom ,~na revealed 

in wa.ve tank exr eriments. 
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Edge Havi s derive their nal!le from the f act that the ir 

amplitudes di r inish exponantially a s dist cmce from the boundary 

increa ses (L~b 1962). Accord ing to t he small amplitude theory 

their heights I which are greatest at the shore become insensible at 

the distance f a Have length measlll"led perpendicular from the 

shore. 

The gene al f orm of edge wave s t..ras given by LaT!tb (196 2) as ' 

~ = H Exp - k (y Co s i - z Sin i)] Co s k (x - Ct) 

when $ is the velocity pot e~tial 

H = \-1a e he :tght 

k = 21T wave l e ngth .1 

1 = anr le of bounda r v slope t o the horizontal 

x, y a nd z are the axis respective ly parall el, Dcr pend i cu la"f 

boundary and vertically upNards from the bctt 0rn~ to the 

C is the velocity and t t hG time . 

Stokes gave t e wave velocit y as 

= .& 
k 

Sin i (l.S) 

where g is th acceleration of gI'avity . 

Urse ll ( t 952a) shol<ed that the Stoke s edge wave was the zero 

mode o f a serl .e s of possib18 mode s whose ve l ocity t-7as given gene r allY , 

by: 

Sin (2n + 1) i ( 1. 10) = 
1<: 

{A}here n is an integ~r indicat i n g the mode. 

Since CT = L here T is the period, the velocit y can be expres s ed as~ 

c = Sin (2n + 1) i (1.11) 
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and the wave Ie gth is given by: 

L = gT 2 Sin (2n + 1) i 

2 1T 

Ur sell als ~ showed that f or a semi-infinite canal closed by 

a sloping bound ry (beach ) the; sy st Bm (invisc id ) mi fJ"ht have a natural 

spectrum contair ing both d iscret e and continuous e i gen-frequencies 

i.e. it had 2. mf·xed spectrum. ~'Jhen the mot ions ~7erE rtnti­

symm9trical abo t a midpoint a l ::-ng the slop i ng boundary i. e . the 

edge ,\V3.ve s orig nated 2.1 t erna.t e l y froLl s ithcr s i de, th8 discret e 

frequencies weI" given by the eXprGSSlOn 

0 2 = gk (2n + 1) i (1.13) 

wher e:; 0 = for period T and k = 'IT f or a c ana l of width b. 
b 

The cont in ous spe ctrum v1a s defined by 

(1.14) 

Stokes I (~dge t,oJa as are thu s the first of a s equence of c!iscret e 

modes. For an acute angl e i the number of mode s i s the gr eatest 

int eger ccmtai ed in 

1 'IT 
+-

2 4i 

The discret e mo out side th~ continuous spectrun . 

Urs e ll fur her demonst r at ed that r e sonance P12.Y occur when the 

frequ ency of an externally applied f orcing oscillation coincided 

with the discre e frequencie s or the cut off f r e qu 2ncy 0f the 

cC'ntinuf)us spec His theor" indicate s that t he r e sonance lS 

confined to the region of the beach except wi t h the cut 0ff 

f requ ency. Even in the l~tt er c C'.se v i scous f 0rce s t 2. nJ t o confine 

the r e sonance to the nei~hbourhood of the beach. The r e sonance 

frequ ency can be modified by viscosity •. 
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An interesting f eature of these edge wav es which ap pears t o 

be inherent in J quat i0n 1.12 is t hat f or a ~ ivGn p ~2. riod o f Co 

forcing o scillatio n, on a beach of g iven slope , there may occur 

a range of edge wave s with wavelengt~corre sponding t o the differe nt 

values of "n". Unlike simpl e harJ'Tlonic motio n the I-Javele ngths are 

not relat ed diri1ctly t o the mode nU'n bcr (n), but have a more 

complicated reLltionship by virtue ')f lin" I')ccurrin;.s in the equation 

as part of the angle I/rose sine i s to be t ak e n. It s e ems that the 

superposit ion of the vvaves from a number o f mode s could result in a 

complicated motion. 

4 . . ~ . Have s et-up at ~hel shore 

The set-up of the sea level at the shore donse quent o n the 

breaker m0IDontum has been e xamined both theoreticGlly a nd practical-

lye 

4.1. Munk (1949a) reports "the elevation of the mea n po sition 

of the t-Jaterline on the beach, above mC<'ln s e a level in deep Hr.ter" 

is g iven by 

(1.15) 
g 

Hllere Vb is the mean vel c~ city of t-Jater at bre a k ing and g is 

the a cce l e ration of g~Avity. (He does not s how how the expression 

Has derived). 

for the solitary wav e ,-;.t breaking Hunk found y = 0 .78 (approx­

imately) a nd in limv of equ"lticn 1.4 the set-uD bec ':)~, es 

y = ( 
\ 2 

~ Hb) 
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where Hb is the wave height at brG~king . Munk reports that the 

rise wa s measured in Hav e t ank e xperimGnts with the f ollmvin l!, 

results 

y comput ed = 0.05 ft 

Y observed = 0 .052 ft 

The wave height was 0.3 ft and the period 0.86 secs. 

4.2. Longuet-Higgins a nd Ste wart (1964) have ex cmined the~retical-

ly the second order currents and change s in mean surfac e l evels 

a ssociated with waves. The ir t heories make use of the concept 

of radiation stre ss (analogous t o r ad iation pre ssure in electro-

ma gnetic waves) which they describe as "the exce ss ~omentum due t o 

the pre sence of wales". Of their conculsions the f ollowing are 

rel evant t o nearshor e t-laters. 

(i) A wa ve o f ste~dy amplitude propagat ed into wat e r of ~radually 

varying depth will produce a nGgative tilt or depre ssion of 

the ~ ean surfal ce as th~ '" ;;:: dept h diminishe s, providGd that ther e 

is no loss of energy by f riction or r efl e ction. 

If the wave he ight is limited by breaking , t he tilt will be 

positive and r set-up \l1ill r e sult in the d irection o f 

propagation. The significc nce of this is that i t is t o be 

expected that the water level will be s etdown in reg i on outside 

the surf zone ~'7here the ~-Jat er depth decre~s8s and set-up 

inside the sUFf zone . Compar ison of t heor y with mode l 

experiments made by Saville (1961) show good a~reement. 

wave traln, there will (ii ) With groups 0lf high a. nd 101:-7 vlave s in a . 

be a s etdown of the mea n surfa ce under t he high wave s ( vJith 

relatively negative mass transport) and s et-up under t he 

l ow waves, vlhe n the l engths of t he groups are l Cl.r q:e compar ed 
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with the mean depth, and ~'I7h8n the r.;roups are of equal length.. 

When groups of Haves are propaZ3.t ed into sha110H wat er , the 

radiation stresses tend t o increase as the depth decreases. 

The signific'3.nc e o f this is that a vc.riation of setdoHn may 

be expected in the region outside the surf zone depending on 

the height of wave groups, a nd that the effsct ~,-ri11 be more 

pronounced as the tvater shal l ows. 

In the surf region where the \Vave height is limited by breaking, 

the authors not e that no ade quat o theory ,;xist s, but they are 

nevertheless able t o draw the t ;:~nt 3.tive c onclusion that the gradient 

of the surface is proportiona l to the bottom o;ra.d ient. A figure 

of 0,,15 for the proportionately constant is sug~e st ed <:n the basis 

of experiments performed by Saville (1961). Applying the theories 

f')r inside and out side the surf zen2 ~rJe not e th..~t a s ? result of the 

arrival of a grqup of higher \-72.VCS, the mean tvater l evel outside 

would be 1m-rered while inside it \--1OU1d risel With the arrival of 

a low group ~.:ave the reverse (re latively) ~vou1d occur. This P1.n.y bp 

a significant fact ~.vhen relat ed t o the mechanism of riD currents. 

4.3. Ex..:e.eriments on Set-up .. -

Saville (1961) mea'Sur,'3d the set-up in a Hav e. channel. His 

results (some of which ha ve been r eferred t o above) are illustrated 

in Fig. 1-6 tvhere the set-up is plotted against the distance from 

the shoreline under still tva t er conditions fr;r vA.rious values of 

WA.ve height, and for tHO ):,:-;>21 ch sl:>pes and two c ases Vlith 

submerged barriers or break-toJaters. Noteworthy are 
I 

(a) th03 sefdm.-Jn just s e aloJard of the break Doint (as 

predicted by Longuet -Hig~ins and St mvart - s ee above). 



£: 

~ 
'" 

so~--~---,----~---r----'r-----r 

~o~--+---~--4----+----r---1--

20 

.10 

'1 
0 

80 .. Ttli 
1011 3OSIopt . 
Deplh. 100 'If' a' Btoch 'foe 
Poriod .9.25 SfcOlld. -­
Period .15.0 seconels - - . 
Vtrlical Tick Marko Indlea'. i 

lO<aflon 0' Otplh '1.3 . 
Wa .. HtiVhh (ApptOkimot. I 
Brtaker Local ionj , 

i 

£ 

~O 

40 

. ....... .. -. . 

lO ' . . 

~ 20 

'" 
•• .0 - -

80 .. Ttl' 
IOIII~ llope-­
I 011 30 l!opt --
Deplh. 100 Ittl '" BtCICIIllt 

. Porlod. 9.25 "conel. 
Verlical Tick Marko ",die ... 

Lo<alion 01 Deplh'I .3 
Wa .. Htivhh (ApproUMI. 
Breaktr Lo<allon) 

-2D~ __ J-__ -L __ ~L ___ J-__ -L __ ~~ __ ~ __ -L ___ 
·200 0 .200 '400 600 800 1000 1200 1400 1600 

.• 2.0 L-__ ...l-__ --l. ___ ~--_=:____::_=_. -_:::::____::'::_--_:_!=_;__::. 
-200 0 .200 400 600 800 1000 1200 I~OO II( 

(SOWL.) (sw·~·1 

OIol r '" S •••• rd 5-WL. (IL) 

Fig. 1-6. 

6.0'''---'- . ":\" ' I . : •. "' 1 " 

bY'ak .. a'tr ertl' r S.W.L.. . 

-. ·1·- .. -----:-'- ---·-.. -·--~ 

'I ; Breakwater Located : 
i at 20 toot Depth i 

~ . 

I Deplh. 100 'ttl 01 Stach Tot 
- - . l' Period· 9.25 Itcondo 

I Wov, H,IOhi' 20 11ft . 
I I on ~ Brtokwat .. Slope ___ I 

3.0 

; : I ! 
_II. Ion It Brook.oter SIope--- , 

£: I i 
2- I I . ' . t .0 1 -- r '-"-I ' --;-- ; 

" f ••• ~":~i_ -: \i -i - .. - i +-j 
a . --: .- -.. . . ',''''.1- .-: ~ I ~ ! . "': 

-10 . -.... . -- ... l~. 1 \ ' .-:.- ..... Wl . ~ . - I 
brtoll .. Ol., Iocotoon 1 

-zoO J-L . . ' 
-200 a 

(sow~. ) 
.200 400 600 800 1000 1200 1400 

OIoIOftC. S •• word lWL. (I~ 

" 

Wave set up in a wave channel - the units have 
been scaled up to the prototype. 
(After Saville 1961) 



- 24 -

(b) the SGt-up inshore of t he bre ak po int 

(c) ve ry raDid set-'.lD inshore o f a sUbme r ,sed ba rrie r or 

breakwater. 

(d) the s 0t -up C.t t h e ori ~inal st ill tvat G~ l e vel f or c shor 0 

Has lC~ -20% o f the Have hei ght. 

DorrensteiA (1961) mad e -measurements of the l<l2..Ve set-uD in the 

fi e ld. The mc;thod use d by him t-1a. S t Cl inst a ll t HO tid e gauges 

a long a pier. At the be;c, ch use was ma d e of p e rf0Y' 3.t Ed plastic 

p ipe s pushed into t~e san~ a nd 1 8v811e d t o a b8nch-~3.rk. A float 

o n the surface o f tn8 lvat (' r ins i de the pip~ indicat ed the S80. wat e r 

level - short t e rm cha n ge s hc: in ~:;; darnped out. ThQ r e s ponse o f the. 

float is shmvn ~n Fig . 1-7. The r 8 sults vJere -3. S f o llmvs: 

Set-uD observed (cms) 1 2 8 1 0 13 4 

Set-up theqret ical (ems) 6 6 12 10 3 

"'la v e period (secs) 6.6 6.8 6.8 6.0 ? 8 

His c onclusions from the tests ar c that t"1e s et-up is r c)U ghly o ne 

t e nth bf the deep \IJater W'lv e h e i r:ht. 

The f act that ::t s a result o f the bre aking W2'\.v e the water l e v e l 

at the shore is set-up, s e ems we ll e stablished bot h bv t heor~r and 

experiment. There r emains t he pr0blem of h mv th8 systcfIl reacts t Cl 

this equilibrium. It seerIlS on the fac e of it unl ike1y that it will 

be Elaintaine d because of t he ine qua lities (lcca sioned by dive rs e 

topo gr2.phy , s patial variation o f t,!ave he i ghts, and \",T-'lV 0 d isturbr.nces 

~vhich must be p r e sent tr3.vel l in~ ?cro ss the svst e~ ~.l onrrshorc. 

It is well known that i n prnctice the equil ibrium is not ~ain-

tain(~d but that there ~s 3. r e turn flo tv sea v!-1.r d s in n3.rrOf ,;T fast 

flm.vin~ rip currents space d at va rying inte rva ls 3.1on:-:~ the shore . 

These a re usually fed by l o n gsh·.:\r c! current s fl CiT,Jing in f r om eithcr 

directi~n, the J arious elcl!l. s nts f orming .:l horj zontal c 011 of 

circulation. 
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4.4. Surf Beats . . 

Hunk (1949b) report ed th~t -:1 tsunami r Rcorder p l a ced 1000 ft 

off shore had recorded t.JC.V (:: S \·Jith irregul~r oscillations l.vith long 

periods of several minutes which c0rr(; lat 0d ~vith the fluctuations 

of height and period of the incoming vlaves. These oscillations 

he terned "surf beat" Slnce the.y .3.ppeared t o have their origin in 

the ris E. and the fall o f the . wa t e r level in the surf zone conse qu ent 

on the breaking of high and lO~J g £'OUpS of orriinary t'lave s. The 

height of the long t-Taves were of the order of o ne tenth that of 

the s~\1ell and appeared to be ?ro"Y'rt ionai t o the l .~n(Jt.u~rd mass 

transport in thE: surf (Hhich in turn \\Ias proportional t o th8 

squ2.re of the ordinary wave hei~ht). Tucker (1 9 50) measured 

similar long wa.Jes having a 2 .... 3 !'l inute perlod Hhich ( c ssuming c 

phase lag o f 4-5 minutes) corre lated ~.vit:!1 high Have group s . He 
, 

put f orward a slightly d ifferent explanation. He suggested tha t 

the increased mass transDort from high groups just outside the 

surf required an a cceleration v.7hich Hould give rise t o an equal 

and opposit e acce leration s eaward, a nd thC'.t the elevation r esulting 

from the high groups would be refl ected s ea\,rards. The r e sulting 

sequenc e o f events would b e the movement sea~oJard of 3.n e l evati.:)n, 

then a depression and the n an e l e vation. His a na l yse s showed 

that a depr es sion Nas a salient feature of the seago ing oscillation . 

This depressio n seen s t o be in accord with that predicted by the 

the~ry of r ad iation stress outlined above. Tucker found that the 

height of the surf beat Has pro1')ortional t o the hei~hts of the 

orclinary t.Javes - ~ their S'quaFes. His su gg"3sted ex?lanat i .:m for 

this is that the lOhr groups of waves which break .:In the shallower 

\;]atcr, t.vould ha ve more time during which their he i :;ht would increass 

during the <1 .. pprcach to breaking a nd ~V0uld consequent ly carry more 
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{.vater than would be "Dredicted by t he squar e l aw . The d ifferenc e 

between the mass transport by l ar g2 hr eakers ~nd small br eak0rs 

would be less tha n theory t-lould su ggest and hence the rise of the 

sea level in the surf would be mor G linearly r el ated t ::) the Have 

he i ghts than as their squar e s. ~his linedr r elationsh ip finds 

some support in the tente.tive th.cor y of Longuet-Hi ggins and 

Ste~A]art • It may not be applica ble on steep beaches with offshore 

sandbanks where waves o f a variety of he i ghts tend ~ll to br~ak 

on the b.J.r~ 

The occurrence of surf beats provides evidence of the pulsed 

~~ture of the s ea l evel cha nges in the surf a nd su ggests an 

explanation f or the variations in l onrrs hor e curr2nt and r l.n 
.l 

1m interesting observatic n of Tuc kc.r (1950 ) was th~t the 

surf bec.ts correl a t ed best tvit h W:1 '/ ~'~ S from dista nt stor ms ann 

Horst Hith {-laves, generat ed over 1. l ar ger a.r ea near the coast, 

and having short irregular groups. 

4.5. Dmitriev and Bonchkovska i a (1954) summnrized some Russian 

work on wave currents as th~y affect s ed iment trans~ort. A hrie f 

account of their i detls t aken from a transl Clt ion ({..Jhich w~s not 

a lways clear) . is as follm-1s. Experiments in ~ small wave trough 

(15.2 cm wide and 2 m lon ~ ) with a moveabl e sand bed, reveal ed that 

the flow r at e of sediments oscillat ed bettl1een offshore a.nd onshor e 

with a ~eriodicity of s evera l ~inutes for slope s o f 15° - 30°. 

The period decreased a s the slope of the f or e shore increased . The 

auth8rs suggest that "these r e sults r evea.l the rnec!l. :mism o f cJ. 

phenomen':m r elated to rip current s ". The work does su ggest th~t 
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tvhich r Eflect s :! periodic cha nge 1.n th~~ direct ion of net mass 

flow. 

The authors suggest th:it the C3.USC of this Dcriodicit~T Gf 

fl ow IImay be connected with gr eat sur 's8s n8c r; ssary f 8r comDensat ing 

Hithdro.~Tals t o take place. Incident a l factors such a s the 

temporary slackening of wave action ~ay occasion reflux motion 

aw·3.Y from the slope tvhich sha!"1)ly lmvers t he surf·;'lc e incline. 

Then the monotonous wave action results in gr adual shoreward 

accumulation of Hater and, so t ") S"ly a net..; disruption T)rGCeS8 

takes place"~ They say that "JbsDrV,3.t ion in nature shmved the 

format ion of ovcrflot'1 (sic) surrent s bet~veen every t wo approaches 

of a sequence of crests. At abrupt shores such currents cause 

the tilting and complete breakdcvm of a wavG ~ and ::m shoals they 

a re braked by the next oncomin6 t.JaVG. The 2.uthors the n go on t o 

develop the problem theoret ically, making the assumpt ion that 

"tota l reflux C3.n only occur tvhen the surr,c is sufficiently great 

for the reflux rate t o attain during one period the St0ke s progre ss-

ive flow r a t e ". 

The mean inclination of th::: free surface is 

b = o 
ax 

(1.16) 

where x is the horizontal aXlS per~~ndicular t o the sh0re. The 

z axis is do wm7.J.rds. £ is the elevation of th~ surf~c2 . It is 

shown th:!t the slope angl e of the surf2c 2 1.8 directly nI"oDortional 

to th.~ coefficient of viscos i ty 3.nd t he square of th'3 \!1!Wf!. height 

and inv (~rsely proport ional t o t he tV'?v e length a nd pGr iod . 

Tho authors assume the follmving equat ion f0r' t he study 0f a 

periodic o scillation: 
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(~) - av 
+ = o 

ax g at 

~·.]here V is the velocity of horizontal transport 

. g is the accel eration of ~ravity 

i surf ~s the inclination of the surface 

a ~s a correction f 2ctor for assuming the velocitv is 

uniform in the section 

if is the friction slope 

t is the time. 

(1.17) 

(Equat ion 1-17 appears to be the differential equation for 

unst eady floT,,] in uniform channels.) 

Assuming 

= from Chezy's relationship where C is a 

friction coefficient and R the hydraulic 

mean depth 

.!..surf = = initial incline of the surface 

a / aV 2 \ 
- 1 --:- 1 ,. 0 

\ I 

ax \. 2g .J 

and a ,.1 (current uniform) 

then ~ = (1.18) 
3t 

Introducing a value for t h8 fict i tious velocit y vih ich t'lOuld 

be att ained after an infinit 2 time if slope bo is maintained 

v = 
co 

(1.19) 

Then to simplify t ake the u:?per value b = bo 
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Solution of equation 1.18 give s 

ln (1. 20). 

(1. 21) 

Hhich g ive s the grmrth o f the out p;oing velocit y Hith time . 

- arth v (1.22) This can be rewritten = 
g t 

tlThen the out going velocit y V is equal to t he mass tra nsport 

velocity U '( in the -original U is the mass tr-anS Dort velocity of the 

Stoke s ~vave) 

bo = Voo arth U (1.23) 
gt Voo 

Hhen bl) ~s small equation 1 .23 become s 

bo = U 

gt 

and U = bo~t 

In orde r to e stablish a slope o f bo,a w2t e r volume of t he order 

of ~DX~ should pass unit \vidth a t dist a nc e, xo. ~~h8n tot a l 

2 
reflux occurs , the follo wing rel ationship obtains 

= t" U (1.25) 
2 

,,-
~.Jhel"'e t' ~s the minimum time r equired for the r e quirGd volume to 

pass and is the tim2 o f the collaDse . The durat i on of t he r e flux 

can be ::valuat ed by integrating the r eflux ve loc i ty i n e quation 1.21 

and bv pquating the r e sult with the volume of Ha t e r f l oT.ving out. 
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The authors state that the duration of the collap se usually 

proves in calculation to be less than the duration of the surge . 

The authors report that the auto-oscillation period shows a 

rapid increase with decreasing incline and note the similar 

tendency found in their flow rate experiments referred to above . 

The authors suggest that the collapse of the set -up at the 

shore in inevitable, and that when it occurs it takes place ~n 

an "incidental manner, Le. it sets in at anyone point and a 

lowering of the l evel ensues. As a result of the lowering,motive 

forces arise along t he shore and produce shore currents which 

converge at the point of collapse and fe ed the strea~ e scaping th~ 

sea". The l eve l being equalized, the current ceases until a nG" 

surge produces another collapse. They note that shoreline 

promontories promote rlp formation. 

5. \olave refrac;tion ~n riQ currents 

In developing a theory of refraction of shallow water wave s 

under the combined influe nce of currents and underwater topography, 

Arthur (1950), takes as an example the interaction of out going rip 

currents and incoming wave s. He tre ats the problem a s one 

analagous to that of det ermining t he minimQm flight path of an 

aircraft flying in a variable ,.;rind field, and invol vin? Fermat's 

principl e . The direction of wave propagation corresponds to the 

aircraft heading and the wave velocity ralative to the current, t o 

the air speed. The current corresponds to the h'ind field and the 

ray path to the minimum fli ght path or path of least time . 

Let the rectangular coordinates of a moving point on a ray be 

given as a function of time , t, i. e . x = x(t) and y = yet). Let 
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the x and y components of the current velocit y VH be Vx and Vv 

and l et e be the a ngle between the relat ive current ve locity, C, 

and the positive x -dire ction. Then x = x(t) and y = yet) must 

satisfy 

dx V + C Cos e = x 
dt 

dv = Vy + C Sin e 

dt 

,1'-\ third equation ~s deduced. This ~s based on th~ aircraft 

analo~y, but I!l.ake a110 wance for the fa.ct that the ~vave velocity 

(tvind field) varies with x and y 

= de -- Cos e + 
l 

Sine (1.26) 
dt 

Hhen V c is the component of VB in the direction of C. 

Using these three equations Arthur constructs ~ di~gram (see 

Fig. 1-8) showing the \\!aV8 crest pattern and the ray s for 2l wave 

front encountering a rip current. The examn1e used is basen on 

data obtained in the field by Shepard, Emery and La Fond (1941) and 

Shepard and Inman (1950) a nd it is a ssumed th~t the heach sloos 

is 1 in 50, the maximum rip current velocity is 3 • .5 ft/s e c (apparent-

1y just clear of the breakers), the rays are init i-3.11y normal to th0 

coast in ~ depth of 15 ft, and the tvidth of the rip n'C!ck 100 ft. 

The equations used h 21ve been those that satisfy continuity on the 

assumption that Vx and Vy ar8 unifoY'l!l ~,,7ith depth. To deal ~dth the 

problem of velocity distribution Arthur C".SSun8 S it to be given by 

F (n) = II 12~ Exp - a 2 /2 (1.27 ) 

i.e. a Gaussian distribution. 
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Arthur reoarks that "waves in r1p currents in some cases show 

features similar to those illustrated in the fir,ure. The crests 

generally shot..; a lag in the neck of the current ••••• ". "Many 

rips seem to shot.o1 only a gentle retardat ion of the wave crest s •• • •• ". 

And he suggests that this may be due to much lmver current 

velocities and velocity gradients. "Another factor is the channel 

which results from erosion of the sand bottom below the currents 

in the feeders and neck. The effect on velocity of the greater 

depth in the channel t ends to offset the effect of current shear 

in refracting waves". 

Although the author did not remark on it, this int eraction of 

rip currents and waves probably plays en important part in the 

circulation mechaniBm. It is discussed later in connection Hith 

experimental work •. 

6. The.Nearshore Circulation 
c 

6.1. The nearshore circulation ~"as first described comprehensively 

by Shepard and Inman (1950), follot-Jin~ investigations carried out on 

the beach near the Scripps Institution of Oceanography. Subsequently 

further quantitative measurements tvere made by the authors (1951) 

and by Inman and Quinn (1952). In~an and B~gnold (1963) summarized 

the existing information amongst which was the following. 

(a) The circulation for waves incident normally or nearly 

normally, is cellular - the chief elements being mass 

transport, shorewards, longshore movement feeding narrot" 

fast rip currents flowing seawards, and expanding outside 

the surf zone. There is usually inflot..; to the rips from 

longshore currents from either direction though the 

,...."'r"I~""';~~ ..... .:,, ..... ___ • __ .. 'l..._ -_ ..... _, 
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of the circulations that the flmv 1S intermittent •. 

This is ascribed to the variation in he ight of th~ 

incident wave s,, · 

If the wave direction is not normal, the 

"accompanying discharge has in any case a longshore 

component over and ab~ve th~t due to any local 

disequilibrium in force components norm~l t o the 

shore ,lnd a. definit e longshore current must result". 

This longshore current is confined 12r gely ~J1ithin 

the surf zone. 

(b) The sp .~cing betvleen rip current s 1.. e . the Vlidth of 

the cell range s from 30·1000 m. " ~'1ee.surement s 

following on a period of l ow waves along a section of 

a strai8ht beach at Clatsop Spit. Oregon, gave a mean 

separation between rip currsnts of 400 m, a nd ~ 

standard devie_tion of 14-5 m (Shep2.rd and Inman 1951)", 

(c) The spacing between rip currents decreases as the 

intensity of wav~ action increases. It is assumed 

that the term increasing intensity of wave action means 

increasing wave height and/or increasing frequency. 

(d) It is calculated that rip curo!'8nt s discharge bet,.veen 

2-10% of the total volume transported in bet~.veen rip 

currents, this being of the same order as the estimated 

longshore component of shor3Hard transport. The 

implication here is that "thE' norPlal component of 

shormvard waves transport h'ls no real existence 

relative · to the shore l ine because the general body of 

t-later is being displaced out.vards at an equal rate" 

(Inman and Bagnold 1963). 
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6.2. Not c. great deed of ~ttention has been given to the 

cause and ~echanis~ which underlies the c e llular circulation. The 

t a sk of discerninG why a cellular type of circulation occurs is Gf 

courS G made difficult by meny factors such nS the physical problems 

arising from the vigour of the surf, the Hide range of variables 

including the movement of the sea bottom, and the irregularity of 

ma ny coastlines. 

The field measurements of Inman and Quinn (1952) shmv that the 

longshore current velocity increases pro:.;ressively from z (~ro 

immediately dmrJnstream from the t'ip current t o some ma xinu!Il value 

just preceeding its s e mtlard deflection -:it the next rip current. 

Based on this Inman and Bagnoid (1963) havf~ sugge sted that the 

longshore current flm-v "has some li!J.it ing value .3.bove which it 

breaks seaward into rip currents ll
, This then would l?rovide a 

mechanism once the long shore current was oP2rating , but it 

offers no expla~ation as to how the l~ngshore curre nt starts. 

The original research t.vork (Shepard a nd Inman 1950) '-'lhich 

revealed the cellular circulation, was conduct ed off a beach (the 

Scripps Beach at La Jolla) off vJhich the t opo~raDhy ~HS character­

ised by deep canyons. The canyons which r~n perpendicular t o the 

coast affected verv significantly the hei ~ht of the br0akers. In 

the deep water over the canyons, the ~vaves diverged, and ove r ths 

shallower intervening water, the waves conver?;ed . Consequently 

opposite the canyons the breakers wore lower. This canyon effect 

led Shepard and Im1an (1950) to the conclusion that the underlying 

mechanism of circulation was spatial variation in '.lave heights 

consequent upon irregular offshore t 0po;2;raphy. 

Several tvorkers, ~1acKenzie (1958), Bruun (1963),Dmitriev and 

Bouchkovskaia (1954) noted the coincidence of e l E';ments o f the 

circulation tvith topographical feature s within the surf zone. 
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Bruun and HacKenzie remarked on the locati('n of riD currents Hhere 

the surf bed or submerged sandbar i s Im.yered. Dmitriev and 

Bonchkovskaia noted tha t promontories pro~ot e rip current f ormation. 

The problem nevertheless r~mained,and wc s remarked upon, as t o 

Hhether the circulation fOrTIl.ed the topo!:!;raphy or the topogra,!}hy 

the circulat ion. 

6.3. Bruun (1963) has put f OY'l,,yard a theory to describe the 

circulation when rip current cctivity 1S prevalent ·::;ff a beach 

with an offshore submer ged sandhar. He dr 2.Hs attent i o n first to 

the balance that must exist bet'lveen the t0~o ~r3Dhy i. e . the position 

of the bar, the depth over th(; bar and t rou gh and their slop~s, .""and 

the waves and longshore currents tvhich shape t h em. He obse rves that: 

(a) Longshore current s flo~·v into the r oot of the rip current s, 

and that even if the ~en8ral direction o f the current is 

dictated by some obliquity in the d irection of WRve 

approach, there is '2. local r r; ve rsal of fl mq at eve ry 

t f · til roo 0 a rlp curren • 

(b) That rip curre nts occur at intervals determined by wave 

and offshore bottom char~cteristics. He quotes Larras 

(1957) as givinz 50 0 TIlet e r s for the ave I'i1p;G SD:lClns . 

(c) That rip currents occur at lo ~,yerin~s in the bar. 

(d) At the root o f the rin th.: shnreline c onfr;rT11 s t o l oc::tl 

flm"] conditions anc an'S' shape or sli r.;ht t omablo TIlay 

develop. 

In d veloping the theoI':', Bruun a s sume s that thr; water derived 

from the breaking wave over a certain l e ngth parC1.11 r,;1 t o the shore, 

floHS out a gain through Im..;cring s in thc; bar syst e1J1 . Bruun leaves 

ooen the question as to whether the more or l e ss regul~rlv spaced 
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lowerings in the offshore bar system are caused by rin currents, 

or whether the currents seek thGse incidental op(~nings fnr 

discharge. The development of th~ theory is as follows: 

Consider a situation with an ~ffsh:)re sandbc_r' Hh0re riD 

currents are operating at c. distance "9," apart. Let the waves 

approach obliquely and make angle a with the hare Let the distance 

from the dmm wave rip current (x = R.) to the point of ori~in of 

the longshore current (x = 0) be 2', and the area of the cross 

section of the trough at any point x he A~ . AssumG that the 

quantity of water at x brought in by unit length of bY'eaker crest 

be QBx • The component directly to the shore Hill b e QBx Cos a. 

If T is the wave peri0d then the ve locity of the longshore current 

at x will be 

= QBx Cos a x 

A T 'x 

(1.28) 

Assuming x and A are pele-tod linearly then t h(>, maximum velocity 

of the longshore current will be 

v = (1.29) 
AT 

Where A,a, and QB are averag '~s. The mean velocity (Vm) will be 

re1.:'l.ted to the frictional forces by Che zy formula. and 

Vrr1 = Cf ITSlpg (1.30) 

Tl'lhere Cf is the Chezy for!"'1.u13. friction coefficie nt Ts is the 

determining shear stress for bot t 0,;1 stability (Bruun ,:::md G~rrit scm 

1960) p is the density of see. Hat er a nd g the acceL::ration of gravity. 

The assumption made in this treatment is that the Hater trans-

portr:d in normally to the s110r G flo~,1S out at the rip currents. This 
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as sumpt ion, is not in accord with ('?xperie ncc , f or (as wi l l be 

shown lat er) only a small percentar;e of t he Hat er derived from 

the breaking wave takes part in t he c i rcul ation. 
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CHAPTER II 
• d 

A SUHHARY OF A PREVIOUS QUALITATIVE 

STUDY ON THE NATAL COAST 
""" .. . ., 
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A SUHHARY OF A 1?REV)OUS QUALITATIVE 

STUDY ON THE NATAL COAST 
« 

A qual it at ive study by the author of t he ne :3.rshore c i rculat ion 

off a Natal beach (Virg l.nia Be ach) i.Jith a subrner,g;ed offshor e s a nd 

bar, was recorded In a the sis f or a Mast e rs de~ree (Harris 1964). 

