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ABSTRACT

The control of the Flrat three momenta of the combined-flow
velocity diatributlon [(mean flow, wind-wave energy and wind-wave
asymmetry?! on low-anergy bedload tranaport magnitude, direction and
divergance on a wave-dominated shorelace wWas investigated usaing
determiniatic dynamlies and transport modela. The pbjeactive was to
develop a mechanistle basis for postulated falrweather raplenishment of
the beach sediment prism by sedimenta derived from offanore,

FalrwWwaather currents were measured at 17.5-m and 22-m depth on two
agparate oceasions. Uaing a comblned-flow houndary-layer model, periods
of competent Tlow were jdentifled. Madsan and Grant's [1976) combined-
Tlow bedload-tranaport model was used to caledlate sediment fluxes after
modification of the expreaslon for inastantaneous Lransport rate to
include a threahold erlterlon;: this was necessary alnce sediment may not
be in motlon avar the whole wave perlod in low-energy conditlona, The
asymmetry thus Iintroduced into the lnstantaneous transport rate resulted
in partial control aover tranaport direction by the caclllatory metion,

Three eventa, each »9 hours duratlon and characterized by steady
and unidirectional mean Flow that suppresssd the seml-diurnal Ltidal-
current rotatlon, Wwere among those ldentified. Thla seems indicative of
a coherent mean-current flsld of broad spatlial extent, of the type that
15 usually high-energy and wind-driven. However, the obaerved Flow was
nelther high-energy nor correlated with atrang local winds,

The caclllatory motion contrlbuted >80% of the total skin friotion.
Dlraction of net transport was controlled by: relatlive orientation of
the oacillatory and mean components of the combined Flow, wave-orbltal
velocity asymmetry, and the threshold eritertion, The threshold-ilnduced
rotation of the net transport vector was significant on the lower
ahoreface where the flow was not intense and the wave-orbital veloclty
was not greatly skewed, Enhancement of both offshore and enshore
transport in thls way waa inferred from analysls of tha veloclty data,

Bedload-Fflux divergence associated with each ¢f the observed events
was 3lmulated using a one-dimensional numerlcal model. Predicted
divergence was explained in terms of: croas-snore variatlon In
transport magnitude, which was driven primarily by a shoreward incraaase
in the wave component of the total askin frictlion; orosa-shore vartatlon
in transport directlion, which waa controlled by the mean current, degree
of wWave asymmetry, and the flow lntenalty; and propoertion of the total
load moving in suspension.

Twe ascenarloa were identified, The lFirat waa characterized hy
affshore transport seaward of ~10-m depth under the dominant influence
of the mean fFlow, and onshore transport at the top of the shoreface
under the dominant influence of shoreward-skewed wave-orbital
velogltlies., The seecond was characterlized by onshore transport at every
polnt on the profile. The keay predictlon, common to both acenarica, was
upper-ahcreface acoretion under the dominant control of shoreward-skawed
wave-orbltal veloecities. Direct obaervatliona of upper-shoreface
accreklon in A-m depth {a total of -6 em 1in 4,5 days] were conalatent
Wwith the model simulationa, however, the mean flow at 8-m depth
controlled the transport direction, Obaervatlions and model caloulations
supperted the concept of falirwaather nourishment of the beach aadiment
prism by sediment tranaported from offahore, howaver the mean flow may

play a more important role than preylously recognized.

xiti



LOW-ENERGY BEDLOAD TRANSPORT 2Y COMBINED WAVE AND CURRENT FLOW

ON A SOUTHERN MID-ATLANTIC BIGHT SHOREFACE



1. INTRODUCTION

surfzone dynamics and morphology have been explalned in terms of
parameters auch a3 breaker wave height and angle of i{necldence, gradients
in wave height and radiation atreas, atandlng-wave motions, Wwave
asymmetry and bed sediment, Whersas the effect of the inner shelf and
ahoreface aeaward of the breakpoint on some of these terms haz long baen
appreciated (e.g, breaker helght, long waves), only recently has the
importange of bl-directional sediment exchange betwesn the aurfzone and
deeper watera offahore been recognized. Niedoroda and Swift (1981} and
qWwift et al. {1985) postulated that sediment eroded from the beach and
upper shoreface and deposited on the inner shelf during atorms =
returned te the beach vla the ahoraface during Cairweathner., Swift et
al, [t985) reasoned that silnce falrweather shoreface currents may be
competent {i.e. capable of entralning sediment} only in shallow depths,
agdliment transported Far offshore by atorma may he permanently removed
fraom the return limb of the ecycle; the result, glven no external
sediment aupply, 13 a landward migration of the shoreface profile.
Wrignt et al. {1984) postulated that major ahifts in beach atate and
attendant morpnology, dynamic= and ercgsion potential are linked to
changes in the total inahore zand storage, where thoae changes are
raused by sediment cyeling betwaen the lnner shelf and aurfzone,

High-energy shoreface aediment tranaport has been attributed Lo

wind-driven downwelling (Wrlght et al., 1986) and coastal Jets (Ludwlck,



1978);: rip currents (Reimnitz, et al, 1976; Cowell, 1986); turbidity
currenta (Seymour, 1986); and amplitude-modylated au-face gravity-waves
t5hi and Laraen, 1984), Falrweather sediment transport has heen the
Foocun of far less attention, With the notable exception of Wiledoroda
(1980) and Nledaroda and Swift {1981), who showed that an abrupt
increase in onahore-directed bedload Flux under falrdeathner aaymmetric
waves accurred betwean depths of 9 and 19 m on 2 waye-domlnated
ahoreface, detalled treatment of fairweather ahoreface aediment
tranaport has previously been lacking.

The oblective of thls work is to add to the understanding of the
procasses that drive the fairweather transit of 3edimenta acrosa an
unconsol idated wave-dominated ahoreface, the ratlonale belng to fill the
gap in knowledge created by past blas towards storm processes. The
subject of the atudy la the shorsface (Figure 1.1) fronting a sand
barrlier island in the aputhern Mid-Atlantic Bight of North Ameriea,
whare the shoreface la that zone of ateeply alopling seafloor befwesn the
aurfzone (perched near the shorsllne] and the {nner margin of the
acontinental shelf (relatively deep and flat). Until recentiy, much of
what was known zbout ahoreface sediment transport had only been inferred
from the surflclial and sub-bottom shoreface geology, wlth spant
attentlion being paid to actual proceases,. Early geologlceal
fnveatigations demonatratsd Lhat most modern barrier-1saland goaats on
thia aesaboard were lnitiated by the late-Hologene reductlion in the rate
nf aea-level rise whlch bsgan about 4,000 to 7,000 years befores presont
{Curray, 1965}. Coherent descriptlons of the lnmer-shelf and shoreface
aub-hottom structure provided the obaservational evidence [rom which

shoreward migration of the barrier-island complex in the Face of rising



Figure 1.1

A. Location map. The atudy area ls the shoreface
fronting the Field Research Facillty (FRF) at
Duek on the QOuter Banks of North Carclina in the
aputhern Mid-atlantic Blght.

B. Definition asketch: 1dealized unconsolidated
sand shoreface of the 3outhern Mid-Atlantic

Blght.
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mga-level was deduced (Flscher, 1961), Typlcally, the uniform fine to
medium sanda of the barrier lalands form a wedge-shaped croas-section,
thinming from 15 m at the shorellna to -1 m at deptha of 10 to 15 m
fFleld et al., 1979}, Underlying the barrier sands, and aropplng cut at
the base of the sand-wedge, are deposlta of hackbarrier origin:
mixtures of peata and muds derived From lagoons and tidal marshes, and
sandas and muda derlved from Flood-tlde deltas (Field et al,, 1979). The
{nner ahalf ia mantled by a blanket of clean, well-sortad sand, 0 to
19-m thlck, which in placea hears large-acale {up to 10-m relief) ridge-
and- awale teopography (Green, 1986). The basement material 1s of
Plelstocene age {or older) and is of warled compositlon, The bassment
atructure reflects deposltion In varlous enviromments and varlous
degrees of post-depoaitional alteration {Plerce and Colquohoun, 1970},

Bruun (1962} praposed 3 model of the eroalonal shoreface rekreat
that accurs In the face of rlaing sea-lavel. The model descoribed the
kinematics of the barrler-island migration and adequately acoounted for
the claaslcal transgreasive stratigraphy. Bruun postulated that a rise
in asa-level resulted in a landward and upward translatlon of the
shoreface’ inner-anell profile with an equal volume of sediment
tranalferred From the aroding shorelface to Lhe adlacent ahelf floor.
Acoording to the model, the inner shelf acts as a sink Lo the 3asdiments
removed from the erodlng shereface; the migrating barrler alsc laya a
pavement of rflood-tide delta deposlts and washaover fana before it
(Leatherman, 1979).

The Bruun model is conaistent with obaarved atratlgraphy and in one
case the model predletlons were confirmed by direct measurementa of

ahoreface deflatlion and adjacent equal-volyme innher-shelf aggradation



{Moody, 1964). Still, Bruun'sa model 13 only a description of geometry;
the model has nothing to say about the actual mechanlsms of sedimant
diaperaal on the shoreface, The challenge of the mechanlistic or proceas
approach, undertaksn herein, i3 to reconcile the detailed theorlea of
gediment tranaport with chaservations of morphology.

Surfzone currents are driven primarlly by hlgh-frequency wind waves
and the nonlinear Interactlons that ocgur between them; the reaulting
water motlons are strongly controlled and focussed by the aurfzone
morphology, Ingluding the subaerial beachface, Taner-shelfl curreanta, in
pontrast, are energetic at lower frequencies {semi=-diurnal and lower)
and ara driven by one or more of a varlety of forces, (ncoluding wind
atressea, astronomical forces, Coriglis Foree and baroclinle presaure
gradlenta. It may be assumed 3 prigri {and left to subsequent
demonatration) that ahoreface fluld motlons comprise both high-frequency
ngelllateory and ateady {relatlve to the osclllatory Flow) components,
The important properties of the combined flow relevant to sediment
transport are the Firat three moments of the valoclty distribution
{Bowen and Doering, 1984}, whlch are the the mean, the varlance and the

siewness reapectively. The Nth moment, My ia defined as:

T -~ N
= 1im 1/(21T) (U - 0) d {1.1)

i
N e -7

where U 13 veloglty, 2T la the length of the time aeriea of U, U 1s the
arithmetlc mean of U, t la time, and N la an integer.
The variance of the veloclity representa the wave energy, Wwhlch

controls the rate of sediment resuspenalon {(Lesht et al., 1980; Vincent



at al,., 1982), To the first order, suspended ssdiment ias advected by
the mean flow {(Huntley and Bowen, 1975), where the mean flow may be, for
inatance, a drift velocity (Kim and Wright, 1987), a tidal current
(Wright, 1981} or a wind-driven current {(Karl et al., 1981)., The
direction of bedlicad flux may depend mora on the velocity akewnesas than
on the mean flow. For example, Wells {(1967) ahowad that the direction
of bedlcad transport 13 given by the aign of the akewnessa, where the
akewness represents Lhe asymmetry of the wave-induced velocltiea.
Huntley and Bowen (1975} noted that If the mean current i3 atrong
enough, the aign of the bedleoad flux can be gpposite that of the wave
akewneas, Rowen's {(1980) and Bailard's {(1981) models of the equllibrium
beach-prolile highlighted the erltical dependence of beach siope and
cross-shore transport on both odd and sven momenta of the velocity
distribution. Thelr work ha’d subsequently atimulated interest in how
theae statlatical quantitiea vary with depth aerosas the surfzone and
with deepwater and local wave parameters (e.g. Bowen and Doering, 1984;
Guza and Thornton, 1985},

Low-energy transport of sediment as bedload on the ahoreface will
be addreased herein ln terma of the competlng controla exerted by the
firat three moments of the combined flow {l.a. the mean current, the
wind-wave energy, and the wind-wave asymmetry). The approach taken
thodgh 13 not a statlstiecal oney rather, a determiniatle model of
boundary shear stresa and bedload sediment tranaport is uzed Lo
inveatigate the role of each relavant moment in contrelllng the rate of
sediment entralnment from the bed and the direction of net sediment

transport, Sediment slnka and scurcgea, z#nd sediment pathwaya connecting



the inner shelf, shoreface and surfzone, are governed by the sadiment-
rlux divergence, rather than simply local sedlment flux. The sams
deterministic models of sediment tranaport are used to elucldate these
pathways and provide a mechaniatic basls te the concept of shoreface-

ayurfzone aediment cyeling.



2, THEORY OF BEDLOAD SEDIMENT TRARSFORT BY COMBINED WAYE AND CURRENT
FLOW

2.1 Introduction

Chapter 2 1a devoted to develaping the deterministic modeis of
boundary-layer dynamles and bedicad tranaport that Will be u3ed to
address the shoreface sediment dynamics. It 1s assumed a priorl that
fairweather currenta on the ahoreface comprise an oacillatory and a mean
pomponent , thus the focua In thls chapter ia on models of comblned-flow
dynamics and tranaport.

The theory of bedload sedlment transport by comblned wave and
current flow has borrowed heavily from the theory of steady,
unldirectional, open-channel tranaport, Two approaches prevall in the
apen-ghannel-flow Literature: the energetics approach, which aseka to
relate the transport rate to the power expended by the atream on the bed
{e.g. Bagnold, 1963}; and the traction approach, which seeks to ralate
the tranaport rate directly to the bed ahear atreas (e.g. Einatein,
1950}. The philoscophy underlylng the extenalon of sateady-flow tranaport
models teo combined wave and current flow has been stralghtlforward:
steady-TlowW equatlions are assumed to apply to comblned flew, provided
that expreasions for power or atress are replaced with expreasicons that
are appropriate to combined flow. Thus, the Fundamental difference
between the LWo types of transaport [(ateady-Clow and combined-flow) lles

in the generation of bed shear streas.
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Typical of the energetliocs approach to combined-flow bedload
transport 1is the work of Ballard and Imman (1981} 1in which Bagnold*a
{(19631) ateady-flow bedload theory was modified to apply to a ateady
longahore current superimposed an reversing wave-orbltal velocities In
the aurfzone. Similar applications ineclude those of Imnman and Bagnold
(1463}, Komar {1971; 1977), Thornton [(1971) and Bowen (1380},
Pattiaratchl and Collina {1984} adapted the ateady-flow energetica
modela of Sternberg (1972} and Gadd et al. [1978) to apply to combined
wave and current Flows on the contlpental shellf, Steady-flow total-load
madels have similarly been extended, e.g. Bailard's {1981) adaptation of
Bagnold's (1963) total-load energetics model to the aurfzone,

The traction approach £to combined-flow badload tranaport ls well
represented by Bijker's (1967; 1971) modificatlon of Frijlink's (1952)
ateady-flow theory., 5Stresas terms in Frillink's equationa were replacead
Wwith two components: a wave-induced component of the total atrseas,
which repreaented increased stirring of the bed sedimenk by the waves,
and a current component, which represented the current advection of
sediment, Swart [1976) embraced the same apprcach, but used a mora
aophisticated theory of combined-flow shear atressa to partlticon the
total atress. Madsen and Grant (1976) proposed that the steady-flow
Lransport equation of Einstein (1950} be extended using the theory of
Jonsson (1966} for the comblned-flow bed stress, Van der Graal and van
Overeem (1979} presented an analyals of saveral ateady-flow total-load
formulae {ipncluding thoae of Engelund and Hansen, 1967, and Ackera and
White, 1973} that were modified to apply to comblned flow,

Existing bedload transport models represent many variation2 on anly

a Taw themes; the aelectlon of a transport model should be motlvated not
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only by validity of the model itself, but alao by objectliveas of the
analyala. Generally, the theory ahould accurately predlct the laooal
Instantanegus transport rate, and this rate should be lntegrable cover a
wave perlcd. TwWwoe other regulrementa are apecifically applicable to this
study: firstly, for the purpceses of computing sediment-Tlux gradlents,
the tranaport rate ahould be readlly expresaesd and treated as a vector
quantity; and, aecondly, since sediment may not be in motion over the
whole wave period durlng lowWw-energy conditions, the expreaslon for the
instantanesua tranaport ratae should include a threshold coriterion.

The combined-flow bedlead transport model of Madsesn and Grant
(1976] 15 choaen for the basis of the present analyslia because 1t either
fulfilla all of the above requirements, or can be modified tao do so. A
comprehenalve theory of bed shear stiress due to comblned wave and
current [low that was unavallable to Madsen and Grant will be used in
the present formulatlon. Also, a threshold erlterlon will be axplicitly

ineluded in a way that differs from the ariglnal formulation.

2,2 Bedlead Transport by a Pure Wave

Madaen and Grant's (1976) combined-flow transport model was derived
from a madel of bedload tranapert by pure waves whlcoh was based on
Einateln's {1950) and Brown'a {1950} theorlea of steady, unldirectional
bedload tranaport. Madsen and Grant [1976) re-lnterpreted the data of
pbou-Selda {19565) and Xalkanis (1964), hoth ol whom performed laboratory
teats almed at mea’auring tha average rate at which sediment moves back
and forth under pure waves., To this eand, they had ocaclllated in

ainusoldal fashion a tray of sediment that was suspended horizontally ln
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a tank of atill water. Kalkanls' experiments were performed wlth a
plane sediment bed; almost all of Abou-Selida’s experimenta were done
with a rippled bed [Abou-Selda, 1965; Sleath, 1§78; Hallermeier, 1G82).
Durlng the motion of the plate, sediment was entrained aa bedload and
deposlted in a trap 2ltuated in the center of the oscillating tray.
Madsen and Grant interpreted the dry weight of sediment, W {unita:
g.cmfszl. caught in the trap durlng one half-wave cycle a2 the integral,
over that half-wave cyocle, of the lnstantaneous transport rate,
Therafore, the average, over the half-wave cycle, rate of sediment

tranaport by welght per unlt width, a“ {unita: 3353}. 1m:
av-wf th {2.1)

where b i3 the width of the tray and the subscript "w" Indicates that
tranaport 19 due to a pure wave, The overbar indicates a time-averaged
quantlty, The average welight-rate of tranaport per unlt width {=s
gonverted to a volume-rate per unlt width, EH funits: cmzfs}, by
dividing by PgB where Pq 1a the aediment genaity and g 1s the
acceleration due to gravlty, Madsen and Grant, following Einstein

(19703, rhoas to non-dimenaionallze aw by dividing by wD, where w {3 the

gediment settliing velocliy and D ia the aediment graln aize;
e .
¢, = Q, /W (2.2}

where Eu ls the avarage, over & half-wave cycle, dlmenaionleas rate of

bedload aediment transaport due Lo the pure wave,
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Madaen and Grant found an emplirical relationahip between ;H and the

maximum wave-induced akin-fricticn Shieldas parameter, *;

.
$ = 12.5 ¢'3 {2.3)
W W, m
where w;,m is defined hy:
“":;,m - T:.'.m / {p =pelgD (2.4}

and Pr 15 the fluld density, T;‘m i3 the maximum wave-lnduced askin
friction (i.e, bed shear streas], thne subsgript "w" algnifiea the saurce
as the wave, and the subscrlpt "m" aignifies the maximum value In the
wave cycle., 5Skin friction la regarded as alngly expressing the
entraining force that acts on the bed asedlment [(3ee section 2.5} a bad
ahear stress that 1= a akin friction or another quantity that ls derived
from a skin friction i{s indicated by an apcatrophe. Madsen and Grant
desmed enguation 2.3 valid for valuea of ¢; n “"aopmewhalt greater than"

{Madsen and Grant, 1976, p. 38} the critigal Shields parameter, *cr'

which 18 defined as:

- 1 -

L. L. s {ps pr}gD (2.5}

where rép {s the threshold or critical akin friction, helow whilch

gadiment remaina attached to the bed, Horikawa at al. [1982) found a

almilar empirical expreasion ralating Ew to ﬁ& o however Shibayama and
]

Horikawa {1980) reported a value of 19 for the constant of

proportionality In equation 2.3,
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Madeaen and Grant formally defined ;H by:

L

E“ -2t b, ft) ot (2.8)
-t

1

where T is the wave period, -t, <t < t, ls the i{nterval durlng which

i
transport in the poaitive (or negative)] direction occurs, and ¢H(t} isa
the instantanenus dimensionleas rate of bedload sediment transport.

Madaen and Grant proposed:

] 3 1
8, (t) = Ho [wi(L)]] Wity 2 v,
{2.7)

-0, wi(t) <y

whera w;{ti la the instantanecus wave-induced akin-frictlon Shields

parameter:
bty = 1 ft) 7/ (p ~pplED {2.8)

and TL{t} la the i{nstantaneocus wave-induced sakin frietion. Eguation 2.7
wasd based on a "gqguasi-ataady" application of the Elnatein-Brown
(Einateln, 1950; Brown, 1950) model of unidirectional ateady-1low
bedload transport, The term "quasl-ateady” dencotes a balance betwWeen
stabilizlng and entralning forces at avery lnstant; the gquasi-steagdy
agaumption derivea from the assumption that sediment partlaeles reapond

inatantaneousaly to the time-varying bed shear atreasa,
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Jonsson's {1966) model of pure-wave dynamlca glves the maximum

wave- induced askin Friection, 1L m as a functlon of flow parametera:
[ ]

L) - 1
L P P iuw1m| Uy om {2.9)
wherea F; 1s the akin-frictlon wave frigtion factor and UH m ia the
1

maximum near-hed wave-orblital velocity, which, ualng linear wave theory,

la given by:

U ~ 1 / 2sinh{2rh/L) {z.10]
W ,m

where H 1a the wave helght, L is the wavelength and h 13 the water
depth. Jonason's model is expanded to express the variation of wave-

induced skin friction over a wave cycle as follows:

T} w172 o0 fLO|U (8] U (1) {2.11)

{Wright et al., 1482), where Uw[t} is the lnstantanaous near-bed wave-

orbltal veloclty, which, using linear theory, is given by:

UH{L} = Uu,m cos{wt} (2.12)
where w = 2n/T i3 the wave radian frequency.

By subatitutling 2.11 and 2.12 into 2.B, an expanded expression for
the inatantaneous wave-induced skin-friction Shields parameter is

obtalned;
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v tt) = Ly 7 (Lpgme Je0D) jcos{wt}| cosluwt) (2,13)

- 1
L |coa{ut)| costut) (2.14)
Flnally, aubstlitution of 2.10 Into 2.7 glves a general axpression for
the Instantanecus dimensionless rate of bedload sediment tranaporlh by

pure waves:

¢H[tJ - 40 {w;'m cos{ut) cas{mt]]g w;{t) z ¥,

{2.15)
- 1
G, wuit} < wcr
The time-averaged dimenslonless transport rate la obtalined by
intesgrating 2.1% 1n accordance with 2,6, which glvea:
s = C. pr° (2.16
W 1 "w,m

where E1 - f{¢;’mf¢cr]. For ¢&.m ) ~2¢cr, Cl = 12.5%, which i3 in
agreement with the empirlcal relaticnship already (ound {eguation 2.3},
Thia correapondence constitutes valldatlon of the development leadlng to
eguatlons 2.7 and 2.15,

Equation 2.7 and itas expandsd form, 2.15, conatltute the general
hedload transport model that is appliecable ko pure wavea, Adaptation of
equation 2,7 to apply to other sltuations {(e.g. superlmpoasd current,
asymmetric wavea) hinges on modification of the expresaicn for the

inatantanegus skin-frietion Shlelds paramster,
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The central assaunptlon employed in the previoga development ia that
the lnatantanesus tranaport responda Without lag Lo chanpges in
Inatantaneous bed shear atress. To ensure thia, tramaport must be
gonfined to a very thin layer near the bed; clearly such an assumptlion
1a invalid for suapended-load tranaport, Kobayashl {1%82) used an
idantical assumptlon In a traction model of bedload transport on a
sloplng bed, aa did Ballard (19837 In an energetics bedload-transport
model applicable to the surfzone. Sleath’s (1978) laboratory
observationa of ¢H{t} support the contentlon: 3Sleath found that the
increase in ercaion rate during the phase of waxing wave-orbital
veloglitiea mirrored the Ingrease in sedimentation rate during the waning
phase. 3Sleath alsg found that lnatantaneous tranapart leads the wWwave-
arbital velocity by between O and x4 {typloally n/10), whlch value
appears to be a complex and unclear function of several variables
{Sleath, 1978},

Sleath {1978) used the data of Abou-Selda {1965) and Kalkanis
{196U) together with new laboratory data to develop a new emplrical
expreasion ralatling ;u ta w;,m' Bleath chose to nondimenaionallze 5H by

dividing by mD? and Found the followling empirical relaticonship:

- 1.5
- [ -
¢H b7 (*u,m wﬂr} (2.171
Note that Sleath explicitly included a thresheold condition in the
expresslon, having demonatrated experimentally the efficacy of the
poncept a5 applied to oacillatory flow [Sleath, 1978; 1984).

The fundamental difference between equationa 2,17 and 2.3 i=

abvious: the inatantanesua rate of bedload transport 1s preoportional to
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the sixth pawer of Lthe orbital veloclty in the Madsen and Granf model,
and Iin Sleath'a model the tranaport la proportional to roughly the cube
of the orbltal veloclty. Vincent et al, (19381) pointed out that
Sleath'a modal iz closer in form to original steady-Tlow energetlos
models {e,g. Kachel and Sternberg, 1971; Heathershaw, 1981) and
performed a novel re-interpretation of the laboratory data In an attempt
to reaclve the discrepancy. Vinecent et al. defined an inatantanecua
badload volume concentratlon, which has unltas of emafcmz and which ecan
he thought of a2 the thickneaa of the mobllized sediment layer. Vincent
et al, developed an expressalon in which thia parameter varied as the
cube of the flow weleoglty, and tested this equation and Madsen and
frant's modal (eguatlon 2,7) against Manohar's (195%5) data which werse
obtalned by osciliating, in an asymmetrliecal Cashion, a rippled quartiz-
sand bed suspended in a still-water tank. For large akin-friction
Shields parametera, Madsen and Grant's model overpredlicted the ohserved
average transport; much better agreaement with the data was obtalned
using vinecent et al.'a madel. However, for low Shields parametera,
Madaan and Grant's model gavs better predlctions. Elnstein {1950} had
garlier poatulated that the power dependence varies with tranaport rate
and found that at high rates, transport 1s proportional to the third or
fourth powsr of the veloclby; Hallermeisr (1382) also congluded that the

power dependence variea wlth the transport rate.
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2.1 Extension of the Pure-Wave Tranaport Model to Tranaport by Combined
Wave and Current Flow

2,%.,1 Introductlion

Equation 2.7, which 13 the general transport equation For pure
oacillatory Fflow, can be extended Lo apply to combined wave and current
Tflow by modifying the expreas]on for the lnatantanecus akin-friction
Shields parameter. To achleve thia, a thecory of combined-flow dynamics
ia reguired, Prior teo this point, vector representation wWas unneceszary
since all directions were implicit., Veotor notation [aymbolized by
superacript """} {8 used in the following development and thereafter
wheravar necegsaary, Symbols without thils superscript repreaent
quantities that are elther Intrinsically acalar or magnltudes of veotor

quantities,

2.3.2 Theory of comblned-flow boundary=layer dynamics

When a ateady current {s superimpoded on an oaclllatory current,
the bed ahear atress exerted by each component of the combined flow is
greater than that exerted by each component when acting alone (Smith,
19775 Grant and Madsen, 1979). The turbulent disaipation of energy by
both components is said to be enhanced by a nonlinear interactlion
between the wave and the current, Early attemptz at modelling comblned-
flow poundary-layer dynamlea include those of Lundgren and Jonsson
{1961) and Bljker (1966). Later, more detalled approaches include thoae
of Smith (1977), Bakker and van Doorn {1978}, Grant and Madsen (1979),

Tanaka and Shuto {(1981) and Chrlstofferaon and Jonsaon §198%), The



20

various modela differ primarily in the way the near-bad twbulent mixing
intensltlies are reproduced. A common approach la the use of a two- or
multiple-layer eddy viscoalty diastelbution: of these models, that of
Grant and Madsen {1979} {3 probably the most widely used, Orant and
Madsan'sa model, though, has baen criticliassd for being needlessly complex
(Christofferson and Jonsson, 1985),

The comblned-Flow boundary-layer dynamles model o be used in thia
analysls 13 a twWwo-layer, time-invariant eddy viascoslity model that was
developed by Largen et al., (1981) and that is fundamentally similar to
Grant and Madsen's better-known model. Larsen et al. ‘s model is choaen
primarily ror reascna of clarity and facllity.

Larsen et al., defline the drlving flow aa a llnear superpoajtion of
a maan Flow 1o the x direction and an osci{llating Flow, frequency w, in
the 8 direction. That 13, the oscillating flow and the mean flow
subtend an acute angle 8. Larsen et al. treat the wava boundary layer
aa Iif Lt 13 embedded in the conatant-atreas (1.e. logarlthmic)} current
boundary layer. Within the Wave boundary layer, the turbulence la due

to both the wave and the aurrent, and the eddy vlacosity in thlas layer,

Kuc' ia scaled by the total maximum friction velaclty, U*t.wc,m' and
asaumed to vary llinsarly With elevation above the bad:

ch - U*t,wc,m . {2.18]
where:

v - ¢ 6373 (2.19)

L we,.m Tt,uc.m /
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ands:

- - ~

= + -

1t.ue,m Tw,wc.m TG.HQ (2.20)
¥ is von Karman's constant (= ,.01; Nowell, 1983) and z {3 the elevatlon
abova the phed, The aubacript "w,wo" designates the spurce as the wave
companent of the comblned Flow and llkewlse "eo,we" designates the aspurcs
ag the current component of the combined Flow. A3 previoualy, the
subacript "m" slgnifies the maximum value in the wave cyele, Thus,
Tw,wc,m and tc,wc are Lhe maximum wave-induced and current components
reapactively of the total maximum bed shear stiresa sxerted by the
combined flow, 1.e. Tt,wu,m'

Above the wave boundary layar, whleh by definition i3 the

petential-flow reglon for the wave, the turbulence is due to the current
only. The eddy viscosity In this reglon, Kc, 1a gealed by the current

friction velooity, U*c wo* Which 13 also assumed to vary llnearly with
[ ]

elevation above the bed:

Kc - K U,C'wc F4 {2.21)
where:
0.5
Yoo we = Uowe 7 Pp) (2.22)

The maan-current proflle withln and above the wave boundary layer

la given by:
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2 el )] lniz!zﬂ}. z <& {2.2%

UC[Z} - (u'c,uc e ,¥C,m W

Uc{z] - {U'G'HOI:} 1n{zfz1}, F Y ﬁw {2.24]

whera, by delinltion, Zy is the slevatlion above the bed where the mean

Flow, Uc' vani shea, ﬁw 1a the wave boundary-layasr thicknesa defined by

L,arsenn et al., as:
£ =1 ! w {2.25)

The term z, in equation 2.24 13 evaluated by matching equationa 2.23 and

1

2,24 aproas the top of the wave boundary layer, which glves:

8 1-B
" % S (2.26)
where:
B = U*ﬂ.wc / U*t,uc,m (2.27)

Z, is the elevatlon at which Uc appears to vanlsh From above z - Gw

(Figure 2.1].

The total maximum friction velocity, U‘t,uc,m' is glven by:
4 2 2
LAAMLET N { ¥o,We t2x U*c,wc u*t,ut,m w,m G onalw)
+ ra U2 2 GH }0-25 (2,281



Figure 2.1

Vertical profile of the mean component of the
combined wave and current flow {(equations 2,23
and 2.24). The parametera are: g = 0.1 am;
0.A3 radssa, z, i3 the elevation at which U,

appeara Lo vanlsh from above z = ﬁw'
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where:

2 0.
c® - (£,72) ([Ker (g0} ¢ xeif(znn / [KEPE(F.D',I . KeiEEED}]} 5 (2.29)

and;

0.5

E = 2?2 [wz / (el 1] (2,30}

it ,we,m

Gl-i
ED -2 [mzu ! {Ku*t,we,m}] {2.31}

Ker and Kel are the Kelvin functions of the second kind and zero order,

and Kar1 and !!:aari,l are the Kelvin functlons of the zecond kind and firat

order {(Abramowltz and Stegun, 1964},

U*t,uc,m and U*c,un are aolved lfor as followa., Olwven Uc{z], Z,

U {see sectlon 2.%), a atarting value of 1 ia

and z
w, B8 a, W

Q
eatimated using, for example, the guadratic drag law (Komar, 1976) with
3

w,m’

an approximate drag coefficlent (e.g, 2 x 10 . Sterpnberg, 1972},

Ult G .m ia solved for lteratlvely From equationa 2.28 and 2. 29;
1 »

equationg 2.2% and 2.24 are then used to prediot Uc(z}. If the
pradi ot ad Uc{z) differs aignlficantly from the obaerved UO(L}. a new

value af Ulc o la eatimated uaing the method suggested by Shi at al,
T

{19853

L] b/ uc(zl

U*c.wc [new] *o,we [old) Uc{Z}fobsarved] [predictad]

{2.32)
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and the procedure i3 repeatad until acceptable agreement betwWean
Uc{z) [predicted]l and Uc{zl [chbaerved] 1is achieved. Finally, the wave
component of the total combined-flow bed shear atreaa la sclved for
ualng equation 2.20.

The total comblned-flow hed ahear streas, and the Lo components

thereaf, may be Interpretad as akln frictiona if z_ 1s approprlately

0

dafined (see aectlon 2.%5)};: for the purposes of the remalnder of this

development, 1t 15 asaumed that z0 {3 thua defined,.

The wave and current componsnta of the total bed shear atreas
axerted by the comblned flow are enhanced over thelr respectlve pure~
flow walues, which can be demonstrated by defining a "comblned-flow

akin-friction wave frlotlon factor, I :
W, Wo

P
- 1t
fL.Hc 1w.wc,m /0.5 Pr uu,m {2.33)

and examining its behavliour. In the limiting case of the wave-gurrent
- t 1 .
madel (1.2, Uc 03, rw,uc 13 eqgquivalent to ru (Flgure 2.2 With a

currant superimpoaed, the ratlio f; Hc!f; excaeds unlty, where that ratlo

i3 equlvalent to 1’ ‘! and therefore indlicatlwve of the
wW,WC M W,m

entlancement of the wave-induced stress by the current (Flgure 2.3}, The

ratio rL wcff; inoreaasea wlith an lncrease in the superimposed mean-

gurrent apeed and also with a decrease in angle bebween the wave and the
current, The effect of the wave on the current cemponent of the total

atresa can likewize be demonatrated: the ratio Té Hcft'a increases with
[ ]

lncreasing U,ﬂr - and ia greateat For collinear flow,



Figure 2.2

Wave Frictlon factor plotted as a funcotion of the
relative roughneass, k/A, where kK 13 the boundary
roughness and A4 13 the near-bed orbltal aemi-
excuraion (see sectlon 2.5). The three cases
plotted are: the Limiting case {Ue = Q) of the
Larsen et al. (1981) combined-flow model; the
limliting case of the Grant and Madsen {1979}
combined-flow model; and Swart'sa (1974) explicit
approximation to Jonsaon's (1966) impliclt pure-

wave theory.
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Figure 2,3

Variation of T with U and 8 for a 14-3
WMo ol
pericd wave and a relatlve roughness (k/A) of
0.0004, ru.uc ia equal to f" whan I.I‘3 = 0, The
ratio /T Increases with lnereasing U and
W, We W s}

1s greateat for c¢ollinear flow (8 = 0} for any

glven Uc'
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2.3.3 PBedload tranaport by comblned wave and current flow
The time-varlatlon of the wave component of the total skin friotion
is glven by:

~ -y

welt) = 1 |coatut )] coafwt) {2,385

'Tl
W W, WM

and the romblned-flow akin-frletion Shielda parameker by:

#;c{t} - ‘E.uc(t) / (ps*pr}gD (2.35}
where:
T;;,Hc{t} = T'I:f,\-lc{t} * T::',HE {2'35}

fshi et al,, 1985%, The instantansous hadload transport under comblned
Flow la found by replacing the pure-wave akin-friction Shlelds paramater
in equation 2.7 wlth the 3hields parameter approprlate to the comblnad

flow bte abtaln:

L3

- 3
¢“c{t} = 40 [wacttlj. w;ﬂ 2 Vor

{2.37)

<

Wo cr

n

Finally, net dimenaloanless tranaport, ¢uc' 1a Found By integrating

equation 2,37 over the whole wave period:
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-

b0 = /T I3 8, (1) at (2.38)