Since the prese nt investigation s 2.re in s erne respects a 

continuation of this study a nd because the bulk of the,; fi e ld Hork 

was done on the same beach, the 8~rli~r find ing s are summarize d 

1. The t e st beach at Virginia 
t • t • 

1.1. Se diments a nd Pr ofil e s 

The heach forms part of a n almost stra i r:sht section 0f the coa st 

between the Um~eni River and Umhla nga Ro cks - a d ist a nc e o f about 

6 mil e s (See Figure 1-1). The intertidal zone c onsi sts o f. s ediments 

with a median diamet e r of about 0.75 mm and has ~ s loDe of 10-20% -

fact s which are in accordance with th'2 Hork ot' Bascom (1951). The r e 

are no rock outcrops. 

Thou gh the offshore profile in t he surf ~HS of c ourse variabl e 

the pre s e nce of a submerged sand - bar 500-700 ft f r 0m the shore ltJa s 

a frequ ent and important feature. Inshore of the bar t<1RS a trough. 

The ratio of the depth of wat e r over t he trou gh to that ove r t he bar 

wa s about 1.7 - some what larger thRn t he 1.4 that found by S~epard 

(1950) but c ompa r abl e ~vith the 1.69 f ound by Keulegan (1949t. An 

example of a commonly occuri ng prof i l e is shovm in Fi~ure 2-1 

(in determining profile s, the depth l n t he surf wa s measured on a 

measurinG; st a ff, ' by a swimmer whose position ~A]as fixed from the 
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shore. Seawa.rd of the surf de'l)ths vr~r8 determined hy echo 

sounding ) • 

Fig. 2-2 shmvs the profile e.t a nother NaV:.l Beach (Invoni 

Rocks) • 

1.2. 'iJaves and Breakers 
do 

Waves on this stretch of coast are characterize d by mean 

significant hei~hts of 5-6 ft a.nn 'nee.n significant periods of 7 

seconds. DurinR the t e sts they were r e spective ly 4 ft and 8 

seconds. MaxiJ:'lum signific3.nt Have hei ght s ~Jere 12 ft "1nd the 

maximum significant period ~.;as 12 s econds. 

In s pite of refr:lction, breakers Here SOT!l8 ti1Il2S f ound to make 

large angles ~vith the shot'es; 10 0 heinz com.mon and UD t o 30 0 

Dos sible4 

The usue.l regime tye. s f or waves ~Jreaking ov er the h=tr to form 

plunging hreak.ers which gen(~rat ed wave s ~vhich trav e lled unbr0ken 

over the trou gh before finally breaking on the f.or ,=shore~ 

Frequently the relative hei~ht of the regenera t ed wa.v es "'vas too 

small for solitary waves to for~ , s o they ~.vere usually of the 

osc il l;:>.tory type having l O~'f mass trC'.ns;?ol't. Four zo nes Nere 

identified . (See Figure 2-3) - tho offshore z0ne , the out e r 

breaker zone (over the sand har and s')~e dist :tnc c inshore of it), 

the b'2tHeen- breake r zone (a zow~ of regenerated oscillatory ~,.;aves) 

and the. inner breaker zone: with breakers on the f oreshore . 

1.3. C0astal and TidC'.l CurrEmts 
• 

Co~st al currents were measured i mile offshore Rnd were usuallv 
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UD to ~ or ! knot rarely exceeding 1 knot. The percentage 

frequency distribution of direction ~"as, 76% apDroximat ely pa.rallel 

to the shore, 12% Hithin 45° of the parallel, and 12% Hithin 45° 

of the perpendicular. 

Tid i~s , which were diurnal, had a maximum ranqe of 6 ft. 

Tidal currents were negligible - the cotida1 lines being roughly 

paralle l to the coast. 

2. Nearshore Circulat ions 

The studies at Virginia disclosed nearshore circulations 

essentially similar to those described by Shepard and In~an (1950). 

The main e lements were, mass transport shore wards by Haves and 

breakers, lateral transport within the surf by longshore currents 

and a return flow seaHards in narrmJ swift-f101.ving rtp current 5 

which "mushroomed" out in the offshore zonr.~ . The Hhole circulation 

formed a ceii with move~ent about a vertical axis. Flow Has 

int ermittent. Order of magnitude dimensions ~·\1ere, cell width 

(spacing of rips) 500 yds., rip widths 1CO-200 ft, and periodicity 

of pulses 10 minutes. 

The studies at Virginia revealed three types of circu1ation~ 

1args 1y dependent on wave obliquity. There t.Jerc th,z symmetrical 

and asymmetrical c ellular circulations, and the alon~shore system. 

(Not e : In the original th2sis these types w~re designated A Band 

C r espective ly. It was thought best to alter the.1'fi so as to bring 

them into line with the nomenclature nOH proposed). 

Of t he se there ~vere two extreme cases. The sym11letrical 

cellular circulation, a result of norma l wave approach, with riD 

current s f1m'ling perpendiculi1r1y out from the shore , being fed bv 
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longshore currents flowing in equally from either direction. 

tH th this type the c2llular patterns ~>lere m-:lrkcd. With thc oth0.r 

type, the alongshore system commonly associated with lnw oblique 

wind waves, the longshore current was unidirectional and was th~ 

dominant elenent. Rip currents were widely spaced (up to a mile) 

and usually occurred at discontinuities in the coast. 

these two types there were a variety of patterns all of ~vhich Here 

associated with some degree of Have Obliquity and were characterized 

by a nearly unidirecti~nal longshore current feeding a well defined 

rip current. They were all placed in a sinl11e category called 

tlln ,'lOymnwt.:r· ~t'\l co1hl1A:r 0 i.rculi:rt ion. 

rig. 2-4 illuetl"lltQ thc,J mr:l:1.n features. 

During 53 obserJations the . three types of circulation occurred 

with the following percenta~e frequency. 

Type 

Symmetrical cellular 

Asymmetrical cellular 

% Frequency 

38 

5~ 

Alongshore systen 10 

The sUbmer.ged sand har and trou£;h were found to exert an 

important influence on the circulation - causing seperate circulations 
.'~ 

in' ~he outer and inn2r breaker zone with ,varying qeerecs of coupling , 

dep'ending on the relative he'i~ht of 'the' W:.VP. ov(:!r the troup;h 

Und('~r oommonly occurring condit ions t the lar~e rip current s (s paced 

of the order of 500 yns apart) Were common to the circulation~ in 

both zones. 

It was noted that when a coastal current overlapped the nearsh'Jr c:. 

circulation the rip currents out 'side the surf l>lere sle\>lect round into 

the direction of current travel. 
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3. The sand bar and trough 

The presence of the marked sand bar and trough, are according 

to Shepard (1950) associated with plunging breakers and longshor?­

scour. The cause of plunging breakers is still rather obscure 

though the work of Longinov was thought to be relevant. Longinov 

as reported by Ze.nkovitch (1962) considers that the criterion 

determining ~.,hether a t-JaV '? t,,;rill develop into a plungin~ or a spilling 

breaker depends upon the gradient of the anproach to surf. If 

it is ~reater than 0.03 plunging breakers arc formed. 

to the surf at Virginia tva.s cl early in this c :l.tegory. 

The aDproach 

It should 

be noted then tha.t the experience of Miller and Zeigler (1964) 

quoted above is at variance with Longinov's views. 

It tvClS suggested that the exchcmge of offshore water \·dth that 

1n the surf zone would be greatest when syrrunetrical cellular 

circulation prevailed, and that the exchange would be least (and 

perhaps negligible ) with the alongshore system. It was furthermore 

not ed that the effect of a coastal current overlanping the circulation 

would be a decrease in the exchange, since rip current S vJOuld be 

slewed paralle l to the shore and mainly rip currGnt water tvould 

be cycled shoretvards. 
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CHAl?Tr.R III 
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EXPERIMENTS ~nTH THE CELLULAR CIRCUL ATIONS 

The primal"Y purpose. of the field e xpe I"ir!l ent s ~.]as to gain 

some understanding af the quantitative aSDects of the c f' llular 

circulations and to throw SOT1'le light on the ir c :tUse and mechanism • 
• 

Initially it Has de cide.d t':J extend the qualite.tive vJerk under-

taken in the past,to fill in som~ of the gaps, 2sDecially to find 

out more about the T,nv in Ivhich the water entered the surf zone. 

Three types of 1!reliminary experiments ~vere undert A.k en. 

(a) Experi-ments in which the behaviour Has obse.rved of a 

line of dye establishe.d Daralle l t2 the coast, well 

secuvard of the surf zone, and long eriough.to covel"' at 

lea~t Gn~ cell gidth. These H~re knmm as "linEt 

source" test s. 

(b) Experiment s in vJhich a point source of dye Has e stablished 

just sea~.vard of the surf zone and the rate of build up 

of dye concentration in the surf measured. 

(c) Experiments in which dye ~·]as discharged continuously 

at the ~vaters edge. 

Ideally these '8xperiments should have be~n combined in one 

large experiment, but the expens e and difficultv of ma.intaining 

sufficiently large concentrations of dye necessitated their being 

treat ed separately. 

Later a series of t e sts 1-181"'8 put in hand to asse ss the quantitv 

of water circulating in and out of the surf zone. 

Besides producing qualitativ2 informe.tion these t :::: sts vielded 

data about the dimensions of t~c c~l ls. In particular it emerged 

that there appearod to be some constancv in the ratio of the cell 

width to the width of the breakcr zone . This fact r e called an 

analagous ratio which resulted from a mathe:natical analysi.s by 
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Rayleigh (1916) of the falling away from unstable 3quilibrium of 

a thin horizontal laye r of liquid Hhen heated uniformly from belmv. 

It is thought that if this analogy Has valid then th~ cellu·lar 

circulation should be basically a hydrodyna~ic effect - not a 

topographical one - and that b8 in~ the case it should be a quite 

general phenomenon~ It was therafore decided to see if it could 

be reproduced in a uniform model. In fact it i-Jas found to be 

reproduced. 

Parallel ~-Jith the exploratory field ~'Jork, some ~-Jork on sea 

level changes in the surf was · initiatedl It H3. S argued that 

since the circulation must be motivated hv hydroste,tic head 

differences, measurement of the s e Hould b t3 a starting point In the 

ihvestigatibn of cause and mechanis~ . Equinment .was des '; ~n9d and 

made operational, ~nd some results obtained. It was at this st a~e 

that the possibility of studying the c ~311ular circulations much 

more easily in a model was discovered, so the s ea level studies 

,.-mre curtailed. 

The experimental work is reported in tuo parts. 

(a) Field Experiments Section I. 

(b) ~1odel- Studies Section II. 

SECTION I 

RXPERIMENTS IN TBE FIELD 
, 

1. Line Source of Dye Tracer . * . ¢ 

PUrROSG To examine qualitatively the ~4ater movements near the 

outer boundary o£ the cellular circulations. 
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Metho4 - -and Procedure A line source of sodium fluor~scein dye 

was established, by trailing b€hind c boat, a porous container with 

5:-10 Ibs dye; or discharfS ing continuously a solution of the dv~~-.-

As the boat moved along the coast the dye diffuse d out slovlly and 

formed a. line \oJhose subs !~ qu0nt movement could b ,:; observe d or 

photographed for about one hour before it f ad ed. By l aying th2 -

dye at a suitable distance offshore , the onshore (and offshore) 

movements and entry into the surf zone could be easily observed. 

This lins source technique '\.v2.s applie.d on seven occasions 

when the circulation Has of a symmetrical or asymmetrical type. 

The line trJas established at dist a nces ranging from 100-800 ft 

s eaward of the out er bre aker zone . Th<:-: dye Has dispe-nse d from 

a surf ski propelled by a swimme r or a boat operating close inshore . 

The difficulty of getting the surf ski through the surf a nd the 

hazards to the boat, liMited the tests to occasions ~.Jhen th0 bre aker 

heights did not exceed about 5 ft. Photos 3.1 and 3.2 illustr~te 

the method. 

Re.5!ll t s ' 

A consistent feature o f t he t e sts Hi?S the distort ion. of the 

ini t in.l straight line o f dy ~:: by offshore movement s in the vici.ni ty 

of rip currents and onshore travl~l bet H8cn ther.rl. ExamDl e s of th~ 

distortions are shm.rn in Fig . 3-1. 

The velocitie s of onshore tr~vcl between the rips w~s extracted 

from the photogra2,hic r c:cord, -=.nd arc sho~vn in Table 3.1. They 
lieM 10 'Tc .... 

varied betw8Gn 0.14 and 0.35 ft/s~c. 

Also extracte d from the; photographs tvas the frontag e through 

vJhich the "ne w" offshore wat 2r ( a s oppo s ed to dirs ctly r ecyc1 -ed 

"" +- \ __ ,",, ___ ....:1 _ ... 1- __ _ __ ..I.- ___ ~ . 



Photo 3 .... 1. 'Line of 
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Beach. 

Photo 3.2. Distort-

ion of dye line by 

a rip current. 

Note small riDs in 

inner-breaker zone 

marked bv foam 

(23 -6.65) 

Photo 3.3. Example of 

small rip currents in 

inner breaker zone 

marked bv silt -
I --

Virginia Beach. 
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Dat e. o f 
Te st 

. . . . . . " . 
. . 

13.9.65. 

13. 9 .G5 

14. 9.65 

15. 9 .65 
I 
~ 23. 9 .65 

28. 9 .65 

2 9 . 9. 6 5 
.. . . . . 

• t - · .. _ ........... ..4 ~ 

TABLE 3.1 

DATA FROM LI NE SOURCE TESTS 
_--......-....-..._ • .-..... • .. f .. ---....- • • 

. . . . - . .... - - -----~--. ~ ... -....,.---.. ... -......-.-...-......... ..... ..,.......... ........ .-......-.....-----. 

f I, Time 1 Ve l ocity l ADprox. ! 
e. t o I of I Al?pr~x. fr ~)ntage Of ,' 

Dista.: 
initic 

Br eak Er r line 
He i ght Per iod l S1 

Ft • Sees .. F' 
. . 

.--~ ~ .... ----~ ~ 

It .. 5 8 501 

4. 5 8 l G( 

3.5 8 201 

3.5 8 20( 

L~ 7 30( 

- - 301 

5 7 601 
. . 

. . . . 

- --.. . .. . 

bar d r lft spflc ~ng ~ntrv I 
c. 
b 1 

Type 01 
cir<?u1 r.t ­

! t l o ne rf'mch I' o nSh'?".e • .l Ri 1? " New" wat e r 

Min. Ft/ Scc. Yds . Yd s. I 

.____ _~.RL _(a) J .+- + 

60 + 

7 

1 5 

22 

14 

45 

0 .14-

0 . 24 

0 . 23 

0.14 

0 .3 5 

0. 2 2 

..,. 

300 

300 

500 

550 

400 

400 

S 

100 0 .33 s 

1 00 0 .33 S 

100 :') • 2 A 

140 0 . 25 A 

150 0 .37 s 
1 50 0.37 '-. A 

I ______ . __ ..--....... ........... ~___.. .... _ ............. __.._,..... ' . . . ~ .... - , .---. .. _-.... --....: 

S = SYTIlr:1 c t ric n1 

A = Asymmetrical 
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the table and expressed a s a fraction o f the distance between the 

axis of the cell's ri~ currents • Th2 ratios varied from 0 •. 2 to 

0.37. . .. ·This ' means that on the occasions of t he t ests, and 

assuming that surface obscrv.3.tions r e flect t he bc.:;haviour of the 

~.-Jhole cross s ection, the p.src8ntage of recycL:~d Hat e r wa s 63-80%. 

l1uch of the surf fronta ge {Nas therfore t aken up by the outflm-J-

ing water from rips or recycled water from ri? currents. 

Experiments viith mode ls (reported in Section II) have indicated 

that c e ll widths tend to increase tvith wave h .::; i ght. The above 

ratio will therefore perhaps increctse wit h high long waves. In 

the field ~ests the waves were 3.5~5 ft with periods of 7-8 s econd ~. 

•• 
?oint Source of Dyo Trace r 2 • 

Although the experiment s us 5.ng 3. line of dye Her e useful in 

throwing some light on the Hay the offshore wat er masses behaved 

vJhilst approaching the surf zone , the dye was of insufficient 

conc entration to shot-J up mOVC1l 'C·mts within the surf zone , onc e it 

had entered. To remedy this another s e ries of experiments were 

carried out us~ng point sources of dye r e leased just outside the 

surf zone. In addition to making qualitative obse rv.::tions samples _ 

for analysis were taken on most occasions. 

In all, t 8n t e sts were madGe The usual procedur8 T..]as to 

releaSe 10 Ibs of dye from 2. ski b02.t 100-300 f t outside the surf 

zone. Samples were usually t?.ken at knOtm interve.ls of time in 

the initial dye patch, at mid surf nearly opnosit e th~ point of 

entry, and at the forGshore . These were analysed with a fluorimet e r. 

Results - The follovling are the main results: 

(a) The test confirmed that the entry into the surf zone 
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is restricted to certain rather narrow s ectors. 

(b) The inflow showed marked signs of being pulsed. 

(c) Having ent ered the surf zone the dyG flowed in a stream 

along the surf zane a nd out at the rip. Thou gh 

diffusion did of cours e occur, the main action Has 

one of displacement of the r esident wat er. This l.S 

evidenced by the f~ct that the build up of dv? in 

midsurf was very rapid. See Fif; . 3-2. It was clear 

that the through-flcH ,.vas quickest in t he outer breaker 

zone and nr;ar'the riD. TherE \!Jas evidence of short-

circuiting and therefore some regions mainly about 

the mid point of the cell tended to be stagnant. 

(d) The recycl ed wat er from rip currents formed a large 

fraction of the ~.yat er :::mtering a c ell of circulation. 

( e ) Though the dye entered and circulat ~d l.n the out er 

breaker zone it evidently took a good deal longer to 

reach the inner breaker zone. In fact it frequently 

happened that no dye ~t all could be disc ern~d in the 

inner breaker zone during a two hour experiment. 

3. Continuous discharg'<= . of dy;a. in t~.,e inner breaker zone. 
, . 

In order to study recycling , arrangement s t·J(;re made for a 

continuous discharge of a l ar 7.e quc.ntity of dye at the tvater's 

edge. 

Procedure A 600 gallon tank Has l?lc.ced hip:h up on the beach 

abo~t 20 ft above sea l e ve l at Virginia. It was filled with fresh 

water in which about 30 Ibs of dve were dissolved. The dve 

concentrat ion was 8000 ppm. , This dve was allow~d to discharge to 
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the sea by way of a 200 ft plastic hose, at the rate of 1.5 

gallons per minute. Some difficulty was experienc8d in anchoring 

the hose in the breakers. This was over-comp by ~rran~ing for the 

hose to terminate in a few feet of iron pipe welded to a plate 

(2 ft diameter), to which \-Jas fixed four 6" iron spikes on it s 

under side. These spikes were pushed into the s~nd on the sea 

floor. In addition, the hose was Dinned onto the sand in the 

intE'r-tidal zone by "U" shaped stakes made frC'm 7:'einfoI"cing rods. 

The .J2.oint oj. d.iscl;,ar,rse ',-la.S 300, ft frOM <1 riD current. 

SamDles were taken close to the base of the riD at the water's 

edge, in the rip head just f")utsidG the surf zone , and .qt mid-surf 

when recycling occurred. 

Conditions The circul:ltion was a symmetrical Ont~ which resulted 

from 4-5 ft breakers ~vi th per :.ods of f3' 8 ("('8. In the inner breakt:>. r 

zone the wave s were 1-2 ft hiB~ . 

At first ther e was no wind. T~vo hours after the start of the 

test a 10-15 Mph wind got up from th~ North East and the-circ~lation 

changed. quickly to asymmetrical. Small ri~ currents spaced about 

.so ft apart "Jere in r}vidence in the inner zon·3. 

Results The test produced a number ~f intere sting qualitative 

resul ts. 

(a) \-Jhen the large rip current l.oJa s flo~ring t here was a marked 

inflO\v of t.vat eI' from tha bet~·JCen breaker zon~ intc the 

inner break~r zone ncar the rip. 

(b) Having , enetrated the outer-breaker zone, t h,~ pulses of 

dye from the rip current did not behave uniff)t'mly. One 

moved heawards, one r ecycled to tho North 0f the rip and 

one moved to the South . This erratic D8haviour Rppeare~ 

to he associated with the 'shifting of the position of the 
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rip axis several hundred feet to either sid~~ 

(c) During the t~vo hours of the test only one pulse recycled 

to the shore. 

The quantitative results ar8 as follows: 

(a) The rip current '<las 100-150 ft Hide. 

(b) It operated with a periodicity of about 25 minutes .. 

(c) The seaHard v f":locity of rip ~vit hin the surf zone was 

(d) The averar:;s concentrat icms <It t ·!~ i-! -::;"ree s~c.~t ions v.lere 

(i) at the riD base 0.14 ppm 

(ii) at the rip head during riD pulsing 0.01 ppm 

(iii) at the mid surf during recycling 0 .008 ppm. 

Fig~ 3-3 ShOHS the change ')f concent 1.:""? tion r,vith time , near the 

rip base, (the verticA.l wave line marks a. break in the record). 

The marked troughs in the curve -3.t 15 and 4-0 fTlinutes C.re due to the 

inflow of undyed Hat e r fro"l!l the bet\l1een br·:ak~r zone, rf7hich entered 

the longshore current bett.veen the point of inse rt ion of dye and the 

rip when the rip was operating. 

The mean longshore current dischar~e in the inner breaker 

zone as calculated from the dilution of the influent \-ras 285 cusecs. 

A notable feature was the 0~eration of small rip currents 

origniating in the inner breaker zone and penetratin~ abQut 100 ft 

into the surf •. Penetration into the surf increas ed with decreasin~ ." 

distance from the large rip current which of course traversed the 

'vhole of the Vlidth of the surf 7.;one into the offshore zone. 

: . The small rip currents were spaced irregularly - the mean 

distance apart being about 100 ft . The i~idth of the J.nner breaker 

zone could only be determined very apor'oxim"lt e ly. It vias bet\-7e~::n 

20 and 50 ft. 
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It is noteworthy that the spacing of beach cusps along the 

intertidal zohe -'..":2..3 the sar:l. C ord~r of ma~nitude. as that of 

the small rip current s. The rips and the cusps ~,qere not ahvays 

in phase. This is perhaps understandable because the cusps were 

probably formed under conditions vf the previous tide. 

The operation of the s'TIall rip currents Has intermitt'3nt, 

their periodicity being less than that of the large rirJ. No 

accurate measure was made of this pGriodicity, but it was of the 

order of 5-10 minutes. 

No 3.8rial photograuhs were taKen of these small rip currents, 

but rG-8xa'TIination of photographs takah on other occasions reveal ed 

.3xamples of similar occurrencps ~ See photorrra~hs 312 and 3.3. 

Heasurements of the spacing of stn~ll rips i-ihich Her e made on 

several subsequent occasions ~re r ecorded later. 

CONCLUSIONS Hhich have a bearing on vJaste d isposal are: 

(a) The !Ilean dilut ion \.vhich a discharq;e. of 1 gallon per 

minute of effluent at the wat er's edge ~.vill undergo 

is about 8 x 10 4 • 

(b) In its passage thr0ugh the breaker zone a furt her 

dilution of the order of 10 can be expected. 

(c) The recycled pulse Hill und ergo little further dilution. 

(d) The region of the rip -head just outside the breakers is 

a region of large scalG eddy diffusion. 

( e ) The first recycled q,e arrived at mid surf 82 minut e s 

aftGr r e lease started. 

(f) Syrrmetrical circulatiom ch=-nge rapidly to asymmetrical 

under the influence o f evs n ~ light to moder~tc wind. 
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4. Exchange of surf zon8 w~t8r 
• 

Purnose 
,t 

To establish the order of ma~nitudp. of t he rat e of 

.exchange of the surf zone water vJith that s'?2lpard of it •. 

?roced'..lre Thc water in a s ection of the surf (usunlly a bout - . . 

one cell Qf circulat ion was selected) was marked \-1i th r:1y<; dronpect 

from an aircraft. The time fr)r the dyed H,3ter to be cycled out of 

the surf was measured. Fr0m a knawledga of the di~ensionG ~f the 

marked :nass of water its v('.lumG was calculated, and hence the rat e 

of exchang \? estimated. 

(a) The water m-'3.ss was marked by sodiur.l fluoresc 8 in dye 

dropped in 2 1b packets from a n aircraft. It vl2,S usual 

t o dr-OD 6-8 packs ts spread over th:J regian of interest: 

(b) The tirne taken for the surf zone t ·') cl \') :lr \vas r:leasured 

fr~m the time of the first dye d!'0T) t c the time tlThen the 

bulk of the dye d ~,Jater h~d be en cycled offshr:'r~ by rin 

currents. On some occasions sm~ll p0ckets of dye 

remained in relatively stagnant 2.reas ~ thes e were 

n(~ gl2.cted. It is cst imated tlB.t th'~ clearanc e time H-:l8 

measured t o an ~ccuracy of ±15%. 

(c) Obtaining accur·-l.t e dir1:;n '-:;ions of th;~ marked !ll3.SS of 

\vC'.ter tolaS of cau:'S G a d ifficul t t a sk. AArial nhot0-

graphs take n with a 35 mr:l ca-rnera a~8istect in e stiMating 

t 1-! e l ength and Hidth of the dye patch. (See Photo 3.4) 

The avc r''1ge d8pth wa f., calculated frn-::1 !)ottO;:l Drofil-<?s. 

ThEse we r e constructed from depths measure d by a skindiver 

usin~ a soundin~ rod or lead-and-line. Hi s posit ion was 

d oterminc.:ci by trianf!,Ul,"l.:t ion from the. s]· l cr ,<~ . 

Th(? m8thods u seci ~vcre n€c(~ssarily ruther crude. 



Photograph 3.4. Taken during exchange t e st of 31.3.65 

shovling surf zone water, marked with sodium fluorescein, 

being transported offshore ~n a large ri~ current. 

Recycling had just begun. Note chara ct eristic inner-· 

a nd outer-breake r zone . 

along the foreshor e . 

Cusps may he s ee n in the sand 
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that the l e ngth and Hidth could be measured to an accuracy of ± 10%. 

Depth measurements were assesse d to be accurat e to ±5%, and the 

- d t' ± 109.: averctge en n ~ o. 

The compound error In the calculated volumes \vould be ± 40%. 

The rate of exchange i.;as take n as the volume divided by the 

time needed for the exchange. 

In view of the substantial errors which mi~ht occur in both 

the volume and time measurements, the calculated value s may under 

the worst condit ions be in error ~y about 50%. 

Results Seve n t e sts und::r conditions of normal or n<?ar normal 

wave approach were carrie d out. The W8ve he i ghts and pe riods on 

these occasions Here roughly comparab1e ~ 

The results and the conditions under which the tests h'e re 

carried out are set out in Table 3.2. 

The discharge rat E::S f 2.11 into three classes: 
2'B '31 t\1;~cL' 

(aJ Those bet~veen 1000-2000 cuse cs froM t e sts 1 and 2 VJhen 

the surf was shallow, the trough be ing narrow. ",'aves 

were bre aking a cros s the \vide be.r. 

(b) Thos e betwee n 500 and 1000 cusecs from Tests 3, 4 and 5 

ivhich 'Vlere associ.:::.ted wit h what Has found to be the 

normal profile . 

(c) Thos e less than 500 CUS 6 C S from Tests 6 and 7 whcpe some 

factor, such a s dee p V]'3.ter over the bar ~ .... hich resulted 

in fell] waves br'2aking there, or adverse winds, inhibited 

the circulation. The importance of w~t er depth over the 

bar underlines the pot e ntial influence of tide on the 

rate of exchange. 

Examples of two extreme profilc.; s, one shalloH and one de(~p, are 

sho~vn in Fig. 3-4(a) and (h). 

In -:111 the above tests there WetS som2 obliquity of the waves,. 

Thr\11crh MJ:!11'':\'''t7 f!!...,.,=t" .;+ 'r_'T~~ ~ _ -':7" " _+-~ _ '''''''' __ ,.... .... +=-l=.:_..:,..:_~ ~_ ': ___ ... _.6.. ___ _ 



"L\BLE 3.2 - -DATA TOR SURF v,lATER EXCH/~.NGE TESTS 
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j 
I 
b~ 

N 

11 ---- I 
I: I Crl1cu- TilY.1. (:; R.. ?:. t c; of I 
' I 

11 I l'1t 3d tr: C1 2 "!.r- I 

:1 Av era[;eg OlU'1l0 cl s ar anc (; i 
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as~metry to the colI . Since in all t ests the offshore exchange 

ttJas effected through the a9.:ency of one rip, the exchange rates 

recorded must reflect a large proportion of the net riT.) disch3.rge, 

Having regard to the errors in measurements discussed above, the 

discharges are probably within a factor of ttvO of the true values. 

5. .Other resul;ts from the ,f1el;1 work 

During the tests described above ~bme additional information 

was coll ected~ It \.-1aS chiefly cohcerhed ~.1ith the general qu~_litat-

i"e circulation of Hater a nd with the dimensions of cells. It i s 

set out below. 

(a) General Circulation. . ,. Though a c'Jide variety of 

circulation ty~es were experienced the pr evious ide a 

that they could be broudly classified into three 

classes we.s confirmed . As stat ed above the s e ~tJEre 

Cellular circul at ion - symmetrical and asymnetrical 

Alongshore System. 

Schematic d iagrams illustrating these 2.re shovm I n 

Fig. 3-5. 

(b) Cel l dinlcnsJons. He.~surGments of the cell d i"lensions 

i.e. the spacing of adj acent rip currents and the 

associated \yidth of the surf t ar e s et out in Appendix 

I. They are summarized belo rv . The \.vidth of the 

inner breaker zone v7iJ.s espec ially difficult to measure 
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Table 3.3 Cell dimensions 

Large rips 'Penetrating the whole surf 

. . I No. of St "lnd .:'I.rd 
observations Mean dev~_ation 

Spacing of rips (ft) 3 2 ~~ 1830 ft 450 ft 

Surf tvidth ( ft) 28 470 ft 65 ft 

Ratio S1)Cl_Cl.n~ 16 3 i 7 1. 0 
surf Hidth I I I 

I 
Small riDS penetrating only the inner-bre3.ker zone 

S,!?o.cing (ft) 35 I 127 f t I 47 ft 

Surf ~vidth (ft) :H: 34 47 ft I 15 ft 

I Rat io' .s'pacing 34 2 .. 8 0. 8 
surf width l I 

,,:* Heasured from mean uprush t o T.) ·:J int of incipient brec.king 

includes the. average of 11 rips observed from an F.'.ircra ft 

on a singl p. occasion. 

(c) Periodicity of large rip current~ 

Based mainly on dye and t ethered float ohservFltions 

the follm.ving are som::; moasurem2nts of the periodicity of 

the pUlsing of large rl.p currents in their passage 'through 

the surf · .. 

No. of observations Standard Deviation , 

30 8 rrtins 3.6 mins 
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6. Studies of s e a leve l changes in the surf 

Introduct ion . 

Both the theory and the field and model studies vlhich hav-s 

bee n su~marized in Chapter I, make it clear that the momentum 

associated with the breaking Have cause s 2. set-up of the still 

water level at the shore. This gradient is al~ost c ertainly the 

cause of the grec.t~r part of the ~vatGr returning s eawards. 

In searching for a c au se and mechanism of the c e llular 

circulations, it seemed that some inv2stigation of it \l7ould make 

a st art in the right direct ioh. As mentioned a bove , the transfer 

of effort and resourc e s to model studies result Ad in this work 

being curtailed before finality had bGen r e ached. Because some 

interesting data r e sulted from the study and for complet eness, the 

details of the e xperiments are r Bport ed below. 

~q.ui.pm.ent and Methods 

The me2.surement · of s ea l evel c hanges over periods of time 

greater than several ~oJave periods and l es s than the t ide"l period 

calls for €!quipment which Hill damp out ordinary Hav,,:; motion . In 

addition s inc e sea l ev e l chan ge s a r c not likely to be larg0 , some 

degree of amplification is de sirab12 . 

Hunk (19l~9 :d used a tube placed with one e nd embedded C1 short 

distance in the sand of t he surf bottom. The sand provided a 

sat i s f a ctory degree of da-rnp i ng . Dorrenstein (1961) also used a 

tube into vihich the wat e r could l eak through holes punched in the 

side of the tube. Both the s e systems r e quir e wat ·?;Y." l evel changes 

to b,? read in situ - a requircm o:::nt militat ing a.gainst cent inuous 

measure~ent over protracted periods. 
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It was decided to use a svst e:Tl ~'Jhich l S illustrated In Fir;~ 

3-6. 

It consisted of a manomGter which ~.vas placed hilSh UDon thp. 

beach clear of the water, connected by a 70 ft plastic hose t o 

70 ft of iron pipe (~" diame t e r'), \.17hich terminat ed in a short 

section bent vertical. ' T·:) facilitate launching 2.nd e.nchcrin~ the 

Seah72.rd end of the plpe it Has fix ed to a slec1ge . 

orifice plate with ~" hnle was ins (~rt ed iri the pipe s ection '-vhich 

was be lotl7 sea level. 

The manomet e r anTIS were ma.d F of tHO 1" plast ic pi Des ¥.'hose 

lower ends were joined by a short length of ~lastic tu~e , the 

f low of t<7ater in which could be controlled by a taT). The 11lano-

met er ~72.S fill ed tl7ith tap water . Flob.t ing on the Hater surface 

in the ODen arm of the manometer was a small squa:N~-section float ~ 

Fluctuations in the level of the WA.ter surface in the o"')en arm 

were transferred to a clockwork r ecorder by a thread, connected to 

the float and to the arm of the recorder pen. (SeeFi ~ . 3-7.) 