For low-energy condltiona, in which aediment may not be in motion
over the whole wave cycle, a threshold eritericn should be included In
the expreaasion for the inatantanecus btranaport Iln order to engure
acceptable asymptotic behavliour. Seymour (1985) proposed a aimple and
unlversally appllcable method for including a threanold critericon In any
transport model. Seymour's oblective was to defeat the analytical
gomplexitles that are Iintroduced by forcing the tranaport to lose (ts
valoglty dependenca when the skin friction fallsa below thresheld, Thia
was achieved by deli{perately introduclng a small error into the Final
eatimate of the average transport rate. The driving term in eguatlon
2,37 can be almply converted to tha "axyeess skin friction" {l.e. skin
frictian 1In excess of critleal stress) as follows:

o, (t) - B0 [yt (£ - v 13 ot 24
We We or we or

(2,39}

=0, ¥ <y

Wik or

at the expenge of introducing a small error that 18 reflected in the
average tranapart rate undar the combined flow, Ewc' which ia defined as
the Integral over a half-wava cycle of the lnatantanegous tranaport rate
Wwith the current component of the total akin frictlon set to zero, The
difference between ;wc calculated From 2.37 and from 2.3% 13
demonatrated in Flgure 2.4 for various valuez of wcr' For large

g! iy, where ¢! 13 the mazimum combined-flow skin-frictlon
wo,moTar we,m



Figure

e

b

¢Hc calculated from 2.37 (general equation for
comblned-rlow tranaport) and from 2.39 (general
equatlion with driving term converted to excess
akin friction) for varicus values of *gr‘ For
large *;u,mfwcr' the twoe equations provide almest
jdentlcal values qof ;Hﬂ; far amall *Ln,mfwcr' the
disparlty la greater, but leas than the apread of
the orlglnal data points w3ed to develop the

transport expressions,
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Shields parameter, thae two equations provide aimost ldentical valuea of

¢we; for amall w;c'mfwcr, the disparity 1ls greater, but less than the
apread of the original data points used to develop the tranaport
axprasalaona,

There 13 an important conssquence of converting the driving term to
tha excess akin frictlion: the threshold criterion in combination with
the comblned flow causes an asymmetry in ;Hc(t}. and consequently net
gediment tranaport may not be allgned with the mean current. Thia is
damonstrated graphically in Figure 2.5, 1In Flgure 2.5.A, combined-flow
veloclty vectora {aum of a sinusoldally-varying wave component and a
atgady current component} abt twelve inatants over a wave perlod are
doepicted, Four different threshold levels {(including zero) are
superimpoaed on the wyelocity plot., In Figure 2.5.8, progressive
additiona of the veloclty in excess of each threshold level are plotted;
resultant dlaplacements, over bthe wave perlod, corresponding to each of
the four threshold levela are alag shown., For zero threahold, net
displacement parallels the original current. As thrashold increases,
the reaultant displacement turns {in the directicon of the wave atroke
Lhat makes an acute angle with the current., For the apeclal caas of
orthogonal Wave and current, Lt can be shown Lhat net diaplacement (s
alwaya parallal Lo the current.

The transiation of this concept to fluxes of sediment is
complicated by the power dependences involved, bubt the results are
exactly analogous: net bedlcoad transport is turned away from the mean
current towards, but not beyond, that stroke of the wave that makes an
Acute angle with the current. Aa the ratic *&c Fa'l dacreases, the net

,m Tor

tranaport vector turns more ln the direction of the Wave, and vige



Flgure 2.5

Effect of ineludlng a threshold condltion in the
general tranaport equatfon on net tranaport
directlon,

A, Addltlon of a sinus wave velocily and a
steady veloclty at twelve lnstanta over a wave
period, Alao depleted are four differant
threashold veloclity leyela,

B. Frogres=2jive additlons of the comblned veloclty
that 12 in exoeas of each threshold., The
reaultant displacsments (heavy linea} are not
necessarily aligned with elther the wave or the

current component of flow.

a2
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varaa, For large y;c iy and for the speclal case of orthogonal wave

,m " er

and current, net tranaport i3 in the directlon of the current,
Calculating sedlment flux from mean-flow quantities inatead of

time-iptagrating the instantaneous sediment flux obacuresa posalblie wave
control over the direction of net sadlment flux, For example,
Integrating the product of the vertlical time-mean aediment-concentration
and veloclty profiles {(e.g. Lees, 1981; Weight, 1981) resulin in a net
flux of suspended sediment that can only parallel the mean eurrent. The
concept of bedload flux as the mean-current advectlon of sedlment that
la entrained from the bad by waves a3 hedload 13 analogous. The preaent
analysia demonatrates that, in a combined wave and current flow, partial
control by the wave over the directlan of net tranaport ls admitted by
Ineluding a threahold eriterion in the formulation of the inatantaneous

tranaport rate and by integrating the lpatantaneous rate to obtain the

net flux,

2.4 Effect of Wave Asymmetry

Finite-amplitude waves are rarely aymmetrlical. Rather, natural
waves are asymmebtrical about the atill-water level auch that troughs are
lattenad and crests are peaked. Linear wave theory under auch
clroumatances ia not 32 uselul model of the water-asurface diaplacement or
of the wave-orbltal veloclties (squatlom 2,.12), According to Stokes'
ageond-order Finlte-amplitude wave theory (LeMenaute, 1976}, the maximum
forward (1.e. in the direction of wave propagation} wave-orbital
valonlty exceeds the maximum reveras valoclity, and the reverss atroke

peralsta for longer than T/2:
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Huw /L
UH(t} = Sssm—e—ee—- coafwt) + R cos (2wt ) (2,40}
2ainni{2wn/L) bsinh”{2vh/L}

The asymmetry of Lhe wave-grbital veloclties causes an asymmetry In
the lnpatantaneocus bedload tranaport rate that s magnilfled because of
the transport rate'a nonlinear dependence on the wave-orbital veloritys
more sediment i3 moved forward under the brief but intenae forward
stroke of the wave, reaultling In net transport that {3 in the direction
of wave propagation. Madaen and Grant {1976} axbtended the general
aquation for bedload transport {equatlon 2.7) to apply to asymmetric
wavas by replacing the llnear expresaion for the wave-orbltal veloclty
fequation 2.12) wlth the second-order expression {equation 2,40).
Manohar'sa [1§885) laboratory obzegrvationa of transaport under asymmetric

cacillatory velocltles were used to verify the tranaport model.

2.5 Estimation of Z,
The elevation above the hed at which both components of the
pombined Flow wvanlsh, Zo must be known In order Lo use the dynamics

equatlions., When the flow i3 rough turbulent, z_ 18 glven by:

)]

2. = k /30 {2.41)
{3mith, 1977), where k ls the equivalent sand roughnesa of the boundary
or simply the boundary roughness, When the flow is fully rough
turbulent, the boundary roughness non-dimenalonallzed by the approprlate

length acale of the flow (which ratio i3 the relatlve roughness)
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uniquely definea the friction or drag cosffliclent. For the case of wind
Wwaved, the approprlate length 3acale s the near-bed orbital semi-

axcursalon;

A =T /ow {2,402}

{Jonasan, 1966), The roughneas of a Flat 3and ted under osclllatory
flow la composed entirely and only of the graln roughness, kﬂ, which s

glven by:

k, = C_D {2.43)

where Dn ia the grain alze that is greater than n% of the gralna that

pomposa the bed. For a smooth, flat sand bed, C, = 1 and n = 50 {Madsen

2
and Grant, 1976; Halao and Shemdin, 1979); for a slightly lrregular flat
bed, CE - 2.5 and n = 50 may he uaed {Engelund and Kanaen, 1%72).
Kamphula (1975) recommendad 02 = 2 and n = 99, which Davies {1985) used
with good results.

Bed stresa that 13 scaled by grain roughneas i5 skin frictlon,
whlch is defined as the tangential atress axerted by the flow on the bed
averaged over a few tena of grain dlameters [(Chriss and Caldwell, 1982},
Skin frietion is regarded as slngly expressing the ssdiment-entralning
foree (Dyer, 1990; Lofgqulat, 19B0; Chriss and Caldwell, 1982); inertla
forces were ahown Lo be unimportant by Madsen and Grant (1976) and
Nielaen {(1979), however, Sleath {(1978) noted that "forces other than

skin frictlon {i.e., 11ift] are probably important [in entraining

sediment ] under gertaln conditlons®™ (p. 301},



36

A natural, loose-aangd bed acted upon by waves la rarely flat;
typleally, the bed 13 covered by wave-generated ripples, The
atreamlines close to the bed are bent by the daformed surface causing a
variation in dynamlic pressurs over the ripple profile., The Integral
aver the length of the ripple of the horlzontal ecomponent of the dynamic
preasure resulta in a force that is directed adversely to the Flow
{Lofqulat, 1980), which Force i3 known as form drag. In this way,
rlpples act as roughness slements which generate a drag that centrlbutes
only to dlasipation of flow energy; form drag contributes nothlng to the
Force that entrains sediment from the bed {Dyer, 1980; Chriss and
Caldwell, 1982),

The boundary layesr above a rlppled bed 13 segmented: very close to
the bed, flow ls retarded by skin friction alone, and above this, the
flow ia retarded by both akin rfriction and form drag. Daviea ([1985)
showad that, in oacillatory flow, Tform drag may be ordera of magnitude
greater than akin friection. Chriss and Caldwell (1982) demcnatrated
that unwlittingly including form drag Lln sediment-transport calculationa
will lead to large errorsa. This 13 a real posasibllity, since current
measurementa are typlcally made above the very thin ilnternal boundary
layer in the reglcon whare the velocity ahear reflecta both components of
the streas,

Lofquiat (1980) showed that there ls no way of analytically
sgparating skin frictlon and form drag. To acale the form drag, an
empirical ripple roughness, kn. Wwhich 13 analogous to the graln
roughness, 1a usually employed., Grant and Madsen {1%82) proposed the

following model that related k., to the dimenafons of the wave-generated

K
rippleas;
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2
kH - c3 {n 7 1) {2.54}
whera n ls the wave-ripple helght, } is the wave-ripple length, and the
value of C_ was detarmined axperimentally to be 27.T7, Nielsen (13831}

3

adopted the aame model but found that O, = 8 gave a belLter it to

3
available laboratory data,

The akin-friction component of the total drag over a rippled bed
may be eatlmated by treating the problem as though the bed were Flat:
the obaerved velocity {above the internal boundary layer) i3 used in the
atress calculation, and the graln roughnessa la used to agale the
friction coeffliclent, The velocity thus used i3 assumed to ba
unaffected by form drag: olearly, thls asaumption can lead to errors 1n
estimation of askin friction If the form drag 13 in fact significant.
Nevertheless, both Madsen and Grant {1976) and Davlea (1980) have
demonstrated the valldity of this apprecach. If the flow over the ripple
orgats ls not aeparating, potentlial-flow theory can be used to relate
the observed veloclty far from the bed to the velocity In the internal
boundary layer (e.g. Davles, 1984}, thus eliminating the problem. Other
atress-partitloning schemes, e.g. Smith {(1977), are not applleable to
single-point veloclty observations,

The term Z, which i3 the elevation at which the mean current
appears to vanlsah when vlewed from above z = ﬁu, la analogous to Z4q and
ls tarmed the apparent roughness, Whereas zﬁ reflects the influence of
the bad on turbylent snargy-dlsalpatlon 1n the flow, the apparsant
roughnesa reflecta both the {nfluence of the bed and of the wave-current

Interaction withln the waye boundary layer on the drag felt by the mean

Flow above z = GH. Agcent detailed boundary-layer measurements support
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the soncepnt of an apparent roughness (e,g. Cacohiona and Drake, 1982;
Grant et al,, 1983; Wiberg and Smith, 1983; Grant et al., 1984}, as do
racent laboratory measurements (e,g. Kemp and Simonsa, 1983),

In conclusion, the general tranaport equation {(2.7) 1a valld for
both piane and rippled beds provided the total drag i3 propserly
partitioned intc skin-friction and form-drag components, and only tha

akin friction 19 used In the transport calculations,



3. METHODOLOGY AND DATA ANALYSIS

3.1 Introduction

Three experlimenta were oconducted on the ahgreface that fronta the
eommunity of Duck on the Outer Banks of North Carollna i{n the gsoutharn
Mld-Atlantle Bight {Figure 1.1}, During each experiment, near-bed
currants at a salngle logation on the shoraface were measured, and during
one experiment, changes in relative bed elevation were alaso recorded.
All measurements were made during low-energy (falrweather) condltlona,
In Chapter 3, the physlcal setting of the shoreface 13 presented an
background to the experimental obaservatlions, the axperimental
methodology ia deacribed, and measured kinematic quantitiea {current
valocltles) are converted into dynamic quantities (stressea} and
ultimately Into bedlgad fluxes uslng the theory detailed in Chapter 2,
The model caleulations are subsequently used in Chapter 5 to Investigate
tne role of velocity momants In contreolling low-anergy bedload Flux on

the shareface,

39
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3.2 Fhysical Setting of the Duck Shoreface

3.2.1 Surficlal geology

The Quter Banks la a chaln of narrow, unconsolidated sand barrier
islandas sivuated in the aocuthern Mid-Atlantie Bight of North America,
The 2iperiments were conducted on the shoreface seaqard of the U.5. Army
Corpa of Englneera Flald Reaearch Facllity (FRF} at Duck (Figure 1.1),
The FRF (latitude 36" 11.0' N, 75° UU,B* W) 1a located approximataly
halfway hetwesn Cape Hatteras 1n the aouth and ths entrance to
Cheaapeaka Bay ln the north.

Geophyslcal surveys wers conducked with the chjlectlve of defilning
the spatlal and temporal varlability in rellef, bedforma and aurlface
sedlmentas (together, the "surflcial geology" ) of the shoreface, The
description that follows {5 intended to gulde the reductlon and
interpretation of the veloclty data,

High-reaolutlon aide—-scan aonar and bathymetric surveys of the
shoreface and adjiacent lnner shelf were gconducted on three separate
pecasiona:  July, 1984; Qotober, 1984; and July, 1985. All swvaya were
run during falreeather. An EGEG Model SMS 960 slde-scan scnar was used
to acquire acouatle imagery of the aecabed. The lmagery 1a compoaed of
ailxteen discrete gray acalea which rapresent different intenalties of
acoustic backsacattering from the seafloor: the intenalty of
backacattering depends on the seafloor "roughneas™ (both sediment
texture and bedforma},. At the sslected range, 100 m elther alde of the

ve3sal waz being aurveyed, which provided a maximum resclutlon of about
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0.25 m. A distinctive acoustic signatuwre, interpretad by direct
obagrvation ("groundtruth™)}, may be generated by aasemblages of smaller-
acale features and sediment textures. The imagery, automatically
gorrected during acqulaltlon for slant range of the alde-looking aonar,
waa recorded on magnetic tape for post-survey procesaing. Poat-aurvey
processing included correction of imagery acale for actual ship apeed
and amplification and enhancement of selected bed features, Groundtruth
was obtained by dlvers during the survey and on several other ocraslons
betwaeen July, 1984, and July, 1985.

A Raythaon Model DET19 high-reaolutlon depth aounder was deployed
simultanecusaly with the salde-scan sonar. Bathymetrlic profiles, which
gorrasapond Lo the genter line of the swaths of acaousatic imagery, were
digitized at 10~m Intervals, corrected for tlde and draft, and redrawn
at approprlate scales., The vertical accuracy of the resulting point-
depths varies with the sea-atate at the time of survey; after fllterling
of high-frequency (surface-wave) nolse, the error was reduced to an
gatimated +20 om.

LORAN-C was used for navigation control. Poaition fixes Wers taken
every 150 m along pre-determined tracklinea, In open, coastal watersa
the accuracy of LORAN-C ls approximately 20 m; posltlional accuracy was
later verified during preparation of sonograph mos3ales. A unlgue
feature of the surveys, lntended to resolve the apatlal distribution and
gontinuity of bed morphology, was the use of trackline grlds deaigned to
provide ovarlapping acouatle coverage {50% between adjacent awatha) of a
large area (1.5 km by 1.5 km), ©Orid coverage of the upper shoreface
just aeaward ¢f the outer bar (-8-m water depth}, the shorelface ln mid-

depths (10 to 15-m), and the inner shelf at the seaward base of the
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shoreface (-22-m) was obtained. Long shore-normal and shore-parallel
transects extended the coverage and provided tie~ins. Tracklines sailed
on the thras separate cruises are ahown in Figure 3.1,

One shnore-normal bathymetric profile, surveyed to 10-km of fahore In
July, 1984, and two profiles survayed to 5-km offahore (n October, 1984,
are shown Iln Flgurs 3.2.A. The amooth, concave-upwards profile, which
15 diagnostie of the shoreface {(e,g. Nledoroda et al., 1985), extends
approximately 5 km offshore to a deptn of -22 m. The superpoaition of
the three profiles, which are ssaparated In the longahore dimenaion by
several Kilometera, 123 evidence of longshore uniformity in bathymetry,
Williams (1983} deacribed two profiles, ona 18 km to the north of the
FAF and one 18 km to the south, that demonatrated uniformity over aven
larger longshore aeparations. ©On a larger acale, Everts {1978] showed
that the depth of the base of the shoreface Lnereases towards the acuth
1n the southern Mid-Atlantlc Bight. HRegions where clusters of cloaely
apaced ridges merge Wwith the shoreline at oblique angles in ahallow
depthg {-4 m) are exceptlons to the typleal profile shape; auch
"ahoreface-connaected ridges" ocoyr at four logations in the aouthern
Mid-Atlantlic Bight (Swift et al., 1978).

Extending seaward from the bassa of the ahoreface lz the lnner
ahelf, which, in the vicinlty of Duck, is5 characterized by a complex
pattern of rellel asscciated with a flald of large gand ridges (Green,
1986), The distlnctlon between the ahoreface and the inner ahelf i3
reinforced by comparing topographlea, The uniform, concave bow of the
shoreface la a stark aontrast to the crdered but highly variabla, (n
both the langsheore and crosa-shore dimensicna, rellef of the sand-ridge

fleld of the adjacent tnner ahelf (Figure 3,2.B}.