A certain amount of trial and error wa s nece ss·ary to fina ·, ( 

a suitable design .fo13 the diameter of the arms, the shaDe a nd 

nature of the float and the siz3 of the damping orific e plate. 

The oDerat·ion of the apryaratus w<,::.s as f ollows: 

The pipe~ having be en conne cted up to the sledge , the sle dge 

was pushed into \.;ater of ab8ut 6 - 8 ft depth (just" ,·sea.~,j:1rd of the 

inner breakers ). Cara wa s tak2n t o seG that the land~.vard Gnd of 

. eXTended UD~ the beach to a distanca cle ar of the the iron p~pe -'-

uprush. ':l'he pla.stic Di'pe was covered \!Jith s 2.nd to minimize heat-

ing by the sun . The manomot (::;r WEt.S then c~)nnected up and 

adjusted to l .... estrict the maximu:1 fluctuations of th(~ r ~'. ccrder Den 

\l7ithin the paper width of th-~ r c.,; cor~r. 
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Fluctuation of the sea level was trans~itted to the manometer 

by way of water in t he iron pipe and a i r in the plastic hose. 

For calibration t he sledge was Dulled out of t he wat er and 

set up on the beach so that the pl~e length which had been at the 

toJater-air interf ace was lying at the same s lope as it had been when 

recordings ~Ilerc mad e . A graduated perspe x tube ext ens ion wa s then 

secured to the vertical section of pi pe ( uhich duri ng 0~2rations 

had be en submerged). Wat 2 !' \-:as added to this tube to produce a 

varietv of hyl.lrostatic heads, and the correspond i n g -pr es sure 

changes were recorded~ A s pecimen calibration curve is shONn in 

Apnendix 2~ 

In order to det ermi ne the r ,~ s ponse tine o f t 'he apparatus 

static l eads of 4.6 and 8 inchc:3 \Ve r 0. applied and the r e sponse on 

the manomet er r ead at int erval s . Th 3 r nsults of t his t e st ar8 

shown in Fig. 3-8 ~'lhcre y is t h·:; r-esponse at t iTTle t for an 2. pli "d 

head (A). Using the el ectrica l analo gy o f the charging of a 

condenser (an idea s ugge sted by Dr. Schouta - Vanneck ), the r e s ponse 

time is given by the e xnr2ss i on 

1 - 'i 
A 

= 

vlhere T is th2 t i me constant (T gi ve s the t i me to r ea ch 63% of the 

maximum) • The cU!"ve of t he above expr e s s ion is also plott t:!d in 

Fig. 3-8 ,..,he r 8 a time consta_::1t of 17 sec ( fo und by curve. fittin~ ) 

was used. The condsns2r charging equation s s(~ms to pr <'~dict th-; 

respons e of the r.lanomet er syst e1n r oasonably satis f actor i lv. 

A timG constant of 17 s econds would s eem to be. acc·: ptabl e 

s inc c~ it s nsure s t ho damping out of the I,vaVG S o f ps r 'lod usually 

8 s econds while allowing freedom fo r r e sponse to change s of t he 

order o f a minut ~ . 
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It was obviously de sirable to att empt a correlation of 

water movements Hith the f i e ld measurements of pressure chanr:9s. 

On some occasions therefore , buoys with t ethered floats were 

moored in the vicinity of the nearest rip current, or dye was 

released from time to time . Later it was cloar that it TtJOuld be 

most desirable to have in addition a simultaneous record of th~ 

~.vave heights ~ To achieve this a ,vave r ecorder based on t ,he 

principle of one de veloped by the National Institut e for Ocean­

ogr3.phy in the United Kingdom ,..;ras constructed. Essent ially it 

consisted of a rubber ring s ecured to a heavy iron plate (50 Ibs) 

which t .... as placed on the sea bottom. A rubber hose (~" diameter) 

connected the ring to a mercury ~anomet er, in the open arm of 

which was a float h1hich transmitt t; d changes of l evel to a clock­

work recorder. 

Results 

In all twelve recordings of sea l evel change s were made. 

Five of the most satisfactory W2 r e selected and parts of the 

records are r eproduced in Figs. 3-9a and 3-9b. 

The conditions under which the s8 tests were made are set 

out in the Table 3.4. 
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Table 3-4 Conditions during sea-lev t~l ffiE:aSUrement t e sts 

I I , I 
t 

Significant I Distcmce I ! I 

Test I wa.::' c height Have from 
I 

Date (ft) the period Circulation nearest Number I at 
bar (se cs) type rip (ft) 

1 27~9.65 6 8 " ,") 0 

2 1.9.65 7 8 A 300 

3 16.9.65 5.5 8 ~ 

I 60 0 ,-' 

2.9~65 10 300 4 12 A 

5 I ?1.7·.65 4. 5 i~ I 11 S 50 
I I I • 

s = SymTlletrical 

A = Asymmetrical 

,!, 
No sand bar = 

Though the arrange8cnts made for observing th~ wa.t ·:"!r mov ·::ment s 

were rather uns9ph5.sticated, they did ShOH that the T!lOv<?ment of 

water offshore was usual:!.y associated with a f,,'.11 a T,.lay from a 'Deak 

of the sea l evel. ( Offshore movem(mts in rips vlh-o:m r e c()rded have 

been indicated \vith an "R" in Figures). 

Furthermore there H·:;tS somet imes a ··c c preJ.. ::tt ion betNeen .the 

arrival of high groups of waves following a low group, and the 

action of rip currents.· 

In tests 1 - 4 a sand bC'l.r and the normally associ3.t ·:?d circulrlt-

ions at the be.r and the for(-:;shor '2 H0re present. 

The sea level changes resultin~ from the nearshore circulation 

are no doubt cOMplicat ed , 3.nd interpre"tation of the recorq was 

correspondingly difficult. For exa~ple, in some inst ~nce s a ris 2 

in sea level was clearly due to a longshore pulse of water. In 
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test No.. 5, hOvmver, there ~ms no bar so the sens ing head SHere 

effectively outside the surf. The circulation appea.red to consist 

only of small rip currents near the shore. On this occasion, a 

simultaneous l.-lave record ~\Ta. S available. The sea leve l record 

and the \<.?a.ve reoc t'd arc shor,m" in 3-8h., 'Fhe time of ' . . 

operation of rip currents were' i:n S-:;)T'1~ c a s e s . not ~d and t~.ey do se-::m 

to be correlated with the arriv~l of a ~roup of high w~ves. 

Furthermore , the sea I t~vel out side the surf seems to fall Hith 

the arrival of the high wave groups~ This low0ring o f the s e a 

level is lon accord ~vith th(~ concepts of 1"adiat ion stre ss but it .J 

may well be associated with 1"1p current ~ctivity. 

Table 3,5 ShOHS t he avera~e of t he t (~n larRer change s in 

s ea level. 

Table 3.5 Sea level changes 

Average of larger S 9a 
Test Nmnber l eve l ch anges - inch0. s 

1 5,6 

3 5.3 

4 8. 2 

5 4 

The changes of sea leve l r ecord0d in Table 3.5 are rou ghly 

in accord uith the fie ld observations of Dorrenst e in (1961) who 

found the deep water wave height to s et-up ratio to be about la, 

and the wave ch2.nnel results of Saville (1961) ~vho f ound the s et-up 

to be lO~20% of the Have height. 
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SECTION II . 

HAVE TANK STUDIES ~nTH THE CELLULAR CIRCULATION 

~ Introduction 

Models have been widely used for t he study of proce sse s near 

the shore . Mostly the studie s have been conce rned with such 

subjects as wave charact eristics in shoaling vlat er, wave currents, 

s ediment transport, and w~ve set-up at the shore . Commonly two 

dir.1ensional wave channels have been used, but in t he study of 

coast al engineering problems such as beach e rosion or harbour 

silting, where local topography hc5 had to be simulat ed, t hr ee 

dL~ensional ~odals aro needed. Few studie s seem to ha ve been 

d evot ed to uniform beaches. Not abl '3 a.mouhgst these at'e the 

longshore current studies of Putn~ ct al (1949) a nd Br e bner and 

Kamphuis (1963). Hode l s to investigate mixing along a uniform 

beach was us ed by Jordaan (1964). He report ed the occurrenC'2 o f 

rip currents, but the beach he uS2d was of moveable sand. No 

paper report ing the study of the n.:: J.rshore circulat ion by !"leans of 

normal waves in a uniform three -dimensional fixed beach model has 

been found. 

Experiments J..n three dimens ional wave t anks \v0re undertaken in 

the first place to see if the nearshore circulation could be 

simulat ed on a small sca l e and if so, to s ee if the dimensions of 

the cells formed wer·s in proport ion to t hose found in the prototype. 

These experiment s lvere carried out in part of a n exist ing wave 

basin (designated v.]ave Ta!1k J-.1ark 1). 

The study shm.;ed that the ce llular circulat ion could indeed be 

simulat ed. A good deal of time wa s spent i n trying to e stablish 

the cell dimensions under vc.rving vl2.V e conditions . ,.,., t °t 
J. ,1 -2 oppor unl Y 
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was also taken to make some mG2.surer:J.ents on the longshore currents 

and rip current s and the dilut ion of insert t;d trC'.c ers . ThG work 

with this tvave tank ~vas tne r E'.fore a fair-lv generalize d study aiMed 

primarily at obtaining some. quantitative data about tl1e circulation. 

In the course vf the work, hmv8ver, some phenomena ( ste.nding wave 

oscillations) were observ ed and they seemed to warrant further 

investigation. It was not possible to d 'J this on the ?-1ark 1 wa.ve 

tank because the building t-Ihieh housed it reverted 

to its original use. It PelS docided t~ build a s eaond y]ave tank -

Mark 11. 

Fina.ncial considerations limited the second tank t o modest 

proport ions! HOP8ver : t he Have genera ting equiD!:lent Has 

redesi~ned to produce ~ more uniform wave train with a greater 

ranee of periods. The studies in ~his mnd e l W0re ~~imarily to try 

to f5.nd the underlying C2.use of th:? circ'.llat ions and t ~ seck an 

und ct'st 2.nding of th .~ standin,! T-J2..V8E. The latt ~r study revealed 

the ir:'.p·):::>tance of edge waves. 

:\t this st age it be ca%3 clc:t3.r th 'lt the probleT1'l c!llled for an 

intensive -v'mrk on' wave interC'lction, reauirinlY re.th ~;r more refined 
:.. , 1 -

equiDT.!lent than was 2.vailablf!, a nd a more accurat e l y uniform model -

especially the beach. It \<l 3 8 thor p- fore decide d th,'1t '\lthough the 

enqull"Y W:l.S far fror.1. conplot e , it h:=td progre ssed to a point Hhere 

it might be recorded. 

It should be noted that ~vhen the model i-vork stRl"t 2d there was 

little in the literature on ltlhich to h=.se a Drogr2:mme. The 

prO?;I''lffir.le developed as the l>i7ork pro ;.-rressed. 



- 65 -

2 .. d Design consider a0 ::ms 

It is obviously d~sirable t o avoid distortion of t he horizontal 

cmd vertical scales wh(m dealing vvit h Have phenomena involving 

orbita l Velocities, 

The choice of scales is dependent upon thf~ nature of t he 

processes being investigat ed . COr:lplet (~ similitude between prototype 

and model require s that t hey be geometrically, kinematically and 

dynamically similar. This m(~ans s imilarity , r esnE:ct ively, of the 

ratios of dimensions, v8locities 2nd forc e s. In practice a 

com~romise is usuc.lly necessary, espocially froll thp. dynamical 

aspect. 

In problems ~dth turbulent flov.T with a free vJat e r surface, 

it is usual t o arrarige for equality of Froude nunbGr for model and 

prototype. The as sumption here is that the gravitational forces 

predominate over the viscous forces. The Froudc humber F is 

given by : 

l=' 
J . = 

where V is the velocity, g is t he gravitational acc~18ration, a nd 

L is some l engt.h. Using subscript lip" for t he pr0t0type a nd "m" 

for t h(; model. 

= 

Since L = CT t-Jhere L is t he wave L:mgth, C the phase ve locitv, and 

T the period. 
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1. e. if the length scale is fixed ,'9.t )..l then the tiMe scale is 
1 

)..l~ .. 

Le Mehaute and Collins (1961) have examined the choice of scales 

for nearshore studies. They stress that similituds here implies 

simil3.r Have patterns and similar break points. 

velocity is given by 

gL - 2'lfd tanh 
L 

Similar Have patterns are produced if 

( ~ ) field 

or Lm 

Lp 

They shov] that 

depth at breaking ratio 

= 

= 

dm ---
dp 

d 13m 

'd 1 =l'Z model 

= lJ 

= 

Since the wave 

1 
and deduce that longsh.ore and riD currents are r l;l at ~.:d by )..l2 and 

1 

that mass transports are also r e lated by )..l~. 

It :.lppears that if the ~.jav -?; period rat io is f ixed the above 

phenomena are produced to sca.l e . 

Mechanically it is convenient to have wave period s in the range 

0.5-1 sec. In nature the rangE: 5-10 s ec. is common. A convenient 

time scale ratio is therefore 10. The length ratio thus become s 

100. 
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3. Studies ~.-lith Have tank Mark 1 

The Have Tank . 

vJi thin a covered model vJilve basin (about 130' x 100') h7hich 

had been used for other stud ies, a smaller rectangul~r s3ction 

was partitioned off. This snaller basin consist ed of a beach 

36 ft. (later 24 ft.) long parallel tc~ a nd 40 ft . from, a bank 

of nneumatic wave generators. The sides were formed by !!loveable 

wave boc.rds. To form a bv..cking for the beach asbest ·~ s sheets 

2 ft. wide were laid at 22.50~ Against these sheets, beaches 

with slODes of 6° and 12° were constructed of sand or tin plate . 

(4 ft. i,Jide ). See Fig. 3~lO, 

From the beach to the \.Ja.ve gen '3rators the botto~ of the b·3.sin 

was sand whose contours ',vere uniform and parallel t o the beach . 

The dCDth ~f water OV'8r the sand bottom ~iJas 6'" frnln r:it ill l.-lat c r 

levol. 

The pneumat ic ~,vave generntcrs DI'oduced vlC1VGS t-Ii th h-2ight s 

varying from ~" to 3" and a small range of periods 0 . 635 to 0 .82 

secs. Unfortunately , bcin,s old the Have <,;enere.to~s p'ro~~~d ,~7aves 

Hhose reights were spatially somewhat variable. '. The ' 

direct ion of ~.vave propagat ion was nor:!lal to the ber:tch. 

Methods of HeasureI!lents 

\!Jave Periods The period icity ~oJas deter:rtined hy timing 30 waves . 

Wave He,ight £> Heir?;hts of 'YJaves ~vere me asured at a 1Jcsition some 

10-15 ft from the beach by r e cording the vertiC?l..l oscille.tion of 

a c ork float on a clockwork r e c order. Difficultie s ws re e ncounter-

ed probably on account of sciching. 

Beach Hidths 'T'h . t . ,.. . d· . h 
~ e POS l lon O~ ~aXlmum an mlnl~U~ unrus , mean 

"sea" level, the point ' of br'~2.king of the wave, and t he point a t 

t..rhich +he ~IJave face beca1'!le V'3Y.'t ical we r e ffiGasured e.ga:I.nst a scale. 



I I I I 1 1 . 1 I I I I 

< 

. 

. 

----------------- J\_ - ---- - -- --- --

, 

~ ., 

~+------------------------a6·0"--------------------~ 

WAVE GIiNERATORS 
Wine WAVi GUIDES 

WOODEN BoARDS 

UNI5=ORM WATER 
DE.PTH 6Y. INCH • 

END 0(11: SA .... O 
SL..OPIi 

8EACH - SAt-JO OR 
TI .... PLATE AT .. -
OR.. 1::1.- liL..OPIiiI. 

A'D&E6TOS SHES'" 
::I.PIiIiT WIC&: AT 
2.2. 's- ,sLoOP. 

FIG.3-'O. PLAN VIEW OF WAVE BASIN ·MODEL MARK I 



- 68 -

by observation through a telescope with cross~.vires • 

Rip and Osci~lation S~acing The distance apart of r iDs and 

the peaks of oscillations w·:,.s measured against a sca.Ie pcint ed 

on the asbestos boards. 

Longs.hore Currents and R,ip Current V,=locities V·3l ocities Here 

determined by timing the head of a dye patch over 12-20 i nches . 

D'T c~ Concentrat ions Dye s amples (sodium fluorescein) t.vere .' -
take n batchVlisc and c.nalysed in a fluorimeter. 

?hotography Photographic r e cords were mace using a 16 mm 

ca-rnera with Kodak Tri-X (bl ack and ~oJhite) toJit h 2:perture f 8-11, 

and Type A colour film ~vith f 4-5.6 both at 16 and 24 frRmes/sec. 

Still photographs \,mre taken with Agfc, CT18 t,vith a.perture 

f 5.6 at 1/30th sec. A f(',~v were t aken vrith Kodak Tri - X petTI fast 

bldck a nd white. 

For lightning four spot lights of 500 watts and twb "sun guns" 

of 1000 watts each w'Jre used. Later the sun guns alone Here 

found to be sufficient. D~ot e : In the photoGrc.Dhs ~",hich follow 

straight black lines are t c b:-:: c- een . 

over the tank well above t he t·J2.t er J . 
These wer~ wires stretched 

TEST M.l. 

Purpose 
FE" . 

to see if the breaking of a unif0rm t.vC.ve train a?proach-

ing normally to a uniform beach would pr oduce r.1. c ellular type 

circul;::~t ion. 

Proccd1.lrc A solut ion of s!)dium fluoresc~~ in and/or rhodamine B 

dye (suit r3.bly diluted with et i1j.r1 alcohol to adjust it 3 density 

to th~t of fre sh w?-ter in the t a nk) WeS dispensed along, the wat e rs 

edge,:)r continuously at a fixed po:tnt, whcm the wav (~s were breakin~~ . 

Results ---- It Has at once apparent that cells of circulation a s 

'narked by the dye occured a ll a long the beach. Th(; s e cells are 
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illustro.t Gc1. in photo ;!,raph 3. Sb whe n sodium fluor e scein <yolla'l) 

and rhodamine. B (red) ~vere re1 2~sed c ·:mt inu()Usly C',t the l~ater' s 

edge at a point mid-way between the rips C'I.nd t.;e r e carried out by 

rip currents. The different dye colours can be seen in each half 

of the common rip current. At the time the photogra?h w~s t aken 

recirculation back tovJa r d s the l")e ac};' h <1<1 not yet c 0rmnenced. In 

photograph 3.Sa the dye was dis;!crsed =-n a batch along the wat ers 
, 

edge and was photographed when the dyed l ongshore current had 

cleared into the f i ve rip currents. The st art o f recycling is 

evident; The vlh it e circle s a t the ba se of each rip are f oam. 

Photograph 316 s hows some detail of ~ l~rge r i p current. For 

comparison photogr aph 3. 1 of ."l largo ):, i 'P current· occurring in the 

fiel d is included. The s imilarity in sha pe is rema~kable . In 

photogr a ph 3. 8a and b smaller r ips h0tw~en the larr;e one s can be 

seen. 

Othe~ points of int erest are: 

(a) The wat er in the rip nppear' c ct t o rllOv ~:; o f f shore ~n the 

interval betv]8en t he arriv2.1 o f the br e akers. Vi sual 

0bservation suggested th::>.t ivith the hreak i n r.; o f the wa ve , 

the outflOt-J was h ,:ll t ed . (U sa i s ~ade of t h is f~ct in 

later calculations>. Thera vIa s no l ong period pUlsing 

e.s obse rved in nature - but unlike thos e in the pr ot otype 

the waves \vere of course of uniform hei~ht. 

( b ) The second not abl e featur e "" as that the outflow o f 

""ater in the rip currents produced 3-n a uparent r et a r d 3.tion 

of the incident wave f ront. Looked at from t he be ach the 

wave front vlaS c')ncav e in t he reg i on of the rips. This 

concave portion of the front r e sulted i n a componp.nt 

directed along shor8 toward s 0~ch rip. Exanpl e s ~re 

clearly to be s e en in Photogr ~?h s 3 4 6 and 3.8~ 



(a) 

(b) 

Photographs 3. Sa & b. Cellular circulation from ~.;aves o. S" high 
period 0.75 sec on a tin plate beach at 6° slope. 

Note: -

(a) five rip currents marked with red dye - recycling has just 
begun. ~,fuite circle s at the rip bas e are foam. 

(b) tHO circulations cells marked ~vith red and yellow dye 
applied continuously! 

... 

/ 

Photograph 3.6 detail of a large Photograph 3.7. A largs 

rip current in the model with rip current in the 

small rips in the r ed dye. field. Note "lave 

refract ion. 

In the three wave tank photographs the generated waves approach 
from the bottom and break on the beach just above which is a 
measuring scale. The black lines across the photographs are 
overhead wire s. 



(b) 

(a) 

Photograph 3.8 (a) Cell of circulation showing small rips 

bet\.]een the dominant onp.s, and wave retard­

ation by dominant r i ps - continuous applicat­

ion of dye 

(b) Detail o f a half cell showing rip f eeder 

and sideways motion near rip base - the 

wave had just broken 

(Haves of height 0 .. 5" and period 0 .75 s ees Here propagated, 

f rom the bottom of t he photographs). 

Photograph 3.9. Sta nding 'Nave oscillat ions on 22.5° asbestos 

slope - peaks shift half a Have le~gth with 

each successive generated wav.c . Ge nerat ed 

wave s of period 0.75 se c approaching from 

the bottom of the photograph. 
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The wave obliquity was greatest near the rins and 

negligible mid-t.;ay betwe(~n them . This latt er f?~ct \.;as 

particularly apDarent Hhen rip spacing ~¥as lar :!,e. Dye 

travelled aHay from the m:i.dpoint towards each rip -

as in nature. The averRn;e anf2:1e of obliquity of the 

wave front at br eaking: Has about 8° for !" waves. It 

extended for not more than G foot in each side of the ri~. 

(c) The recyclin~ action was well simulated in the model -

a portion of the water in thQ rip he<'1:1 r ecycling into 

on(~ or 'ea~h of the adjacent cells. Rccvclin!?; Has 

most vigorous near t he rips. 

The above' refers to a tin ple,te" bt~acn .i.'l.t 6 0 ?:i:th':- ~" waves of O. 7 5 secs 

Hith a moveable sRnd beach the rips were not so clearly defined 

and tended to shift position. It seemed that the beach did not 

s ettle down t o an ectuilibrium state ~ A submerged sand bar atlri. 

trbu sh inshore of it formed as in n3.ture~ At first a sand-bar 

built out seaw'irds at the ri j)s, and later (after 10-20 minutes) 

the beach contour at the ~-Jat6rs edge built seal-1ards ~t the ri~ 

hase forming a small prnmontcJrv. 

As with the tin plate bas e small rips net pen3trRting the 

breaker line occured between the large rips. Gradually, beach 

cusps developed in betl\!een these small rips \vhich had ~ seperatil)n 

of about 9". (~vave period 0.75 secs) 

Using the tin pla~ e beach 3. ~henomena of some interest occurred 

when the waves were first started. Under the still wat p.l:" c cmdition 

dye had been inserted alon~ the shor>2 . \;-lith the arrival of the 

first vlaves the dye behavE.~d in the following H"ly: 

(a) It was comDressed into a fa.irly uniform bund by the first 

fet.v waves. 

(b) With arrival of more waves small riD curr8nts formed but 
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they did not penetrate the surf. 

(c) Later some of the small ri ,,-, currents grmv, penetrated 

the surf and established the circul~tion. 

Selected cine picture s record this process in Photo graph 3.10. 

The upDer picture shows the organising of the dyed Hater into a band. 

Prior to the arrival of the first tvaV8S it was irregularly diR nersed 

across the surf zone. The c entre picture shows the incipient rips. 

Note the transverse osc i llations occu:n"~. n. s along the incoming wave 

front just before br<221dng. 

which had fully develope.d. 

The Im.Jer pi.cture ShOHS the two rips 

Onc und \3ve L;ped riD still marked with 

dye can be seen within the surf zone . The apparent retard~tion 

of the wave front by the rip currents can be seen in the breaker 

surging up the beach~ 

~EST H. 2. 

To Measure the spacing of rip current with Haves of 

various heights, (period fixed) and the acc0npanyin~ surf width. 

Conditions Tin plate beach at 6°. Wave period 0.75 secs. 

Sgacing of Rip Currents The spacing of dominant rip currents as 

marked by dye was measured for waves of various he i ghts. Spacing 

were not absolutely regular and furthermore, the presence of small 

rips (hardly pen~trating the bre ak point) and evane scent rips some-

time s complicated the picture. A further complicatirm -;.;as the 

fusing of two rips be fore or just after passing out of the surf zone 

in a vJt: ... y similar to "feeders" i n the protot~'p~. In p;ener::ll the 

small rips were disregarded and the fused rips treated as one. 

Fig. 3-11b based on data in Appendix 5 shaHS the change of avera~e 

spacing. 

height. 

The trend is =.m h"regular increase of s pC'.cing with wave 

Surf vJidth - \vave {Bight R,elat,ionshi1) ~llien a wave enters 

shoaling water its stc eDness increases until a point i~ 



(a) 

-(b) 

(c) 

Photograph 3.10. Enlar ged frame s from a 16 mm. cine film 
of stage s in -the de ve l o?ment of rip currents starting 
from the still wate r condition. The direction of 
'-lave propaga.t ion is from the bottom in each photogr aph . 

( a ) virtually undisturbed band of dye a t t he '''..:l.t er's 
edge -just bel aw t he mea suring sca l e 

(b) potential rips developing at 4 points - not e 
undulations in t he wave front 

(c) only two rip s h3ve f ully deve loped. 

Tot a l elapsed time - 30 see s . 
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reached where the wave face is vertical. The wave the n breaks. 

Hot<-lever, since breaking is a dyna.mic process t her e is a significant 

distance bet~1een the point ~tJhere the f ,:etc ,; is vertical (afterwards 

referred to as the vertical point) and the point where the w~ve 

collapses (the break point). The breaking wave set s UD the ~.vater-

line above still water level. The level r eached is the point of 

mClximum or minimum uprush4 In det ermining the surf width t o wave 

height relationship all five points v-7ere r ecorded, Le. the 

vertical point, the break Doint, the still vJater sea l'?vel, and 

the ~oints of minimtim and maximum uDrush. The obsG!"vations are 

recorded in Appendix 4. 

The surf width of course increases ttJith wave height. The 

distance from tho mean of the vertic·51 and break po ints t :) the mean 

uprush is plotted a gainst wave height in Fig. 3-11a~ 

TEST M. 3. 
ow 

Purpose To measure the mean velocity of the longshore current-' 

betHeen rips. 

Conditions Tin plate bet1.ch at 6 0 slope ; Have neriod 0.75 s e c. 

Hethod .......-..... ........... The longshore currents flow from some point a~prox-

imately mid way betHcen adjacent rips to the rip base . Over a 

measured distance 12-20 inches long ,the ~assage of the head of 

a small c2.tch of sodium fluoresc e in dye \.vas timed, f0Y.' val"iou s 

~,;rav 9 heights. Care \'1:"':l.S taken to start each run in the s ame ~,;rave 

pha.G G. 

T{ esul t s The velocity m03.suY.'8d iV'as a n average v<Jlocity and 

ranr;ed from about 2 -3. 5 inch-,-~ s per second vTith Haves of hei'~r,ht 

0.5 - 1.8 inche s. The trend wa s one of increasing longshore 

velocity with incl"casing W2.ve h9ight . 

The results have been recorded in Appendix 6 and summarized 

in Fi<;;. 3-11c). 
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TEST H. 4 • 
..... eo 

To measure the mean velocity of thz,-, rip currents~ Purpose 

Conditions Tin plate beach at 6° slope. Wave oeriod 0.75 secs' . . 
Method A method similar to that for Test M. 3. was used 0 The 

velocity measured was an average velocity over an arbitrary 

measured distance from the break point. MGasurement s were 

start ed at the same wave phase. 

Results The results are recorded in Appendix 6 and sumr:tarized 

in Fig. 3-llc. T.ht3 velocities ~tJcre less th2.n for the corre spond-

ing l o ngshore current and ranged between 1.2 to 1.6 inches per 

second over a wave he ight rRn ge of O ~ 5-1. 8 ins~ 

TEST H. 5. _CW~¢ENTF.f\.TION ! C}IAN+G~S Or .INSERTED DYE. 

PUrD~)Se 
• d 

THO experiment s ~ ... e r c ce.rried out to mea.surG the build 

up of dyG concentration B.t th3 Sh()r8 resulting from continuous 

releases of dye. 

Conditions Tin plate be ach ~t 12° slope . \\lave period O. 75 

sec. Wave height 2.5 inche s. 

!1ethod The dye sodium fluorescein solution mix·~d with alcohoi 

to rGnd er it neutrally buoyant \.'Jas released throu ?,h i":l fine nozzle 

from a constant head a.pparatus. Samples for analysis in a 

fluorimeter were taken bcttch~tJise at the shore in SffiEl.ll t est tubes. 

The raw dye solution had a dye concentration of 1,480 ppm. 

Exyeriment 1 

The dye was released ab~ut 4 ft offshore on the s~~ b~ttom near 

f t " '"h - " f / one () lie rlp .. eads, c.t t ~!8 l-'a.te 0- 2.44 ml sec. It ~va s virtuall v 
-' 

in the rlp head. The resul~ s of the fluorescence analysis of 

samDles taken at the shore are r'ecor::~';~d in Appendix 8 . Fig. 3-12 

shm<78 the build up of concentra.t i ClTI . The ti~G taken for the first 

dye to arl"ive at the shore ~"'8. S 7 5 s8c8nds. A cycle took 120 

seconds. 
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Exner iment 2 
~ . * 

In experiment 2 dye was releo.sed ~t the rat e of 1.64 ccs/ sec 

at the base of the rlp . The result s of the analysis of sa!!lPle s 

tCi.ke n at the shore are recorded in !'!.ppendix 9. 3-12 ShOHS 

the build-up curve of the recycled dye a t the sh::>rE- . In t'l1e y'ip 

itself the concentrations of dye ' just befor(..:; the end sf the t est 

was 23.3 ppm. 

It may be noted that the expel"imcmt "t.vas of insufficient duration 

to allow a full equilibrium situation t o become e stablished. In 

all recycling about five cycies ~,vere ohservad. The time for one 

cycle Has approximately 120 seconds. 

TEST H.6 

It t..;as found that an int ere stin ~ phenomenon occurred with smal l 

~vaves bre3.king on a 12° slope or T-7hen the' water level ~tr:U3 raised such' 

that th. (~ ~vaves .surF:sd up th2 22.5° 2.sbestos b0ards backing the 

In a matter CJf !Il inut 2 8 oscillat i-:ms built U 'I) transvers (}l v 

alonG the waters edge . See Photograph 3.9. 

The s e;; oscillations t\'erE: !)f throe m2.in'ty:o'2 s e ach of ~vhich could 

occur under the same T,.J3.ve conditions. 

( a ) The most COFlmon type is illustrSlted on Ph~tograph 3 .. 11 

~vhich is composed of sel<2ct ... ::: d cine phctGgrA.nhs. The 

measuring scale is S0t 2long the top of th~ 12° tin 

plate beach and the gent':! ratcd wave s aDDracch from t he 

bettorn of eac h phot:Jgr2.ph . 

It may b8 not ed that the wav~ s laok like standing 

waves whoSE' crest s :)]:' peaks shift a half "'(\lave length ~dth. 

each successive generat ed wave. The thrEe di~ensional 

shane of the 'f...vave 1'1ay be s:cen j n Bottle (' f th~ 

I'hotographs. These oscillations sU a:0:c stsd that t h.,3 
' .~ <.. ~ 
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{ 

components of the standing tvave had periods . t~-1ice tha;t. 

of the .generated waVQ. 

(b) · The ·second type is illustrat.ed in t.he accqmpanY,ing 

sketch Fig~ .. ,.3-:-13;._" ~" . ..fIE!re t~, ;;: ;p~aks ,Qccurred ';in the 
.. ~ ..' . 

~ . : .. 

same j)lape :ri~ing, witheac;h inc~d.ent Have and falling 

between the ~,vaves. " ,The amplitude increased \rJith each 
... '''# • . •. . - ..... .. ,,· ·t_ .. .. .. 1 " , 

., . 
wave until it reached a maxirnum (about 9") after which 

it might transform into type (a) above. A fairly 

vigorous outflow seaward ~rJas aSFOociated wit~ the 

recession of each peak. \-lith this tvpe it would seem .- -
, . 

that the period of the components of the standing wave 

were origInally equal to that of the generated wave. · 

(c) A variant of type (J) t..Jas vih8re t h e crest rose with the 
'. 

arrival of every alternate generated wave. This did not 

transform into the other type . This kind 0fstanding 
,. 

wave might be f ormed ' if one comnonent · had a period equal 

to that of the generated waV6 and the other twice it. 

Type (a) was subsequently studied in more detail ' in the 

Hark 11 model. 