Flgure 3.1

Survey llnes; July 1984, Qctober 1984, and July

1985 cruiaea,
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Figure 3.2

A. Shore-normal bathymetric profiles of the
ahoreface and adjacent inner shelif 1n the
violnity of the FRF at Duck, Worth Carclina.

B, Perapective view of tha bathymetric reliefl of
the inner-anelf sand-ridge fleld seaward of the
FRF. The ahaded areas correspond to trough
floors (areasa of relatively high intenalty
acoustle backacattering)., The maximum depth 18
21,4 m and the minimum depth la 16.7 m., The area
dapicted correspondsa to the dobtted cutline in the

top panel,

ui
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The apatial distribution of amall-acale bedforms on the lnpner shelr
1a correlated with the primary rellel of the ridgea (Green, 1986; Swift
and Fleld, 1981}. Green {1988} described megaripples (wavelength 3 to ¢
m; helght 0.5 to 1 m) which are reatricted to the coarse sands of the
ridge creats, and wave ripples (wavelength 10 to 25 cm; height 1 to 4
cm) which are ubigquitous, Unlike the inner shall, the shoreface is
devold of bedforms of a acals larger than vwave ripplas., Acoustle
imagery acquired during the shore-normal traverse in July, 1984, 13
shown in Flgure 3.3, From the anoreward end of the traverse {upper
ahoreface; 8-m dapth) to the break in alope at tha base of the shoreface
{22=-m depth}, the shoreface appeara bland and homogenous {cf, Figures 2
and U of Green, 1986); diver observationa howevar revealed the
ublquitous occurrence of wave ripples. Grld surveys of the upper and
middle shoreface undertaken in July, 1984, {see Figure 3.1) and
aubsequent surveys in October, 1984, and July, 1985, support the
cantention that the shoreface 3 unifeormly bland at scales larger than
that of wave ripples. Wave ripples, as reported by divers during the
July, 1384, survey, were aymmetrical with rounded creats and Flattened
trougha., Ripple length was 10 to 15 om and nelght ' to 3 ocm. Creat
lengths were continuous over horlzontal distances of several meters and
typlcally ended in tuning-fork patterns, The corests were allgned
parallel to shore, whleh was approximately nermal to the direction of
wave propagatlon at the time. Both Birkemeler et al, (1385} and
Williama {1987) obaerved slmilar featurea: Birkemeier et al, also
obzerved maegaripples (wavelangth 2 m; height 15 cm) in 2.9-m water depth
lmmedlately seaward of the surfzone.

Like that of small-acale bedforma, the apatial diatributlon of



Filgurse 3.3

Acoustic imagery of the shoreface, The awath ia
continuous; read the flgure from the lower lelt

{B-m depth) acrocas each llne always Lo the right,

The braak in imagsry onh the LOp llne corresponda
to the base of the loner ahelf {22-m depth, -5-km

offshore).

E1]
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inner-shell sediments 13 tled to the prilmary relief of the sand ridges
{o.g. Stubblefield and Swirt, 1981). The surficlal sediments of the
shoreface dlaplay no such order., Birkemeier at al, {(1985) reported on
35 shart-core sediment samples collected along three share-narmal
tranasects, one transect extending asawards From the end of tha FRF pler,
and the other two lying 75 m north and south of that line. Sadiments
were generally moderately well-asorted, medlum to Flne gquartz sands, with
median grain-size ranglng from 0.29 mm to 0.12 mm. Two 3andy allt
samples were obtained between 13 and 15-m depth; this location colncldes
with a Fine~grained packbarrier outcrop descrlibed by Fleld st al.

{1979). Although aubaerlal beach and surfzone sediments fraquently

contatn a significant coarae fraction [(3wift et al., 19711, Blrkemeler
at al.'s samples contalned no gravel axcapt for one secandary mode in
one sample directly seaward of the FRF pler-end (7-m depth).

Surflelal sediment samples were chtalned along a tranaect extending
seawards from the and of the FRF pler by personnel operating a grap~
sampler from a vessal, and by divera operating a short corlng devlce,
Samples were collected during the July, 1984, and October, 1984,
surveya, Samples were split into gravel, sand, silt and clay fracticns,
and analyased using a rapld sadiment analyser. Mean, median and standard
deviatlon were calculated from the particlie size diatribution using
Folk's {1980} graphlc technigue. These paramatera are reported in Table
3.1, and the mean graln-slize is pletted In Figure 3.4 as a functlon of
dlstange offanore together with Willlams' (1983%) data, collected along
the same transeect, and Blrkemeler et al,'s data. Typlcally, the ailt
and ¢lay fractlon makes up less than BY by welght of tha total sample

and 13 bound In sand-sized Fecal pellets. Seaward of approximately



Table 3,1

Gravel, sand, atlt, clay ratlios; median grain-
alze; graphic mean grain-alze; and graphic
atandard deviation of shoreface sediment samples
callected along a ashore-normal transect seaward
of the FAF pier durlng July, 1984, and Qctober,

1984,
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DEPTH GRAV/SAND/SILT/CLAY MEDIAN MEAN GRAPHIC
GRAIN GRAIN STANDARD
SIZE SIZE DEVIATION
{m} {mm} (mm} (¢ units)
& 0.0/96,9/ 3.1/ 0.0 0,113 0.13 0.26
T 0.7/92.87 6.5/ 0.0 0.13 0.12 0,22
2] 2.0/94%. 97 5.1/ 0.0 0,13 0.13 .29
8 0.9/94 .57 4.6/ 0.0 8.13 0.13 0,28
9,5 0.%/93.5/ 2.1/ 3.4 0,12 0.12 0.28
12 0.2/86.5/ 8.5/ 4.9 0.09 ©.09 0,48
12 0.0/88.7/ 5.3/ 5.0 n.10 0.10 0.33
15 0.0/18,0/19.0/ 3.1 g.10 0.10 0.3
17.5 0.0/9.67 B4/ 0.0 0,12 012 0.30
17.% 0.0/B8.87 6.3/ 4.9 .11 010 0. 36
iB u.7s89.04 2.2/ h.2 0,11 0.1 Q.34
18 0.0/89,97 A.6/4 3.0 .10 0.10 .30
18,5 0.0/94.5/7 5.6/ 0.0 0,13  0.14 0. 61




Figure 3.4

Mean graln-alze as a Cunction of depth and
diatance offasnhore as reported in: the preaent

study; Birkemeier et al. {1995} (FRF transects in

the figure); and Willllams [1983).
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T.6=-m depth, mean graip-3ize ranges from Q.09 mm {where backbarrier
fines are exhumed) to 0,14 mm, No clear trend of grain-size with depth
is evident either from any individual's data or From all the data
cembined, Shoreward of 7.5-m depth, surficial sediments appear to
bacome coaraer as depth decreases. The maximum reported grain-ajize 1a
8,29 mm from approximately i4-m depth.

The surficial geolagy of the shoreface and inner ahalf in the
vlelnity of Duck differ in type (primary relief, characteristic bedforma
and aedimenta} and In acales and types of within-reglon varlabllity.
Germane to the numerlcal simulations that follow In Chapter U is the
gencluslon that the surficlal shoreface geology varles primarily with
diatance offshore. Thus the ahoreface can be adeguately described ualng
two dimenalons only, 1l.e. by ignoring the alonganora dimension. The
compariaon between the shoreface and inner shelfl gerves to illustrate
and emphasize thils polnt., Whereas the primary rellef’ of the inner ahelf
{i.e. that asapclated with the sand ridges) varlea as a complex Tunctlon
of both horizontal dimenalons, the concave bow of the ahoreface [a
uniform acrcas large separatlona ln the alongshore dimension. Alag, the
distribution of sedimeni® and bedforms on the lnner shelf 1a tied to
primary ralief of the sand rldges; in contrast, characterlstlc sediments
and bedforma (wWave ripplea) of the anoreface diaplay no significant

trends with elther depth or diatance alongshore.
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3.2.2 Physioal coeanography

Racords of waves, tides, currents and winds have been malntalned at
the FRF 3lnce 1980. Data have beean reported in preliminary form in
monthly reparta (Coastal Englneering Reaearch Center [CERC], 1980 to
present), in comprehenaive form in annual reports, and as an overvlew of
the area in a uger's gutde to the FRF (Birkemeler ot al., 1985).

The annual ayverage algnilficant wave helght at the aeaward end of
the FRF pler (7-m depth) 13 0,9 + 0.6 m and the annual average peak
spectral perlod 1a 8,7 + 2.8 8. Waves are lowesat from Aprll to
Saptember, and highest from October bto December, MHigher wWwaves accompany
atormsa; the region Lls affected by both sxtratropleal ("northeaster™) and
tropical {(hurricane) cyclonea, High waves assoclated with atorma arae
moat likely to occur from Octeber to March. Storm breaker-wave helghts
may exceed L m and peralst for hoursa to days, Wavea approach malnly
from the south in the spring and asummer, driven before the predominant
southwest to southeast windas, Winter waves originate typically from the
northern quadrant. Extreme waves usually approach from the northeast,

The ooastal tldes are aemi-diurnal with a mean range of 1 m and a
mean spring range of 1.2 m. Seaward of the aurfzons, the tip of the
tldal current vector traces cut an ellipse that 1s elongated 1ln the
shore-parallel dimenalon (Battisti and Clarke, 1982), Redfield (1958}
showed that the shelf tlde co-csacillatea with a driving ceeanic tide
that Ilmplnges on the shelf slope. The paasage of the tidal wave acroas
the ahelf i3 delayed by bed friction: clese to shore {within 20-m
depth), anhancad friction causes tidal currents to diminish rapldly

{Niedoroda et al,, 1985).
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Beardaley et al. {1976) showaed that moat af the subtidal {(l.e, of a
frequency lesas than tldal) current varlabillty over the shallow shelf of
the Mid-Atlantic Bight La wind-driven, Fifty percent of the aubtidal
current variance 18 in s wide band ("aynoptle® band) of Q.01 to 1.0
cycles per day. In this band, the local cross-shell component of wind
ia unlmportant except 1ear the coast where Lt can generate trapped
pressure flelda that drive alongshore currenta; for example, Wright et
al, {1986) obaesrved a strong (3% em/a at 20 cm above the bed) acubh-
setting (sncre-paralle.} current in B-m water depth off the FRF
asaoecliated with northeast winda and a local setup in the mean water-
level of 60 om, In contrast, local longshore wind atresas 13 coherant
with the longshore current and sea-level over the entire shelf {e.g,
Huyer st al., 1975; Soott and Csanady, 1976). The water column responae
is typleally barotropic and lage the imposed wind atress by a time on
the order of one lnertial period {Winant, 1979}, The princlipal aynoptic
acalae Forcling {a the travelling winter mid-latituds cyclone that
originates near Cape Hatteras and intenaifles aa Lt propagates Lowards
the nortneaat {Beardslesy and Bolcourt, 1%481). Beardaley and Butman
{1974) descriped strong longshore currenta {20 to 90 cm/a) in the mid-
shell region that were generated by wintar atorms., Boicourt and Hacker
(1976) described acuthward storm flow (30 to B0 em/s at mld-depth} off
the Virglnia goast,

Monthly mean currenta are gonerally directed dowhahelf (i.2. to the
south} at all elevationa, with a few eaxceptiona; for example, Beardaley
and Boicourt (1981} described atrong upshelf! flow that occurred for

perlods of 1 to & weeka, Wlnant (1979) tdentified three types of
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forcing at thls acale: direct wind atreas, adjoining deep-ocean
motions, and river runoff.

An annual mean aouthwestward drlft throughout the Mid-Atlantic
Bight has long been known f{e.g. Bumpu=, 1965). In the wvicinity cof Cape
Hatteras, shell water turns seaward and is entrained inta the Gulfl
Stream. Superimposed on the mean drift fa a series of diatinct eddles,
The seabed drifter Studiea of Bumpus (1965) also demonstrated bhottom
drift from shoreward of 60 to 80-m depth toward the mouths of major

astuaries,

3.3 Expariment Descrlipticn and Data Analysals

A right-handed co-ordinate syatem ia used throughcout the following

analysla, with the positive y-axla alligned shore-parallel to the north,

and the positive x-axlas aligned shors—normal to the eaat. The shore ls

rotated 20° to the weat of north {i.e, the shore trends JHQ"-160°}. The
ahoreline 1s delfined aa the origin,

Three experiments were conducted seaward of the FRF: on the upper
ahoraface in A-m water depth, on the mid-shoreface {np 17.5-m water
depth, and on the lower anoreface near the edge of the inner shelfl in
22-m water depth {Flgwe 3.5}, Dlacusslon of data from the upper-
shoreface deployment willl be postponed until Chapter 4, when bed

reaponga to falrweather wavea and currents 1s diacussed.



Figure 3.5

Locatlons af current-meter deployments. Current
meters were deploysd at three locatlons on the

shareflace aszaward of the FRF at Duok.
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3.31.1 Hid-shoraface expariment

The mid-shoreface experiment {17.5-m water depth; 36" 10.65' N,
75° U2.77" M) was ponducted over the perlod 16-18 Auguat, 19831, The
data aset comprlses high-frequency measurements of near-bed currents and
perliodlc viaual observationa of the seabed In the lmmediate viclnlty of
the current meters, Ovaer the duration of the experliment, waves were
low, winds light, and 3ateady currents weak relative Lo reported storm
currents {(e.g. Wright et al,, 1986; Ludwick, 1978).

Surficlal sediment samples were collected by divers 1ln the
immediate vieinity of the current-meter inatallation, Sediment was
devold of gravel and contalned lesa than BY of silt plus clay by weight.
The aand fractlon was comppaed of nonocohesive guartz particles; mean
grain-alze was 0,10 mm and graphic standard deviation was 9.30 phi
units, which, according to Folk's (1980} scheme, Indicates a very well
aorted aediment.

Perjodlc observationa of small-scale seabed morphology in the
immediate viclnity {20-m radlius) of the current meters were also made by
divera. The principal features were low, long-created, rounded wava
ripples, The average ripple helght was 2 cm and the average aspacing
batween rlpples was 10 cm, Ripple creata were oriented approximately
paraliel Lo shore, which was normal to the direction of wave approach at
tha time, The wave rlpplas peralated ovar the duration of the
axperlment, Blogenlc roughness waas negligible; scattered worm tubes
that protruded leas than 3 mm above the bed surface were the primary

blogenic structures,
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Two Marah-McBirnsy Model MMS51M currant meters {d.0-om diameter
sphare} arranged in a vertlcal profile ware used to measure currents,
The inatruments Were attached to a single mounting plpe and the plpe was
suapendad from the center of a weighted frame that was placed on the
aeabed, The current meters were located at 20 and 65 cm abave the bed,
The lega of the frama were 4.0-cm dlameter; no part of the frame was
within 1.5 m of the inatruments in any horizental direetion,

Data were tranamltted over armoured cables to an anchored veasel
whare a computer controlled a burst-sampling sequence, Tha analog
{voltage) current-meter output was read and digitlzed by the computer,
and the digital representation was written to cassette tape for later
analyais,

In general, the cholee of sampling Interval, At, 13 constralned by
the data-logger's capabillity and by the characteristics of the random
process that 1la peing measured. The sampling ilnterval must bs short
engugh auch that the Nyqulat frequency {= 1/2at) i3 greater than the
higheat-frequency slgnal that is likely to be present at significant
energy levala, The Nyqulst Frequency 13 the hlghest Frequency about
which information rcan be obtained In a time-serles analysia;
furthermore, 1ln a spectral analysla, energy at frequencies hlghar than
the Nyquist frequency {8 folded hack Into lower frequenclas {"allasing")
thus rendering the apectrum useless 1f the folded energy is nlgh.
Surface gravity-wavea, considered a priori to be the highest-frequency
anergy scurce of significant magnitude on the ahoreface, range ln period
from 4 to 16 8, A& sampling interval of 1 3 wa3s chosen as the best

compromise between the competing needs of tha analysls and tne data
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logger; tests Ilndicated that sampling faster than 1 Hz could lead to an
cverload of the computer.

The burst duration must be long enough to ensure that: (1} the
high-frequency turbulence la sufflciently averaged; (2) enough wave
cyclea are measured to provide astable estimates of average wave
parameters; and (3) the resclutlon of the apectrum, after smoothing, 1a
avceptable, The burat duratlion myat also be short enough to ensure
that: ((4) low-frequency signals (tidal currenta} appear steady avep Lthe
burat:; and (5) the data-logger capacity la neob exceeded., If the burat
duration is long encugh to satiafy (2} then (1) ashould be automatically

sati{sfled, Leaht (1980} proposed that the averaging pericd be at least

20 times the characteristlc time-scale of the flow., For surface
gravity-waves this time-acale 13 the wave pericd and therefore the
recommended averaglng period is 80 to 320 s, If energy is5 present at
beat fraguenclas, then a2 longer averaglng perlod ia reguired, Arter
Welghing the competing regquirements, a burst duration of 240 3 was
ohogen,

The burat Ingeprval is the time between the beginning of succeazlve
bursta: the burst interval muat exceed the burst duration in order to
provide the computer with time to writs accumulated data to tape, A
hurat interval of 360 3 was chosen to minimlze down-time of the syatem.

The burating sequence was lnterrupted when the casastte tape was
changed. MNine gaps, each of 10-minutes duratlon typlecally., occurred
during the mid-shoreface deployment. Throughout the expariment, divers
pericdically verified the elevation and arlentation of the current

maters.
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The lower auwrrent meter (z = 20 cm) failed early In the experiment,
The digitized oputput voltage of the upper cwrrent meter (Z = §5 om) waa
converted into estimates of component apeeda using a callbratlon curve
that was derived from a ateady-'low laboratory calibvratlion {(28e aectlon
3.4.3). Thne vector-averaged current velocelty over the duratlon of the
experiment 18 shown Iin Figure 3.6, On this and other plcta, events, or
perioda when the threahold ahear atressa was exgeeded, are indicated;
events are discussed in Chapter 4. Alsg shown in Flgure 3.6 are
predicted times of high and low water at Kitty Hawk {20 km to the south
of Duck) from the National {dcean Servios tide tables,

Shown Iln Flgure 3,7 are Lime aeries of the burat-averaged flow
paramaters (z = 65 om) that are raquired for the predictlion of the hed
shear strasa using the combined-flow boundary-layer model, The maximum

hear-bed wave-orbital velocity, UH o’ la reprasented by U o which ls
)

141
the average of the higheat 10% of the measured curresnt apeeds with the
mean current removed, One eatimate of UIHTU waas calculated for each
burst. The ateady-current speed, Uc' 13 repreaanted by the magnitude of
the vector-averaged [over the duratfon of the burst) current velocity,
To facllitate comparlaons among =2xperiments, the measured mean speed was

adjusted to apply to z = 100 ¢m (U } using the aolution for the mean-

100
current profile above the wave boundary layer (aquatlon 2.24).

Current directlon {3 represented by the direction of the vactor-
averaged {over the duration of the burat) current veloglty, Dlrectlon
of wave propagatlon was caleulated as folilows. The rlght-handed
horlzontal ce-~ordlnate system waa rotated anti-clockwise 180°% in 5°

incrementa from ita original orlentation and For sach lnerement the

variance of the shores-parallel component of the current velocliy was



Figure 3.5k

Ovarview of mid-shoreface (17.%-m dapth)
expariment., Shown are the vector-averaged {over
blocks of 80 a) current velocities (z = 65 cm)
and times of predloted nigh {"H") and low ("L")
water 20 Km to the soulth at Kitty Hawk., Twe

eventa, A and B, are indlcated.
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Filgure 3.7

Mid-ahoreface {(i7T.5-m depth) experiment. Burat-

averaged aatimates aof U Tp, wave

17140 U1OD'
direction {4) and current directlon (x). 180" 1ia
parallel to ahore to the aouth, 90° {s normal to
shore Lo the east, and 20 on, Directlions are

directiona setting {propagating) to. Two evants,

A and A, are indicated.
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caloculated, The direction of wavea propagation was dafined as the
rotatlon angle that maximized the varlance of the shore-parallel
veloclty component.

Wave perlod, T, 13 represented by Lhe peak apectral period, Tp
{1.e. period of maximum energy-densaity), which was ldentified from the
power apectrum of Lhe zero-mean shore-normal component of the veloclty
series, The co—-ordinate syatem was rctated auch that the variance of
the shore-narmal veloalty component was maxinlzed, and the spectrum Wwas
then ocomputed uzaing a Faat Fourler Transform. The apectrum was amcothed
by averaging acrass blocks of four adjacent freguenciea. Spectral
analysls waa performed on each burst; one spectrum that 1=
repradentative of the experiment 18 ahown In Figure 31,8. The peak ia
relatively narraw and centered on about 8 a, which valldates the ohoice
of burat duration {silnce there are 30 cycles of an 8-3 wave in 240 8).,
hlso, there ia no unresolved energy at the red {low-frequency) end of
the spectrum, indicating that the time series l3 lndead atatlonary,

Showh in Figure 3.9 are caliculated eatimates of "“burat-averaged"
dynamic, transport and related parameters, It 1s emphasalzed that these
are not atrictly burst-averages since thay are not obtalned by time-
Integrating lnatantaneous valuea; rather, each "purat-averaged”
parameter |3 calculated by applying the combined-flow boundary-layer and
transport thegrles to the burst-averaged Flow parameters, Skln
frictlons Were calculated as though the bed were flat (aectlon 2.9):
observed valoclities were uaed directly in the boundary-layer model {i.e,
they ware not related to veloeltles withln the internal boundary layer),

and thne graln roughness was usad to caleulate z, (equation 2.H1),

0

Equatlon 2.4%% was used to calculate kG' with CE = 2.5 and n = 50, whers



Figure 3.8

Power apectrum of one buriat sample of the zero-
mean rotated shore-normal compenent of veloolty,
17.5~m water depth, The 3pectruf was calculated
From 240 polnkts (AL = 1 2) and was amoothed by
averaging acrogs blocks of four adjacent spectral
estimates. The 95% confidence interval ia

1lndigcated,
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Figure 3.9

"Hurst-averaged® (refer to the caveab in the
text} dynamic, transport and assoclated
parameters; mld-shorefage (17.5-m depth)

experiment, Two avents, A and B, are indigated.
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050 = 0,10 mm,
Nat bedload tranaport over the wave period, ’uc' was calculated
according to equations 2.38 and 2.39 with Vop = 0.10, which 1a

applicable to 0,10-mm noncoheslve gquartz sand under waves (Madaen and

~ -

Grant, 19Th). ¢wc was converted £o unlta of welght per unit wlidkh {quc}
by mulitlplylng by pagHD, where Pq ™ 2. 65 g!cm? g = 9M cmfaz and W o= 1
cm/ 3. Avgrage bedload transport over the half-wava perlod, ;uc' was
caleulated to provide a perspective on the magnitude of ;ue' IT the
ratia |;uc]fauc 1a amall, then net transpaort 1= due to only a relatlively
amall asymmebry in the back and Torth movament of sedlment. T auch

Wwere the casse, amall errors in predictions would be more likely to lead

to major errora In {nference.
3.3.2 Lower-ahoreface axperiment

The slte of the sascond experlment was 22-m water dapth {36% 11,10°
N; 75 40,8 ' W) on the shoreward flank of the first sand ridge at the
base of the shoreface {Figure 13,5). Hear-bed currents were measursd and
the seabed obaerved by divera over the period 20 to 23 July, 1984, Low-
energy (fairweather) conditionsz peralsted over the duration of the
experlment,

Surficial sediment at the aite was a very well-sorted, fine-
grained, noncohesive quartz 3and that contalned leasa than 5% gravel and
leas than 3% silt plus clay by welght. Mean grain-size waa 0.20 mm,

Short-porestad, symmatrical wave rlpples constituted the primary
asapad roughness (Figure 3.10). Ripple crests were 1sas than 1.5%-m long

and jolned in tuning-fork patterns. Ripple wavelengths varled from 15



Figure 3.10

Frimary physaical roughnesa at the 22-m depth
alte: short-cresated, rounded, aymmetrlical wave
ripples. Each band on the acale i3 one

centimeter,
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to 25 am, and helght from 2 to 5 em, Maoblle Denthic organisms,
including Polinices ap. (moon anall), Pagurus sp. (hermit orab) and
Busycon sp. {whelk), constituted the primary biogenlc roughness; the
aeabed itaelf ashawed no avidence of revorking by blota.

Currents were measwed at elevations of 20 and 7O om above the hed
uaing the data-logging system previcously deacribed. Currsnta were
gampled in a burst mode; the sampling Lnterval was 1 8, burat duraticn
1800 a, and burat interval 3600 3. Currents were logged over 62.5 hours
with oniy two breaks of 1-hour duration in the bursting sequence, The
lower current meter again falled early in the experiment, Dlivers
periodleally checked the current-meter orlentatlon and elevation and
recorded observatlons of the bed,

Tne vector-averaged current veloelity (z =« 70 em) and predloted
timea of high and low water For Kitty Hawk are shown In Figure 3.11.
The burst-averaged flow paramaters are shown in Figure 3,12; the "burst-
averaged” dynamlc, tranaport and related parameters Iln Figue 3.13. The
caleulations proceeded as previously described, with one exceptlon:
flow parametera were averaged over adjacent blocks of 600 a3 {three
blocks per burat), therefore there are three astimatea of each parameter
per burst. For the purposes of the trangpert calculations, wcr was sat
at 0,060, whlen L3 appllicable to §.20-mm noncchesaive guartz sand under

waves (Madsen and Grant, 1976).



Filgure 3.11

Gverview of lower-shoreface (22-m depth)
experiment. Shown are the vector-averaged (over

klocks of 60 a3} current velocities {z = 70 om)

and times of praedicted high ("H") and low ("L")

water, Two evants, C and I, are indleated,
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Figure 3,12

Lower-shorelfage (22-m depth) experiment. Burat-
averaged eatimatesa of H1;19r U1D0' TD' wave
dlrection (A) and current direction (x}. 180° is
parallel to spore to the south, 90° 1s normal to
shora to the sast, and 30 onh, Directicona are

directions setting (propagating) to. Two avents,

€ and 0, are lndiceated.
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Flgure 3,13

"Burat-avaraged” {refer to the caveat in the

taxt) dynamic, transport and asacclated

parameters;

experiment.

iower=-ahorefacae (27-m depth}

Two eventa, C and @, are lndlcated,
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3.4 Evaluatlon of Dynamic and Flux Eatimatas

A full evaluation of the madel calculatlons should lnoclude both
verification with centrolled experimental data and an error analyalas,
For a detalled error analyals, the statistical diatribution of each
model parameber must be known, Aa an alternative to the error analyais,
the sensitivity of the ¢aleulations to varlablility ln each of the model
paramatera may be demonstrated and uaed to evaluate the predictlons.

For compiicated calculatlohs, or when the model parametersa arae not fully
underatocd, the latter approach {({.e. senaltivity analyais) la

preferable.

i.4.1 Dynamic calculations

One ¢component of the Coaatal Oc¢ean Dynamics Experiment (CODE)} was
designed ta identify key phyalcal pronesses contrelling bed shear atreas
on an open ccean shelf, Grant et al. (1983) and later Grant &t al,
{198L) reported on a low-energy subaet of Lhe CODE data, the "CODE-1
subaet", with the objectlve of verlifylng the predictive capabllity of
OGrant and Madaen'a {(1979) combinad flow boundary laysr model, The
analyais provided "a guantitative and unamblguous comparison of tne near
bed rlow and atress models with high quality data aetas®™ (Grant et al.,
1983, p. 5}. The same data are used ln this sectlon to verify the
gcombined-flow 3streas model of Larsen et al. (1981),

Tha CODE-1 data aet comprlised four days of velocity-prefile and
anclllary measurements obtalned during low-energy conditions on the

northern Californla ahelf 1in 100-m water depth. Current velocity waz
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measured at four elevations above the bed (nominally 30, 55, 105 and 205
em) by vertically-atacked agousatic current meters, The sampling rate
was 5 Hz, Measurad velocitles vere avaraged over Dlocks of 9.733 minutes

and the equation for the steady-flow law of the wall f(e.g. Dyer, 1986):

Uz} = (U, /<) Inlz/2)) (3.1}

was litted Lo each veloelty profile, where U'c 13 tha current frictlon
velocity. U, was obtained from the slope of the fitted equation, and
ZG from the intercept. Only those profiles with a high correlatiaon
coefficient and no aignificant curvature were used in the analysla, Aa
an independent check on the valldity of applying the velaclty-profils
mathod, botbtom atresa and atresa at the uppar three levels in the Flow
were camputed using an inertlal-dissipation technlque {(Grant et al,,
1483). The two methoads provided eatimates of atreas whlch were in good
agraamant,

Obaervad values of Ulc and z. were large relative to those sxpected

L

for uniform sateady flow. Anomalously high values of U*c and z, were

conslatent with the following hypothesis: the ocbserved atress and
roughness were éenhanced by a nonlinear interaction characterlstic of a
combined-flow boundary layer. In this case, the observed U*e
corresponda to U*c.wu of the combined-flow model, and the observed Z4

correaponds to z, (equation 2,24). That thne veloclty measurements were

1
made in the potentlal-flow region of the wave {i.e. z » ﬁu} 13 aasaily
demanstrated; GH fequatlon 2.25) for typical surface gravity-waves ls

on the order of several centimeters while the loweat current mater was

30 om abhove the bad.
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Grant et al. {1983) tested the ability of Grant and Madasen's {197%3)
combined-flow medel to reproduce the CODE-1 observationa, GOrant et al,

reported estimates of Uw y W, B8 and k. Maxlmum wave-orhital wveloolty
L]

m
was basad on the maximum ampl itude of the wave envelope and w waa
reprogented by the average #wave frequency. Directlon of wave
propagation was laferred from the ratic of the orthogonal componenta of
the wave-orbital velocity. Boundary roughness was patimated from
observationa ol the bed; 3ince no sediment was Ln motlon, the roughneaa
reflected anly the phyaleal characteristies (primarily animal mounda)} af
the seafloor,

Plotted In Filgures 3.14 apd 3,15 are: Uﬂe,uc and z, caleulated by

Grant at al. (1983) ualng the method af Grant and Madaen (1579} with the

and z, caloulated

parameters reported by 3rant et al, (1983); U'c o 1
1

using the method of Larsen et al. {1981) with the same paramsters; and
the abserved values of U*c,wﬂ and z,. Grant et al. (1983) concluded
that the agreement between obsarved and calculated values verlfied Grant
and Madsen'a (1979) combined-flow model; Larsen et al.'s {(1981)
comblned-flow theory provides predicticns that are In similar good
agreament with obaervations.

Either combined-flow dynamica model can thus be used with
gonfidence to predict bed shear atreas provided the near-bed logarlthemlc
velocity profile 13 linear. Clearly, this provision cannot be tested

when velogcity ias measwured at only one elavation above the bed, and must

be left as an a prigrl assumption ln the model application,



Flgure 3,14 Compariaon of: O calculated by CGrant et al.

o, we

{1983) using the method of Grant and Madsen
{1979) with the CODE-1 parametersa reported by
Grant et al. (31983); U*c.wc caleulated using the
method of Laraen et al, {1981} with the same
parameters; and the CODE-1 cbaervations raported
by Grant et al, (1%83). The wvertical llnes
repreaent the computed error rangs of the

aobaerved stress, The bheat eatimate 13 the

midpalnt of the range.
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Figure 3,15 Comparison of: Z, calculated by Orant et al,

{1983} u=ing the method of Grant and Madsen
£1979) with the CODE-1 parameters reported by

Grant et al, {1983); =z, calculated ualng the

1
method of Larsen &t al, {1%81) wWwith the same
parameters; and the CODE-1 observation3a reported
by Grant et al, {1983). The vertical llnas

represent the computed error range of the

obgerved roughnesas.
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3.4.2 Flux calculaticons

Bedlcad tranaport in the sea has besen meaaured uslng radicactive
tracers (Lavelle at al., 1975; Heathershaw and Carr, '977}; fluoreacent
traceras (Miller and Komar, 1973; Leesa, 1979; Murray, 19671; acoustic
inatruments (Thorne et al., 19831); bedformmigration rates {(Kachel and
Sternberg, 1971; Langhorne, 196827; and lighted rods (Wilkinson, 1986).
5till, rield verllflcation of the bedload-transport equationa has been
aparae, Several flald experiments have tested tha steady-flow transport
equationa (e,g, Gadd et al,, 1978; Lavelle et al,, 1978; Heathershaw,
19681; Heatherahaw et al,, 1981; Lees, 1983; Hardiasty, 19B83). Only a few
gxperiments have been designed to verlfy comblned-flow transport
aquations,

rattiaraten! and Collina (19857 compared predicted rates aof
combined-flow bedload transport with data from a fluorescent-tracar
atudy, The tracer wa3 releassd Ln 20 to 40-m water depth in an area of
high tidal-current and wave energy ln the northern Bristol Channel, UK,
Tranaport rates lnferred from the tracer experlmenta were compared to
predictions by a number of methods: the tractlon approachea of Madsen
and Grant (1976), Vincent et al, {(1981) and Bijker {(1971); Bagneold'=s
(1967} energetica modal for combined flow; and the ateady-flow agquatlona
of Elnsteln {19503, Frijlink {(1952), Yalin (19563}, Engelund and Hansen
{1967), Sternberg {t1$72), Ackera and White (1973) and Gadd et al, {(1978)
all modified to apply to combined Flow. The performance of the
equations was assesaed against a number of criteria: obaerved transport
rateas nad to be accurately predicted; an increase in the cbasrved wave-

arbital veloglty had to produce a corresponding increass in the
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predictad transport rate; and the predicted combined-rlow tranaport
rates had Lo be substantlally greater than rates predicted by current-
only modela, Pattiaratchi and Collins concluded that only the models of
Madsen and Grant {1976} and Sternberg (1972} (modifled to apply to
combined flow) performed credibly. Each of these models were said to
*provide realiastle eatimates of tranaport under the comblned influence
of wave- and tidally induced currents, in comparison with rield
measurementa” (Pattiaratchl and Colllns, 1985, p. 97).

Nledorada et al. (1982) uassed Madsen and Grant's (1976) tranaport
model to reproduce oblervations of sedlmentatlon rates In a taat plt on
the central California inner shelf. They alsc concluded that the model
wag sound for waves and currents and, by Including a alope-correatlon
term, thay achleved a good correapondence between predictions and

obhaervations.

3.49.2 Sensitivity analyals

Given the high power-dependence of tranaport on veloclty, [t 13
important to evaluabte the sensitivity of the model calculations and
asaeas the errors involved in measuring each of the model parametera,

The current maters were callbrated in the Virginia Inatitute of
Marine Science's (YIMS} reclrculating flume {dimenaicna: 90 om x 100 cm
X 17 m) prlor to and at the conclusion of each deployment. Each axla
waa indepandently calibrated. Aubrey and Trowbridge (1985}, reporting
on an extensive seriea of laboratory teats of the Marsh-McBlrney
glectromagnetic current meters, found that a Lwo-szegment 1lnear

callbration model conalatently gave lowar reajdual errcors than 4ld a
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alngle-aegment model. Aubrey and Trowbridge hypothesized that the
meter's senaltivity (inverse of galn) changed with the transltion froa
laminar to turbulent boundary-layer flow, however thay could find no
conalstency ln cutoff Reynclds number that would support such a
postulate. Applylng a tWwo-asegment calibration model (cutoff at 60 cm/s)
to the YIMS teat data reaulted in a decrease in the rool-mean-agquara
reslidual to 1-2 om/3 {Figure 3,16}, A two-zegment calibratlon model,
unigue for each axis, waz thus used Lo convart recorded voltages to
component current apaeds,

Aubrey and Trowbridgs found no significant difference batween pure
pacillatory- and pure steady-flow ssensitivity, however, Tor combined
flow, the steady senaltlivity lnoreased by 7-10% and the caclllatory
aensitlivity by 9-21%. Concomitantly, the error varlance Increasad by up
to T0%. Thia behaviour was attributed Lo the complex wake structure In
the combined [low.

Aubrey and Trowbrldge also found that the flow atructure genasrated
by the guadrantal distributlon of the electrodes caused a Reynolda
number-dependent horlzontal ccaine response. The ssnsitivity varied as
the electrode rotated from the Forward atagnatlon point and the largest
errora occurred when the flow was 90° from head-on. A& further aourge of
error was identified as the structure of the free-atream flow itaelf:
for Free-stream turbulence intensitiesa (defined as the ratio of the
root-maan-square veloelty to the free-atream veloclty] greater than 1%,
ateady sensitivity was affected. Aubrey and Trowbridge noted that
turbulence intensities ln shell depths of 20-40 m commonly exceed 1%.