4. Studies with Wave Tank Mark 11 
t it t tt' 

The second model which was built .'~,t Kloof was 19, ft. 10np; and 

20 ft. ~vide. It was constructed by building a 2 ft. tvall around 

a cement slab. The "7alls ~Jere plasti;;red on the inside. 9 ft. 

from the end with the vlave .. senerators r::-. 6 0 C€ment beach sloped up 

to the other end of the tank. Th2 surface of a band across the 

beach which included the breaking end run up zone , was rendered 

smoother and more uniform by the applic~tion of a fine grained 
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"polyfiller" which wa.s painted white. 

general view of the tank . 

Photograph 3.12 glves a 

The wave gen erator was of the paddle type, hinged at the 

bottom. It consisted of a 20' x 12" x l!" hard~'lOod board (coated 

with epoxy resin) which could be moved to and fro by a reciprocatin~ 

motion provided by a l! h\p. motor acting through ~ gearbox. The 

tvave period could be varied by altering the tension on a variable 

speed pulley. ~Nith suitable ratios of pulle ys, periods of 0 .. 6 -

1.65 sec. could be obtained. Alteration of the length of stroke 

of the reciprocat ing mechani sm allmved a ranp.;e of W3.v e hei8:ht s of 

0.2-1.5 inches . 

The uniformity o f the 'Nave front obtained by this generator 

was superior to that in the original model. The vlaV GS produced 

~A1ere, hm-Je ver, not unique but cont ained harmonic s • 

was: 

The initial purpose. of the continued wave tank experiments 

(a) to investigate further the effect of wav·c height and 

pe riod on the disposition of rip currents. 

(b) to study the marke d standing wave oscillations found 

previously. 

TEST H. 7. 

With regard to the study of the disposition of riD currents, 

the procedure adopted was to record t he places (as indicated by 

dye r e leased along the 1>1at ers e dge) at t·Jhich rip curr2nts formed. 

Combinat ions of the follo1-ling \'Jave height s and periods we r e used . 

Have heights (inches ) 0.25 0.55 0.75 1.0 

Periods (Secs.) 0.65 0.75 0.85 1.1 1.3 

Wave periods ~"ere meCl.sured by timing thirty waves. 

"('lave height s were measured by means of a pair of "'xternal 
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portion of the tank at two points on8 half Have 18ngth apart. 

The error in wave he i ghts Has estimat ed at :tlO%. 

Results 

The wave front was satisfactorily uniform and in this respect 

a' .gl'"'eat improvement on that from the pneumat ic gener ators. The 

rip current pattern 1<\10.6 in gencr'al very similar to that obtcdned 

previously. nl·~s~pDear~d - so .f.ar as th2 s.ize was concerned -("" P :'1. 1 • <.; 

to fall into four classes. 

(a) very small ones s0veral inches apart ~vhich d id not 

penetrate the breaker line 

(b) small ones, some of the order of one foot apart; which 

in general did not penetrate the surf 

(c) moderate rips which penetrated the surf, but travelled 

little beyond it 

(d) dominant rip currents 1.oJhich penetrated ~'lell beyond the 

surf zone. 

The first two types wer:; transitory cmd the dye c 3.rried out by 

them soon drifted alongshore to join up ~ith the lar~er rips. It 

was not possible to decide \'I?ith certainty just where they were 

situat ed. Di scrimination between the moderate and dominant riDS 

~vas usually fairly clear cut, but there ~..yere occasions vJhen the 

decision was necessarily subjective. 

Fig. 3-14a shmvs a 'Dlot of t he change of spaclru:~ of the dominanT 

rip currents with various we.ve height for fi_xed waVE: periods. 

3-141 is a plot of the changes of spacings with various periods for 

fixed wave heights. 

There seems to be a trend of increasing spacing Hith increasing 

~'7av e height but it Wc:!S not constant 01" regular. On the other hand 

the spacing wave period gra~h8 show no clear t endency . 
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There was a remarkable occurence h1hen the ~~cwe period 'Nas 

about O~65 seconds and the wave height 1.2 to 1.5 inche s. Three 

dimensional standing Haves h'Gr-e very clc3.rly o b served just "s p.:3. 

\t-lard" of the break point. T'18 T:JaV8 cre st ;:I.t breakin~ Has 

corrugated in the vertical plane and sc~lloped in the horizontal 

plane . At f a irly regular intervals of about 12" a short section 

of wave crest (2"-3") broke in advance o f C'l.djacent T)ortions. 

Associate d with each s e ct ion there was a small riD current - about 

20 over the width of the t ank . 

Photograph 3.13 ·ShOHS the standing T,\1,::wes , Photo ?;raDh 3.14a 

and b some of t he surface patt srns,Photo~raDh 3.15 the scallo~ed 

breaker front and Photogra~h 3.16 t he corru gations alon~ the crest • 

Examination of the 
. .. 

Clne film from tvhich p~1oto'!ra~h 3.16 

t aken shmved that there Hs re: differ ent ial t im (~s of brea king a long 

the tvave crest . The trou ghs or shallower portions of t he 

t • b · b 1 1=; t corruga 10ns I' ~e ~lrs ~ 

TEST 1'1.8. -

Study of. Standing t\lave Oscilla.t ions 

Anothe r int \.o, r e sting f e ature Has the occurrcmce. of r ep;;uL:tr 

standing waves (similar to thos e reported for Hodel ~·1ark I) formed 

in th3 ,lane o f the beach a l o ng the W'lters ed~p,. These de ve loDed 

about 90-120 seconds after the t~av 1 generator had been started. 

The oscillations a1"e illustrat Gd in PhotograDhs 3.17 a.nd 3.18. 

They consist of something like parabolic sha~ed crests separated 

by shal lm<l troughs. The ir position shifted one h3.1f \<i~v e length at 

the ~rrival of succe ssive gcne rCl.ted wave s. They g;r adually ~reH in 

aI!lP1itude until they reached a. maXlI!'lUm. Beating Has sometimes 

observed. The oscillations ~<lsre only observed 1;vith smal l ge nerat ed 

wave s (l e ss than 0.5 inches ) and periods bet~veen the ma.xiMum 



Photograph 3.12. Wave tank !'1k.II 

built at l<1oof. Wave generating 

" board is top right. 6 concrete 

sloping beach has Deen painted 

white. Width of tank 20 ft. 

(a) 

Photograph 3 .13 sho~ving 
standing waves across thE 
tank (Mk.II) just before 
the wave break point. 
Note patterns over White 
portion of slone. Wave 
height 1.5" ,,/ave period 
O.fi5 sees wave direction 
left to right. (Dark 
1

0 0 111 0 lne 1S ~ expanslon 
joint at bottom of 5° 
slone) • 

Photograph 3.14. Standin~ waves - prob~hly rGsonance condition -
caused by 1.5" \-laves of period 0.65 sec proPe_~A.t~d from left 
to riBht. Associated with th2 generated ~>1?,;ve just on the 
white portion of the 6° slope, the comnonents of thp. standing 
wave can be seen - especially at the top of Photogrnph 3.14b .. 
They are . almost certainly edge ~""aVGs. 



Photograph 3.15. . . ' 
Vertical photograph of waves 1.2" high and of 

period 0.63 s ec propagated from the bottom of the photo~raph, 

sho,"oJing scalloped pattern of ~'7ave at breaking just prior to 

rushing up the beach (6°) towards the scale ~ SCi'l.llops are 

probably caused by a standing wave (near resonance ?) which 

can be s een traversing the tank just btHo~l the white part of 

the slope. 

• 

Photograph 3.16~ Very oblique vieV1 of a wa.ve at breaking sho~Ying 

marked transverse corrugation a long the crAst. The photogr3.ph 

was taken from near still uater level at the beach. The 'i,\laves 

(height 1.2" period 0.65 sec) are appr6achin~ the Car.lera·. From 
., . ' a 16 mm C1ne film taken at 24 frames per sec on the same 

occasion as Dhoto~raDhs 3.~4 a & h. 



(a) 

( b ) 

Photogr a ph 3.17. ObI ique view 
along' the 6~ slope with waves 
(he i ght 0_3" period 1.31 sec) 
propagat ed from right to 18ft 
and interacting with a trans­
verse standing 1117ave along the 
Hater' R ed ge (running up the 
photograph) to produce weak 
rip currents marked with dve. 
The generated wave has just 
spent itself and produced 
large ~~plitude surges op~osit ~ 
1r,]hat had been a down slope 
trough of the st a nding wave. 

Phot ograph 3~18 a & b ~ 
Vert ica l v iev7 of the beach 
(1vhit c ) Hi t h generat ed 1r,]ave s 
(height 0 .3" ~eriod 1,'29 5 
sec) pr0pa~at cd f rom the 
bottom of t he nhot oq;raph 
to\.var ds t he scal e ~ interactint; 
\.\lith tra nsverse standing 
1-Javes a long the \'lat er's ed ge . 
Th? Hat er wa s dyed dar k r ed. 
Not e patt erns on t he \-Jat er 
surface .. 

(a) just pr i or t o the arrival 
of t he gener ated wave 

( b ) ju st a ft er t ho Ha ve had 
SDicmt itse l f on the 6 0 

slo~ e - water from the 
crests 01'" sur~e s is 
returnin~ down slooe. 
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possible period, 1 .• 65 seconds ', cind about 0.95 seconds. There 

appeared to be a t endency for the oscillations to di sappear or be 

ma sked with higher t..Jave he i ghts. Amnlitude s wer e not measured 

but they were clearly gr eat e r with the longer periods. 

When dye tvas dispersed along the ,.vaters edge it Hr3. S obs 2rved 

that slow moving rip currents formed cpposite the r etreating crests. 

See Photograph 3.17. 

The number of node s a l ong the 20 f t. beacY} and the \v2we l ength -

distance between simultaneous peaks - ar e given in the Ta ble 3.6. 

~-Jith some periods the nodality was not unique but var i ed bet tveen 

values differing by one . During the decav of the oscillRtions 

aft er the generator had been s ~..,itched off ; what appeared to be the 

component waves of the standin:: Have could be o bs e rved. The~e 

seemed to be a pos s i bi l i t y that the standing ~'Jave was due t o " edge" 

v7aves. To verify this the f ollowing experiment s Her e per f ormed. 

EXPERIMEl\TT \llITH TRANSVEF. SE v.!AVES 

TEST M.9,. 

Purpose The main purpose of the experiT!lcnt ~-las t o p.:ener at e 

t'laves whose direction of ?r op2.gation was parall e l to the beach .. 

Equipment The gener at ing gear ~.]as disconnected from the main 

wave generating board, a nd connect ed by means of cords running over 

pulleys to two short ~·oJave boards s et alon~ either side o f t he tank. -
The boards were 6 ft. lon~ and 6 inche s deep and wer e s ecured 

by hinges attached to the s i de walls near the bottom, about halfway 

down the slope. The tops of the boards Ner e l evel, and a f ew 

inches a bove the still wate r 12vel. 

When the generating gear t-las set going the boards oscillated 

to and fro producing waves pro~ag~t ed si~ultaneously, and initially 
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NODALITY 
v.7AVE FOR 

~ 

Period - sees 

1.62 

1.60 

1.56 

1 ~ 54 

1.50 

1.45 

1.42 

1.40 

1.32 

1.30 

1. 29 

1.25 

1.22 

1.20 

1.185 

1.17 

1.135 

1.125 

1.11 

1.0 

0.95 

• . 

TABbE 3.6 

AND HAVE LENGTHS 
VARIOUS PERIODS 

~\lAVE-SLOPE 
; 

OF THB STANDING 
OF THE GENERATED 

OF BEACH 6° 

NodC'.lity (N) \!Jave length ft. = 2 

7 5.71 

7 5.71 

8 5.00 

8 5.0 

9 4. t~ 5 

9 4.1+ 5 

9 4.42 

10 4.00 

10 4.00 

11 3.65 

11 3.65 

12 3.33 

12 3.33 

13 3.08 

13 3.08 

14 2.85 

15 2.66 

15 2.56 

16 '2.50 

18 2.22 

21 ( a;)prox. ) 1.92 - 1 

... 
x 20" 

N 

, 

I 
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parallel to the beach~ 

Results The initial h'ave fronts were soon distorted by 

refraction, the Dortion neare st the t-laters edg e la c;:,~ ing; . Sr'lall 

edq:e vJqves were seen to move ra;) idly alo ng the waters e d .;e. 

By superposition the tra nsvers e waV8 S ( gene rat e d from. ei tlw.r 

side ) produc e d a standing T~aVG qualitativs ly similar to that 

reported above. Because of the tim'2 taken f or the ~'I1ave 8xpansion 

to occur the oscillations near the si'l e s o f the tank ~-J'Gre not 

clearly d e fine d. See Phot o :-;o:raDh 3.20! h1he n only 0n '3 one board 

was oscillated the e 1ge w:tv c:s 3.S shoun in Photo. 3 .. 19 ~wre Dl"'oduced. 

Purno s e . To examine t he int e raot ioh. cif Ea v e s f!:en ';rated normal 1 V 

to the beacH arid from both sides . 

The wa ve gene r a t ing me cha nism i>Jas recc nnoct (~d to the 

ffie..in WC'.V::] board so that it simultane ously gEme pated n0rmA. l ,::md 

transve rse waves. 

Results The standing Have at the ' wat e rs eagc: ~·viJ. S different in 

this cass o Antinodes now OCCllr at fixed DositiOI:s with each ~..Jave. 

There tva.S not the ha lf wavele n gth shift of a ntinode posit ions with -
the arrival of succe ssivs norrrtal .. ,zavE\ s that tl1ere was ~:in~'l!t";5t M.8. 

TEST H.Il. 

Purpose To e xamine the interaction or edge waves ge nera t e d froIT'. 

anI von,:; side, tvith normally incident ~>lave s. 

Procedure Ont:: of the sid '3 f~aDs only and t hr~ ma in fdrJ.ve board 

~vere cor1l1ected to the ~encr.3.tor . The re wa s t herefore intcrRction 

be tt-reen only the se t wo tva v c: trains. 

Result s - At bre akins the main wav e train was di s tort .sd ~>lhere it wa s 

sup8ri~?o sed on the transve rse wave . At the d istortio n a rl.p 



Photograph 3.19. Vertical photograph (an enlarv,ement from 

a 16 mm cin~ film), of two edge waves of period 1 sec 

propagated from right to l eft alon~ a 6 0 beach slope . 

The waves which arG pr~bably the 3rd mode are outlined 

by dye. The measuring scale marks the Hater's edge. 

Photograph 3.20. Oblique photograph (looking along the water's 

edge) of two edge ~]a.ves travelling in opposing direct ions 

and forming a standing wave - which is marked with dark 

dye. 
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current was formed. Its direction of travel vJ2.S sl ir:;htly obliquE' 

in the direction of thG transverse wave propa~~tion. 
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CHAPTER IV 

D1ISCUSSION ON . THE FIELD +AND ,\AlAVE' TA.N]5. STUDIES 
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1. The siMilitude of model and prototype 
r , 

One of the most int eresting -findin5Ts was that the sjrolmetrical 

cellular circulation of the prototype could be reproduced in a 

uniform wave tank. Nost of the salient features of the former 

were well reprodu~ (?d . Th:::: longshore cu ,~rl2nts flm.o1ed away from 

mid-cell in opposit e d1rections, rip curronts flowed seawards and 

in the process retarded -the oncoming T"ravc . Feeders 2u~plying the 

rips were also r eproduc ed , and the simil i tud e betv.7een the s preading 

of the rip head and recycling was ~ood. A notable differeno~ was 

that the wave tank rips exhibited no lon~ neriod pUlsing. However 

since puls~ilg is _thought to be iJ.ssociated in nature ~.;ith the arrival 

of successions of high and Im.o1 groups 'Jf T>laVeS , the uniformity of 

wave heights in the model may well explain the difference. 

Concerning the dimensions -:>f the cells th:; followino; is a 

comDarison of the averar-r8 cell ~.vidth to surf width ratios. -, 

Average Ratio , -

Field (a) Cells involving the v.7hc12 surf 3.7 

(b) Cells involving inner breaker ~one 2.8 

Wr..ve tank 4.75 

The w~ve tank ratio was derived from Figures 3-11a and b. The 

differences may perhaps be ascribed to 

(a) the difficulty of deciding on what exactly are the 

boundaries of the inner breaker zone - or of any 

breaker zone. 

(b) a diffe renc8 in depth at breaking ~>lhich might result 

from the moveable sand bed in nature and the smooth 

tin plate in the tank; and also the e ffects of the 

bar and beach step in nature. 

The me~n spacing of the large rips t·;rere 1830 ft (565 m) 
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compared with 500 m (Larras 1957 as quoted by Bruun 1963) and 

400 m measured at Clateop by Shepard and Inman (1951) • 

. . 

The reproduction of the nearshore circulation in ~vave tanks 

provides a useful tool for studying the underly ing princ iples. 

So far as is known tho only previous theory with experimental 

backing which identifies a cau se of the circulations is that of 

Shepard and Inman's (1950). In this inst ance the theory explained 

satisfactorily the field observations. As not e d above it via S 

based on the spatial variations in wave heights resulting from 

divergence and convergence in the region of the very striking 

sutmarine canyons which He r e situated off the test beach. 

The field work at Virginia Beach ~.vhere the offshore topography 

is relatively uniform and t he production of the circulations in 

the wave tank Hhere the topogra phy and generated wa.ve he i ght s were 

uniform, leads to the conclusion that topographical irregularity is 

not a primary prerequisite fOI' c e ll formation . • Thou gh there is 

of course no doubt that where topographical features are present 

they have a most potent influence ~ ' The wave tank data su gge sts 

rather that a mechanism for c e ll formation might lie e l selvhere and 

that it might be found in factors ltlhich tend to distort the incident 

Haves or breake r fronts - sDatial va r i ations ~n hydrostatic pressure 

along the shore being a consequ ence. 

3. Systems in Unsta ble Equilibrium 

3.1.. It has been noted that as t he Haves progress into shallm.ving 
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water the mean horizont a l displacement of particl~ s ben~ath the 

wave increases. At breaking the ~omentum sets up the water level 

at the shore, which in turn induces a return flm.v .• There is a lso 

an acc e l e rat ed imparted to wo..tor returning s eaw3.rd as the hackvJash 

flows dONn the beach slope . Intuitively it ~>Jould s eem that the se 

opposed accelerating systems ::nu st be uns table and sensitive t o small 

transverse disturbances. 

3.?. Sirnilar syst ems in unst 3.bl e equilibrium have been ths 

subject of s tudy in other branche s of physics. One of the first 

unst able systems to be analysed Has that of liquids h c a.ten from 

below. 

Bern3.rd (1900) as reported ;)y Rllyleiq,h (1 916 ) found that a thir 

l ayer of liquid Hh2n heated unifo!'mly from belm-J "rapidly r e solves 

itself into 2l. number of cells, the motion being 3.n 3.scehsion in th,.:;: 

middle of the c e ll and a descension at the common boundary b8t~>Je8n 

11 d · . l- h " ace c.n,- 1 t S ne 18u"ours • U sin~ mat!1t~m3.t ical methods suita.ble 

for syst ems falling m-Jay from an unstable e quilibrium Rayleir:h was 

abl e to pr ed ict th(:; mode of (~reatest instability of a disturbance 

(cell width) in t e rms of the de;Jth .of liquid, viscosity and heat 

conduct ivity. He found a constant ratio bett>JGen the ~.vave length 

of the mode and depth of liquid. The seemin~ly analogous r ,1.t io 

bctv]een the riD spacing and surf ",Jidth observed in the field DromDt-

ed the wave tank experiments r <;;7)ort ed above. 

3.3 Lewis (1950) described Qxperiments in which a layer of liquid 

Nhose sUl-.facG ,,Jas disturbed by applisd oscillat ions t vIaS accel~"rated 

dmA1mvarc1s by the release of h i gh pressure. The outcome of the 
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experim.ent was that "fingers' of air penetrated into the liquid. See 

Fig. 4-1. These ''fingers' are sC""1 e ~.vhat re~iniscent of rip current s. 

Tavlor (1950) has develops d the theory of the rate of penetration. 

Brooke Benj~min (1957 and 1961) studied theoretically and experiment · 

ally the stability of a thin film of liquid flowin q; dm,m =. uniform 

slope. He found that the systsm {'vas unst able and developed t",aves ' 

travelling both in the direction of the fluid flow and transvers ely. 

Fig. 4-2 taken from his paper (1961) ShOl'JS this. Thou gh he ~·7aS 

mainly concernc.:> d ~,,]ith the dev:: lopmcnt of instability in response 

to a perturbation (in this cass thG oressure of air from a j~t - s ee 

upper patch of waV e s in the figure) his experiments also shm-7ed 

transverse l1aves developing fl"'om what he sugge sts was an oscillatic': 

in the trough supplying the fluid~ 

1m-leI' 'Dort ion. 

These are the waves in the 

Though the possible applicability of this system to the surf 

zone was arrived at inde?~ndently from the field ~.vorkt the idea was 

first speculated upon by Isaacs (1964). 

3~4. The e ssence of the Rayleigh-Taylor instability (as it is 

named) is that the way in which an unstable system falls al,oJ:lY from 

an unstable equilibrium, is influenced by small 0scillations 

imninging on the system. One ~0de ultimately dominates the system 

and this is the onl;! which gro~7s most rapidly with time. 

There is so~e evidence that such a process is at work In the 

very first st3.ges of the dev8l(1)ment of the cellular circulation. 

It will be recalled tha.t Ph:)to graph 3.10 .revealed the format ion of 

a number of closely spaced emb:r:-yo rips with the nrrivC!.l of the 

first few waves. But only some of th8se devcloDed t o set the 

domin~nt pattern. It may be supposed that these are the ones 
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~"'hich correspond to the mode ~.;rhich develones !'1:)st raDidly with 

time. As to \\lhat d(~terI!lines the grovrth ~vith time , such factors 

as the mech.:mics of the prec e ss and the need to satisfy continuity 

tvill p lay a n important prlrt. t-lhen a n equilibr i um circulation is 

reached hmvever the spacin~ of th8 rips should bear some direct 

relat ionship to the ~.ve-" elength of the dor.li.nant node . 

It is proposed to examine some of t hR ~'7ave t ank cbservations 

to see whether there is some charact eristic tra n sverse oscillation 

tVhich might inpress itself on the falling a't<7aY from inst~bility. 

From thf.:: ,'}vidence already c.vailable edg~~ \.v-?ves sug;se st thern.s e l ve s. 

Having looked a t the problem from this aspect, '3.tt ent i~n ~..,ill the n 

be turned to the mechanics of the process~ 

Three cases will be examined 

(a) that \vhere H2.VeS of lCt<7 amnlitude Hore as s ociated \.7ith 

lRrge transverse st~.ndin~ ~.vaves alonR; the N"3.ters edi"r,e 

(b) that ~..;rhen rathe r 13.7.' ;:'"8 HaVeS (1. 2 - 1.5 inches) of Deriod 

ih the regioh of 0.65 secs we~e associated with notable 

transvers e standing waves near the region of breakin~ 

(c) those of '.:'.. IDOl:'e gcn,sr~l nature net associat E~d Hith :'iny 

p:3.rt icular genel"ated wave cha.racteri st ies, where the 

c e llular circulation VIas present. 

4.1. Standing \vave Oseille.tio!:.s :'<.t the ~A!aters Edge ~vith Low 

Ar!lplitude \rJaves 
-c 

Very large e.rnplitude oscillations ef the standin.r.?; wav(~ type , 

along the ~,Jaters edge and extending Hell up th~~ bsach from S.H.L. 

( e .r;. Photograph 3.17,) occurred in wave tJ.nk Hark II ~-Jhen the· Haves 

VJere s:nall (deep water height less than about o. 2 5inc~es) 
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and when their periodicity was in the ran7-e of 0.95 - maximum 

possible (1.65 sec). 

In a?pearancc the oscillations were standing waves ~vith "3. h2.1f 

,..;ave length shift in the Dosition of the crests betwee.n each 

succeeding generated t.;ave. The motion of dust particles within 

the oscillations was typically rectilinear . 

The occurrence of transverse oscillations is com,'!t:m In wa.ve 

flumes and l-lave tanks, and t !:ey are as sumr>d to hC',v'e the ir or:i. ~in in 

reflections off the side walls. 

4.1.1. The ~vater in a rectangular ~.;ave basin may oscillate in 

directions at right angles to e ither 9air of opposite sides. The 

problem for uniform depth h3.s bsr.,n tack l'3d by inter ?lia ~a.yLdgh 

(1874) 2nd L&~b (1945). T1-te period of the oscillations Hill be a 

naturCl.l one b.'1sed on the dimensions of the basin and may occur as a 

number of modes. Antinocie s arc SGt up at the positions where 

the amplitudes of the incident and r~flected HelVeS reinforce each 

other and troughs tvhere they ccncel 'o~ c.pe ormosed. Since the 

wave lengths of the incident and reflected waves are thE! same , the. 

points of reinforcement ?.nd opposition are theoretically fix~d in 

space. 

When the basin is subjected to an im':)ressed vit-ration it rna" 

respond hy oscillating with one o f its r~aturctl modes or be for.ced to 

oscillate at the period of imprcss8d fC'rc e . When the ueriod of 

the forcing vibr~tion is the same as one of the natural ~ode s (the 

fund~.mental or a harmonic) the .?_mplitude of the resultinf, oscillation 

is a maximUM. 

A wave tank such as was used is an 1 of ri. t b' examp, e ~ sys em ~ e~ng 
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subjected to a forced oscillation. Such systems occur in harbours 

and have been studied for vertical boundaries by a number of workers 

notable HcNown (1952), HcNown and Danel (1952), ~'Jilson (1953) and 

Carr (1953). 

In the system used in the experiments reported above the 

generated '..Javes constitute the forcing mechanism and the resulting 

oscillations Hill occur with the periodicity of generated oscillations 

or of their harmonics. Maximum oscillation will occur when the 

periodicity of the generator and the natural periodicity of the tank 

are the same. 

4.1.2. In the wave tank experiments the depth was not uniforM 

but part of the tank sloped up to st ill ~vater level. The velocity 

of a transverse wave must therefore vary with the depth. 

"'laves which can be propagated h7ithout change under such 

circumstances are called ed ge waves and their proDerties have been 

outlined in the literature study above. Their velocity is given 

by Equat ion 1 .• 10. 

C2 = Sin (~n + 1) ~ 

Uhere L is the wave length i is the angle of the slope to the 

horizontal and n is an integer denoting the mode . 

where T is the period and recalling Equation 1.11. 

C = Sin (2n + 1) i 

and the wave length L is given by Equation 1.12 

L = Sin (2n + 1) i 

Since CT = L 
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This last equation is interpreted to me~nt that for a ~iven 

forcinJg ;>eriod T and a ~iven slope i, there ~..;ill be a number of 

possible edge Haves who se Have lengths depend upon "n". 

In the wave tank '\.]e ma y expect edge t-lavc. s to be generated from 

the onposite sides of t he tank and to form standing waves.. [1. :-: 

the shore the edge wave will cause a wave in th8 plane of the 

beach such that the \Vatern edge will take on C'. wave f orm. The 

combination of two ed ge w·aves of tho same period travellin~ froi!l 

eith8r side \vill set u p a standing ~.;aVG along th(~ waters ed q;c 0 

The nodes \-IIill be s e parate d by a half 't-lave length. 

It is clear from the nature of the standin~ wave ~ost common-

ly observed that it s component s have a period twics that of the 

main generated Haves. It should th8r e fore be possib12 to calculate 

the wcve l engths. 

As an example conside r the c a s e ~tJhen the gene'!"at ~d ~",av e period 

was 1.3 sec s. In the equation expressing the ':Jave len~th 

L = 
aT2 
~ Sin (2n + 1) l 

2'11" 

set T = .2.6 sees g = 32.2 ft/sec 2 n = O(zero mode) l = 6° 

(slone of beach in model Mark 11). 

L = 32.2 x 2.6 2 
Sin 6° = 3.65 ft. 

2 x 'IT 

This compares with 3.76 ~easured in the tests. 

The theoretical nodality (N) across a tank 20 ft. ~.v.ide for a 

tiave of length 3.65 ft would he 

N = 2 x 20 .. = 10.9 
3.65 

comnared to 10 - 11 as measuren. 
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I~ Table 4.1 the calculated and o bserved nod a1ities for 

various generated wave periods a nd for t'>10 slop c"", s have been set out ~ 

SloDe 
of 

beach 

TABLE 4.1 

CALCULATED AiID OBSERVED NODALITY OR WAVE LENGTH 

I 

H 

OF 
STANDING \vAVES 

Incident I Period of ! 
wave per- ; standing 
iod s ecs~ I waV0 sees 

j . J 

Nodality In 
20' c ,3.1cu-
1ated 

Nodalitv in 
20' obs~rv- Wave 

ed Tank 

1.25 
I ! 
I 2. 5 ! 12 12 Mk 11 . ; 

I 

1~20 I 2.4 I 
i I 

13 13 Mk 11. I 
! 

I"k 11 I 1.17 I 2.34 

1.135 

loll 

I 
I 

2.21 

2.22 

0 .66 

0.86 1. 72 i-: I 
1 

h I. 
one measurement only 

13.7 

14.53 

15.4 I 

I 
I 

Calculated I 
waV·8 l e ngth I 

ft. i ______ 1 

I 
1.85 i 

• 

3.13 
: 
I . 

14 

15 

16 

Obs8Pved 
HaV 2 

l c nrrth f1:' . 
. k 

1.93 

11k 11 I 
1-1k 11. 

Hk 1 

J Mk 1 

In . Fig. 4-3 the \>1ave lengths calculated from Equation 1.12 for 

various neriods ( of the strmdin ,: t'7<1VeS = 2. x period of .~en"~l""ated 

wa ve) ha v e been plotted ag-':!.inst the. square of the period of the 

generated wave e.nd cop.1Dar8d with the .obse rved va lue s listed In 

Table 3.6. The agreeme nt is good a nd indicate s tn,lot it {'laS indeod 

edge w~v e s causing the standing waves. 
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The conclusion here is that theory predicts the phenomenon 

tolerably well if the periodicity is assumed to be twice that of 

the forcing periodicity . I t must be noted that theory is based on 

the assumption of small a,'Ilplitude which ~,JOuld only be applicable 

in the initial stages. 

It is difficult to explain why the period of the ed ge 

waves was twice that of the generat 8d 'trJave. Kravtchenko and 

Santon (1954) have report ed on ~,]hat they call parasitic waves, 

produced from a ~.]av e generator and having t~vice the period of the 

generator. There is littlG dou bt that the wave generator in the se 

experiments did not produce ~onochrbmatic wave s . Possibly, the 

explanation lies in the <!'lay t he edge waves are produced. \~Then the 

generated l.]aVe breaks on the wavy ~\7aters edge it may be that edge 

v.laves are produced more easily vlhen the phase of th~ standing wave 

at the side boundary of the tank i s such that a section of the. 

generated wave breaks outwards tO~rJards the side, rather than inwards. 

4.2. Examinat ion of the phe nomenon vlhen T = 0 .65 (ap,Prox.) and ~ .... ave 

he ight is > 1. 2" • 

4.2.1. The marked corrugation of the surface in the region of th8 

breaking wave and the scalloped nature of the breaker ' front und er 

the se conditions calls for sone explanation. The corrugations have 

the appearance of a standing wave . ( Photo graphs 3.13 to 3.16) 

Due perhaps to inaccuracie s in the construction of the model 
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the scalloped l-Jave front W,"l.S not absolut ely regular all the vIay 

across the width of the tank, a nd there was some d ifficulty 1n 

counting the exact number of concaviti8s. The r e · appeared to be 

about 20 in the 20 ft a nd this compares reasonably with the me asured 

width of each concavity of 12". Their position appe are d to be 

the same for each wave. 

4 •. 2.2. A study of photograT)hs shows the presence of standing 

waves just before the bre ak point and strongly SUqgs st th~t they 

are cau s ed by the superposi tien o f edge l-Javes. ° o.,tf 

the constituent edge ~·J.1ve s had 3. 1)eriod equa l to thct of the cr,enerat -

eri Yiave, o.ntinodes of th!-? standing wave spaced onG ~,\7ave l ength apart 

could coincide Hi ttl a \Vave crest whilG the a.ntinode.s formed one 

half \·.;ave l en gth away after a half period (of time), vJOuld then 

coin'Cide \vith a tr"ou gh of ths gener2.t8d wa ve . The n~:;xt s et of 

antinodeswould occur vJith the next crest of the generat8d wave ln 

T)ositions the same as those for the preceedin~ crest. This then 

could account for the const a not position of t he CU81)S ln the ge.nerat c r} 

wave. · 

However, \ . ..rith a I,Jave pGriod of 0.65 S f~CS the wave lenrrth for 

zero ::!lode is: 

L = Sin 6° = 0.216 f eet 

The measured 1,oJ3.ve l en ?:th 18 about 1 foot. Consider the 

second mode (tvhen n = 2) the ,/Jave l e ngth become s: 

L = g x 0 •. 55 2 

2 IT 
Sin 30° = 1.08 fe et 

v.7hich is more nearly in a gr 2G'110nt Hith observation. 

(4.1) 

(4.2) 
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4.2.3. It is thou ght that t h is cond it i on i s one of r e sona nce . 

According to Urs ell' s t heor y r esonance Hould occur at a discr r2t e 

natural mode f or the tank or a t a cut-off mode . It is ryred ict ed 

by the inviscid theory that t he r e s ona nce v70uld t end to ext end 

down the tank a Hay from t he J:8c.ch but that in pr?.ctice viscous 

forc e s would confine the resonanCG t o the vicinity o f t he be ach. 