The senajitlvity of model caleulatlona Lo errors in Uc ia

demonatrated in Filgure 3.17 with the ald of a "relarence stress valua"



Figure 3.16 Steady-flow calibration of one axis of a Marah-
McBirney Model MMSS5IM {4.0-cm dlameter aphere)
electromagnetic current meter. A two-segmant
linear model was Fltted Independently to the ¥

and X sxes,
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Figure 3,17 Sensitivity of stresa and tranaport predictions

to varlations In Uc. Flotted 1a the ratlo af

ress
u‘t,uc,m to the reference at value [U*t,uﬂ.m

with Uc = 10 gm/ 5 and Uu m " 20 om/a}, where

1 u s -
U*t,uc,m 1s ralculated over the range o Uw,m

0.4 to 0.6 with UH m held conatant at 20 omfa,

[ ]
Also plotted is the ratlo of ;we to the refarence
tranaport value (¢Hc with u, - 10 cm/s and Uw,m -
20 am/a) where $wc is ralaulated over the same

range.
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and a "reference transport value™ that are bhoth typlcal of obaerved
rfalrweather magnlitudes. The reference atress value 13 deflned as

corresponding to Uc =10 cmf3s and UH . 20 cw'a, and the

U
*E,wo,m .

refersance Lranaport value as ;“c carresponding to uE = 10 cm/a and U“ m
L]

« 20 omfa, Plotted in the figure 13 the ratlo of U*t We to the
L] r

referance atreas value where U*t we . m 1a calculated over the range
[ ] ]

Ucfuu,m = 0.4 L 0.6 with Uw.m held constant at 20 cmfa. Also plotted

13 the ratlgo of auc to the reference transport value, whsre ;wc is
galoulated over the aame range. Correaponding to a devlatlon of +20%8
from Uc = 10 emfa, 13 a daviation af leas than 10% ln ;uc from the
reference value For co-directional flow and less than 4% for orthogenal
flow,

The choice of 1 as the parameter to reprasent wave Intenaity 1s

1710
deaigned to reflect the strongeat osclllatory events (Shl et al., 14985},

Another posajbillty ia l) the "slignificant" orbital veloclty, whlch

173
is the average of the nighest one-third of the wave-orbltal velocitiesa.

Analyais of selected bursts from sach of the deployments revealed that

U1f1D wa3 typleally 20% higher than U133.

calcoulatlons to errors in Uu m ia demonatrated in Figure 3.18, again
¥

The senaitivity of the model

with the ald of the relsrence values deflned above, Plotted ja the

1a
ratjio of U*t,ue,m to the reference stress value, where U*t,we,m

caleoulated over the range Uch = 0.4 to 0.6 with Uc held conzatant at

W,m

10 omfas, Also plotked {8 the ratlo of Ewﬂ to the refersnce Ltransport
value, where awc la calcoulated over the aame range. Correaponding ta a

deviation of £20% from UH n " 20 gm/s 15 A deviatlon In ;wc from the

reference value of greatar than 250% for both co-directional and

orthogonal flow,



Figure 3,18 Sensitivity of stress and transport predlctions

to varlations in LIH n Flotted 1s the ratio of

r

U*t,uc,m to the referenca atress valug, where

u*t,uc,m la calgulated over Lhe range Ucfuw,m -
0.4 to 0.6 with U, held conatant at 10 am/ s,
Also plotted {9 the ratio of auc to the refarence

tranaport value, wWith $wc caloul ated over the

Jame range.
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The sxpression given In equatlion 2.41 for z_ is only valid If the

(¥
Flow 12 fully rough turbulent; if the flow 13 transitional or amooth
turbulent, Zq alao varles with a Reynolds number that 1a applicable to
the wall layer of the Flow [Smith, 1977). Jonsaon (1966} dellneated
oselllatory-flow regimes in terma of the relative roughness (A/k) and
wava Reynglds number, RE = uw'mnfu. where v 13 the ¥ilnamatla fluld
viscoalty, Observed burst-averaged valuea of RE and Ak (where ¥ 1s
given by the ripple roughness; equation 2,84 with n = 3 em, XA = 15 om
and C3 = 27.7) for the mid-shorefacs experiment are ploktted In Flgure
3.19 togather wlth Jonsson's tranaltlon criteria. The data confirm that
the observed flow was rough turbulent at all timea durlng the
expaeriment, thus vindicating the use of egquation 2,41 in the atresa
palculations, & simllar analyais confirmed that the flow was rough
turbulent at all times diring the lower- and upper-shoreface
gxperimenta.

The aenaltlvity of akin-frictlon and transport predlctions to
varlations in the grain roughneas, kG' iz demonatrated as followa, With

1 set at 10 cmfs and U at 20 om/s, U and 5 were caleulated
a W,m we

1
Nt ,woe,m

using each of the three formulatlona for ke dederibed in asction 2.5

(equation 2.43), The sediment parametersa used in the calculatlon wersa:

4} - 0,010 em and O = 0,015 ¢gn, which are applicable to the 17.5-m

50 50
depth =ite, HReaults are shown in Table 3,2. The calculated values of
L] = — - —
U*t,wc,m and ¢wﬂ vary by factors of -1.,1 and =-2.3 reapectively for co
directional flow, and by factors of ~1.1 and -2.5 for orthogonal Tlow,
It was noted in section 2.5 that, when tha bed ls rippled,
caleulating skin friction From the observed mean veloclty above Lhe

laternal boundary layer could lead to slgnificant errora If the Form



Figure 3.19

Clasalfication of flow regimes, mid-shoreface
experiment, Plot of observed RE veraus Afk,
galceulated from burat-averaged Flow quantities,
Superimposed on the plot i{s Jonszon's (1666]

transltion criterion,
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Tabls 3.7

Senaltivity of atreas and tranaport prediectiona

to variations In kG' Uciuu,m - 0.5, Dﬁﬂ - 0,00

em and Dgﬂ = 0,015 om,.

8



b.

B o= O°

8 = 90°

RG {om)

{em/ a)

LA AT WO
D50 1.43 0.6
2.5 DEG 1,59 0.032
2 D?D 1.63 0,037
D50 1.23 0.011
2.5 D5D 1.38 0.022
2D 1.42 0.026

90
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drag !s large. Bed shear atresys inferred from the velocity profile
above the internal boundary lavar 13 an ovarestimate of the actual akin
friction on a rippled bHed [(Chriss and Caldwell, 1982}. However, any

method that uses a alngle-polnt estimate of velecliy will underestimate

the akin friction because any one measyrement of the mean current over a
rippled bed will be lower than 1f the bed were flat, The followling
analyasls demonstrates the effect of form drag on the obsarved mean-
current speads that were uaed |n the wave-current boundary-layer modal
Lo caloulats the akin frictlons, Eguation 2,24 was used to calcul ate
UIUU glven various free-stream velocltles and by both Including and
neglecting the ripple roughness in the galculations. The ripple
roughnesa waa calculated using equation 2.44 with n = 3 am, & = 15 om
and C, = 27.7; Uu,m was 20 em/8; T was 10 a; and the Flow waz co—

3

directlonal. For a free-stream mean-current apeed of 15 em/s, U was

100
-10 om/3 by including the form drag, and -12 com/s by negleckting 1it, For

a freg-stream speed of 25 cmfa, U waa -1T em/s by lncluding the form

100
drag and -21 em/s by neglecting 1t. Thus, ualng observed velocltles as
though they ara unaffectad by Form drag should lead to an error In the
calculated value of skin frietion that 1s only about the same as that
due tg the imparfect reaponse of the current meters themaelves,

Compared to the sensltivity to variationa 1n Uc, u and kﬂ. the

W,m
model calecul ationa are relatively lnaenaltlve to expected varlationa in
angle between the wave and cwrrent, wave period and reference elevation

of the driving parameters,



4, A MODEL FOR LOW-ENERGY BEDLOAD TRANSPORT ON THE SHOREFACE

4,1 Introductlon

The following analysis addresses two acenarios: (1) onshore net
bedicad btranaport, and (2) offanore net bedload tranaport. Obssrved
eventa, where an event 1o defllned as a period of time durlng which
critical bed shear stresa 13 axceeded and thus bed aediment is In
motion, Form the basis of the analysla, The oblective, introduced in
Chapter 1, ls to elucldate the controls exerted by the First three
moments of the combined-flow velocity dlatributlion on the magnitude and
directlon of bedlgad tranaport, where those moments are the mean Mlow,
the wlnd-wave energy, and the wind-wave aaymmetry respectively. The
effept of the threahold erlterion la also addressed, since thia wan
1dentified in Chapter 7 asa beilng potentially important in low-energy
Tlow,

A cne-dimenalonal numerical model that simulates the eroas-shore
veloolty and bedload~flux flelds ls yaed to model the badload- Flux
divergence across the shoreface. For each acenarlo, sediment pathways
and areas of net deposltion (flux convergence) and net erosion (flux
divergence) are identifled and explained 1n terms of flow parametara,

The analysls of onshore transport is based on the conditlons that
exiated during event ¢ (lower—shoreface sxperliment, 22-m water depth)}.

Event D, which alse cccurred during the lower-ahoreface experiment, was

B6
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identical to event C in all easeantlal reapectas., The analysls of
gffshore tranaport is based on event A (mid-shorefage expariment, 17.5-m
water depth). Event B {mid-shoreface axperiment), which contains

elements of bDoth agenarios, will be diacussed separately.

4,2 Onahore Tranaport

U,2.17 Logal tranaport

The wind was 1ight (<20 km/hr) and from the southeast and aouthwesat
quadranta for the duration of the lower-ahoreface {(22-m depth}
deployment. During the Firat Ralf of the experiment, waves wWere low and
the mean current rotated at approxlmately the asmi-diurnal tldal
frequency, 2bbing to the south and offahore, and flooding toe the north
and onshore {(Figure 3.11), Approxlmately 316 hours into the axperiment,
the mean Flow atrengthened and ast alongahore to the south. This
conditlion peraisted for the next 24 hours until {and presumably beyond}
the terminaticon of the experliment. Eventa £ and D oocurred during this
time,

Event. C {marked as such on Flgurea 3.11, 3,12 and 3.13) wasa
approximately 9.7 nours duration, Simultanscus inecreases Iin U and

100

initiated the event; U1U0 increased to an average {[over the event}

to ~22 em/s {Flgure 3,12). FPeak spectral perlod

U1I1D
~ £8

of ~13 em/s and U,

a3 inferred from the velocity measurements ct the bed was 10 to 18 3

(Flgure 3.12)., The algnificant wave helght ccincident with event C, aa

recorded by a waverlder shoreward of thne expariment alte in 18,5%-m water

depth, was 0.70 m (CERC, 1384},
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Prior to the event, U1;10 excaesded l.l“:”:|I by up t a factor of 10;

durlng the avaent, U was, on average, 1.5 timea the magnitude aof U1ﬂ

1/10 0

(Figura 3,13}, Although the wave component cof the total skin Crlction
was on average two times the magnltude of the current component (Figure
3,13}, the components add together as vectors through varying angles and
hence a stralght comparison of magnituwes 13 not truly indicatlve of tha
relative contrlbution made by each to the total skin friction. The
ratio of total skin frletion caleulated From the wave and current Lln
combination to akin friction calculated en the aasumptlon that the
superimposed current apeed 13 2ero (i.,e, TE,Hc.m;T;.m) ia a more useful
indlcator, The average (over the avent) of this ratlo was 1.17,
indicating that -85% of the total skin frictlion was due to the wave-
orpbltal veloclty.

The net combined-flow sediment-tranaport rate assuming symmetrical
wave-orbltal valoeity {;ch averagaed 0.0078 {(dimenalonlesa) over the
event, or, in units of walght per unlt width {auc}' 0. gf33 (Flgure
3.13). The net rate was -135% of the average back-and-forth tranaport
rate, i.e, |;HCIHEHC = 1.35 {Figure 3.13), lndicating that net kranaport
did not erlglnate from ohly a very amall disparity in the forward and
reverae tranaport rates under the waye, The waves propagated slightly
Lo the south of shore-normal and the mean current 8et Lo the zouth and

onshore over tha duratlon of the event {(Figures 3,11 and 3.12). Becauss

w&c.m;wcr was conziatently small, the "threahold effect™ (i.e, rotation
of the net tranapert vector due Lo the thraahold-induced asymmatry in
the lnatantaneous combined-flow tranaport rate) augmented significantly,
in thia caae, the onshore companent of net transport. The measure ol

this effect can be obtained by defining an angle, ¢, such that £ 15 the
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angle that ¢uc 18 rotated rglative to Ua. By definition, £ {3 ponaltive

- ~

if o is rotated onshore of U s and vlce versa. Conalder the following
elarifying example applled to the Duck shoreline, whlch trends 20° west
of nortn. If Gc 13 dlrected to 230° and ;“c Lo 220%, then ;Hﬂ 1=
rotatad 10" offshore ralative to Gc’ and hence [ = —10". As a further
example, suppose Gc is directed to 290° and ;uc to 240", then f = +10°,
Shown in Flgurs 4,1 is a schematic of the threshold-induced rotation of
net transpart In relation to the mean current and symmetrlcal wave-
arbital velocity. Since the net bedload-tranaport vector is conatrained
to lie betwesn the mean flow and that atroke of the wave that makes an
acute angle with the mean flow, ;we was, like Ge‘ directed to the aouth

-

and onshore, Within that acute angle, Py W3S rotated onahore ralative

Lo Uc (i.e. £ was poaitive} due Lo the threshold-induced asymmetry in
the inatantanscus tranaport rate,

The event-integrated bedload transport was found by summing each
burst-averaged eatimate al ;wc multiplied by the burst interval, The
same integratlion was performed on another Lranaport quantity (;c] that
had the same magnitude as ;wc hut the direction of Gc. thia for the
purpase of asseasing the signlficance of the threabold effect, After
3.7 houra {the duration of the event), the onshore component of ;uc wWaa
216% of the onshore component of ;ﬂ, whlch correaponded to [ = +34°
(Figure 4,1). Hence, the onshore component of bedload transport was

gonaiderably enhanced by the threshold effect over the duration of the

avent.



Figure L.1

Onshare transport: event C, lower shoreface,
Schematic of threahold-induced rotation of net
transpart in relatlon to mean current and
aymmetrical wave-orbltal velacity. After 9.7
houra {(event duration), cumulative net tranaport
wasd turned onshore i4° by the threshold- induced

asymmetry in the instantansous tranaport rate.
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i 2,2 Cross-shore gradlent in tranaport

The local rate of change in asdiment volume (i{.e. ercalon ar
depaasltion) la equal to the sediment-Tlux dl vergence; therefore slngle-
polnt measurements of sediment flux per sa are unlnformative {n thia
regard. Consider the sedlment-flux Field awctx,yl, whare auc Is the
vorlume rate of bedload sediment btransport per unit widbth due to combined

wave and current Tlow f{unlta: cmzfs}. The gensral conaervation

equatlan {e.g. Pond and Plckard, 1978) applles;

dz/at = -[{BQHO xfﬂx} * {BQHO y!ﬂy}] (.13

e

where ch'x and Quc.y are the ¥ and y compornents respectively of ch and
dz 3t 1a the local rate of vertlecal accretion {dzs/3t posltive) or
ergalon {dz/3t negative), A gsediment pathway {1.e. no net deposition or
eroalon) exlsts where the divergence of the sediment flux 1s zero,

In the followlng analyals, a numerical model ia yaed to predict
bedload-flux divergence an the shorelface, The basls of the model ia the
predietion of the transformatlon a Wwave undergoes by the proceases of
shoallng, refraction and frictional diaaipation as 1t propagates towards
share over a apaclifled bathymetric profile and through a specifled mean-
current field.

b wave propagaklng shoreward from outer depth, h to inner depth,

1 ]

h., undergosa a tranaformation in wave height that i3 glven by:

2

= 2
H2 H1 KS Kr Kr {423
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where H2 and H1 are wave heights at depths h2 and h1 respect]l vely, and

Ka' Kr and Kr are the ashoallng, refraction and frletional diasipation
coefficlenta reapectively. The following initlal conditions are
required for application of the model: deapwater (j,e, at the base of
the model bathymetrlie proflle) wave helght, pariod and angle of
Incidence; and oross-shore variatlon in mean-current aspeed and
direction. The datalled deacription of the numerical model and
varification of certain equationa used In the model are left for the
Appendix.

The aimilarity of shore-normal profllea that were aeparated in the
longshoare dimension by several kilometers wWas taken as avidence of the
longshare uniformity af the shorelace bathymetry (section 3.2.1). Thus,
it is poaslble Lo raduce the analysia to one dimenalon {(l.e. assumse
Bawnryfay =0 ) without loaing any vital informatien. For computational
purposas, it is expedlent Lo represent the obaserved deptha by some

contlnuous analytliecal sxpression. Dean {1977) showed that an aguation

aof the form:

h=m x° (.3}

reproduced the offshore profile, where x ia the diatance offahore, and
the coefflclents m and p are found by a leaat squarea fit of equation
U.3 to ohaerved depth data, For purposes of convenient description, the
mode]l profile was obtained by fitting equation 4,3 Lo an average of the
observed profiles {aee Flgure 3.7) over the domaln 200 m < x < 5000 m,

which corresponds to 3,60 m < h < 23,040 m (l.e. Trom near the guter bar
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of the syrfzone to the base of the shoreface). The {average) shoreline
s located at (x,h} = (0,00,

There was ne obvious trend tc the shore-normal distrlbution of
aurficlial sediments ln the range 3.6 m { n < 23,09 m {see aection
3.2.1), therefore a aingle value (0.13 mm} was chnoaen to repreaent the
mean grain-alze of the ahoreface sadiments. The correaponding critieal
Shields parameter is 0,060 (Madsen and Grant, 1876). The dimenslonsa of
the wave-generated ripples were taken as: n = 3 om, L =15 cm, A full
diacuaaion of the effect of rlpple dimensions on the model calculationa
is provided in the Appendix.

The model bathymetric proflle was divided into 100-m intervals and
the wave~tranaformation equations Wwere solved in each auccessive
aegment, the tranaformed wave height at the inner end of aone segment
acting as the initlal condition for the next adjacent segment. Local
wave neight was therefore eatimated every 100 m. Linear wave theory waa
used Lo caleulate the cross-shore distribution of Wwave parameters,
Given the c¢roas-ashore varlation in H, h and ﬁc, the correaspanding
variation in ;Hc wWaa calculated uslng the tranaport theory detalled in
Chapter 2. The dimenaionlesa net transport rate, ;Hc' was converted ko
a volume rate, auﬂ. by multiplying by psgwn. The local gradiant in
volume flux, Dﬂucixfax. was aeatimated at the center of each segment and
converted to a loecal rate of sedimentatian (equatlon 4.1} by asauming
that the bulk sediment poroslty reduced the effective zadiment denslty
by 30%.

The central problem in the model simulatlon is the definlticn of

the croas-shors variation in the mean-current veloelty. Durlng event C,

the aemi-diurnal tldal-current rotation was replaced by a steady mean
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flow, which ia indlcative of a coherent mean-current (leld of poaaible
broad apatlial extent and complex structure, Coastal-boundary-layer flow
theory ia of no asslatance ln defining the mean-flow field, firstly
because clasalcal modelsa {e.g. Csanady, 1982) tall in the ahoreface
region, even when Frictlon terma are included {Niedoroda et al, 1985},
and secondly because it 12 unclear what the pertinent driving terms and
aralea are. Obaervational data are also of no asalstance; the
description Iin the literature of the apatial and temporal varlablliity of
auptidal curents has previously been concerned only with hlgh-energy
wind-driven eplscdesa. For the purposea of the following amalyala, the
mean—current Fleld will be assumed to be wniform, {.e., the mean current
at every polnt on the ahoreface la set equal to the aobaerved mean
current at 22-m depth.

Obaerved currants were essantially ateady and unidirectional over
the duration of the event, which can be explolted Lo further almplify
the model slmulaticon: one aet of inltial conditleona will suffice tao
prediet the local sedimentatlon rate {3z/5t} at every point on the
ahorelface profile and thla rate will be asaumed to apply for the
duration of the eyant. The net ercalon or depoaltion at a polnt (5z2) i=
thua obtalned by multiplying the lopal predicted sedimentation rate
{either poaltive or negative) by the duration of the event,

The inltial model conditions choden to represent event C were as
followa: T = 14.5 8 (obssrved average peak apectral period) and
deepwater Wwave helght and dlirectlon = 0.70 m and 235° respectlvely.
Deepwater refera to 23.5-m depth, which L3 the seaaward base of the model
praflie. These Initial condltlions were chasen such that predicted Wave

paramatars colnclided with obaerved values at both the experimental slte



%

at 22-m depth and the waverider site at 18.,5-m depth. The mean-current
veloglby at every pelnt on the ahoreface was set egual to the observed
mean-current veloclty at 22-m depth: 14,0 ewm/s at 100 em above the bed
directed to 170°%, 1l.e. to the south and onahore.

Shown In Flgure U.2 are the predleoted cross-shore distributions of

¢“c; 4 : u? and U3 £; and &z, where §2z 13 the predicted

wWe X' W wWe W c,we'

net ercalon (Sz negative) or aceretion {42 positive) that ccourred over
the duration of the avent, and ;wc was calculated assuming symmetrical
wave-orbltal veloelty.

Net bedload flux !necreased in magnltude with decreasing depth,

driven primarily by the croas-ghore increase 1n U} and aecondarily

Hw wWe,m
in U;c we* At svery polnt on the shoreface, net bedload flux was
r
diracted south and onshore., Az the ratlo ! fp increased
we,m " or

- "

approaching ahore, ¢HG turned offshore in the directlon of Uc=

consequently ¢ decreased from +2B° at 22-m depth to +3% at U-m depih.

Croas-shore changes ln magnitude and direction of L thua drove

changesa 1n *uc " that were opposlte in aehse: the increasing magnitude
]
of ¢H0 caused & shoreward decorease in ¢wc.x (1.2, *wn,x became more

negative}, whlle the rotaticn of ;uc caused the opposlte. Posltive
sediment-flux divergence {(erosion) at every point on the shoreface s
defined by the Former; negative divergence (aceretlon) by the latter,
Bed ahear stress Wwas the domlnhant control: the predicted outcome was
shoreward-directed transport and erosion at every polnt on the profile,
with the local rate of deflation lnereasing towards shore (Figure U,.2).

AL some polnt, the hedload-Tlux divergence muat reverae in order to
conserve sediment, i.e. sediment ercded from the shoreface and

transported shorewards must be deposited. The reveraal may occur at the



Figure 4.2 Onshore Lransport, symmetrical wave-orbital
velocity: event C, Predicted cross-shore

distributions of ¢, i & . .5 Uby yo.m 2N Uk yod
]

i and &z,
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shoreface-surfzone boundary (1l.e, breakpoint) with the fundamental
change in fluld motlona that occcurs there, or 1t may ococur on the
shoreface itselrl as follows. Conalder a total sediment flux, where the
pedload component @f that flux 13 directed onshore (negatlive sign) and
the suspended component |a directed alongshore, advected by the mean
current {(Figure 4.,3)]. Approaching ahore, the near-ped waverorblital
velocltlea become more energetblc, whlch, in conlunction with the rippled
bad, results in an lhereasing propertlon of the total sediment flux
moving as suspended load, There may exist a polnt on the ashoreface such
that shoreward of that point the proportion of sediment moving as
suaspended leoad {necraasens faater than does the total amount of sediment
in motion. Hence, shoreward of that polnt the bedload component of the
total sadiment flux lnereases {i,e. become leas negative), which
reverses the algn of the 2patial derlvative of that component relative
to the algn seaward of that point, Thu=s, sedlment eroded az bedload
From seaward ofF that polnt ia depoalted acrosa the shoreface shoreward

of that polint, ateepening the ahorefage profile In the process,

h,2.3 Effect of wave aaymmetbpry

The model calculatlions thua far have allowed only For transport by
a mean current superimposed on symmetrical wave-orbital velocltlea. The
followlng analysis i3 intended to elucidate the control axarted by wave
aaymmetry on the cross-ahore gradient of comblned-flow bedload flux.

The asymmetric wave-orbital velocity is ingorporated into the
galeulation of net comblned-flow transport by integratlng the general

transport equation {2.39) cver the wave period, where the wave-orbital



Figure 4.3

The praoportion {numbera 1n &) of total sediment
flux advected alongahors asz auapended load
lncraaaes ahoreward, The prosa-shore component
of total flux, directed onahore as bedload,
therafore varies aa ln B, The profile responae
{CY fa given by the derivatlve of the curve In B:
the profile ia steepenad by depoaltlon aproas the
top of the ahoreface of asdiment eroded from

decper water.
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velocity 1a glven by the second-ordaer eguation [(2.40). The oross=shore
distribution af ;HE' where the wava-orbital velocity is now skewad in
the direction of wave propagation, was calculated using the Initlal
gondltions that have been defined as belng representative of event C,
The askewed wave-orbltal velocities reinforced the atreaa-driven

ahoreward decrease 1ln ¢ The outcome, assuming a revarsal in the

wa L, K"
bedload-flux divergence beginning at some polnt on the shoreface or upon
entering the aurfzone, was aimply a more rapld steepening of the

ahoreface proflle,
4.3 0Offahore Tranaport
4.3.1 loecal tranaport

The wind was light (<20 km/hr) and blew onahare for the duration of
the mid-ahoreface {17.5-m depth) deployment. Event A {marked as such on
Figures 3.6, 3.7 and 3.,9) was approximately 2.5 hours duration and
acolneided with an ebblng tide. The event was initiated by simultaneous
fncreasea 1n U and U u increased to an average {over the

100 1710 Y100

ayvent) of ~12 om/s and U to -21 emfa (Figure 3.6). Feak spectral

17140
period inferred from measured near-bed veloglties waa 8 to 9 3 (Figure
3.7Y, which ia In agreement wlth the peak apectral perlod of B.83 a
reported from a nearby waverider in 18.5-m water depth on the same
shore-normal transect (CERC, 1983). Signiflcant wave helght, recorded
by the 3ame waverider, was 0,88 m,

averaged -2 (Flgure 3.9). U} was,

Nuring the avant, B wo
r

U 0" Yoo

on average, three times the magnituda of U;c e {Figure 3.9}, however
]
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the ratio of total skin frigtjon calculatad from the wave and current in
combination to akin friction caleulated on the asaumption that the mean
curraent was zero, averaged 1,10 over the event, Thus, 90% of the total
akin friction waa dus Lo the wave-orbital velocity,

Net dimensionless comblned«flow asdiment-transport rate, assuming
aymmetrlcal wave-orbital velocity, averaged 0.012 (0.3 gfs3} over the
duration of the event, which waa, on average, -30% of the average back-
and-ferth tranaport rate, l.m, !;wclfauc = 0,30 [(Figure 31.9],

Tne mean current set to the south and offshore, and Lhe waves
propagated normal to ahore (Figures 3.6 and 3.7). The threashold effect
aignifiecantly augmented the offshore component of the net tranaport;
shown in Figure 4,4 ia a schematlic of the threahold~induced rotation of
net transport imn relatlon to the mean current and symmetrical wave-
orbital veloclty. ;wc was directed to the south and offshore, and was
rotated offshore relative to GC (1.2, v was negative} due to the
threahold- induced asymmetry in the instantanecus Lranaport rate, After
2.5 houra f(evant duration), the of{shore component of ;uc was 170.5% of

the offshore component of L which correaponded to ¢ = =40° (Figure

4,43,
4,3.2 Cross-shore gradlient in tranaport

The croas-shore variation in mean-current veloclty assoclated with
event A 13 unknown. The almplast sclutlon to this problem i3 a3
follows: assume the mean-current field {a unlform, !.&, the mean
current at every polnt on the shorelace L5 glven by the obaerved mean

purrent at 17.5-m depth. This assumptlon la not untenable, Glven that



Figure 4.U

Qf Fshore tranaport: evant A, mld-shoreface.
Schematic of threahol d-1induced rotation of net
transport In relation to mean currsent and
symmatrical Wwave-orbital veloclty., After 2.5
hours [event duration), cumulative net transaport
was turned offshors 40° by the threshold- inducsd

asymmetry in the instantaneocus tranaport rate,
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obaerved U was twlce the magnitude of U at 17.5-m depth (which

110 100
will be reproduced by the inltial model condlti{ona}, and that the croas-
shore rate ol change of Uw,m {whlch 1a reproduced by the wave
tranagformation model) i3 likely to sxceed that of Uc' tnen errcrs In the
aazymed magnitude of the inahcore tldal-current veloclty will tranalate
anly into relatively smaller errors in uw.mfuc' wWwhnich ratio 1s the
Important pontrol on the bed shear stresa and badload flux., However,
the assumption of unlform direction may be violated by a progreaslve
turnlng of the cwrent vector towards allgnment wlth the shoreline as
the depth decreasea, thls to aatlafy the boundary condltlon {mposed by
the coastline., Thnla poasibllity is addressed during the diascussaion of
the model predictlons,

The inltial model conditiona chosen to represent event A were as
followa: T = B,83 53 (abaervad average peak apectral period) and
deapwater wave halght and dlrection = 0.88 m and 250°% {i.&. propagatlng
asrmal to shore)] respectlvely, These inltial condltions were chosen
such that the predicted wave parametera at 17.5-m dapth colncided with
observed values. The mean~current velocity at every pelnt on the
ahoreface wasa set equal to the obzerved mean—current veloclty at 17.5-m
depth (13,7 em/s at 100 cm above the bed, directed to 135°%, i.e. to the
aouth and offanhore). Shown in Figure 4.5 are the pradloted cross-shore

Lol -

distributlona of: ¢ 1 ¢ and 0! 3 and Sz, where

.Ul .
we! Twa,x' Thw we,m *e we' Poc

was caleculated assuming symmetrical wave-crbltal yelocity,
Both the magnitude and direction of the pradiocted bedload flux

ghanged with depth acrosa the ahoreface, The increaae in magnltude with

' )
decreasling depth was driven by Increases In u'w,we,m and, ts a leaser
extent, U} Net bedload transport waa dlrected south and offahore

*e e’



Flgure 0.5

Offsheore transport, aymmetrical wave-orbltal

veloclty: event A, Predlcted cross-ahore

L * - l
distributlons of: ¢Hc‘ ¢uc.x‘ U*H,uc.m and

1 . *
U*c.wc' Ly and 8z,
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at every polnt on the profile., A3 the ratle *;n,mfvcr increased
approaching ahore, ;uc turned onahore ln the direction of Gc: 4
inocreased Crom -20° at 22-m depth to -4 at 4-m depth.

A3 wa’a the case previcualy, the crasa-shore changes ln magnitude
and directlon of ;we drove changes in ¢wc,x that were opposite ln senae,
The resulting sediment-flux divergence (p this case though 13 oppoalte
that amssoclated with onshore transport. The increasing magnitude of ;wc
cauaed a shoreward increase in ¢Hﬂ,!' while the rotation of ;wc caused
the oppoaite. Megative sediment-flux dlvergencs {accretlon} at every
pelnt on the ahoreface is defined by the former; poaltive divergence
(eraalon? by the latter, Agaln, bed shear 3tress «€as the dominant
contral:  the predlcoted outcome was seaward-directad transport and
aceretlon at every polnt on the profile, with the local rate of
accretlon lncreaslng approaching shore (Flguwe 4.5}, As was the case
previoualy, the bedload-flux divergence must reverae algh to conaerve
sediment, Assuming the reversal occura at scme polnt on the ashoreface
dependant on the proportion of total 1oad moving 10 auspenalon, then
aodiment eroded from the top of the ahoreface 1a depoalted across the

bottom of the ahoreface in deepar water, (lattening tha proflile in the

proceas (Flgure 0,6},

h,3.3 Effect of wave asymmatry

-~

- 1
The predicted coroas-shore distributions of L ’uc.x' U*u,wu.m'
[ and &z are ahown in Figure 4.7, where the net tranaport was

e we

galeul atad by incorporating the expresaion for the aaymmetbrlce wave-

orbltal velogity., The salient feature of the model predictiona ia the
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Figure 4.6 The proporticn (numbers in A} of total sedliment
fiux advected alongahore as auapended load
increases ahoreward. The oroaa-shore componsnt
of total flux, directed offshors as bedload,
therefore varies as in B, The profile reaponse
{C) is glven by the derivative of the curve in B:
the proflle ia flattened a3z aediment is eroded
from the tap of the shoreface and deposited in

deaper water.
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Figura 4.7 Offshore tranaport, akewed wWave-orbital velocity:

ayent A. Predicted cross-shore diatributions of:

-y

. - ' 1 [
L ¢Hc.x’ U*w,wc.m and U*c,uu' and §z.



EVENT A- SKEWED WAVE

Iaas UNITS
SHORE-PARALLEL

l-‘_‘ui"'
-
—1ok L A :: i ' A i i I |
ONSWORE C !
TRANSPOAT f— Jf-'--.._____-
P ————
ACCRET ———
[ e e nannnn s s g s e SRR . AR ettt F oy
62 (CM} EROSION -~ '
J'l l'|t
-0-05¢ I OFFSHORE -0-000
) e I RANSPORT !

_Gfo A i __: : A '} L A ')



107

affect of the akewed wave-orbital veloclty on the rotation with depth aof
the net bedload-flux vector., Under the aymmetrical wave, net transport
was directed offshore, belng conatralned by the juxtapositlon of the
aacilliatory and mean flow, The skewad wave-orbltal velocltles remove
that consatraint. HNet tranaport rotated progresalvely onshore as the
Wwave hecame Ingreaslngly akewed with decreasing depth; eventually ;wc
turned onshore of ﬁc, and, ahorewards of 9.5-m depth, net tranaport wWas
directed onahora, At 11.5-m depth, bedload-Tlux divergence changad
algn; seaward of 11,5-m depth, divergence waa poalilve {accretion), and
shoreward, divergence was negatlve {erosion}. The change In aign that

both ¢ and 3¢Hc xIBx undergo does not {and can not)} ocour at the
]

Wo X
aame depth. Hence, sediment eroded between 9.5-m depth and 11.5-m depth
was daposited seaward of 11.5-m depth. Between 9.5-m depth and the top
of the shorelface, predlcted ahoreward-directed transpert increaszed
without limit {(Figue 4.7), which {3 reconclled by assuming, as before,
a raversal in the bedload-flux divergence, elther at the breakpolnt or
at some polnt on the upper shoreface.

Thus, as depth decreassd and the wave companent of the combined
flow became increasingly akewed, the mean cwrrent relingulshed dominant
control over the cross-shore gradient ln bedload flux., At the base of
the profile, where wave asymmetry wad not proncunced, the profile was

flattenad under the dominant Influence of the mean flow; 1ln shallower

depthas, the profile was ateepened under the lnfluence of wave asymmatry.
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4,4 Variable Wave Direction

S5hortly inte the ebbing tide that began near 1600 hours on August

17, the semi~diurnal rotaticn of the mean current that had peralated for
the firat half of the mid-shoreface [17.5-m depth) experlment reased
{Figure 3.6}, Thus was presaged the second avent obaerved during the
17.5-m depth deplaoyment., Event B, which began near-D1ﬁﬂ hoursa 18
August, 1o marked as such on Flgurea 3.6, 3.7 and 3.9, Critical satreaa
was exceeded for a total of 9.7 hours through, and presymably 3ome time
beyond, the termlnation of the experiment. Event B was inltlated by
simultaneous f{ncreases in U and U u inereassed to an average

100 14105 100

{over the evenkt) of -10 ems/a and U to =20 cm/3, Peak apectral

1410
pertiod inferred from the measured near-bed velocities waa 8 to ¢ s,
whnich ls in agreement with the pea% apectral period reported from the
nearby waverider: 8,83 a at 0100 18 August, and 8,01 a at 0700 18
Auguat (CERC, 1983), Signlificant wave helghta at those times, recorded
by the same waverider, were 0.54 m and 0.53 m,

The mean current set north and onshore over the duration of the
event [Flgures 3.h and 3.7). Three shifts Iln relatlye wave and current
directlon alfected the direction of net sediment tranaport, HRefer to

-

Flgure 4.8 Tor achematics of the following deseription, in which *uc was

caloulated assuming aymmetrical wave-orbltal veloelty and where ¢C haa

the magnitude of ¢wc and the directlon of Uc. Early in the avent, waves

propagsated north of shore-normal and the acute angle between Lhe wava

- n

and mean current opened onshora; $a thus was rotated ahorewards of Uc
and the pnshore compohent of net tranaport was enhanced. After -1.5

houra, wave direction changed, and rfar the next 4.5 hours, waves



Flgure 4.8

Event B, mid-shoreface {17.5-m depth] experlment,
Progreaslve magnltude and directlion of ;wc and ;Q
aover the duratlon of the event, where ;uc was
raleul ated aasuming symmetrical wave-orhital
veloclty., Also shown 1la the progreaalve angle of
rotation ()} and schematics, applicable to Lthe
three relative crientatlons of the wave and
current discusaed in the text, of the threshold-
induced rotation of net tranaport ln relatlon to

mean current and symmetrical wave orbital

velocity.
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praopagated acuth of shore-normal. The acute angle now openad seawards,
and the offshere component of net tranaport was enhanced.