In Photograph 3.13 it ~.vill be s een that the r e s onance affects 

the surface o f th l? Hhcle of the slonin,:1 po :r.tion but d L-n inishe s 
.... C ) 

considerably at the foot o f t p.E' s lope - marke rl hy a dc.rk line 

(in the photogr aph) which is 2. joint in t he c oncr et e . 

Fi gure 4-4a is an atteTtpt t o r e construct the kind of patt ern 

~-vhich might result from the tt·JO trai n s of simi lAr edge tJ.1ave s 

propagated in opr-asing directions. The treat~ent i s schem~tic 

and the slope of the 'olave s is s cmmlhat a l" bitary. 

Such a fi gure , it is su gge sted , mi~ht expla i n the f ollm·ling 

a s pect s of the photogr aphs: 

(a) Phot ograph 3. 1 3: t he three d irn0.nsiona1 humps on the 

~vat er surface are pr obably the 'lnt inod(;~ s. The se 

would occur at thE'- i ntersect ions of the GdlSe TtJave 

ridge s. The fi gure ind icates that a ny thre e ~djacent 

antinode s would f o r m the -3.?ices of a n approximat e 

triangl '~ • The humu s in the phot ograp~, rto su qgest 

this f ormat i o n. 

(b) Photograph 3.14a : the "vavy.·, l"hite rid~e j ust left of 

centre could be r epr e sent ed by t he dashed line in the 

fi gure . 

(c) Photogr aph 3.l4 b : the inte rG c cting wave ridge s in t he 

up~er l e ft ha Dd quart ~r f orm a pattern of ap~rox~~at e 

parall elo~rams like those in t he figure . 
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After dra vling Figure 4 ... 4a ; a r e -exa.mination was made of the 

cine film which wa s t aken verticc.lly dm,Jmvards. It ~..;ra s vietved 

frnm e - by frame - under a microscope ~nd clear. evidence o f the 

appr oximate parallclo~ram patterns ~entioned in par agr a ph (c) 

above ) was found. Phot ogr a? h 4~1 is a n enlar rrement of onG of the 

frames. The pre sence of the s e patt erns lust hehind t he breake~ 

e stablishes the presence of edge wave s. It may be seen from th2 

photograph that the r idge of the edge wave i s not a s ingl e rid ge 

but a parcel of smal l er ones. 

It is cert a in t herefore that the gene r at ed wave just he f 0re 

brl';aking had to pa ss over a tra.nsverse s yst em of st anding v7aves. 

From the observati0ns made i n t he wave tank it was clear that 

distortions of the Have front occurred. The wave l ength of the 

distortions is close t o that c f an edge Ha ve mode . The conclusion 

is that the phenomenon is one of wave int er Rction. 

The importance of the wave height in t h is particular case 

would probably be that it po sitions the break point so that it 

coincides with one of the line s of standing waves. Since the 

positions of · the standing t>1a V G is a depen1ent o f the edge wave shaDe 

lilhich is in turn dependent on the period, it seems th".t both the 

\Y'ave height of the gener at ed waVt~ and the period of the edge waves 

have to be of the correct va lue for this verv well tun,ed interaction 

to occur. 

4.3. Circulations with ot her than low wave am~litude . . 

4.3.1. The standing wave phenomenon recorded in Wave Tank Tests 

M 6 a nd M 8 ceased or \-1a s not a pparent when the wave height s 

exceeded a bout O. 5 inches a nd the period lyaS other than about 0.65 



Photograph 4.1. .' . Enlargement of a frame from a cl.ne fl.lm 
taken al~ost vertically of 1 .• 5" vJaves of 0.65 s ees 
propagated from the top of the photo r;raph and breakinp; 
near the bottom. 

Notable features arc (~) the three dimensional standing 
wave caused by the superposition of 3 ed ge waves, 3 
travelling from l e ft to right and 3 frOM right to left. 

(b) the near-paralle l ogram patterns and the scalloped 
nature of the wat e r topo gl~aphy over Fhich the generated 
\vave must pass (Enlar r:ement made hy ~'1r. P. Zoutendyk). 
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seconds. It was succeeded by a regime with much more vigorous 

rip current flow. . Notable in this connection is, the modes of 

oscillation (\vith small amplitude t>Javes) during the exper'iments 

with Have Tank: Mark I i which occurred at a f5.xed point ,,,,ith the 

arrival of every genGrated wave. and Hhich were accompanied by 

quite vigorous rip currents. See Fig. 3-13. 

4.3.2. Examination of thE. spacing of these l"ip current s when 

wave height and period were independe ntly varied revealed the 

following: 

(a) with increasing wav(~. height there W2:.S tendency for 

the mean spacing t o increase but the incrE'.ase "B.S 

not regu I ar • 

(b) with increasing period there was no de finite tendency. 

(c) under any particular set of circumstances the sPewing 

bett-Ieen rip currGnts along the bGach was not nocessarily 

uniform though some times (see Photo~raph 3.5a) they were. 

Of interest are the small embrvo rips which were noticed 

on many occasions and l>Jhich are clearly shml7n in Photosraph 3.8. 

4.3.4. Explanation of tho s e phe nomena is difficult and it is 

doubtfiul tl7hethe r the qU2.lity of the data Iyhich have 2.n ingredient of 

subjectivity justifiGS clos8 a nd detailGd analysis. It is proposed 

to e xamine only one case and to sec if the edge \oJave concept can 

throw any light on it. 
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4.3.5. Consider the cell of circulation in Photograph 3.8a . 

It is bounded by two large rip currents which penetrat e the surf. 

Only the half-rips are marked by dye. Considering the out er 

boundary of the se half-rips, they are separated by 3.2 ft outside 

the surf and 2.6 ft at their roots (inside the surf). Between 

the two roots are 4 small embryo rips (one not very clearly 

defined). The mean s eparation of these small riDS is about 

0.45 ft. It appears possibls that the root of t he main semi-rips 

coincides with two more embryo rips, one on either side of the four 

noted above. See Photogr aph 3.8b~ i"There the r;enerated Have 

encounters the main rips the Have front is significantly ret arded. 

NOv1 assume that under t hese conditions l;3ach ,generated wave 

produces an edge ~ave by reflection from the sides. Using equation 

l.l? and substituting the ~vave period 0.75 se c and the beach slope 

(6 <?), the follm-Jihg are the wave l engths ·~f the possible modes: 

Mode (n) tiJave,length (ft) 

0 0.305 

1 0 .89 

2 1.44 

3 1.92 

4 ::?32 

5 2.62 

6 ::?8 

7 2.87 

By combining the edge waves of zero mode and say the 7th mode 

it is possible to construct a pattern made up of tvvo standing '-laves. 

This has been done schematically in Fig. 4-4b. The short wavelength 

edge waves ~7ould produce peaks seperated by 0.3 ft and t he long 

edge waves peaks seperated by 2.87 ft~ These compare with 0.45 ft 

and 2.9 ft respectivelv as measured from Photoqrnnh 3_8(~)~ ~hp 
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a gr -eement for the short edge wave pattern is not very good,_: but 

propa~at-ion along a turbulent surf 1;vould nroduce dist ortio ns~-

Qualitatively such a system would contribute to an 

understanding of the follov.d.ng · features observed in the T!l0del 

experiments and in the field. 

(a) the "fee ders" which contribut e t o the rips from 

adje' .. cent c ells - each feeder originating at a sm2.1J. 

(b) the pre sence of smaller cells within larger one s 

(c) the limited penetr~tion of the smaller rip s because 

edge wave s become :Jf insilSnificc_nt amplitude at a 

distance of a wavelength (of the edge '<laves) from the 

waters edge 

(d) the tendency sometiMe s for rips to start at one point 

and subsequently flow sidetVays to join an adjacent rlD, - . 

4.4. Consideration of the evidence from the three cases examined 

suggests that, certainly in two case s a transverse oscillat ion was 

present in the wa ve tank and th3.t the mode of mot ion Has that of 

edge wa ves. There was theref:Jre present a. characteristic 0scillat~ 

ion which could set the pattern for the fallin~ aH3.Y fr0m unst a ble 

equilibrium in the tianner of the Ra.yleigh-Taylor instability. It 

remains to consider possible mcchanisns. 



• 

- 99 -

5, Mechanisms 

In p';eneral the int~raction b6tNeen wave s travelling in different 

directions is small. Because of this it has been possible to gain 

such a good understanding of ~.vave phenomena in the se.a with quite 

simple .mathemat ical models. There is however some sli~ht second 

order interaction which PhilliDs "(1960) ·he.s :;:>redicted and Longuet~ 

Hig~ins a nd Smith (1966) have confirmed experimemt:'llly·. It seern~ 

likely however that if the interactions ~vere to occur in the 

region of incipient breaking where mass trAnsports ~re relatively 

great the interaction could be appreciab12 and significant. 

5.1.. Conside r first the case where sma ll amplitud(~ generated 

waves were associated with very large a~plitude oscillations a long 

the wate.rs Gdge. If these are edge ~vaves travelling transversely 

in either direction, they will form a standing Have. The st:1nding 

wave will cause or impart a Wive shape t c the HCI.ters line, the 

water level being hiRher up the beach at the crests (viewed from 

the "sea") a nd below still ~latcr level.at the trou rrhs . This is 

illustrated in Fig. 4-5 stage la. A generated Have imDos i3d on 

this "tvill, if it is of small a.mplitude, break close to the still 

water line . The positi()TI of breaking will vary tllonl?; the ~.vave 

according to the deoth of thC': ~.vatel'"' encountered. Breaking: will . ~ 

occur first into the trough (vim'led from the II sea") of the standing 

'Nave. In other adjacent "?ortions of the generated wave crest, 

breaking will be delayed. In this way the lvater is focussed by 

conver~ent mass transport (St a ~e Ib of Fig. 4-5) and surc;e s UT) 

the slope. The back wash (Stage II Fig. 4-5) flows down the 

slope to meet the succeeding ~ener('\t ed ~4av e ~vhich has now broken 

on the standing ~>1ave crest - a system of dive:t:'~ing mass transport. - . 
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The effec~ of the back wa sh is to flatten the standing ~lave crest. 

Back wash water orig ina lly from a breaker crest length BC r eturns 

over a reduced front B'C' be caus e i t has be e n subject to conver~ence. 

It has more momentum than t he oncoming incident ~>lave a nd some of i_t 

penetrates sea~" ard of the surf zone as a ~",eak rip current. 

In the case 'tvhere the standing tvave has a period e qu a l to t hat 

of the geherat e d wave (Fig . 3-13), t here is a contribution to the 

rip current every Have instead of every odd vJave , and as a 

consequence the rip current is stronger. 

5.2 i Anothe r Gxc;...mpl c is that where t he wave s vJere large 

(1.2" - 1. 5") and t he pGriod about 0 .65 s ees. f.J:e re the ~>lave s 

broke a t an appreciabl e d i stance a way f rom the wC'.t ers ed ge . ( See 

Photograph 3.13 to 3.15). 

As recorded for the wave t a nk expe riment the effect on the 

breake r is tvlofold. At br e aking the tAlaVe f r ont is sca lloned i n 

the horizontal pla ne (Photograph 3.15) and corru gat e d a long t he 

crest in the vertical p l a ne. (Photograph3 .16). A pos s ible 

expl a nation of effects observed is as follows . When the gener ated 

wave has to pass over a tra nsverse sta nd i ng t,7ave , portions of the 

wave frent will be super- e l e vat e d over t he ant i nodes a nd adjacent 

portions over the nod es 'tvill be lowered. The cr e st of t he wa ve 

will be corrugat e d. If t he standing V12.Ve i s s itu.?t e d at such 

:1 position dmm the slope that it i s in a dept h corresponding to 

the point of incipi8nt bre aking o f t he wave , t he Dorticns o f the 

crest ove r the node s will break fii:'s t. I n doing so they ~vill 

~part a sca lloped appear c nce t o t h e wave front. 

Diff erential breaking time will l ead t o a converp;enc ,~ of Das s 

tranSDort (as in the previous case ) and spatia l variations of head 
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at the shore will r~sult~ Outgoing currents Hill be stron~est 

opposite the points of great~r head. Th~ out~oing currents will 

cause increased refra.ction ()f the incident waVA front and increased 

convergence of mass tr1nsport. The conditions for cellular 

circulations are then e stablished. 

5 .. 3 In both the cases consic'8red wave inter,3.ction resulted 

in differenc3s in water depth in the !"3g ion of breaking. This 

resulted in differential times of breaking :llong the breaker front, 

i3.nd as .3. consequ(mce there was converg(=nc E~ of ma.ss transDort and 

spA.tial differtmc~ s in hydrost .atic head along th.e surf. 

5.4. A coroll~rv t o tho above conclusion,if it 1S correct, 

is that the mode 0 f .. :dg'~ WA.ves tvhich cause s standin~ \.JaV0.S in the 

region in which the pr".:Jcess e s o f TtJ21V 'S d;:.for!!1.?t ien and bre3.king 

occur·, is the on'; vlhich tllill mo st influe nce th,? system. It l:.]il1 

be recalled that the 8d~ ·:o wa ve an'lplituc'8 is ~reatest ~t the shore 

and falls off exponentially with dist~nce offshore, and 1S 

insignificant at about ()nc wavelength (of edge ~.; : ' ves). If the 

gene.rated vla ves are hi ~~h enough and th.e surf theref0r'3 v.ride enough 

the short w·3.ve length (ld g e waves m3Y not he effect iV8 in the zone. 

of bre3.king. For this r Ae.son it may bE: e xpe ct0.d th.::l.t ths r e will 

be a tend ency for the s~~cing of dominant ri~ currents to increase 

t-lith incre.::lsin,,; \-lave heigl~.t (if the p i;~riod ~s c:)nstilnt). Because 

edge wav r: wavelengths al"' e not harmonically r e lated, and b8cau<3e of 

the possible int eraction cf diff '2r~nt edge ~HV':~ modGs it is not 

likely that thc tendency will be r0gula~. Th~s p. factors may be a 

reason for the irregularities enccunt ~red in the expe rirnent<ll ~;Jork. 
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5,5. There is another aspect which could conceivably 

influence Hhich edge ~7ave mode domin2.tcs. Consider two similar 

edge tvaves approaching each other. They ~oJill meet first at their 

seaward end. At their inte rsect ion there Hil l he an ant inodc 

and the s ea level ~Jill be raised. As t he ·2dge 'to'Taves progress 

the locus of the point of intersection "viII be a straight line 

perpendicular to the shore. If the v e locity ~.vith Hhich the 

point of intersection moves along the locus coincide s with the 

velocity of the generated wave, the influe ncG of the 0dge wave 

mode should be at its gr~atest. There may a lso be an additional 

effect due to the differential velocities of the generated ~.vave 

over the different ~B.ter depths of node and ant inode. In consider-

ing the application of the system of ~Jave int eraction to the field, 

it is of interest that for an 8 second forcing period on a 6° 

slope, the second mode e dge w~ve ~v()uld h Ave 2. wavelength o f 162 f't 

compared with the mean observed value of 127 ft. However, though 

ther e is a report by Munk et RI . (1956) of edge 1;va ves (from storms) 

in dAep vlater over the continental she lf the re is no 2vicl. c nce of 

edge waves occurring near the surf. On the other h:~.nd it is not 

known that they have ever been sou~ht. 

There are several possibl ~ 8~urces of waves tr~velling parallel 

to the shore. Refle ctions from headlands and fr0M the heads of 

rip currents have been observed. Wind waves too haVe been 

obsc:;rved to influence the breaking of ~vaves and to c ause a Dattcrn 

rather similar to that in Photograph 3.16. It cannot however be 

stat f-~d the.t there is at prcs :3nt any justification other than 

analogy for using the wave interaction concept to expl~in cellular 

circulations in the field. 
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5.7. Though it may be possible t o establish that the ~tlave 

interaction mechanism ~appli9 s in the fie ld, it ~.vould be ne c e ssary 

to deal with the additional facto~ of t he moveable s ?.nd bott om . 

The model experiments Twith a sand ba s e shoHed t hat the patt e rn o f 

the circuJ-ation becomes imprint ed in the bottom topogr a phy . S:3.nd 

promontories built out at the rips, just outside the surf and at 

the waters edge. Scouring has bee n report ed by sever~l workers 

e. g . Shepard Emer y et a le (1 941). Bruun (1963) h~s reported lO~Nering 

of the submerged sand bars at rips. It is suppo s s ct that wher e the 

topography has been tailored t o the circulat ion, it ~.vill tend to 

resist changes in the circulation t.Jhich t.l0uld be occa sioned by' 

changed t..;a ve conditions. 

Offshore topo gr aphy too mi ght Nell have an over-riding 

influence . 

5.8. 'rhe formation of r egularly s naced be ach cusp s l.n the sand 

of the intertidal zone has long been a matter o f study. The f orm-

ation of such cusps in association with the sm~ll rips 9" apart 

in the ~vave tank 'experil!lents t.vith a moveable sand bnse is theref0re 

of interest. The wav'e period was O. 7 5 s ec. It is quite like ly 

that they \.Jere caused by the first mode of ed ge v.7aves of neriorl 

0.75 secs. 

6. 
• C?n~inuity and the spacing of Eip currents 

\Vhen a wave front is dist orted by an oscillating disturbance 

v.7ith a numbe r of mode s, 'the dominant mode will be tha.t which grmols 

most r apidly in amplitude. In the c a s e o f nearshore cells it is 
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supposed that in addition t c the factors 2lready mentioned the 

~rowth rat e Hill be greatest ~'I7h8re the rip curr'ents Dsnetra.t8 

furth~8t, because the desper t~!e pen?:tration the gro.'ltGr vJill be 

the r etc.rdation or refraction of the generat'2d wave front . 

For the dominant rins the hydr0st2..tic head A.t the; shore must 

be large encugh for the h crizontc.l orbit a l velocity of the oncoming 

'-'lave to be 0xceeded. In addition cont~.nuity !'lust be s atisfi-ed. 

The rip current is fed by the longshor e current which in turn 

~s supplied by the alongshore component of bree.kers . This sU:DnlV 

depends on wave he ight and peri0d ~nd the angle of ~bliquity of 

approach. The dominant ri'!)s must 1)e spaced sufficiently t'l7id81" 

so th?.t the Gssenti?l supDly of wat e r can he maint r'lin2d. Ther'-; 

seems to bE no reason l'.7hy th(; sp~.cin5 should n'Jt be gr ''O <1ter t h2.n 

that prescribed by the conditions -::f continuity. Indeed Gxa.TTIryles 

,iI1hen this is so are aViJ.i lable in Photographs 3.6 and 3.8, if it is 

as sumed th::tt the continuity is satisfied by inflot-l whc:re the H2.ve 

front is r~fracted . 

Once having form ,3d , the cell syst ·:.;m in equilibrium tvould h2.ve 

the following mechanism. Considering first the ' rip, toe but-

flowing t'Jater spreads out outside the surf. D d o . h .' e~en lng on t .. c 

velocity profile , the oncoming w2.v ;~ is r efracted - d :~ creasingly 

Hith distance awcy from th8 riD axis - in a Manner indicC1ted bv 

Arthur (1950). . This ~vould cause Wlve distortion in ad1ition to 

that cause d bv a transv(;rs(~ cscill .'ltir'lTI. 

Portions of the '-ave frf'mt nOl<' ·1.pprc::'.ch the shc:oe obliquely . 

At breaking a compone nt is directed t'.lon!,!shore and forms a current. 

At the rip hClse thi; current is opposed by :1.n equal and oP?osite one 

fl"om. the next cel l and sets u-:) a he ad ~~hich dire cts ~oJ~J.t er offshor e . 

It is not clear wha t d etermines the rip width . 
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\-lith incrGase of ~oJa.ve height the HaVe velocity, orbital 

velocity, and depth at IJriea:kinq; all increase. Uave t3.nk oXDerimcnt s 

ShOH that both the rip current velocity and the longshore ve locity 

also increase. Fig. 3-1l(~, b, & c). 

tv-ill be required fnr the ri.D curl ent. 

A larger hydrostatic head 

It appears that this will 

(s) by the increi:l.soo inflON with e ach breaker (T)orpcrtional 

to the wave height square s) 

(b) a consequent increase in the longsh2:re current - offset 

some what by the wider surf (proportio nA.l to the wave 

heir,ht) 

(c) an increase in the length of bre aker approaching 

obliquely - ? cons equ6nc ~ o ~ the increas2d rip v e locity 

t"lnd increased spread pa':"2.11el to the shore of the 

offshore component of velocity. This ~-lill be offs8t 

by th(~ increased w?.vc velo city ~/lhich reduc e s th{? tiTlle 

during which r.::fr-act ion of the \Vavp. ar()Und the rip 

can occur. 

In spite of the cOl'1!,l e xity o f thc.~ system it is of interest tn 

essay at l~ast a partial analysis for a ~articul~r case. Appeal 

will bE: made t o th;~ we.ve tank 0.xperim~nt S ':.)n three point s, t~8 riD 

width, the e.ngle of Have obliquity, and the 1')1 ·1. ximum h..::ad required 

for the rip current. 

It will be assumed th~t the circuluti0n is in a st3.te of 

equilibrium :md that the solitary tvave theory C!.s (}utlinad bv )l1unk 

(1949a) is applicable. An apprcximat ,~ "'. x~re ssi ':)n for th~ M8Cl.n rip 

current velocity and disch:trg8 ~.zill be d .srivcd. The length ~)f 

breaker crest m~ f~ncd to su?ply the ~olator.' for the rip discharge 

will then be cr..lculated. 
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6.1. Calculation of rip current velocity 
f • 

As a starting po int in the calculation use 1S made of a 

from the model experiment s which stro ngly suggest s th2,t the :. ' .l~ f low 

of the rip is just halted by the arriva l of the e levated port l. ·.m 

of the solitat'y ~.vave . This implie s that there is an off shor e 

slope of the s e a surface just suff icient t o pr oduce an o ffshor e 

fl ow ~vhich t...rill Just equa l the mean horizont a l orbit a l velocity 

of the particle s under the wave cre.st of the oncoming Ha ve just 

prior to breaking (or perhap s the r."lean hor izont a l orbital velocit y 

und er the elevat e d portion o f the wave ). 

Horizontal orbita l velocitie s under the cra st near breaking 

have beeh c a iculcited by Hunk (1949 c.) and inspection of the graph 

(repr oduc ed in Fi g . 1-3) sho ws that the mean va iue f roh wave cre st 

to the bottom is close t o 0.45 C whe r e C i s the ve l ocity o f the 

solit ary wave. This ve locity will be diminish ed bv the unif~rm 

return flow. Consequent upon set-uD generc.lly at the shore Munk ' 

ha s shown this to be equa l t o the mean hori zont a l dis ~lac ement(D) 

divided by t h e e ffective period (T) i.e. D/T. Let t he net mean 

horizontal velocity under the wav e cre st be Vc t hen 

= 0 .45 C - D/T 

As shown by Dmitrie v a nd Bonchkovaka i a (1954) (Equation 1·~19) 

the gradient b directea offshore t·Jh i ch tvill pr oduce a: velocity o f 

b = 

R is the r c3.tio of the area of cross-section t o the tvett ed perimeter 
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and in the case of a rip will be equal to db the depth at breaking . 

Cf is Chezy coeff icient for friction~ Bruun (1963) indicates 
, 

that Cf = ( g /K)2. The value of K for longshore currents has 

been the subj ect of study by Inman and Quinn (1952) t,]ho r e com..rnend 

a value 

(4.5) 

where V is the longshore current velocitv (K is di~ensionless). 

This study is dealt \.;ith in greater detail undel'" Cha')ter V on 

alongshore currents~ It will be assumed t hat this relationsh ip 

applie6 .to flm ... s across the surf wne ... 
- I 

. ' . R d d C.c 2 g:/O.024T'"c 3 2 Substltutlng =, t a n l = ~ in equation 4.4. 

b = 
1/2 

V,c x . 0 J 024 
(4.6) 

g db 

~!,7hcn the Wilve is expended t he :r>1.p current 1,<7ill again begin to 

flow und <"r this gr~dient b. Its velocity at any time t thereaft f~r 

is given according to Dmitriev c..nd Bonchkovskal.a (1954) (Equ o_tion 

1.24). 

= g b t (4.7) 

The assumption here is that b is small. 

The period during \,vhich tlcceleration TTlay t8.ke place before 

the arriv.=l.l of the next wave is the v1ave period T ( actua lly slightl y 

less) • The rip current velocity (Vmax ) at the end of this time is 

therefore given approximat ely by 

Vmax = g b T (4.8a ) 
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and the mean rip current velocity over the neriod 

= g b T/2 (4.8b) 

6.2. .Continuity principle applied to riD-long,shor;e current system. 

The mean longshore current rate of flow per unit time is given 

by Inman and Bagnold (1963) - s ee fuller re f,~rence in Chanter V on 

the alongshore system - as 

QL = Q Lc Sin a Cos a/T 

where Q is the quantity of water contribut ~d by unit length of 

wave crest (See equation 1.3), I.c is t he length o f wave crest, 

a is the mean angle the wave cre st make s with the shor e . vlithout 

significant error cos a may be negl ected when a is small and Lc 

beco~es the corresponding length of shore line . 

The quantity QL must be equal to the rate of flmv of the s eTYli­

rip current (Qr) across a cros s section near the break point of the 

waves •. 

(4.10) 

whence ~,J is the semi-width of the ri, current and db th\.~ depth at 

breaking. 

Equating Qr and QL , substituting ln terms of squations 4.9, 

4.8b and 4.10 and rearranging makes 

L = c (4.11) 

2 Q Sin a 
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where b : 0.24 Vc 1/2 I ( d ) g b from Equation 4.6 

V = c Ol45 c - niT f rom Equation "I}. 3 

D = Q/db from '!:' t· , . ...qua lon 1.5 
1 

Q = 4db2 (y 13)2 f rom Equation 1.3 

C = [gdb(l +Y) J ~ from Equation 1.7. 

6.3. Lc is then the minL~u~ length of crest hav i ng the height 

and obliquity necessary to supply the rip current. It seems that 

it may represent the minimum semi-spacing o f rin currp.nts. The 

spacing may be larger than Lc. During the mod el t ests when ri~ 

spac:i,.ngs were large the incident wave crest while being marKedly 

curved dlose to the rio H a.S evidently straight over a. reg~on midway 

between the rips i 

It T,jould be d (:sirable to expr e ss the semi-rip r.Jidth ( ~v ) and c& 

in t erms of the waV6 oharact e~i9tics. This would s~sm to b8 

possible at least for c& by e~ploying th~ approach adoptGd by Arthur 

(1950), to comput e r e fraction in a ri!-, current. But c ertain 

assumptions would have to be made about thE-) velocity distribution. 

Since VI and C& can be got f rom photC'graphs i n the mod,~l it was d~cid ed 

to substitut ~ model data i n the equation prpdi ctin? Lc. 

6,4. The f olloHing dat a from a t est in \I]ave Tank ~ark I . 

(See Photograph 3.82J was substituted in Equation 4.11. 

= 0.073 f eet calculat ed from surf width and beach 

slope (Sec F5.g . 3 .. 11) for H = O ~S" 

T : 0.75 s ecs 

C& = SO a mean value from photographs 

w = 0.33 ft from photo~r~nh_ 
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The calculated value for Lc = 1.64 ft. 

It was noted in the wave tank tests that although the long~ 

shore current drew water from the midpoint between the rips to 

the rips, a distance of about 1.5 ft, the distance from the riD 

to the posit ion where the \'7ave obliquity became insignificant was 

less - not more than 1 ft, The predicted value for Lc is therefore 

nearly twice the observed value. It is hot thought that e ither 

the approximates in the theory or the experimental data could be out 

by so large a factor. It may be that the error lies in the 

assumption that the valUe of k obtained for longshore current flmv 

applies to athwart-surf flow. In any case the fact that longshore 

movement is along the whol e of the s8mi-rip spacing sugges~ some 

additional ~echanism. Possibly it is associated with the fact that 

~..rhere there is no wave obliquity ther 8 s hould b.~ a great er s et-uD 

than where there is. On this account there might be a ~radient 

from between rips to rip base . Additionally or alternat i ve l v the 

water in the r egion of no obliquity i s s et in motion alongshore by 

entrainment by the vvat Gl:' that i s moved alongshore by T.v(1V (~ obliquity. 

6.5. Unfortunately th~~re is no comprehensivA f i eld dat e to 

SUbstitut e in Equation 4.11. HOl..Jevs r for int e r e st t he folloHing 

data for t he lnner breake r zone has been subst ituted 

db = 2 ft - corre sponding to a t ypical ~.;av e he ight 

T = 8 sec - a typical pi:::riod 

Cl = 8° assumed compara ble vJith that found in the mode l 

y = 0.78 

vI = 5 ft frOM fi '2 1d data. 

The calculated value of Lc is ~5 ft compared with a m2an s emi-riD 

spacing e>f 63. 5 ft for c e lls in the inner break::~ r zon.:'> . 
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7. Transition from cellular to alongshore .. ' . ,;, 

The mechanism for the cellular circulation suggested by the 

model studies leads to a possible unifying the ory for all three 

types, the symmetrical . - as~~metrical - cellular types and the 

al~ngshore system. 

As has been stated above, 'vith the normal Have approach the 

concavity of the wave front (viev7ed from tl,.p shore) cause s longshore 

currents in opposing directiom each flmving towards the SClme rip. 

In the model, under unifor~ conditions the currpnts in each direct-

ion acted over about e qual distances. Hhen, howev(~. r, the incident 

wave approach is slightly oblique some of the obliquity just dot,m 

Have of the rip is opposed by the ~vave obliquity due to retardation 

and the latter's influence on the circulation i s <1:i~",:·~.ni8hed. vvhilc 

iIi thG next half cell do~vn wave the obliquit;lGS are com:oounded and 

the down '-Jave influence increased. The c ell is nOH apymT!letr i c~l 

~-Jith only a short up-wave longshore CUI'rent. See Figure ,+-6. 

If nm-] the incident wave obliquity is further increased there 

comes a point ~vhen the y,laVG obliquity reduces to nil the up-Have 

longshore current. Longshore curr~nt s mav pos!.. FloT,1 .jOT·rl"'. Have .. pi"! st . the 

base of the rip. In the extreme case there are no rips except at beach 

and coastal discontinuities or after long distances of uninterrupted 

longshore travel. In nature distances up to at least a mile have 

been me3..sured. At co a.stal discontinuities t,;rhere the an7,l e of 

wave obliquity may be reduced, conditions favoU1:"'a~lc fot' Y"p 

currents may obtain. 

The circule.tions ther3for e fall into t~v0 distinct classes . 

Those where cell is a feature and at least some e l ement of longshore 

current in each direction is evident, and those ':-Jhere the c s llular 

pattern ~s suppressed and the longshore curre nt under oblique wave 

action do~inates. 
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~~ Exchange of Surf Zone Wat er 

The exchange of the water in the surf zone 1S a matter of 

some interest for it controls, for example the return to the shore 

of effluents released offshore. It is proposed to examine this 

process in the light of the experimental data outlined above. 

Under the test conditions the volume of water in the surf zone 

of a cell of circulat ion Has ordinarily of the order of 10 6 cu. ft. 

The experiment to determine thG exchange rate showed that of the order 

of 1 hour was required for this \vater to be replaced by water enter­

ing from outside the surf under mass transnort. This process has 

been shown to be largely one of displacement. Th~ out going water 

is transported in rip currents which hav'~ a n~~t volume flm,.] of the 

order of 10 3 cusecs. Once out side the surf zone the riD current 

spreads laterally and in due course much of the rip current water 

recycles into the surf zone . Only a small portion of the breaker 

frontage 1S transporting in water which has not been directly 

recycl ed. This proportion is ~erhap s 1/5 to 2/5 under condition 

of sy~metrical circulation. Assuming that this frontage is 

pro'[)ort ional to the net volume of ~vater entering through it, it 

is possible to conceive the buildup of the concentration in the surf 

of a waste discharged offshorG in the following si~plified t erms. 

Let A be the width of a c ell, i. e. t he frontage of \t-1hi ch W2.t e r 

enters. Let "r" be the frontage through ~vhich the r~cycled water 

enters and "e" the frontage over ~vhich effluent or deep sea water 

enters,. 

A = r + e 

Suppose rand e are proportional to the quant ity of vJater entering 

in their respective frontages. Let Co be the concentration of 
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effluent just outside the surf zone. Suppose the e ffluent and 

recycled t.olater ent ering the surf zone mix compl c;te ly in the long-

shore current ta give concentration C and after the first cycle 

C1 and the second C2 and so on. Assum3 also t hat in that part of 

the cycle outsid2 the surf zone the mixture under~oes no dilution. 

It can be shown that t he concentr~tion after "n" cycles is in 

the form of a progr e ssion 

= 

Figure 4-7 snovls the we.y 

e2 4 ....... ...... n \ 
~\ 
An ) 

in which the reli3.tivc: concentration 

(4.13) 

CICo increases with each cycle. Curves for thrC? G valu8s of 02/).. 

have been drawn. The shape of the curve bett\l0 .en th,:; va lu? s of 

the concentration after 8ach cycle should be a st s pped 0nc. There 

is no field data to indicate. vlhat it is in the ')rot ot ype bece.uSG 0f 

the difficulty of sustaining a sufficient supply of high cnncentrat-

ion outside the surf for th~ long period required. Recourse has 

therefor·3 been made to the r 0. sult s of the model eXJ?Grimp.nts (Fig. 

3-12) which indicated that the steps should be rounded. Since 

hmvevcr the dynamic similitud 2 b8tween mad s l and pr ot ·.::>type hC!.s not 

heen est~blished,this source of information must be tre~ted as 

qualitctive only. It doe s seem hm\,ever the.t the build up of 

concentration is stp.pwise . 

Taking a verv conservative standpoint i t mny be noted t hat 

~vhen the recycled water repre s8nts half of t h(; t 0t:'l.1 quantity of 

t'later entering a cell i. e. larp;cr th~n th,.; maxi'11um observed, at 

least Ii cycles are rnquired for the concentration t o reach 80% 

of the effluent concentration outside the surf. In natur8 this 

\;\1Ould represent at least t,v:) hours. For the same concentration to 

be built-up in the inner breaker, an additional hour Ghould b.? added. 
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making a t otal of 3 hours from the time the effluent entered the 

nearshore region. 

This figure is of s ome practical interest in the coast region 

south of Durban where s o f2l.r as pre sent knot.!ledge goe s the duration 

of thc shoreward currents i. e . those Hhich w:)Uld be required to 

bring an effluent into the sphere of influence of the nearshore 

circulation, have an average dur ,~tion of about 2 hours. Thc 

conclusion therefore lS that in the re glon in quastion the pro-

bability of an effluent building up at the sr.ore, by c ellular 

circulation, to an equilibrium concentration, is r nther unlikely. 

It may reasonably be supposed that the symmetrical circula.tion 

represents the condition of greatest exchange. As the circulation 

tends to the alongshore system exchange diminishes until in the 

liMiting case exchanges may only be expected at he~dlands ot 

shore-line discontinuities. 

It is of interest tc calculate h7hat percrmtage of the Hater 

which potent ially could be transport ed in by the breakers, :LS J.n 

fact exchanged. 

The solitary wave theory gives the volu~e associated with 

unit length of each Have in Equ~tion 1.3(b) 

Q = 

The rat e of inflow over period T = ~/T. 

Taking wave charact erist iCL'J cO!llmonlv encount e red at Virqinia, 
, ~ 

H = 5 ft T = 8 sec, assuming y = 0.78 and considering a cell of 

Hidth 1800 ft (about the mean v·'11u0 r!leasured), the -pot ent ial mean 

inflmv is 

4 x 52 x 1800 - cusecs 
8 /3"-;-. 'liP 
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= approximately 1.5 x 104 cusecs. 

The magnitude of the actual rate of wat.er exchange during 

the tests ar Virginia was 700-1800 cusecs, (See Table 3.2) 

which represent 4.5-12% of the potential inflow. This c0mpares 

with a value of 2-10% calculated by Inman and Bagnold (1963). 

It is evidently quite a small proportion which circulates, 

confirming the view that inward transport is alm~st balanced by 

the uniform sea return. 
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CHAPTER V 

THE ALONGSHORE - SYSTEH 



- 117 -

SECTION I . 

1. Introduction 

The Alongshore Syst erl is essentially a unidirectional current 

flowing along the shore , ther e be ing negligible tendency for water 

to flow offshore except at coastal discontinuit i es, such as head 

lands. On the test beache s which had submerged sand bars the 

current's ve locity was great e st in the outer br eaker zone Hhere the 

waves broke on the sand bar, a nd in the inner breaker zone . In 

the between-brp.aker zone t he water often moved in sympathy but at 

a much l ower velocity ~ 

It seems that t he cond i t ions suit able f or this t ype of syste..rn 

are oblique wave approach and the absence of any ba sic swell Hhich 

t<lould be refracted so as to .::t!)proach the shore at small angles of 

obliquity. On the Natal Beache s examined such conditions occur 

rather rarely, (about 10% of the time) probably because the basic 

sHell is so seldom absent. 

The longshore current t ake s the form of a "river of water" 

flm-ling dmm l-la Ve - with a pnar ently negligible exchange offshore 

for lon~ dist a nces. On the t e st beache s the current o f the inner 

breaker zone was s e ldom 1110re t han 100 feet wide , extending out to 

just beyond the breakers in the inner-breake r zone . 

Such a system which 1S without appr eciable influence by rip 

currents and Hhich is Hithin e2. sy reach of the shor e , pr ovides an 

opportunity for the study of quantitative aspects of the s yst em. 

In the experimental work de scri bed he lm<l t he m.':l in obi ect was to 

find out the rates of flm>] or dischage s of the current, and to 

CO!l1Dare them ~.vith thos e pr edict ed by the ory . As a prelim.inary 

it was nece ssary to deve lop a ~ethod for measuring dischar~es 
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and to determine wav·; height Sp8ctr~ so that th'2 theory could be 

appliGd. The preliminary Hork is described in Section II and th c,> 

main study in Section III . 

2. The Literature 
t • ' 

Because the alongshore systen can be.; a potent one for mov5.n~ 

s(~d iments paralle l to ths ShOp8, it has br:Gn the subj <-" ct of study 

by a nUI!1bep of Hopkers. Their objective has usually be~n to 

elucidate the velocity of the current sincc this is an important 

factor in sediment transport. 

Theories o~ 10ngshorc~ tra.nsport of ~'7ater have mostly been 

based on the assumption that . t he incid,~nt HaV'3S are of the solitary 

form and approach with an a ppreciabl e angle tb the shore. 

Longshore curricmt mechanisms have been postulated using three 

differrmt approaches, based respecti.vely orl consider'?ltions of 

COnServ;at ion of .2nergv , !!tomepturn Rhd contirtu ity ~ 

Putman, Hunk and Trf1.ylor ·( 191~9) d (3rived thcorct :i.eal expressions 

for the velocity of t h ,;; longshore curr(.; nt, in t~r'!1lG of ':a ve height, 

pe riod a nd ;:m p;L-:: , and beach slope , based on th(~ .::mer'7.y 2nd momentum 

predicted by t h~ ; soli t a r y ~vave theory. 

2 .1. Ener~y Appro.::!'ch 

The first theoretical QPpro~ch of Put~an at al e is as follows: 

Let a we.ve approach the brcakel" zone 2_t ang18 a. II Consider a 

volume. o f w~.tor ABCD;~ (sec Fig. 5-2) ext e nding b r::tWi.:=en the shoro? 

.:lnd the breaking tvave, from. top to bottom. Over ~ width of beach 



F lG. 5-1. FlG.5-2. 

. Definition sketch for the theories 
developed b~ Putman et 01. (l9A9) 

�-----:...---Lb/sin~b-------I 

>V a 
Longshore Current 

Deflnltl9n sketch for the theor~ 
d&veloPid b~Per Bruun (1963) 
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dx the tot a l t-lave energy entering t he volume ABCDE equols C E 

Cos a dx where C is the ve locity (almost ~qual to the group 

velocity) for breaking wave s , E i s the ~ean ene r gy per unit 

surface area of the breaking vlavcs. 

parallel to the shore [< CE cos (l dx) 

Of the ene r Zy that advances 

Sin a J, a small fraction S is 

respon s ible for setting up longshore current s . The greate r part 

of the H'lVe energy entering thi s volume is de stroyed in br eaking 

and turning into heat, or is responsible for piling up vl3.t e r 

against t he shore and setting up rip currents". " Ene r gy is 

dissipated in a frictional layer along the bottom. The frictional 

forc e per unit width of beach equals" 

( 5. 1 " 

and t he rate at v.7hich energy ~ s dissipated in the volume ABCDE 

equa ls 

where k is the friction paramcter' depending on 1:he hydraul i c rough-

ness of the bottom, V = is the ve loc i t y of longshore current, P ~s 

the density of SeatNater a nd i,' i s the di stance a lon8 the bottom 

from shore to breaker line . with good approxi~ation 2 ' = 2 (see 

Fig . 5-1). If m denotes the avcr agp. beach slooe , and d the depth 

at which the ~-laves break, the n 

m = d 
9.. 

(5.3) 

"Assuming a steady stat e , all t he ene r gy availabl n for l ongshore 

current s entering volume ABCDE due to wavc action must bc equal to 

the loss cif energy dUG to f rict i on". Hence, 

S CE Cos a Sin (l dx = k P V3 dx dIm (5.4a ) 
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From the solitary wave theory Hunk (1949a) 

f' = IgCH + d) = L 
v - (5.4b) 

T 

E 
8 pgd 3 y 1~T3 = -3 L 

d = 1. 28 H 

where H is the , ... ave height, d the ~tJater depth, T is the period, 

g the acceleration of gravity, y =!! ,and L = ~vave length. 
d 

Substituting for these in Equation 5.4a and rearrangin ~ 

v = K [< mH2 /T ) Sin 2 oJ! (5.5) 

where 

K3 = 0.871 g (S/k) (5.6) 

2.2. ~omentum Approach 

Th8 other approach adopted by Putman et ale is based on the 

consideration of momentum. " ~'Jith the breaking of every wa.ve a 

certc:d.n mass of water is thrmm into motion in the direction of 

wave propcgation. The longshore component of this motion provides 

the driving force for the longshore current. Consider again the 

volume ABCDE (see Fig . 5-1). Let Q repre sent th9 cross-sectional 

area of a breaking t'lave cre st moving with velocitv C, L the l ength 

of the breaking wave, a the an~le formed hy the breaking crest with 

the shor~~ line and p the density of water. Then p Q C/L is the 

avera~e momentum per unit area and C (p QC/L) COS a dx is the mean 

flux of momentum into ABCDE. The component of momentum flux 

parallel to the shore equals" 
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C Sin a (p Q C/L) Cos a dx (5.,7) 

"The broken tl1ater is quickly slmrled down by the turbulent friction 

to the mean velocity V of the longshore current ~. nd eventually 

expelled from the surf zone giving rise to momentun flux outward 

of" 

v (p Q C/L) Cos a dx (5.8) 

The difference betwee n the momentum f luxln Equations 5.7 and 

5.8 is the net momentum flux applied by the break~r to the surf 

zone water mass and equals 

(C Sin a - V) (p Q C/L) Cos a dx (5.9) 

This forc e must Ix::! bal~nced bv a frictional forc e as in 

Equation 5.1. Equ~tions 5.1, 5.3, 5.4b and 5.9 give 

V2 = a (C Sin a - V) (5.10) 

a = ~ Q Cos a/kd (5.11) 

From Equation 1.7 and becaus '3 

d = 1.28 H (Munk 1949.:d (S.12a) 

C can b 8 replaced by C = (2.28 gE l! (S.12b) 

Substituting for Q from Equation 5.11 leads to 

a = (2.61 mH Cos (l) IkT (5.13) 

where according to S.lO 

k = (2.61 m H Cos a) (C Sin a - V) ITV 2 (5.14) 

Both approaches assune that a steady state exists a nd that the 
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region under c onsideration is far enou gh from obstructions for a 

full strength curr0.nt to be gene r a t ed. 

Fie ld o bservations were made a t Oceanside Beach, California . 

Long shore currents ~IJer e. measure d by timing t he travel of a current-

cross over a knm.vn distance, or photographing t he movement of 

fluorescein dye, froM a l ow flying air ship ~ Observat ions were 

al so made in a wave basin (58ft long and 39ft wide) vvher e the 

ve locity of travel of dye in the longshor e current was measured. 

Compar isons of the field and model measurements with the pr ed ictions 

of the theory was ffinde . 

were pl~tt ed against Gm 
For the ener~! ! 2.DprOac h obs e rved veloc ities 

H2 /T) Sin 2 a J (see Equation 5.5) 

since a value for K (i. e . k a nd S ) tNas not knm..;n. Ave r age values 

of the friction par~cter Here det e r mined by substitution of the 

observed data in Equation 5.14 for t he various types of bc:!ach 

surfac e investigated~ 

"Except for the rou gho.:~ st beech it was possible to dr=n>J a 

straight line throu gh each set of dRta the slope of which is th2 

proportionably constant Kit, of Equat ion 5.5. The f ollowing t abl e 

gives the value s obtained for Je , K and s. 

TABLE S.l 

Values of Paramt;.ters for Field and Labor"ltoI'Y Data 

(Aft er Putnam et al e 1949) 

Be ach k K s 

Fie l d 0.0078 8.2 0.15 

Lab. 1 0 . 0 397 5.12 0.19 

Lab. 2 0 . 00 70 11.02 0 .3 3 

Lab. 3 0.385 - • 
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It is pointed out by the authors that the fivG-fold difference 

in k between the field and Lab. 1 measurements may be due to the 

fact that the former had bars wher Qas the latter was a plnne beach. 

However, "k denends upon hydraulic rou ghness of the beach 

rather than absolute roughness" and in the _:.xperiments with Lab. 1 

beach the current velocities were r elatively small (so the viscous 

forces were relatively large). It was suggest ed that the" scatter 

of the data resulted primarily from th~ difficulty in measuring 

the breaker angle a, both in the l~horatory and in the field". 

It is clear th~t in the application df a n ener f,y-or momentum-

based theory the selection of a value for this frictional coefficio;· 

k is of great importance. Re levant to the problem is the field 

study by Inman and Quin..'1 (195 2 ) in Nhich measurements of longshore 

current velocitv were made at 15 stations alon~ the beach. The 

results sho~.Jed that longshore current velocit y was very variable -

the standard deviation being equal to or greater tha n the nean 

velocity. The friction coefficients calculated from the dat a 

by the monentum method r evealed considerable variation. The 

authors showed however that if k is pe~itted to v~~v with the 
- ................ 

velocity, useful predictions are possible. The vari.:ition Hith 

velocity is given by k = 0. 0 20 V- l • 51 for field data and k = 

0.029-1 • 54 for model studie s i.e. the friction coefficient 

decreases ';-Jith increasing vel(Z)·c.ity. Since the dat e:. l-laS ohtained 

over .q wide variety of bott o!'1 material it seems i'I. S Bruun (1963) 

rem.J.rks, that the "hydrodyna~ic e lement s in k may hav·e a. predominant 

influence on k". 

Inman and Quinn substituted the valu ,,; k = 0.024 V- 3 / 2 

Equ~tion 5.10 obtaining 
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v 1 

J
2 

2x 

wher e x = 108.3 Hm Cos afT 

v = C Sin a 
J 

Bruun (1963) r e fers t~ coeffic i e nt <Cf) measured by Bruun 

and Gerritsen (1960) for tid·:=..l inlets a nd says that t h8y are 

comuarab1e ln the r a n ge 2-4 ft/ Sec to t hose round by Inman and 

O · ( k ) h· h -h 1· t d . T b' 5 ') ( I,Tot '''''.' ' ". C f = Ii:kP. ,ulnn , ; W lC ._ ,h·e lS r.; - In a ... e • ,_. . - - I k 
I 

vlhe r e g is the a ccG1e.ration of gravit y ). 

TABLE 5 . 2 

Friction COefficient k or Cf - -
( Aft e r Bruun 1963) 

v ft/ sec. 1 2 3 4 5 

V m/sec. 0.3 0 .6 0 • .9 1.2 1.5 

k 0.020 0.0071 0.0038 0.0025 0.0018 

Cf. ft 
1 
2/se c. 40 67 91 112 134 

1 

C-f. ~2 / s (~ c. 22 39 50 62 74 
! ... 

For trouf;hs bGhind bars BI'uun (1963) r econmends the use 0:: 

the fo11m.;inr, " exuerience " formulas for t he ve10citv range 2 -4 ft / 

s ec. 

Cf = 30 + 5 lo~ A ( S.16 a ) 

where A is the cro ss s e ction of the trou gh in 1HJtres squared a.nd 
1 

Cf = m2 /sec or 

, 



where A is in ft 
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Cf = 45 + log A 

l 
andCf in ft2/ sec • 

Values of k for V above 5 ft/s e c arc very small c O;';1. pared 

Hith Cf for normal ,"vater course s. 

2.3 Continuitv of Volumt-; ApD1:oach .. ' .. " ."- . ... .. 

(S.16h) 

A third approach to the quantitative predict i on of longshore 

currents was suggested by Inman and Bagnold (1 953). It is base d 

on the conc ept of vo lume continuity. Let the volu;ne of ,,Jat e r 

brought in by th(~ bre ake r per unit length bs g i ve n by 0 for a 

wave period of T. If the angl e of T,v!1ve approa ch is a, the n the 

COMpone nt paralls 1 to the shore is Q Sin a Cos Ci P ·?!' unit length 

of beach ,~nd it t\fill incre ase with distnncG slang thc! b(~ach. 

Assume the distance bet~veen rip current s 

discharg e at this dist cmce do~vnstr8arrl will be 

sinc e the \iJC!.ter is brou ?;ht in o ve r one period 

the solitA.ry ,.rave theory, (se.e Equation 1.3b) 

. Q = \H: 
13:Y3" 

or 4d 2 /V73 

~vhcre H is the wave he i~ht 3.nd d the de1)th .. 

The average discharge will be at LS/2. 

is L t hen the s 

'l1 1. C • . 1., and in 'I'; ew of 

(S.17b) 

This discharg o will 

be s ur6ad across the cros s s e ction ( A ) .. Henc ~ the mean l o ngshore 

-velocity V becomes 

V = L. s Q Sin a Cos a/(2 AT) (5.18) 
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Bruun (1963) develoDed this continuity api'roach for the case 

of a beach with an offshore submerged sand bar. He takes the 

depth (d bp ) at breaking to be equal to the break~r height (Hbp ) 

and assumes that breakers of height Hb (!-) det ermine the deDth 

over the bar crest (where HbC!-) is the wave height whose heiqht 

is surpassed by one third of all waves). He assumes that the 

d~pth over the ba!' crest (Del") is 0.8 Hb (!-) 

Assuming 10% for reflection the depth 

= 

• 

where p is the probahility of the T,vaves being .qu3.lled or exc8eded 

in height at breaking. 

Using data from a study of Longuet-Higgins (195::2) f,'lh ich predicts 

t.vave spectra in deep water, and aT)plying Equation 5.l7b, Bruun 

derives an eXDr e ssion for the wGt e r brought in over the bar ( Qb) 

as follmvs 

Qb = 2.92 f''O X3 e;-x2 dx (5.19) 
1.416 

where X = 
Hbp and a2 1 

(H 2 H2 2 = + + HN ) ••• 
N 1 2 a 

(5.20) 

if N wave.,s break over the bar. By int egr at ion 

Qb = 0.587 Dcr 2 (5.21) 

Bruun then develops a ~Gthod for predicting the longshore 

current velocity f or oblique \-lave approach. He considers the wave 

when the shore-most end has just broken. At the Doint of breaking 

the sea level must rise. Further down stream the wave has not yet 

broken. Hence there will be a gradient. He then uses Chezy's 

formula to calculate the longshore velocity. 
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Re ferring to Fi (; . 5_3 where Lb is the ivave l e n 5?;th and T is 

the wave pp.riod, the inflOiv of wa t e r in T s e conn s ove r Lb Sin ab 

length of shore , is Qb Lb Cos ab· A unit l e n gth of shore r e c e ive s 

an amount of \..Jater e qual t o Qb Cos ab/T p2r s e cond. \']here the 

wave breaks the sea leve l will the 0rctically ri se by Fln amount 

Q
b 

Sin ab Cos a b/ c. Lb t.vhe r e a is thn distance froP'l bar to shore line . 

At on'2 unit length rlo~m strea.m the l ev (~ l will be unchanp;ed. The 

slo1)'2 of the sea wate r will the refo r e lx~ 

(5.22) 

(5.2 3) 

Using Chezy's formul a the ~t~n ve l c c itv o f the lon~sh0re curre nt 

Hill t e 

v = Cf IRI (5.2 4-) 

\vhe r (? R i s the hydr aulic r ad ius of the trou gh a nd I is the slope r 

It is a ssumed 

(i) th2.t the wat e rs flow out a -;2.in unif:)rmly acros s the ;:,ar; 

(ii) that Chezy's f ormul 2.. is valid for the longshor e Have 

current. 

Bruun calculat ed t he TTlean longshore ve locitie s from fi e ld :1 'it =:, 

for tWIJ w:::w e period s (8 a nd 10 see s ) 2.nd ti'J0 valu. es of Cf (35 a nd 
, 

45 m2/scc). 

Other r e lcv.:mt fi e l d data in the proble1"l were, t he trou gh cross 

sectiona l area = 1030 m 

Cor:r;>3.rison was rlB.rle Hi t h t h2. ve l oci t ics o bt a ined ~'>]h (~n t h :'! m01"1Cntum 

r.ppr o2.ch r) f PutJl1.an a t c?l.wa.g· u sed ( SeS Ta:trle .5 .3). It .\·Ja s noted by 

Bruun thEtt the l a tt e r g.ave very hi~h r e e.d ings, not c·j l!f~_rmed by 

experi2nc e . It was. su gge s t sd that the DO'1lCntuD 'TI (~t h~yj ffi a..y not be 
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suitable for application in the case of bar anrl trough, hecause 

some of the momentum is t ,'lken u') hy the Haves lvhich regenerate 

3.fter breaking~ 

1 

(l 

deg 

25 

25 

2 

LB 

TABLE 5.3 

CALCULATED LONGSHORE CUR1\ENT VELOCITIES BASED 
ON FLOIIJ OF HATER UNDER ,.'\N ANGLE vHTH THE 
SHORELINE (COLUMNS 5 AND 6) COMPARED WITH THOSE 
PREDICTED BY MOMENTUM APPROACH OF PUTt 1AN ET AL. 

(COLUMN 7) 

3 4 5 6 

T sec. Hb(!) V m/snc. V rn./ S (~c. V 

1 1 

metres average metres Cf=35 m2:/sec C£=45 :rtl2/S~~C 

55 8 5.5 1.20 1~55 

72 10 
I 

5. 5 1.12 1. t~ 5 

(After Bruun 1963) 

2.4. Brebner 2nd Kamphuis (1963) also ccrried out ~odc1 

7 

f!1/ s~c 

2.6 

2.6 

experim(mts 'to TTI8aSUre the longshor'e current velocity ~...rith changing 

deep wave height,period and obliquity. The velocity profile for 

a 1.20 sloping beach is shown in Figure 5-4. After ~n initial 

., 

increase with distance dmvn stream, th(~ ve10citv tends to a const"'l.nt 

v"l.lue. 

The authors deduced an empirical re1ationshi~ bctw~en ve10city 

(VL ) and deep wat er HaV 8 characteristics. Uhight Ho, periorl T 

angle. of wave approach (lo })each slop':; e) 

= fSin 
-

(1.65 (l , ) + 0.1 Sin 
o 

(3,30 ao~ 
(5.25) 
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or 

3 , HLi = 14 Sin2 e 

( 5.26 ) 

2.5 In selecting a theory to test against fi e ld datn, the 

follOt'1ing points arp, rele va nt. 

(a) the ener gy appr oach r e quires e. kno\'11ed~e of the 

proportion of ~vave energy dissiT)ated Hhc:n t he \.v-3.ve 

breaks~ ComDr chEnsive da.ta on this are not avai13ble. 

(b) both the energy and the mom::!ntum "'lpproach require a 

knm.;ledge of the frictional resistance. Ivhereas some 

e stimate s of this f orce existE;, it is difficult to use 

them because the fr ictional resistance c oe fficient 

depends upon ve l oc itv which may be v3.riable . 

(c) the empirical equ ations of Brenner anct K:mmhuis (1963) 

depend upon a knm.vledg6 of the deep wa.ter' charact erist ics. 

In the absence of a permcment rvave measuring installation 

or the cooper ation of a ship these are ctifficult to 

ascertain. 

2.6. The remaining t he')ry is that based on cont inuity. In 

Bruun's development of it th~ assumption is made that the distribut-

ion of breaker heights in the surf i ~ s±mi lar , to that in 'dee'1) ') 

water, and that consequently the th20retica l ctistribution of Longu et· 

Higgins can be applied . c· h ell-nC G ,ovl8vel"', some pre liminary studies 

which will be described be lovl , indicated this assum'1t i (m to be a. 

reason::lble one, the continuity theory as modified by Bruun was 
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selected as the one a gainst which field dat e should be compared. 

Com~ining equations 5~17 a and 5.17b the expression for the 

discharge of a longshore currQnt at a distance Ls from its start 

may therefore be v~itten. 

Q = 4~ H~ Ls Sin a Cos a 

T 13y 3 

(3.27) 

When Hb is the significant wave height at breaking B is the factor 

necessary to convert Hb to a. root TIl83.n square height. a is the 

angle the breaker front makes with the shore. y is the rat io of 

breaker height to depth at breaking. T is the wave ~8riod. 

2.7. The que stion that r emains before this equation can be 

used lS what value to use for y. Hunk (1949aJ suinl!l'''l.pizes the 

results 0f 746 observations made in vari0us field a nd 1 ~borat0ry 

studies, and finds a value of y = 0.75. He quotes some precise 

measurements made in the surf at Scripps Beach ~\'hich g;ave a value 

of 0.78. 

According to Ippen and Kulin (1955) values ~bt~ined by other 

~>I]orkers are Boussinesq 0.73, McCm>1an 0.78, Davies 0.83, Packh~un 1.03 

and Gwyther 0.83. Ippen and Kulin from lahoratory tests l,vith 

solitary waves found the valu e to be considerably higher. On a 

0.023 slope for all initi2.1 Wlves it was 1.2. Brebner and Kamphuis 

(1963) prefer the value 1 as does Bruun (1963) for a b~ach with sub-

merged longshore •• 

Fro!!t field studies by Hil18r and Ziegler (1964), a value of 

0.77 for a plunging breaker is obtained. McCmvan found that 

theoretically the limiting relative wave hQight f or a solitary wave 

was 0.78. In the ca.lculat ions which follmoJ the value of y for the 
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breaking wave has been taken to be 0.78 followin r-: the field work 

described by Hunk (1949a) a nd Miller and Ziegler "(1964). 

2.8. The underlying ?ssum'Otion of Equation 5.27 is,that st artinG 

cit some point (possibly a headland or major discontinuity) ~vhere 

the longshore current disch2.rge is zero, the current g"d.ns in 

discharge down str(~am by the continuous acquisition of ~'later from 

breakers entering it. Th·; Gqu:-ttion assumes that the gain is 

oroportional to the distanc s. dC)"['>7n stream s o that vslocity and/or 

current width T..ust increase as "well. Clec..rly there must be some 

liT:titing dist a nce down str,Sr.3...f"l lAlhere there can hc; no increment o f 

volume because the surf zon~ has reachQd its m2xi.mum I-.Jidth and is 

JTKwing with a maximum velocity deterMined by t he f:.v2.i lable ;r}omentum 

C'l.nd the frict ione.l r es ist anc c to flo,..1. In this r e SDect th0. e qua.t io! 

. . d oF' • f' .. 1.S l.na (;quc.te ... 01 .... lt sat1.s ."l c'! S ccnt l nu l t y only .. 

In work report ed Iat ,.';r, ~vh8re the lon~8hore discharge a~ m~asurE 

in the field is conpared Hith thf~ predict ed discharqe frOM Equ:1.tion 

5.27, the pro~lem C'l.rises as to what is the stGrting Doint of the 

curre nt a~d ~t r.·!hat part of the current in I'81at ion to this point 

the discharge was sample8. To avoid this difficulty the observed 

a nd calculated increm~mts of d ischarge betwec;n two points Z!. kno~~1f1 

distance apart are compRr edA 
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SECTIon II 

PRELIHIN/~RY INVESTIGATIOHS 
+" 

f ') 'J" 1. + D' -'- . 1 t" th S C '7 . 1., Measurement 0 _ ,\a.vc 1."1G.1.gn.... lSLr'.1. DU lOn.1.n .. e ur.l 'Jone 

1.1. Introduction . 

Ordinari.ly the He.ves arriving in th2 surf a re thG prt"'1duct of 

wind fields often r emote in distance. In the wave gGncr~ting arp.a 

2. spectrum of way;; frequencies 1.S pl"oduc 0r:l. As they travel out 

of the genE?rating i'l.rea the l :m ger and f~ster ~vavcs outstrip the 

shorter slOHer ones. Bv th0 ti~e the wavnS r2~ch the ~urf t~ere 

has been s ome ctGg~ee of sorting as to ~~VR l~n~th. Small ,"!iffer-

r188 to " b~ats" ~esultin~ 

in S~CCG SSiV0 grc~ps ~f hi~h ~nd low ~~ves. 

The qU:1.nt it~.t ive nro]' lcnl 5.s t o f:~nd the c1:i.stribut ion of. vle.ve 

heights in the s~ectrum se ·t h"t th(~y c ·'1n he r E:l :.=.t 2d to so:rne singl(~ 

r epr e sentative measure . I t h?.s become cust0TIl ':.rv to usc t~e mean 

0f the upper ons third :,;f all ~v~ve heights as this T!le-38Ure. 

times the mean of the upper 30% is usad)~ The reason f 0r choosin~ 

this mea sur·,:; , described as the "siGnific:?nt" ~-J2.ve he.ia;ht, is "l.Dparent-

ly that it 1.S the one which vJc·uld commonly 'be YTl8"1sured f';Y a C'lY'(::ful 

observer. 

In applying the theory t o predict l ongshore currents in the 

• 1 k . " J.nner ,;,)rea~er 'zen2, a represent J.tJ.ve wave heirrht is needed to ins~rt 

in the equation. This h, ~')i .'!.. ht ?_"" .• Dc c' a rp _'in t11 " Pqu"'-'-J."on J _. _ '..Iv C? .. .... ,:J <.Ll .. ,1 €lS it s 

The root mean square height of a ll ~'laves br(~~king into the inn~r 

breaker zone ~\!ould seem t~ be the; r.1:Jst represnntativc he i ght to use. 

In T)r·3.ct ice there fore a rclat ionshi'D J>2tw8(;;n th.e si~nificant t-J2ve 

height S Fl.nc. the root mean SqU-3.I'8 T~ai!C height s is rAquired. 
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1.2. Longuet-Higgins (1952) has made a theoretical study of 

the st~t ist ical distribut i on of ",TtlV{,; heights in deen l.vi':tter. He 

a ssumes that 

(:'1,) the S'Dectrum contains 2. n3.rrOH band. of frequ€ncics 

(b) that the ~,j2.ve energy has been rece ived fr0m C'. lar9.;e 

number of sources whose phase 1S random. 

He starts with the ex?ression 

/ \ 

p(H)dH I _H2 \ 2H dH = I 8 XP -) ...... 2 -2. 
\ a R 
\ 

which shows the probability (p) that a wave of height H should lie 

between (H) and (H + dR), Hhcre ~: is the root mean square of e.ll 

occurring Welve height s. 

If <111 en wave heights seperaterl by e qual intervals "are 

arranged in descending order of magnitude", th<2 n8Rri value of the 

. first p N of the se, where p is a fract ion betH~en 0 and 1, is 

denoted by a (p). Thus the mean of the upper o ne third is denoted 

bya(i) and the mean 0f all waves by at. Longuet-Biggins ~OGS on 

t o derive an expression for the ratio aula 
:i. 

e.nd finds thZ'!.t a (3) Fa 
= 1.416 and a'ia = 0.886. This enables an evaluation of the root 

mean square of .:111 waves t o be made fro!Tl fi,::dd ffi83.SUrem ent s of say 

the upper one third. Longuet-Higgins makes a comnaris9n with 

field observations and shows that the results obtained frOD a.ctuJ.l 

observations in deep vlat e r are in goon ~sreGm,~nt \'V'ith those c:l1culat-

ed on the basis of his theory. He caut i o ns against the use of th8 

theQl;Y in the surf zone where waves ar ~.:; filtered, bec2,use the 

higher \I1ClVeS are reduced in height during breaking. It is neC 9SS?ry 

to See if this theory holds good in the surf, befo·re it can be 

used, and this \o1aS the pur-Dose of the investi[T,3.tion described belm.v. 
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1.3. Continuou s r ec or d s of He.ve height measure!'le nts may .'. 

be made by a variety o f methods. Commo nly used method s are, 

to measure the movement o f ,~ f loat, or the pre ssure chcmges under 

the wave , or change s in t he c l ectrical r e s i stance of ~ vertica l 

wire partly submer ge d . F8r measurements in the surf t her e 

a Dpeared to be some advant?zcs in using t he Dres sura T!lGthod, since 

the Dr e ssure sensing device c ould be locate d in the auie t er water 

near the sea bottom. 

Cha nges in pre ssure a r c tra nsmitted pneum~t ical1 y or e1ectrica1-

lv. In these t e sts e l ectri c e.l tr2.nsmission H3. S u sed . 

The pressure c hange s (~~ ) du e to the pas s a ge o f 3.n o scillatory 

tvave o f he i Ght H a nd wa ve l e ngt h L over an instrume nt at d epth y 

be lm-l the still wat e r surfac i~ I n wa t e r depth d i s giv en a.ccording 
,# 

t o L c I'~e.hr..ut ,:: (1960) by 

2 'IT ( d+,,) 
5 

A£ = H Cosh L 

pi S 2 'IT d 
Co sh 

L 

The a!Tlpl i tude of the fluctuatirms decrea s es vJith dcr,t h . 

instrume nt is situat ed on t he sea bott om, d = - y a nd 

= 

Cosh 

H 

2 'IT d 

L 

If t he 

In order t o compensate f or the Dr 8 ssure att 2nuation i t i s necessa r r 

t o multinly the readin~ s o f t h3 pre ssure r e c or der by a r e s uonse 

fact e>T' (~) where 

1 

k 
= Cosh 

2 1T d 

L 
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If the pressure sensing device is use d In the surf zone where the 

t.;rater depth seldom exceeds 8 f eet, the r e sponse factor for a 

comi:lon periodicity of 8 s ec \.\lould be 1.077. 

Neglect ing the response factor would intr0duc '~ em error of 

about 7.7% in the absolute value of the h73,Ve h(:: i ~hts. 

1.2 Exuerimental •• 

Re cordings tvere made of the height of the ioJaves in the region 

between the outer and inner zone of breakers. The wave s measured 

were thel"'efore those regenerated by the breakers in the outer 

breaker zone. 

The equipment used consist e d of a Bourn's pres~ure head with 

a bellOtoJs ~vhich actuated a sliding contact on a r e sista nce that:' 

formed part of a potentiom'2t '~r system. The si~nals from the 

potentiometer were carried to the shore by way of a three-core 

rubber covered cab18 . The recording W'1S mad e 0n :3. clock~'lork 

recorder with a paper speed of 2" pGr min. The pressure head was 

housed in a brass casing mounted on a lead plate. It ~.;as found 

that an lead p12.te 1 ft in dia.meter and ~" thick was sufficient 

to keep the instrument stable on tho s e a bottom. In practice the 

instruT!lent was carri8d out c f the surf bv a st~imme J'" a nd placed on 

the sea bottom about 100 ft o ffshore. To mark its position a 

small float t.vas secured to the breess cont .3.iner hy a Dolypro-pylene 

cord. This cord facilitated ~ecovery. Fig. 5-5 shm'7s the e ssenti 3.1 

f8atures of the pressure head and its housing. 

The instrument was calibrated by lOtoJering it to knm>1n depths 

in a quiet part of the harb-:m::,. ... ~t Durban. The calibr~tion test is 

descrited in the Appendix 10. Over the range used this instrument 



-+----- 6"-----__+_ 

+~~~~~~~~~~~~--r_~~~_ ,-
+~+~~~~~~~~~~~~~~~~~~~~~~,~-.:~:~~:~~:~::~::~::~:~~t 

. I=IG.5"S. DIAGRAM OF PRESSURE HEAD FOR MAR,,:r 
WAve-RECORDER. 
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''''Quld have a m~ximum error of 5%. 

13. Results 

Specimens of the recordings are shown in Fig, 5-6. The 

recordings for two days were subjected to detailed analysis. The 

Have trace was divided int0 sGctions of ttventy minutes. The wave 

heights (distance from crest to trough >Were measured o n a travelling 

microscope with an accuracy of 10-2 mm. The results of the analysis 

of waves measured are shown ln the accompanying Table 5.4. 

For comparison the theoretical results for deep rtJ~.ter waves 

as calculated by Longuet-Bi sgins are included. 
at 

The value of -
at 

from the experimentcl work is 1.517 which cornna.res ~;Jith the 

theoretical value of 1.416. It must he noted that the experimental 

results apply to a beach having a subncr ged offshore s .:mdbar, and 

therefore are relevant to the regenerated ~.oJaves over th~ trou r;h . 

Based on the r esult s in Table 5.4 th<3 following r e lat icnships 

apply, 

(a) to convert signific-'3.nt Have heilShts to mean Have 

heights multiply by 0.66 •. 

(b) to convert mean W-9.ve heights to root mean s qua.r e H.3.v8 

heights multiply by 1.11. 

In calculat ions of longshore current s lvhicl-l follOt, these 

r2l 2.tionships have been us ed t ·:) ohtain root mean squ"lre wave heights 

from significant wave hci.\3hts - the significa.nt t.v~ve hei r;hts being 

mUltiplied by 0.73. 
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TABLE 5.4. ANALYSI S OF l,7AVE HEIGH'T'S P I THE BET~~EEI'T-BREAKER ____ • _ _ _ • __ ..: i.., .... . . ____ ---...~ _ _ ... ~. _1 ... ___ . ________ _ 

ZONE . 

• -
5 0 t 6 1 

1 2 3 4 7 8 9 No .of Rai~o' No.of Ratio Ratio wa ves ....f:..... Haves Fl. 3O 3.' No.of in .+It)p (~ r in uppp.r -.. ~ 

2- a' .Date a" t a3 , 30% a 30 ,. a' . -waves . , a .. . 

----.. - ---
23.9.64. 195 0.2377 65 0.3642 1.532 58 0.372 1.567 0.9057 -. 
23.9.64. 180 0.2443 60 O.36 .9l 1.510 54 0.377 1.545 0.9003 

23.9.64. 197 0 .. 2404 66 0.3658 1.523 59 0.373 1.55 2 0.9043 

23.9.64. 185 0.2468 61 .0,.3695 1.497 56 0.378 1.533 0 .9133 
11.8.64. 147 0.2446 49 0.3729 1.524 44 0.382 1.561 0.9025 

I 

Longuet-Higgins - - .-
I 

.- 1.416 - 1.454 0.886 , ... dat a . 
I 

C'Jlumn 2 at is the mean wav e -height in cms o n t he wave record 

Column 4 . a-! is the m(.:;an "of the1t upper one third in cms on the wave record. o . 

,iI ,-
Column 7 a 30 is the mean of the upper 30% in cms on the wave record. 

Column 8 at 

- is the r a tio of the mean to the root mean squ~re . 
a 
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2. Hethod for measuring R.,J,tes of Flm.; . ,...-

A method hereafter r eferred to as the "tracer dilution 

method" sometimes used for d.:;termining the flmv in ODen chnnnels 

involve s the release of a batc.h of tracer materi.:ll and the sampling 

o f it at a station sufficiently far downstrea.m that homogeneity 

has been established. From a kno~'Jledge aT the mass of the initial 

tracer 0-0 and the cha nge of concentratio n (C) with time (t) the 

discharge (Qo) can be c a lculated . 

= (5.28) 

If the c oncentration is plotted against time , the area under 

the curve (A) is c.. measure of t he integral. Thus 

= M 
"- (5.29) 

A 

The river-like flmv of the longshore currents prompted the 

ap1?lication of this technique in the surf zons . Sodium fluorescein 

Has the tracer mat erial genGl"lally used . Hhen a longshor e current in 

the inner breaker zone was being c;xa:"'1 ined, th8 dye (m.:l ss M) vJaS 

introduced as a c oncentrat ed soluti()n or powder at the ~.;rater' sedge . 

The scJ!l.Dling point l..Jas establisheds~ver:01J~ hundred feet dmm-

stream. Batch samp12 s were taken near the surface in knee depth 

Hat er. The fluorescence of the samples vl1as measured in afluori-

meter. To evaluat e the inte gral in Equation 5.28 a graph of the 

concentration in parts per r:d.ll i on (ppm ) was pl ott ed a~ainst the 

time (in seconds) which e l apsed bet~l1een the first arrival of the 

dye patch at the sam~lin~ station and the ti~e of sampling . The 

area (~) under the curve was found. To calculat e t he d ischar cr,e 

in cusecs, A in appropriate units ( p .p.m~ x seconds) was ins E.rted 
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in equation with suitable additions to convert ppm into l bs/cub. 

ft. Assuming the density of sea t·mtcr is 64 lhs/ cub . ft the 

equation thus becomes 

= (5.30) 

A x 64 

where M is in Ibs and A ~n p~m-seconds. 

2.1. Evaluation 

Before the tracer d ilution method which is c1.e.s:i_ ?:ned for open 

chann E:: l flmv, could 0 8 applL:: d the lons shor e current ,its suitabil-

ity hu~ first to be t ested . Ideally the results obtained by t he 

m8thod should be compa r ed with Jleas\.1retnent s made by some Hell 

established technique . This could perhaps best rye done by 

determining the cross s ection of the current and measuring by means 

of a current meter the rtistrilmtion of velocity acr0SS it. Besides 

being very difficult physically, the measurement of velocities in 

the surf is complicated by the orbital ve l ocity of the waves and 

breakers. Furthermore an ~ccurate measure of the cross~sectional 

area is a lso difficult hecause of the variation of sea l evel chan~es 

which0ccur, and the problem of de fining the sh0re~vard and seah1ard 

boundary. The seaward boundary is in fact a g00d deal more clearly 

defined than the shore~iJ'ard one . It occurs just 0ut side the line 

of breakers ~n thE: inner br ee.ker zonG and the sharp discontinuity 

which narks it is r eadily Sh0t-1n up Hhen dye is int roduced int() the 

current. There be ing no ahsolute test of the method ava.ilabl e , it 

was decided to examine the folI0tvin'g .questions. 

(oJ How homogeneous is the distribution o f t he dye tra.c e r 

concentration over ~ cross section. 
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(b) HmIY does the discharge indicated by t he tr3.ce:r 

dilution method compare with that calculat ed frow 

a knot-lledge of the area of the cr()ss sect i on o f the 

cur'rent and the current velocity as indicated by the 

time of trave l of the hea d of a patch of dye (~vhich 

\~uld give the maximum discharge ). 

(c) T\1Jlat kind of agreement is there bett-leen succe ssive 

measurements of discharge. i. e . ~'lhat is the 

reproducibility. 

Since the alongshore system only occurs about 10% of the time" 

it was decided that some of th2 above t e sts tvould have t o be done 

in the current tet \<7ecn the l"'ip current s ~.vhen the asymmetrical 

circulation was operatihg~ 

2.2. Homo genity in the Cross S0.ction 
.?¢ _.. 

Hethod Sod ium fluore scein dye tvas released into the long-

current and a sa'Tlpling st::ltion s et u p at some diste.nce down-

stream. A swimmer collGcted sample s as quickly as po ssible 

from five points in the cross section, both from t he surface 

and .. lear the bottom. 

Results Analysis tvas made of t he samples taken on three 

occasions . The r esults are shown on Table 5.5. 



D3.te of 
Test 

3.4.65 

21'. 7 '~ 60 

11.8.65 
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TABLE 5.,S 
I. 

VARIATION OF 
AND DEPTH IN 

CURRENTS 

DYE CONCENTRATION vJITH DISTANCE 
THE CROSS SECTION OF LONGSHORE 

IN THE INNER BREAKER ZONE . t • • t 

Distance from Circula- Approx~ Approx. Ap.?rox. 
point of dye tion tvidth Distance Depth 

rel eaSe typ8 of current from (ft) 
(ft) shore (ft) 

120 ft Along- 75 10 0.5 
shore 50 0.5 

50 3 
70 0.5 
70 5 

750 ft Along- 85 10 0.5 
shore 40 1 

40 3 
80 1 
80 4 

375 ft Along- 85 10 0.5 
shore 50 0.5 
with 50 3 
small 80 0.5 

Irips 80 10 
I 

" .. . ' . "" 

The conclusion from these tests are th9.t if sufficient 
. ,. . , ­

~ . 

Concent-
ration 

ppm 

0.30 
0~24 

0~42 
0".21 
O~ll 

1.08 
1.08 
1.02 
1.00 
0.96 

1.60 
1.30 
1.00 
o. SO 
0.15 

distance intervenes between the sampling station an8 the r elease 

point, the ho~ogene ity is ~ood. Cl~arly the 120 ft on 3.4.65 

~-1as insufficient. It is also clear that, as may be expected, 

the intervention of small rip currents cause a f a lling off of 

concentration near the outer boundary. 
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2.3 , C.omparison l-.7ith Discharges measured Physictllly 

Method The cross s '~ction at each samn1in::r st3.tion W"3.S 

found by measuring the depth below ~e~n sea level of the s ea Dottom 

at various distances offshoI'2 measured from the mean uDrush Doint . - ' 

of the breakers. Tne outer boundary of the current 'VJ3.S clearly 

marked by discontinuity of dye. Th8 velocity of the current ~-.7='.S 

measured by tining the trcvel of the head of a dye patch nver a 

measured distance. It would of courS2 have DGen preferable to 

measure the velocity at several fixed points in the cross section 

(the Euler conc (~pt of velocity) but as stated above the orbital 

velocity of the w~ves and bre2.kers intrDduces imnossible complica.t ions. 

Simultaneously tvith the .~:bove measurem~nts, th8 time rat !'! of change 

of concentration of a tra cer released u'"lstre.:lP1 ~-.7as obt0.im:d frOM 

si'\J!lj)les collected at the stat ion. The r nsults are set out In 

Teble 5.6. 

TABLE 5.6 

OBSERVED DISCH.ARGES COMPARED HITP THOSE CALCUL/~TED 
FROM PHYSICAL HEASURB1ENTS or :- THE LONGSHORE CURRENT 

IN THE INNER BREAKER ZONE 
t •• at. 

Cross Cnlcul2..t e d Obscrvqd 
V<ilocitv Secti~il disch"'lrge Discharge 

Date Circulat ion ft / sec: sQ.. ft. cusecs., cusecs. 

30.11.64. Alongshore 2.2 340 750 680 
') 4.65 Symmetrical 0.24 3 300 72 150 i.. 

3. IJ.. 6 5. I! O.2S 228 57 63 
5. 6.65 " 1.0 100 100 63 

23. 9.64 Asymmetrica 2.5 150 375 2 :? 401 

10. 8.65 Alongshore 1.86 465 365 690 
11. 8.65 " 2.0 I 450 900 320 

(960}4 
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Note: - 1. Continuous discharge 

2. Mean value 

3.. Very slow current, difficult to measure 

4. Correction f er non-hcm,')geneity in the cross sect-

ion due to. small rips was ?pplied. 

It should be noted that the discharge obtained from cress section 

and current velocity give the maximum velocity while the results 

from the concentration changes yield average velocities. 

The results from the tracer dilut ion method .:3.re in fair 

agreement with the measurerl values. Either the physical measurE-

ments or the tracer 1ilution method may be th0. cause of discrepancies 

2.4~ RepF2ducibilit~ 

In order to test the reproducibility of the method, four test s 

were carried out success{vely. 1 I b of sodium fluorescein was 

released into the current, and the concentration changes with time 

obtained from samples collect ed 375ft dmv!1stream. Details of the 

tests and the concentration data are set out in Appendix 11. The 

concentr<1.t ion time curves are sh::HA7n in Fig. 5-7. The discharges 

calculated by using these curves are listed in Table 5.7~ 

TABLE 5.7 . 
REPRODUCIBILITY OF THE TRACER DILUTION HETHOD . 

Disc~argc Devi.:'.tion 
. ~ l.n from t he;; 

Tests .. CUlilecs. mi3an 

1 300 6 
2 330 34 
3 250 44 
1+ 295 1 

0" . .. 
rf\'\.. ____ • ____ __ ~ .. __ _ ...l __ _ ':!_.'! __ • ...,"" --,_ .! _, - ..! 
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SECTION III 

3. Tests to determine the Discharge of, the Alongshore System 

3.1. General Det ,ails are gl.ven belOt.J of test s carried out to 

measure the discharge of the longshc'r'2 current when the alongs,hore 

system prevailed. It was not always possible beforehand to be 

certain that the rip currents were negligible. vJhere it was 

subsequently found that riD currents had interfered lVith the 

uninterrupted flow of the longshore current, the test was rejected. 

3.2. Methods and Procedure , 

In all the tests the "tracer dilution method" l,y<'lS used. Tracer 

was introduced either bntchwise or as a continuous stream at the 

water's edge. Sampling stations were set up at various distances 

downstream.. Samples t.Jere taken by a sampler standing knee deep in 

the surf. Each sampler w~s equipped with a set of numbered sampling 

bott1os which varied in capacity frOB 50-200 ccs. The rate of 

sampling was greater ne:3,rer the tre.cer release point. i\fter the 

field test the samples were analysed in the laboratory. When the 

tracer used had been sodium fluoroscein, the fluorescence was 

measured on a Turner fluorimeter using a pass filter of 450 p. 

This method is sensitive to .0002 parts 'Per million and is Clccurate 

t o 1%. Care was taken to store samples in the dark because it was 

found thAt decay of the fluorescence occurred in dayli~ht. On the 

occasion when the tracer was suspended clay particles, the turbidity 

~.;as measured in a spectro'j)hotoJ!leter:4 

Having analysed the samples, gre.phs ,.,rere plctteci of the concent­

rati·')n against the time elapsed from the -time of the first s?.mpling 

at each stat ion. The area under the curve wa s dot ermined gra11hic-
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ally a nd the discharge calculated from Equ ation 5.30. 

M x 10 6 
= 

A x 64 

where Q is the disch'lr g3 in cu. ft / s ec., }1 is the ma ss of the 
o 

tra c er introduced in 1bs. A is the ar ea of the conc entration time 

curve in ppm_sec units, and 64 is the density o f sea t--later near ;'the 

shore, in 1bs/cu.ft. 

F~r the tGst where the tr~cer wa s r e l eased cont i nuously the 

discharge (cusecs) \vas c a lculat ed directly f r om 

= CoVo 

C 
(3.31) 

where Co is the i nitial conce ntratic n :)f the tr2.c cr i n p'?m,C is 

the mean concentra.tion at t he sampling; st c:tion ani V0 is the r.::1t e 

at tvhi ch the tracer wa s dischar ge r: in cusecs. 

In or der that thl~ o bs er ved disch ('.r ,~e c ould be cornryat'ed with 

that pr edict ed by Equation 5.27 ,d.at a. as t o the c onditions preva~11ng 

dur ing each experiment were r8c~rded . Observat i on s Nere therefore 

made of the following : 

C9. ) Wave height at breaking . Th~ he i ghts o f t h~ ~~aves break-

ing in the inner br eaker Z0ne wer e me a sured d irectly with 

R graduat ed pole. The a ccur -:1.cy is esti.'!l ~1.t ed t o be tlO%. 

( b ) The angle thcJ.t the wav e '1t.3.d2 with the s hor e; 't>1a s mcC'!.sured 

by sighting a l o ng the \-Ja VE'.8 at breaking ftn r:l. r ecording 

the angle made with s ome di st a nt point alo nG the s hore-

line. ThG accuracy is e st i mated ~t t15%. 

(c) The ~lave period W::l S d et erm i ne d by timi ng t he a rriva l o f 

.'.! .knoT,vn number ,:, f w.'1.ves. 

(d ) Beach slOPe S were me~sured in the inte rtidal zone by Means 
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o f a level and graduated rod.~ (this varia ble i s not . - . .. . . .... ..... . . . 
required in Equation 5.27). 

3.3 De scriDtion of Alon~ shore Current Tests 
i " 1., . . 

Conditions suit abl e for t e sts occurred only rare l y . There 

Here severa l occasions ~.7hen the system appear\~d to be suitable but 

which were marred hy sma ll rips which wer e s e ,,"! n t o OT)erate during 

the course of a t e st. !\s t he preliminary work, reyort ed a bove had 

shm.m that the se sm.all pin s militate against homo .~eneity of the 

tracer distributions the s e had t o be d i scarded. In all there 

\~ere fiv e occasions whe n satisfactory conditions pr evailed. The s e 

five tests \116re carried out on fout' differe nt beac he s. 

TEST A.1. (2.6.61 ) 
, b -

DescriDtion of Beach . The Country Club Be ach in Durban stretche s 

south from the Umgeni River. In the northern sect i c n the sand ~ad 

a median diamet er of 0.5-1 mm and beach slo1")e8 were about 7°. 

Towards the s outhern end the sand wa s found t o be fine r about 

0.25-0.5 mm median dia'TI.et s l' i'lnd t he slope i n the int8rtida l zone 

o 
correspondingl y gentler, about 1+ • A subnc r ged sandb~r wa s in 

evid ence along the whol e st retch o f be ach but wa s m0re pronounced 

in the northern s ection. The beach is nearly stra i ght a nd had no 

rock outcrops except at ths north end wher '''' a sho rt stone gro in 

proj ects a bout a hundr ed f c.~Gt i nto the sea at the river Mouth. 

Wind During the test th,," wind Has fresh from the North East. 

"Proc edure 10 lbs of s odium fluor e scein \ve r e i nse l"ted a bout 200 

feet south of the groin. S3.mpling was c arried out at six sti'lt ions 

spre~d out over 6000 feet downstream. Except bet \·;rcr;:n st ations 1 cm d 

2 t\fhere .:1. small rip current occurred the longshor? fl o 1;v W3 S unint er-
___ .. _~ _--3 
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Conditions The experimental conditions are contained in 

Table 5.8. 

Results The results of the analysis o f the sam?les are set out 

in ADDendix 12. The concentration-time curve s for each station 

c onstructed from the data ar.e shown in Fig. 5-8. 

TEST A.2. (11.8.62) 
• t 

Description of Beach The Umgababa test beach was part of a 

r e latively straight beach which stretched 10,000 ft b8twe(m ttvO 

minor headlands which project a f ew hundred feet seaward of the 

main coastline . The beach had a gentle slope (2 0 ) consequent on 

the sand having a r ather small median diameter of about 0.2 mm. 

There \Vas no obvious sanrlbar. These two chare..cteristics different ·· 

iated it from the other test beaches. 

Procedure Approximately halftvay bet ~.vcen the headlands a. 

continuous supply of a fine clay mat e ria.l (-10 microns) was numDE>~ 

onto the beach (the clay being a hy-product of a mineral processing 

plant) • The rate of the discharge of the clay efflu'2nt was 6 Mg. 

pd. The concentration of the material was 11.4 ppm. Labora.tory 

tests showeci that when the clay was suspended in s ea ~lI7ater and 

allowed to stand there was no evidence of settling out over a period 

of twenty four hours. It was thGr efore assumed tha.t " e fort iori" 

it would not s ettle when su bjected to turbulence cf breaking waves. 

Advantage tvas taken of this situ2.tion since it H::lS th(; only av:;ilabl ~: 

source of large q1.lflntities of ~ tracer JTlatGri?l H!lOSe characteristic s 

were reasonably well knmvn. Se v en sam~ling st?.tions were s et up 

dm'Jnstream (to the south) 3.S f"lr e.s the he.~rlland. 

On one occasion when the longshore syst '~m had been i n oDeration 

for twenty four hours it was l'!ssu!!l2.d tha t equili~rium ccmditions had 

b~en ~st:!blished, and sampl-Ps ~veT'f! collected froTJl t he st at ions; '-These 
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were ~nalysed f or turbidity ~n a sP Gctrophot o~et cr a nd th8 conccnt-

r ation of the fine materia l deter~ined. ( Note the analyses wer e 

carried out 'by tir. Do~vi e -Dunn) .. 

Cond itions During t he test there \'las no lvind . Other data are 

set out in Table 5.8. 

Re sults The r e sults of the anal ys i s are s et out In Appendix 13. 

TEST A., 3. (27.8.64) 

Test A.3 was carried out on Virginia Beach t.Jhich has 2.1re3.dy liGen 

described. On the occas i on of the test the beach slope wa s 8°. 

Procedure 1 I n of sod ium fluor e scein Has r e l eas ed int'J t he surf. 

T~vo s~mpling stations Her e s et up . 

Conditions 
• 

The winti wa s light North East. W8V'2. dat "3. arp 

c rmt,=1.ined in Ta ble 5 ~ 8. 

Results .. - T~e r e sults of the fluor~ scence a nalysis on a Turner 

fluorimet er are s et out ~n ApD endix 14, ann thr? conc entration time 

curve s In Fig . 5-9. 

TEST A. 4. (14.7.65) 
fi'"' .. • TP~ 

Virginia Beach i.oJa s the s i t e of the t e st. The beach s lope '.Jas 6 ° , 

Proc edur~ 2 I hs o f sodium f luor e sce in wa s r e l ea s;3r1 into the 

long.shore current and s a.T!l.p l ed at f ive st .3..tions. 

Conditi,ons The winrl wa s li~ht Southerly. The w~ve conditions 

are r eported in Tabl e 5.8. 

Results The r esults ar~ li st ed in Appendix 1 5 , a nd the concent~ 

. r ation curve s dr awn in Fig . 5-10 4 

TEST A.S. (2.3.60) 
.•• l. 

De scriDtion of Beach 
• • •• 

The t e st tva s carried out ·:=tt Inyoni Rocks 

Bea ch which ~s similar in cr-:mpositi<:> n and slope t o th2.t at Virginia . 

A su bmer ged sand bar vIas in ~vi1ence . The t e st s it e was the ~iddle 
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portion of the almost straight beach which str8tche s 7,600 ft. 

from Inyoni Rocks northward to another rock outcrip. 

Conditions The ~vind was light. The wave data are set out in 

Tabl e 5.8. 

Pl"ocedure 5 Ibs of sodium fluor p. scc in l...ras relGased into the 

surf and sampled at three stations dOl<1nstre am. 

Results The r e sults of the analysi s of the s~~pl es by mp- ans o f 

a Farrant fluorimeter are s et out in ADpe ndix 16, and plott e d on 

t he concentration ti~e curves in Fig . 5-11. 

The discharges (Qo) deduced from tra c er dilut i on m~thod of the 

above t e sts have been assembled in Table 5.8. The increments of 

dischargG ( 6Qo) bett<1c en s t ations have been calculat ed , a nd are 

r e ferred to as the o bserved d{s charge s. 

Th-:: 'wave data and d ista nce het t-l':;sn stations fo!' s ach t e st have 

bee n substituted in Equation 5.27 and calculated va ltws of t he 

dischar p:(;s (Qc) and t he increme nt s (6Qc) be t w2en stations found .' 

The s e ~av~ been ent er ed i n Table 5.8 and are referred to as calculat-

ed value s. 

Observed and calculated incrcm~nts are cOT!lpar~d ~n Fi g . 5-12. 

The observe d dischar~e s with increasing dist a nce are plotted in 

Fig . 5-13. 

TABLE 5.8 

SCHEDULE OF DATA FO~ ALONGSHORE SYSTEM TESTS 

NOTE: THE SYHBOLS USED HAVE THE FOLLOh1I NG t-.1EANI NG : . . 
S ~ station, Ls = distanc8 in feet of s tation f rom point of 

insertion of tracer, ALs = d i stanc'3 in f eet l:>et ~.veen stations., 

H = signi f icant liJaVG he i ght at broaking in the inne r br eake r zon?, 

T = t.Y"1V( ! period s e es, a = 'Jle"ln angl .. -:; t he br e a.ker makes Hi th t he 

shor l? , Qo = the obs erve d d ischarge in cuse c s at the st ation, 

6Qo = increment of discharge bett-lccn stations, .Qc = calculat ed 
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discharge in cusecs, 6Qc = calculated increment of discharge between 

stations, e = angle of slope of beach in intertidal zone , Y = ratio 

( of wave height at breaking to depth at breaking (taken to be 0.78), 
f 

B is factor for converting significant breaker height to root mean 

square height = 0.73. 

6Qc = 4( BH )2 Sin a Cos a L~ 
'" 

t t 

TEST A~l. 2.6.61 . COUNTRY CbU,B BEACH 

H = 2 T = 5 a = 20° e = 4°_7° Tracer 10 Ins sodiUm fluorescein 

S Ls Qo 

1 500 620 
') 1000 700 ,-
3 2000 1050 
4 3500 1800 
5 5000 ?450 
6 6000 2750 

TEST A.2 11.8.62 UHGABi\BA BE~CH 
• b • 

6QO 6L s 

- ... 
80 500 

350 1000 
750 1500 
600 1500 
300 1000 

6Qc 
.. ' , 

-
240 
420 
720 
720 
42 0 

;... (discard -
rip 
influence) 

H = 2 T = 7 a = 25° e = 2° Tracer = continuous discharges 
of suspended clay 

S Ls Qo 

1 300 100 
2 900 200 
3 1500 395 
4 2100 723 
5 2700 990 
6 3450 1560 
7 3900 1800 

f:.Qo 6L s 

- -
100 600 
195 600 
328 600 
267 600 
570 750 
240 450 

6Qc 

-
230 
230 
230 
230 
288 
168 

discard -
ncar rocks 
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TEST A.3 27.8.64. VIRGINIA BEACH . . . 

H = 1.5 T = 6 a = 15° e = 80 Tracer = 1 1b sodium 
fluore scein 

. i , 
I 

S Ls Qo ~Qo ~Ls ~Qc 

1 360 357 - - -
2 780 420 63 420 57 I 

I . 

TEST A.4 14 .. 7.65 VIRC-;INIA. BE,cl.CH 
b •• . , 

H = 3.25 T = 8~5 

S Ls 

1 240 
2 660 
3 960 
4 1272 
5 1852 

- • ' S! • 

a = 15 0 e = 60 Tracer = 2 Ibs sodium 
f1uore sCf3in 

Qo ~Qo ~Ls ~Qc 

850 - - -
1200 350 420 230 
1400 200 300 162 
16 00 200 31~ 162 
1800 200 580 306 

TEST A. 5 2.3.60. I NYONI POCKS BEACH 

H = 3.0 T = 8 a = 20 

S Ls 

1 250 
2 1000 - - - - -

e = 6° Tracer = 5 Ibs sodium 
f1uor8scein 

Qo ~Qo ilL ·8 t.Oc 

270 - . - -
1300 1030 750 _ 574 
- ~ - ~ - - - ~ -
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4. Discuss~on on the Alongshore T~ 

In Fig. 5-12 increment s of discharge as determined by the 

tracer dilution method and those c a lculated f rom the application 

of the solitary wave theory are co~pared. The mean r~tio of the 

calcula t ed to observed increments is 0.92 vli t h a standar d d p.viation 

of 0.22. The agreement is tolerabl y good, especially in vie w of 

the difficulties of making representative measurements of wave 

characteristics, and of sampling errors. 

It must hmvever be not ed that bot 1 the tracer d ilution method 

a nd the solitary wave theory have the ir shortcomings, and might 

be in error in the s ame d irection. The r:lost likely error ih the 

former is inhomogene ity of the trace r in the cross s ection \vhich 

!'lOuld r e sult in dischar ges which ~",rere on t he 1m., side ~ The latter 

may b0 in e rror because t he mathematica l mode l (as ha s be en remark­

ed on) only approximat ely simulat e s the waves i n th~ f i e ld and 

because o f the inaccuracy o f the data de scribing the w~ve charact er-

istics during the test. Figure 5-12 l ends some support to t he 

assumption that t he increas e in ~ischar ge i s proportional to 

distance , at lea st over the dist a nce used . 

The l east satisfactory a gr eeT"!1ent with t heory comes f rom the 

observations of T t~ st A. 2. It i 3 not ed that this beach was different 

from the others in t hat it had a gentler slope . Furthermor p. , the 

tracer material was a continuous supply sus pended clay, the 

concentration of which may have varied somewh~t. 

Figure 5-13 <iepicting the grmvth of di scharge with distance 

dot.,nstre3..TIl is of some interest. Naturnlly the slopes differ widely 

bet ween some test s because the Have condit ions W8re different. 

Curves A.l and A.2 show some similarity initially with t he discharge 

growing at an i ncreasing r ate for the first 1500-2000 ft. Curves 

/. , -''I to __ ...:I " .-
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to'ivards the ends of the curves. The f~.ct that t he discharges 

are initially different in the different tests is und erst andable 

because the saT!lpling stations TA!ere set up someHhat arbitarily at un­

knO'ivn stage s in the current s development. Test A. .l probably 

gives the fullest picture of the gl""'otvth of the current. The 

first stC'..tion was within 300-400 ft. of a coastal d iscontinuity 

caused by a short stone groin at thH mouth of the Umgeni River -

a river t-7hich was discharging a few hundred CUS8as. (This 

latter fact may have caused the initial discharge to be s et 

rather high (630 cusecs». The curve as a ~.vhole suggest s a 

typical growth curve with accelerated grm\rt:h initially and 

decelerated growth far dOtmstre'3.m~ The first station of Te st A.2 

was probably also placed at a n early stage in the currents 

development,for 1000 ft upstre~m marked the be~inning of a rock out-

croD. The same may be sC'..id of Test A.4, \.]hile for T·::;st A.S the 

current would have been well develoPGd rvhere i t ~'TaS samnled. .. .; . 
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CHAPTER VI 

SUMMf\RY AND CONCLUSIONS 
d •• • 
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FIELD WORK CELLULAR CIRCULATIONS . 

1. Off the test beach'lt Virginia the cellular circulation 

consists of large c e lls., the mean sp2.cing of whose corrmonent 

rip currents is 1830 ft. Between the rips of the large 

cells smaller cells originating in the inne r bre;;:>.ker-zone·) 

may often be observed. "'h ~ ~ .. 1 ') 7 oFt L e~r mc'ln spac1ng 1S , ~ . 

2. The mean width of the whole surf Has 470 ft, and of the 

inner breake r zone 47 ft. 

3, The mean ratio of cell width to surf t-lidth was 3.7 for the 

large cells and 2.8 for the smull ones. 

4. The volur.le of wat e r bounderi by the outer breakers ane. the 

rips of the large cells is of the order o f 10 6 cu ft. This 

is exchanged by cycling in th~ circulation roughly once per 

hour. The order of magnituc.f~ of the r3.t e of excha nge is 

103 cusecs. The actual v3.lues were 700-1800 cusecs and the s e 

r~pre sent 4.5 - 12% of th\~ Dctential inflo~'J under ordinury 

t-l2Ve conditions • . Inman a nd Bagnold (1963) c rtlculate figures 

of 2-10%. 

5. The exchange proce ss 1.8 e.ppa.:!:" l:;ntly achiev Gd l:lr~ely by dis-

?lacenent. .. A rough Esti.mat E suggests that th,~ rlisnlacing 

tvat ·cr is made up of 60-80% ,v.atcr recycled dir'~ctly from the 

riD currents, the bal~nce be ing possibly wrtter from outside 

th~ circulation ... This e st h.i"1t ,·~ is baser} on the fl'onta ge 

OVnF 'vhich each type of d ispLlcing tva ter ent·:;rs the surf zone. 

It does not take into account possible 1ifferenct;:s of r ates 

o f flow. 

6. During the field work 8Quipm,:mt for measurin~ sec~ level changes 

HuB developed. Maximu:n chi".nges tvere of the sa.me order ~s 
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those found by Dorrenstein (1961)-about 10% of the wave 

heights. 

\-JAVE TANK HORK , 

6. The sym.rnetrical c ellular circulations found in the field are 

qualitatively ~v€ ll simulated in a ~-1ave tank. Essential 

elements of longshore currents faeding riD currents ann 

recycling are all ?resent. In addition s~all calls within 

larger ones were seen. On the other hand, the rip spaoing 

to surf ~~idth ratio for the cells in the ~vave t :?.nk is higher 

being about 5 • Also no long term pulsing of rips was 

observed. However the rip out flow in the wave tank did 

appear to be interrupted by t~e arrival of each breaker. 

7. A notabl (~ feature t-1as the refraction of the incident wave 

front as it encouhtered the out flOt\7ing rip. This refraction 

resulted in wave obliquity (with respect to the beach), and 

is thought to be an imDort::mt m(!chani sm underlying the . 

circulat ion. The obliquity is limited to a region adj acent 

to the rips. As the wave h8ight WetS increased longshore 

current, and rip current velocity increased. Rip spacing 

also tends 1:0 increase (though irre~larly) with Have height. 

The whole system shows properties of self consist (mcy. 

8. Based on the solitary wave theory and 'on certain experimental 

obs ·arvations, an equation pl .... cdicting the 18ngth of breaker 

crest required to satisfy ( by continuity) the volume of flow 

requirements of a rip current, has been derived. The crest 

length appears to be gr eater than the length of crest approach­

ing obliquely ( and therefore having a longshore component). 
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THE CAUSE OF ':!.'HE CIRCULATIONS IN THE NAVE T t\NKS 

9. \Vith small ~ .. Javes l ''': s8 tha.n about !", vcry large amrylitude 

oscillations - in the form of a tl"(!nSVe r s e standing ~>li1ve -

developed along th~ Hat er line ln the v7ave t2.nk •. These 

have beon showh : t~be caused by the int ,o; ract ion OF the 

generated Have ~nd ed!!e wav ,?S travelling e cross the t a nk, 

from either side . This intcr2..ction of we.ve s produce(i ri-:1 . , 

currents - \'Jeak, y,]hen the period of the standing fiJ:=J..ve t.vas ttvice 

that of the generate d wa vG, and stronger, Hh.m the periods WGr~:: 

the sarile. 

10. In circumstance s when the w::w . .;: s in thB vlave tank fiJere a 1)out 

1.2" - 1,5" and the period in t he r A)-j ion of 0,65 S0-CS Cl 

prominent three dir.lensional st .:::' llding W:='VP. vIas forr:led just 

outside the breaker zone. Bdge waves wers identified in the 

syst em and the cas!,,: is thought to be one of r e SOni3.nCe bAt ween 

the generated Have period and possibly that of c. discrete 

or cut off mode of the edge t,!C1VCS. The st':lndin~ waves 

appeared to modify the break3~ loca lly producing regular 

spatial vari a tions of height 2.n1 causing scalloned configurat-

ions along the crest. Aft er thG tvaves h::ld broken sma ll c2lls 

of circulat j.on were formed . 'i'h •• d d .... elr spaclnp; corre spon e to 

the wavelength of the ed~a wavG's second mode. 

11. Analysis cf a general case (oth~r t han the sp8cial one s arove) 

pointed to - but not conclusively - t he interc.ction of thG 

genere.ted \-lave (".nd edse wave s as an cXT)lanat ion of the 

circulation observed . 

12. vllien the wave generat ors were fir.st·started up , the ~rriv~l 

of the first few l.vaves at the shore was accomnanie:i by the 

development of closely spac8d small rip currents - none at 
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first penetr~ting the surf. As later ~·vaves arrived some of 

the. . (more wid .~ly spaced) rip current s developed and 

penetrated the surf vlhile others remained rudimentarv or were 

evanescent. 

13. The sum of the evidence is that, c ertainly for certain special 

cases and possibly generally the c ellular circulations in the 

W3.ve tanks ~vere caused by interaction bet~.Jeen the generated 

waves and edge waves, resuiting in distortion of the wave 

breaker front, Hith consequent convergence and divergence 

of mass transport. 

The system seems to represent a type of Rayleigh-Taylor 

instability, ~.,]ith modes of edge ~'Javes determining the falling 

away from unstable equilibrium, 

AlonEshore System 

1. A tracer dilution method to measure discharge or r ate of flof.tl 

of alongshore currents (similar to that used in rivers) was 

tested. It was found that provided the alongshore current 

dominated the system to the virtual exclusion of rip currents, 

the method gave reproducible results with about 10% standard 

deviation. 

2. The method was applied to measure longshore current discharges 

on 5 selected occasions. 

3. The discharges were also calculated from \-lave characteristics 

using the solitary t-lave theory and applying the approach based 

on continuity. 

4. Taking into account the difficulties of arrivin~ at represent­

ative values for the til/ave characteristics, the calculated 
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and observed increments of discharGe bet~,oJeen Sal!l9ling 

stations agreed tolerably well. The mean ratio of the 

former to the latter W3.S 0.92 v.Thith a standard deviation of 

0.22. 

5. In the course of the above study a test Has m~de on the 

applicability of Longuet-Hig~ins' wave hei~ht s~ectra theory 

for deep water, to the bet~veen breake r zone. The relationshin 

between significaht,mean t and root mean square wave heights 

for the experimental data were from 2-10% hi~her tha n those 

of Longuet-Hig~ins. 

Transition from Cellular to Alongshore 
• 

It is suggest ed that the process of tr~nsition from the 

cellular to the alongshore system is a s follet·m e 

~{:hen the waves are normal they ~re refract ~d, in the region 

of the rip, tow'trds the axis of the rip and nn obliquity to the 

shore is imparted to the wave direction. 

Hhen the Haves apDr'oach is at an angle to the shore, it s 

Obliquity ~vill to a greater or leSSer extent opnose that du e to 

refraction on the down ~.vave side of the rip. As the angle 

increases there will be an increasing t endency for longshore current 

Hater to flow past the rip base. In the extrame case none Hill 

flow out of the rip. 

It is thought that the following develo~ments and findings of 

these studies have not be~D previously reported 

(a) the method used for measuring se~ level chan·ges 

(b) the application of the tracer dilution to the measurement 

of longshore current discharge. 
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(c) the simulation of cellular dirculations in a uniform 

wave tank. , 

(d) the demonstration that wave interaction can be a cause of 

cellular circulation under the special conditions of a 

wave tank. 

fup;ther Rf,s.ear,ch 

There are a nQ~ber of ?roblems Qrising out of the work report-

cd. which might well be profitably pursued., 

Theoretical devalopment is r~quired on the following points 

(a) the extension of Ursell' s ~>Jork on edge waves, to include 

the case of symmetrical motion ahout the midDoint of the 

" beach" 

(b) the theory underlying the falling at\'ay from instability 

of a surge of wate r returning dotl.'l1 a uniform slope, 

having been init ially caused by ~,lTave act ion 

(c) a mathp.matical model is needBd fo1"' the ~>Jhole of the 

cellular ciroulation leading to an expression for the 

cell propol"tions in terms of the v.7ave ch<'3.racteristics 

and the beach slope. ,\ prerequisite ~!ould be an under-

standing of the v0locity field of a riD current. 

The great difficulties under tvhich field ~vo!'k is carried out 

leads to the conclusion that eX1Jerim-.:ntal ~lOrk mir.;ht best be . ~ . 

continued in a uniform wave b~sin. The basin shoul1 be accurately 

constructed and special attention given to the control and measure-

ment of wave frequencies. Accurate me2.surements of the chang:es 

of watel" level just outside the breakers are required to test 

whether the transverse spatial differences so evident in the case of 
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resonance,are more generally present. 

In addition such a wave tank could be use d for much more 

e.c·curate ~lOrk on the velocity fiel d s of the elements o f the cell­

ular circulation, with chan9;ing 'il!c.v 8 heights and ps;riods and bea.c h 

slopes. It would also ena ble the apparently ~!' "Y."'e glll;3Y' chanR;f?S 

of rip spacing with wav e height t o be studied. hTith p,;oon. data 

it should be possible to s e e whether the spacl.ng could be eXDlained 

by the superposition of s everal modes of ed~e waves. 

The physical difficulties a rid indeed danger of ';vork chvay fron 

the shore in the surf will be a det err.ent to field Hork and 

comprehensive information does call for sophisticat8d and se~i-

Dermanent irtstaliations. As em interim J!lea.sure field Hork mi fS ht 

be done in the quie t e r water of harbours; she l t e r e n embavmcnt s or 

lakes. 

~There are no aspect s o f the nearshore circulat ion on Hh ich our 

information is anything like 3d e quAt e . J1ca surerne nts are needed on 

all aspects, and because of the yulsed nature of the system time 

series measurements are e ssential. There is scope here for the 

devlopment . of the instrum,mt at ion • . Many of the ncc (~ssary 

variables, such as velocity and sea level c hanges must he measured 

against the back ground o f the Hind ge nerat ed wave s, h7hoE' e effects are 

usually of much greater maGnitud e than that Hhich i s to be measured. 

This ~vill be a primary difficulty in detcrnining Hhat tra nsverse 

wave motions exist in and near the surf. 

For longshore current stud ies a first requirem8nt is for 

continuous and simUltaneous n:1 easurc~cnts of breaker height perioo 

and direct ion. 
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APPENDIX 1 

Field data for the spacing of rio currents in 

the inner-hreaker zone - Virginia Beach 

I i I 

! 
i 

i ! 
, 

I Have I 
, Inner I Ratio , 

height I Ri p • breaker I Rip I I 
• i , 

i at I \\1 3.VG I s (;per'l - I zone I seper:"l-
Date :' :'eaking I period 

I 

+' I \vidt h I tion to 
i 

,.J.on 
• 

I ft. I secs. ft . I ft. surf 
I l·Jidth , 

6.7.65 I 1.5 3 I 8.5 
~l 

100 42 I 2.4 - I 

I 
I 

I 81 42 2. 0 
I 

I 75 42 I 1.8 
240 70 I 3.4 

I 
I 

330 70 4.7 

I I 120 40 I 3.0 
: 60 33 I 1.9 
i 7 8 43 I 1.6 I 
I 210 I 70 3 .• 0 

I 110 70 1.6 

I 120 I 50 2 .4 I 
8.7.65 I 1 -2.5 7 150 l' 3.75 

I 
i 90 2.25 

I 100 t 2.5 

I I 135 3.1+ 

I 37 2.2 I 

I 75 40 1.9 
I 87 

I 
2.'2 

I 140 3.5 
72 1 4 8 

I 96 2.4 I 
I 

9.7.65 I 1 -2.5 8 72 40 1.8 
87 lW 2.2 

3.8.65 3 8 130 46 I 2.8 
192 46 I 4.1 
164 r 3.5 
220 4.7 

I 
152 I 3.3 
104 46 2.3 

I 96 aoprox 2.1 I 128 
. . , 

; 2.8 i 
198 t 4.3 

I 150 I 3.3 I 

I :no 'to 
4.6 ! 

I I I 

15.9.65 I 1 - 1.S 8 75 

I 1 
I 
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APPENDIX 1 

(cent inued ) 

Field data for the spacing of rip currents 

penetY'ating the Hhole surf' - Virginia Beach 

I + 

I 
. 

I I I I 
I 

I I I \-1ave Inner Ratio 

I height Rip I breaker RiD 
I at ~'Jave s cpera - zone sepera-

Date breaking pGriod tion IrJidth t ion to 
ft. secs. £t 1 f t. surf 

width I 
I 

23 ,.2.65 4.5 8 ~0 1000 500 2.0 
750 500 1.25 

15 ,.2.65 1+. 5 7.5 1100 450 2.4 

3.2.65 5.0 6. 0 2400 40Cl 6.0 . 
1.2.65 5 j 5 6. 0 2400 550 4.3 

27.7.64 515 8 2250 500 4.6 

17.7.64 315 6.0 1800 550 3.2 

15~7~64 4.0 8~5 1800 550 3. :2 

3.9.65 tHO 6.5 1600 400 4.0 

27.7.64 5.5 8. 0 2200 500 4.4 

30.3.65 4.5 10. 0 1660 500 3.3 

29.9.65 5.5 7. 5 1600 300 5.3 

1 6 .7.65 5.0 8.0 183 0 650 2.8 

23.9.65 4. 0 6.5 1600 400 4.0 -. . 
7.4. 6 5 5.0 9 .0 2250 470 4.7 

! 
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APPENDIX 3 

CALIBRATION OF MARK 1 nAVE RECORDER 

Procedure 

The tv-ave meter Has tested in Durban harbour. The pressure Sens-

lng .head H='.S Imvered to a "known depth - at . int~rval s o ~ 1 ft. and 

the corresponding displacement of the reco:::,ding pen re~d off to 

the n8arest 0.1 o f a snaIl d i v ision on the recording paper. 

Results 

The following were t he re su1ts~ 

was 1.8 divi s ions). 

(The re ad ing at ze ro fe et 

I ..... .. , .. I .. , , 
1 I I 

Depth I Number of sm3-11 
in I d ivisiorls oh Hean 

Feet record8r 

1 3.2 I 3.2 I 3.1 f 3.3 I 3.2 I 2 
I 

4.6 I 4.9 4.8 I 4.9 4.8 
3 6.1 6.2 6 .2 6.2 I 6. 2 
4 ! 7.5 7.7 7.8 7 0 .8 7.7 , 
5 9.0 9.0 9.1 9.1 9 .05 
6 10. '.Z 10.8 In.7 10 .9 10.65 
7 12.0 12.0 I 12.1 1 2 ~1 12.0 5 
8 13 • l~ 13.4 I 13.4 13.8 13.,5 i 9 14.9 14.9 I 15.0 15. () I 14. 95 I 10 I 16.3 16.3 I 16.3 16 .3 

J 
16 .3 

! ! I l : 

The results are plott 2d on the accompanyinf-; gr a ph. 

Conclusions . 
1 Scale division is equiv ~lent to 0 .69 ft. 
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APPEHDIX 4 

HAVE TANK EXPE~. P1ENTS 

CHANGE OF SURF HIDTH HITH ~ '!AVE HEIGHT 

Date 3.1.1 ~ 66. 

Condit ions: Tin plate at 6 0 Wave period 0.75 sec. 

r I 

Scale Readinl', - ins 

I ... 
I I ! ! 

TAlave Max. i ~·~in. j 
Height run-UD run-up S. H.L. BrEak Pt. Vert. Pt. 

0.5 4.75 6.5 8.5 10. 15 
4. 5 6 10.5 15.5 
4.25 6.75 11 16 

1.05 I I.~. 5 6. 5 8~5 11 16 

1.'2 4.5 6.5 1 2 17 

1.05 4.5 6~5 11.5 17.5 

1.6 '+ 6 8.5 12 19 

'+ 6 12.5 18.S 

1.7 4 6 12 19 

2 3.75 5.75 8.S 12.5 20 

1.8 4.5 6 12.5 20 
I 2.1 4.75 5.75 8.5 13.25 21 

I 
5 5.5 13.5 22 
4 6 13.5 22 

! 2.65 4 5.5 8. 5 14.25 23 f 

! 

3.5 5.S 14 23 
4.5 6. 5 14.5 24 

I 
f.. L. • 
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APPEHDIX 5 

WAVE TANK EXl'ERP-1EHT 

SPACING OF RIP CURRENTS tHTH VARIOUS \lYWE I'fE IG~TS . 
Tin -plate surfnce beach 35ft l ':)ng sloping tlt 6 0 

toJave period 0.75 sec. 

Hav~..t 'l;l.eight· 
I Spacing of Rip s (ft) Hean (ft) 
I 

... 
l.ns .. 

0.5 1.5, 3.5, 3 , 3 , 3, '2.75, 2.25 2.7 

0 .5 1.25, 3 , 3. ? 5 , 2.25,- 3 , 4, 2, 3 , 1+ • 2,8 

0 . 6 2, 4. 2 , 2, 2 , 5, 5, 5, 3. 3.3 

0.7 2, 3.5, 4, 3 , 4, 2.5, 4- , 3.5, 2. 5. 3 ~ 3 

0 . 8 4, 3.5, 3 , 4, 3, 5 , 3. 3.5 

0.9 2. 75; 4~25, 7,7 5 , 2 , 2 , 6, 2. 3.8 

1.0 5, 3 , 4, 5 , 5, 4. 4.5 

1.5 3, 3.5, 4, 3.5, 4, 3.5, 3. 5 , 5. 3~9 

1.5 2. 5 , 3.5, 4, 5. 3.7 

1.8 2 . 5 , 3.5, S, 3, 4, 5 , 2 , 5. 4.3 

1.8 4, 4, 1.5, 5 ~ 5, 5, 5. 4.5 

2 .l 3.75, 4, 8, 4, 2.75, 4.25. 4.5 

?.2 5, 6 , 6 , 5 , 5 , 3. 5. 5. '2 

2.4 3.75, 4, 6.5. 4.75 

2 . 8 6 , 5, 5,5, 8. 6 
I L I , 
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AOPE01G IX 6 
I , . • t . , 

WAVE TANK EXPERI~1EI\1T . 

THE CHANGE, .oF LONGSHORE .CURREN;' [(L.S.C.) 

AND RIP VELOCITIES · "l ITH y,l.AVE HEIGHT 

Dat~: 31 .. 12.65 

Cond:it ions Tin plate base ct 6°. Period 0.75 sec. 

t·Jave height ins. 1,8 1.2 0.5 

L.S.C. Velocity 2.5 

Ins/Sec 3.75 2.4 1.85 

3.35 3.0 1.61 

3.2 ? ~ 8 2.·0 

3.7 2.85 1 .. 77 

3.75 2.65 2.1 

3.35 I 
Av •. L.S.C •. Ve l. ins/s8c 3. 5 2 .. 65 1.85 I 

I 

RiD V810city 1 •. ~3 1.03 I 
I 

Ins/sec 2.~ 1.20 1.5 1 

I 2.25 1 •. 6 1 
i 

3.1 1.92 0.8 I 
I 
I 

2.35 1.47 1.~ I 
I 

'2.5 1.0 

') '7 - .. 1.16 

1.35 

Av· •. Rip V;;l ocity 2.55 1.·.5 1 •. 15 
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APPENDIX 7 
+-

r;JAVE TANK EXPERIMENT 

CHANGES OF RIP- & LONGSHORE CURRENT . 

VELOCITIES HITH HAVE 
I 

HEIGHT . . 

Date 

Conditions: Hoveable sand base. Initial slope 6°. 

Period 0.75 sec. 

''''ave height, ins 0 .4 0.65 1 1.6 2.8 

Maximum uprush~': 5 5 5 4- 2 

Hini"l1um uprush':~ 7 7 6.5 6.5 5 
.'. 

S.W.L-: 8.5 8 i 5 8.5 8~5 8.5 

Break p0int~'( 11.5 12 12.25 14- 1 5 

Vert; polht1: 17 4 5 18 19.25 20 24-

L.S.C. vel. 1.9 1.7 1.-9 1.9 2 ... 8 

Ins/Sec 1.8 1.7 L. 9 1.9 

2 .• 1 1 .. 8 2.0 2 2 

, 
2.1 2.1 2 

3.5 ? 

Aver. ,L . ~. C·.' .vel. 2 1.7 1.9 2.4- 2.1 

Rip vel. 1.3 1.3 0.9 1.9 2.5 

Ins/ Sec 1.2 1.6 I 0 .5 1.4 1.0 

1.1 1.3 2.5 

1.4 .14 1.7 

1.3 I 1.3 

I Aver. rip v e l. 1.25 1.4- 0.7 1.7 1.8 
I 

, : i 

Notes: (i) Cusps form and cause small rips (9" spacing). 

(ii) Beach takes a considerable time t o reach 
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APPENDIX 8 

\I]AVE TANK EXPERP'1ENTS . . 

Test No. 1 Raw dye concentration 1480 'Dpm. 

(a) Concentration of dve near continuous release. 
it' 

, , 

Time after release Concentrat ion rn • 
.Llme after release Concentrat i o n 

in seconds ppm in se conds ppm 
',' 

0 0.6 210 6.9 
30 9.4 2L~O 5.2 
60 15 14 270 8.0 
90 28 .0 300 4.4 

120 18.5 330 15.0 
150 14.6 I I 
180 5.2 i I 

I 
" . . I . , 4 , 

(b) Cona l?ntrati0n at :t.he shore 
• + 1 t' t ' {' • d d 1 ·*1 

. 
I' TiTtle after r e lease Ii Concentrat ion TiTTle aft er re12ase C.:::mcentrat ion 

StC S - 75 ppm ln seccnds -75 ppm 
1 

, w 

j 
0.06 1 60 6.8 

(background) 
0 0.58 170 7.4-

10 0.12 180 6.2 
20 0 .5 2 190 7.2 
30 1.0 200 6.2 
40 1.1 210 7.4 
50 3.6 220 8.2 
60 2.2 230 12.2 
70 5.2 240 8.0 
80 7.5 250 9.6 
90 , 8.8 260 10.0 

100 6.7 270 8.6 
110 7.5 280 10.4-
120 

. 
7.0 290 8.4-

130 7.8 
14-0 8.4 
150 9.6 I 

~ I ; 
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APPENDIX 9 

Te st No.2. Rav] dye concentration 1480 porn released at r io base . 
.. ... I , ... $I 

• F 1 1 p 

Time after r elease Concentrat ion Time a f t e r Conccntrat il"m 
- 120 sec. at t he shore 1?v~ release at t he shore 

x 1 5 . ":~: sec -120 x 1.t _. 
Background 0.018 . " 

( ) 
0 0 .0 26 ( . 039 ) 325 4.7 ( 7. 0 ) 

( ) I ( ) 
10 0.027 ( .03 95 ) 355 4.9 I ( 7.35) 

( ) ) : 
, ( ) 

25 0 .035 ( .OS? ) 385 3.3 j ( 5 ) : 
( ) I ( ) I 

55 0.26 ( .39 ) 415 4.4 I ( 6.6 ) • 
( ) ( ) 

85 0 . 28 ( .4- 2 ) 445 'f .3 ( 6.45) 
( , ) I ( ) 

115 0 .3 8 ( • 57 ~ 4- 75 5.0 7.5 ) ) 

Ii ( ) ) 
145 O.5 ? I ~ .78 ) 50S 4.8 , ( 6 • ? ) , 

) ! ( ) 
175 1.2 (1.8 ) In r i.T) 24 .6 

1
06 • 9 ) 

( ) I ( ) 
205 2 . 0 (3 ) In 1":i_ n 12:0 1(33 ) 

! ( ). I 
235 2 .3 (4. 45 ) 

( ) 
265 3.0 (4. 5 ) 

( ) f 

295 3.4 ( 5.1 ) I 
I 

Factor to conpensat e for 1m.ver dischar~e 1 . 61t compared to 

to 7..44 ccs/sec in Test 1. t o make concentrati0ns comoarabl e . 
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APPENDIX 10 .. 

CALIBRATION OF ~7AVE RECORDER NARK 11 
r ,. 

Purpose 

The purpose of the test was to examine the response to ~ressure 

of the wave meter (Mark 11), ~.Jhich consisted essent ially of a rubber 

air ring connected by hose to a mercury manometer and recorder. 

Procedure 

In the laboratory the rubber ring was i~mersed ln a tank and 

pumped up to an arbitrary initial known pressure. It tvCl.S then 

subjected to additional known hydrostatic loads. 

The corresponding manometer readings were recorded on a movin~ 

paper clockwork recorder. 

Results 

The relationship bettoleen the depth of water over the ring qnd 

the number of s~all divisions on the r8cording paper are shown in 

the attached ~raph. The response ,.ras reasonably linear over the 

range tested. 

When used in the field the response to a Have was correlated 

with its height as measured by lining up the wave crest, the 

horizon and a mark on a graduated pole held at the ~'later' sedge. 

(~ean uprush position). 
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APP END I X 11 . 

REPRODUCIBILITY TEST ON , TRACER DILUTI ON METHOD , 

HED NE SDAY 2 11TH AUGUST 1. 1965 . VIRGI NI/\ BF'ACH. 

O.bject 

To investigate the r eproducibilit y of the tracer dilut ion 

method as applie d to the l ongshore current in the surf zo ne . 

Procedure 

On four successive occasions 1 Ib of sodium f luo r escein vIa S 

r eleased into the surf and sampled at a st a tion 375 f t. 

downstream~ The sampl e s we r e a na l y s ed In a Turne r 

Fluorimet ""r. Sampling ~.;as at thEe': rate of every 15 s e c s. for 

t e sts 1 and 2 , Snd ev er y 10 s ees' f or sta tions 3 and 4. 

t!ondit ions 
~. i+ t " L • • ri 

Have he i ght at s and bar 3-4 ft, 

Wave height at "the foreshor e 2- 3 f t ~ 

Period 6 seconds. 

v·lave angle 10-15° from Nort h East. 

Hind light North East. 

l!Jidth o f longshore c urre nt approximat e ly 82 ' • 

De pth at 82' o f f shor e 10 '. 

Ar ea of cross s ection of current 450 s q. f t. 

Results ---_ .. 
The results o f t he analygis are s e t out in the fo llmving Table. 



Samp l e 
No. 

Te s t , .... 

2 
3 
4 
5 
7 

8 
9 

10 
11 
1 2 
13 
1 4 
1 5 
16 

Te st 2 

90 
92 
93 
94 
9 5 
96 
97 
98 
99 

101 
102 
103 
1 0 4 

Note: -
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APPENDIX 11 
(~ont lnu e d ) 

~~EDNE SDAY.2 . 11TH AUGUST 4 196 5. 

Fou r 1 Ib batch e s of dVG r e l e a s e d 375 f t. 
f rom sampling point 

Co ne. ppm SaTTlP l e Co ne. ppm Sampl e Cone. ppm 
No. No. 

Te st 3 

0 .000 28 0. 000 79 0 .10 8 
0. 068 29 0.12 5 82 0.074 
0.76 30 0.4 83 0.053 
0.97 31 0 .76 1 00 0 . 02 5 
0.55 3 2 0 . 69 117 0 .021 

33 0 .6 ? 
0 .3 9 34 0 . 4 8 
0 .3 85 3 5 o ~ 35 5 
0 .3 22 37 0 . 29 I 

I 0 . 0 57 3 8 0 . 23 
0. 0 30 3 9 0 . 1 7 
0 . 01 28 40 0 . 1 5 
0 . 0073 41 0 . 051 

, 

0;0061 53 0 . Ot~4 - -
0.00 61 52 0 . 024 

1 9 O; O?O 
62 0 . OJ 91 
6 3 0 . 0092 

0.000 
0 .081 Te st 4 
0.385 -
1.52 50 0 . 0 00 
0.5 2 51 0 .17 
0 .322 60 0 . 69 
0 .10 61 0 . 69 
0.0 23 67 0 . 62 
0. 2 55 5 9 0 .97 
0 . 0 31 70 0 . 97 
0 .00 97 71 0.76 
0. 0085 7 4 0 .48 
0. 009 1 78 0 .1 26 

. 
For Te sts 1 and 2 samplin~ do ne e Very 15 sees. 

For Te sts 3 a nd 4, e v er y 1 0 sees. 

. . 

I 
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APPENDIX 12 
+ 

Records of the analyses made of t h8 sanmlcs t:iken at 

stations during the alongshore system tests A.l - A.5. 

Note figures in brackets a.fter each station refer to its 

distance (in feet ) froTa the point at ~.Jhich the tracer Has 

released. 
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APPENDIX 12 
.@ . t ~ 

ALONGSHORE SYSTEM TESTS , . - ., 

AN ;:;,L '[SES SAMPLES 

TEST 4.1 (2.6.61.) 
~ ... .. If :;: '" . "- , 

STATION I (500 ft.) STATION II (1,~00 ft~)/ST i\TION III (2,000 rt) _. .. 
Hinutes Fluorescein l1inutes Fluorescein Hinutes Fluor~scein 
after Concentrat ion after Concantr3.t ion after Concentrat ion 

Release in ppm. 'Release ln pp;n. Rell'!ase in ppm. 

3 0.029 6 0.041 
3~ 2.53 6~ 0 .41 10 0.000 
4 2.98 7 2~?'8 11 0.14 
4~ 2.18 7~ 2.78 12 0.47 
5 0.47 8 1.38 13 1.08 
5! 0.037 8~ 0,33 14 0.45 
6 0 .0165 9 Oi076 15 0 .')3 
6' 2: 0.015 9~ 0.069 16 0.068 
7 0.0045 10 0 ,08 17 0 .055 
7~ O. OO? 10~ Oi0 34 18 0 .033 
8 0.003 11 0 . 0 39 20 0.022 
8~ D.018 1,2 (\i0 31 22 0 .036 ~2 

9 0.007 12 0.009 24 0.00 
9~ 0.0015 1,)1 0.010 ?6 0.003 _2 

10 0.0015 13 0.0005 28 0 .001 
1 0 ~ 0.00 14 0.000 

STATION IV (3,500 ft) STATION V (5 2000 ft) ST.l\T I OI'·r VI (6,000 

17 0.000 25 0.000 30 I 0 .000 
18 0.185 27 O.O't4 31 0 .009 
19 0.?3 28 :;.049 32 0.017 
20 0.20 29 0.037 33 0.035 
21 0.16 30 0.068 34 0.062 
22 0.14 31 0 .062 35 0.034 
24 0.105 3? 0.058 36 0.027 
26 0.085 33 0.056 37 0 .051 
28 0.039 34~ 0.052 40 0.047 
30 0.037 36 0 . 0 49 43 0.037 
32 0.03" 37~ 0.04 46 0.039 
35 0.011 39 0.040.5 49 0.02L~ 
40 0 .01 41 0 .035 52 
45 0.011 43 0 . 02 9 55 0.025 

45 0.021 58 
48 0.018 61 0.0105 
51 0.012 64 
54 67 0.007 
57 0.011 70 
60 73 0.006 j 

63 0.007 I 76 

NOTE: Distance of sampling points from the r?leas~ points 

are given after the station nUMbe~. 

,... 

ft) 
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APPEIID I X 13 

ANALYSIS OF SAMPLES 

TEST A.2 11.7.6 2 . 

Distance from point Concentrat ion of 
Station of tracer release - 10 micron material 

ft. -ppm . 

1 300 1,320 

2 900 660 

3 1,500 335 

4 2,100 184 

5 2,700 13l~ 

6 3,450 85 . 
7 3,900 74 
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APPENDIX 14 

ANALYSIS OF SM1PLES . 
TEST A.3 27.8.64 

STATION I (360 ft.) STATION II (780 ft.) 

Time after Fluorescein Time after 

I 
Fluorescein 

release - Concentrat ion release - Conc2ntrat ion 
seconds ppm seconds ppm 

180 O~87 300 0.300 

195 1.35 315 O. l~ 80 

210 0.71 330 0.545 

225 0.22 360 0.270 
I 

240 0.14 405 0.01 6 I 
i 
1 

255 0.04 420 0.020 
! 

270 0.02 435 0.055 

285 0.018 450 0.055 

300 0.016 465 0.010 

315 0.010 

330 0.007 

34() 0.005 

, 
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APPENDIX 15 

ANALYSIS OF SNfPLES 

TEST A. 4 14.7.65_ 

STATION I (:?40 ft) STATION II (660 ft) 

Time after Fluorescein Time after Fluorescein 
r e lease - Con cent rat ion release - Concentration 
minutes pnm. - .. minutes pm. 

2.0 0.0966 5 0.0217 
2.25 0.875 5.25 0.0852 
2.5 0.750 5. 5 0.166 
2.75 0.625 5.75 0.29 
3.0 0.066 6.0 0.216 
3.25 0.086 7.0 1.00 
3.5 0.0165 8.0 0.093 

9.0 0 .0014 
10.0 0.0003 1 
11.0 0.0003 I 

J 

STAT ION III (960 ft) ftJ - ( 1 ,272 STATION IV 
9.0 0.0006 . I 

r 

9. 25 0.1166 12 0.0079 
9. 5 0.045 13 0 .04 29 
9.75 0.058 13.5 0.0711 . 

10.0 0.047 14 0.065 j 

10.5 0.1033 14.5 0.10 
I 
I 

11 0.093 15 0.073 
11.5 0.083 15.5 0.066 
12 0.100 16 0.06 
12.5 0.130 16.5 0.0556 
13 0.05 17 0.0466 
13.5 0.06 17.5 0.0177 
14 0.0189 18 0.0087 
14.5 0.023 
15 0.0008 20 0.0008 

STATION V . (1,852 ft) 

18 0.0006 
18.5 0.0214 
19 0 .0088 
20 0.0405 
21 0.0264 
22 0.0276 
23 0.0288 
24 0 .0370 
25 0.0441 
26 0.0429 
27 0.0169 ' . + 

.' 

28 0.0617 
29 0.0148 
30 0.0088 
31 0.0060 
32 0.0074 
33 0.0008 
" " 

~ ---'" 
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A'PPEHD IX 16 .. - .. 

ANALYSiS : ,j OF SkfliPLES 

TEST~ A'-.5 , , 2.3 •. 60. 

STATION I (2SP ft~) 

Time after 
release - Concentrat ion 
seconds ppm 

0 0 .. 00 
15 16~4 
30 0.29 
45 0.27 
60 0.05 
75 0.15 
90 0.01 

180 0.00 

STATION II ( 1.,,;000 ft. ) 

270 0.24 
300 0.30 
315 0.50 
330 0.39 
390 0.28 
420 0.10 
450 0.075 
690 0.00 

STATION III (2 z 750 ft. ) . 

915 i 0.00 
930 0.08 
960 0.085 
990 0.12 

1020 0.14 
1080 0.005 1: 

1102 0.12 
1140 0.J.9 
1185 0.005 

:': rejected 
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