Accompanylng the incorease in magnitude of ;Hc that occurred towarda
the end of the experiment (Flgure 3.9) waz an onshore rotation of the
mean—current vector, which re-establianed the relative orientatlon of
the oaclllatory and mean flow a» it was during the flrst 1,5 houra of
the experiment. After 9.2 hours, the onshore component of ;uc was Z08%
of the onshore companent of ;ﬂ, which correaponded to [ = +389,

The relative orlentation of the twe componenta of the total flow,
rather than the direction of elther alngle component, therefore gontrols
the direction of net transport in low-energy conditiona. The onahore
gcomponent of the combined-flow tranaport 13 enhanced when the acute
angle between the wave and mean current opena shoreward, and when the
wave-arbital wveloolty {a symmetrical or at leaat not greatly skewsd.

Tha reverae i3 true (1.e, offahore ocomponent i3 enhanced) when the acute

angle opens seawvard,
O,5. Discusalon

Using a comblned-flow houndary-layer dyhamics model, long perioda
were ldentirled when the falrweather flow was competent, i.a. capable of
generating akin fricktlon that exceeded that necessary to (nltiate
sediment movement. The gacillatory component of the competent combined
Flow generated greater than A0% of the total skin friction. However,
given the high power-dependence of tranaport on atreas, eapecially at
low tranaport rates, tha minor contributlion made by the mean flow to the

total akin frictlon 15 atill impeortant in terms= of sedimant tranaport.
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Since the obasrved competent wave helghts at 17.5-m and 22-m depth (0.50
to 0,80 m} Wwere less than the annual Average wave helght at 1A.5-m depth
{0.88 m; Blrkemeler et al., 1985), 1t ia likely that the entire
shoreface, extending from the breakpoint Lo the inner ahelf, 1s active
for a slgnificant part of the year.

The four falrweather eventa that were ocbserved are representative
af two different kinda, The first kind (event A) was characterlzed by a
ahort-lived ingrease ln wave height that coincided wlth an ebbling tidal
current, Unless the increase {n wave helght that inltiated the svent
was Linkad causally to the adveras mean flow, which aeema unlikely since
thlis was neot observed during other times of adverse mean current, bthan
the wave height increase was transient, colneldentally occurring on an
ebbing tide. The second type of event, represented by eventa B, £ and
I, was characterlzed by a ateady mean flow that suppresased the seml-
diurnal tidal-current rotation., The perslatence of the steady flow 1a
indleative of a coherent mean-flow flald of possible broad apatial
extent and complex atructure. 3ubtidal {i.e. of a frequency lower than
geml-diurnal) currenta in the Mid-Atlantic Bight are usually energetlic
and driven by atorm windas {a.g. Beardsley and Bolcourt, 1981); the
falrweather mean flow assoeclated with events B, T and U was nelther
high-e=nergy (compared to typical aterm-current velogltles reported in
the lilterature) nor was 1t correlated with nigh winds. The observed
mean Flow may have been driven by a baroclinle pressure gradient;
danalty atratifiecation i3 a common feature of Mid-Atlantic Bight shelf
waters during summer, In any caae, Talrwasather compatent currenta may

be represented by subtidal mean-current fields that span the entire
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width of the shoreface and that wera previously thought to be
characteristle only of satorma,

The observed compatent falrweather wave-orblital velocitles {uifin -
20 to 24 em/s, azscciatad with wave heighta of 50 to 80 om and wave
paricds of 7 to 14 8) and mean-current spesds (10 to 140 enfs) were
algnificantly leas energetic than the veioclties assoclated with storm
condlitiona that the anoreface eyperlences eplacdically throughout the
year. For gxample, Wright et al, (1986) reported a aigniflcant wave
helght of 2.10 m and maximum wave heighta in excesa of 3 m In &=m water
depth asaocjated wlth an early lall "northeaster® storm {mlid-latitude
cyclone) aof 3.5-days duratlon. The storm wave-orbltal veloclties at 20
gm above the bed exceeded 150 on/a, and the mean current speed at the
aame elavation was 33 om/s {whlih would have baen subatantlally higher
at z = 100 ¢m, the refersnce elevation used herein), Thus, Falrweather
fiow ia capable of tranaporting saediment at ratea that are ordera of
magnltude smaller than Storm flows are capable of, However, in terms of
the relative contributlon of lov-energy flow to the leng-term {yeara or
longer) asdiment budget of the shorsface, higher frequency of occurrence
of low-energy compatent Flow may offset lower transport ratea, In any
cage, 1f the assumpbion of longshore uniformity of the shoreface and the
shoreface flow field holds, then the Ltotal sediment flux 1a Irrelevant
to an underatanding of profile change, for it 1a the spatlal derivative
of the grofs-shore component of the total flux that controls the profile
ayalution (1.2, migration or change of shapel.

Sediment-flux dlvergenca was examined in terma of the orcaa-shors
varlation in magnitude and directlion of net tranaport. The magnitude of

n

¢we Lnereaaed approaching ahores, driven primarlly by the shoreward
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Increase in the csclllatory component of the total skin friction.
Several factora were ldentified that exerted varylng degrees of control
on the directlon of sediment transport: the Juxtapesliticon of tha mean
and oacillatory companents of the comblned flow, the degree of wave
asymmetry, the critlcal bed shear atreas, and the Intensity of near-bed
Flow, all of which may vary wlith depth or diatance offshore, The
threanold- induced asymmetry ln the inatantanecus transport rate that
caused rotation of the net Lranaport vector la algnificant only when
sediment ia not in motlon over the whole wave perlod. Vincent et al,
£1983) speculated that this rotation waa a hignh-energy phenomencn and
that the rotatlon enhanced conshore transport., Bolth of these
apeculationa are contrary to the reaulta of the present analyals:

- ~

firstly, it was shown that the rotation of L P relative to Uc approaches

zaro as the ratlo ¢&c A inereases, and asecondly, offshore tranaport

,° Tor
1a ennanced if the acute angle hetween the wave and current gpena
asaward,

Suspendad- sediment transport may play an important role in the
profile adjustment to competent flow, If susapended load accounts for an
increaatng proportion of the total load appreaghing shore, and the total
load haa a shore-parallel component of motion, then the spatial
derivative of the cross-shore component of bedlcad-flux is reatralned
from elther lncreaslng or decreasing without limit. In thls way,
sedlment conservatlon s preserved; asdlment transported onshore as
bedload la deposited at the top of the shoreface, and sedlment that Ia

tranaported offshore as bedload ia deposited at the base of the

shoreface, both of whigh are intuitively reasonable.
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In summary, two scenarics characterlze falrweather bedload
tranaport of ssdlment on the shoreface by combined wave and current
Flow;

{1} The acute angle between the mean component and the osclllatory
component of the total flow spens shoreward. Net bedlead transport is
directed onshore at all deptha and the onahore component of transport la
enhanced by the threshold-induced asymmetry in the {natantanecus
tranaport rate and by the skewed wave-orbital velocity, Sediment eroded
from the hpase of the ahereface 1s transported ahoreward and deposlted at
the top of the shoreface, thus ateepening the shoreface profile,

{2} The acute angle betwean the mean componant and the cacillatory
camponent of the total flow opens seaward. At the aeaward baae of the
ahoreface, where wave asymmetry ia not proncunced, net bedload Lranaport
la offshore and the shoreface profile is flattened wnder the dominant
control of the mean flow, AL some depth that (5 depandent on the wave
eondltions, net transport 12 bturned onshore relative to the mean Flow by
the asymmetry of the wave-orbltal velocity. Shoreward of this depth,
sediment 8 transported onahore under the domlnant control of the skewad
oaclllatory Flow Lo be deposlted at the top of the ahoraface.

Actual observations of shoreface ercaton and aceretlon under
fairweather wavas and currents are used in the next chapter to asseas
and verify the predicted ashoreface proflile reaponse to onshore and

of fahore sediment tranaport.



5, OBSEAYED SHOREFACE RE3PONSE TU LOW-ENERGY COMPETENT FLOW

5.1 Methodology and Data Analyals

The Tleld experiment conducted over the perlod 6-16 Septambar,
1985, wa3 desjgned Lo measure bed response to falrweather waves and
currents.ouer an extended period. Obaervatlons were made in a Water
depth of & m at the top of the shoreface (Flgure 3.5}, 0On 11 September,
L.5 days from the beglnning of the experlment, there occurred a
"northeaater” atorm which was accompanied by hligh waves and a atrong
downwelling, fOnly the 4.5 daya of falrweather opbasryations oricr to the
atorm are descrlibed herein; see Wright et al, (1936) for a deacription
of bed response to the atorm conditiona.

A Sea-Data Model H635-983 dlrecticnal wave and current meter Was
mounted on a weighted tripod and set on the smeabed at the 8-m depth
glte. The Sea-Data inatrument lncorporated a ParoSclentific guartz
pressure sensor and a .0-om dlameter, 2-axis Marsh-McBirney
electromagnetlic current meter, A Datasonics Model A3A-920 digltal sonar
altimeter (DSA}, mounted on & nearby separate platform supported by
plpes driven into the seabed, was also Interfaced to the Sea-Data
logger. The DSA is a short-range (0.5 to % m), high-reaclution aonar
davice gonfigured to measurs relatlve changes In bed elevation at a
alngle polnt, The time batween transmlsaion of a high-fregquency (4.5

MHz) acoustic pulse and recelpt of an echo from the aeabed 13 measured
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by a aolid-atate timer and converted to a digital number that ia
proportlonal to the distance betwesn the tranaducer and the meabed. A
calibration curve that enabled conversion of the measured time Into
distance of the tranaducer above the seabed was derived In the
laboratory prlor to and at the conclusion of the axperiment; see Green
and Boon (19873 for a complete deacrlption of the calibration procedure
and verilicatlion of the long-term stabllity of the instrument.

The Sea-Pata unit controlled a burst-sampling asquance; each burat
wag 20U8%-a long, and a burat was begun every 2 hours, Preasure and
current sensors Were sampled every second, and the sconar altimeter every
8 3. The current metes and the DSA, which was located 6 m from the maln
tripod, were 2et at nomlnal elevations of 20 cm and 50 cm above the bed
respectively. The current-meter elevaktion and orientation, and the
elevation of the OSA above the hed were yverified perlodicaliy by dlvera,

Sediment at the aite was very well-sorted fine sand {mean diameter
0,173 mm) with a 311t and clay content of les3a than 2%. Symmetrical
wave-generated ripples, 3-cm high by 15-cm long, covered the bed.

The vector-averaged (over blocks of 512 a3} current velocity during
the falrweather period of the experiment i1a shown 1n Flgure 5.1,
together wlth predicted times of nlgh and low water at Kiltty Hawk. The
wind was light to moderate (<21 km/hr) and primarlly from the sguthwest
ko southeast over the entire pre-storm periocd, exeept for a ahort
inkerval of light northerly breezea on the second day, The wavea ware
low (<60 om at the 18.5-m depth waverlider) and long (10 87 throughout.
The total akin frlietlon exerted by the wave and current in nonlinear
combination, ¢ealculated as described in Chapiter 3, exceaded the orltical

atreas for the 0.13-mm diameter sediment {0.080; Madaen and Grant, 1976}



Figure 5.1

Overview of the fairweather portion of the upper-
shareface (B-m depth} experiment. 3hown are the
vactor-avaraged {(over blocks of 512 a) current
velocities (z = 20 om) and times of predicted
hilgh ("H") and low ("L"} water, The experiment
began at 1300 hours, & September, 4.5 days
later, near midnight on 11 September, the storm

reported by Wright et al. (1986) began.
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for almost the entlre duratlion af the experiment (Flgure 5.2%. Thus,
sediment at B-m depth on the sncorelface was in motion virtually
continuously throughout the N.5-day falrweather perled., During this
time, the mean-current vector {(average magnltude -6 om/a) rotated at the
gemi-diurnal tidal frequency, with the exception of one interval when
the mean current set alongahore to the sputh for approximately 24
consecutive hours (Figure 5.1).

Two atatistical meaaures are used In the following analysls to
demonatrate the mean-flow and Wwind-wave-asymmetry controls on direction
of net bedload tramaport at the 8-m aite, The nondimensional akewne=za,

3 of the ahore-normal component of flow 1a definad by:

R'

n -3 n
S = (1/n) 1 fu, -u)® 4 [{i/n) T tu
K 1 1-1

2 -3/2

- W] (5.1

L

where ul is the shore-normal component of the ith veloclty observatlon,

u 13 the mean shore-normal component of flow, and n {3 the number of

obaervations., Since the mean flow 13 remaved from @ach u,, S

1 K

repregents the akewness of the wave-orbital velcoclties only. The mean
cube of the shore-normal component of Clow, u?, almo nondimensionalized

by the variance {raised to the power 1.5}, and deflned as:

. n 3 n
u* = f1/my ¥ tu)™ 7 (G T (u
fml I=1

2

- w2

(5.2}

1s an indicator of net tranapert direction, Posltive u' {t.e higher

than Gauzsian frequency of poaitive veloclties) Indleates offshore

transport, and nagative u' indicates onahore tranaport. Furthermore,



Flgure 5.2

Total skin frigtion, wave component of the total
akin friotlon, and current compenent of the total
akin frictlion, all expressed as frlotlon
velocitiea {unite of om/a). Calculated from
urat-averaged Clow parameters at 8-m depth., The
eritical akin friction for the 0,13-mm dlameter
aediment i3 also ahown., The time axla 1a days
From beglnning of the experiment {1300 hours, &

September, 198%),
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aince the mean flow 13 not removad from aach u, as it {a in the
ealeulation aof Sk* both the mean-flow control and wave-skewnesa control
on tranaport directlon are contalned in u’.

Sk was calculated from equation 5.1 and u' from equation 5.2, where
the =2erles lenghth was #aet equal to the number of obaervatlons in a
alngle burst (i.e, n = 20uU8), and U, Was defined as the ahorg-normal
component of the obzarved veloelty at the B-m aite., The calculated
valuesa of Sk' u* and u are shown in Flgure 5.3,

Sk was consiatently negative, which indicates a hlgher than
Saussian frequency of large negative (onshore) velopitlea, Since the

mean Tlow was removed from each u, in the calculation of Sk’ the

1
ohaerved negative values of Sk are dus to asymmetric wave-orbltal
yelocitlea, sakewed onahore in the directlon of wave propagation.

Dividaed opinion exlats as to the abllity of electromagnetle current
meLers to measure high-order velocity moments such a3s sakewneas., Hambllin
et al, [1987) concluded that "the guantitative uae of higher-order
veloclty moments faor azediment transport measured from auch a syatem
{i.e. @lectromagnetic current meters] would lesad to unacceptably large
arvora" (p. 11,872), howWwever their analysals was based on a comparlson of
data from wldely separated [kilometera) statlions in a ahallow lake,
wnich muat caat doubt on thelr conclusions, Doering and Bowen (1987,
on the other hand, compared data from co-logated current meters and
preasure aensora and concluded that "the Marah-McBirney current meter
appears to be a syltable sensor to use for the eatimatlion of normallzed
veloclty moments” (p.13,183). It 18 noted hare that the observed

veloolty skewnssa at the 8-m site was conaiatent with that expected from

theory {viz. wave-orbltal veloclties akewad in the dlrection of wave



Figure 5.3%

Nondimenalonal skewness of the shore-normal
componant of flow {Sk}, nondimensional mean cube
ef tha shore-normal component of flow {G’]. and
mean shore-normal component of Flow (u).

B-m depth, z = 20 oem, The time axis la daya from
the beginning of the expariment (1300 noura, b

September, 1985),
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propagation),

The mean croas-shore flow changed sign (l.e reversed) as the tidal
flow rotated. The alg of ﬁ'. ahd therefore the direction of croas-
ahore trapaport, followed the 2ign of u almost axactly (Figure 5,3},
indicatlng that it was the mean flow that canptrolled transport direction
at. thla depth rather than the sakewnessa of the wave-orbital velocities.

The sonar altimeter record, which s a record of the bed elevation
relative to the Mlxed elevation of the tranaducer, was asarched for
intermittent aplkes prlor to analysls. A sample of the record i3 ahown
in ¥lgure 5,4, Generally, the slgnal waa characterized by a variation
of 1 or 2 digltal unlts {(corresponding to a varlatien in relatlve bed
elevation of ~0.30 em} arocund what appears to be a base value {Figure
S.4.A)., Two aplkea of the kind that wers removed from the record bhefoare
further analy=ia are shown in Figure S.4.8, The peak labelled "In
representa a temporary delay of echo detection and is presumably caused
by scatterlng of the acoustle pulse by suapended particulate matter
{aadiment and organlc debrla), The peak labelled "II" representa a
premature echo. This peak 13 wider than a aingle spike and therefore
may repressnt an echo from a subatantive feature, e.g. a translent but
atructured nephalold layear,

The DSA record was averaged over each burat after all aplkes were
remoyed. The burat-averaged ralative bed elevatlion over the falrweatbher
period of the experliment !s ahown {n Figure 5.5; over 4.5 daysa, relative
bad elevation inecreased by a total of nearly 6 om. It ls likely that
this reprasents accretlon underneath the DSA, slnce the migratlon of
wave ripples (the only bedformsa obaerved at the site; see al3g the

descgription of alde-scan sconar imagery in ssctlon 3.2.1) undernsath the



Figure 5.4

Two samplas of D5A oputput from the low-éenergy
period of the 8-m depth deployment,

A. The aignal was generally characterlzed by a
variation of 1 or 2 digital units (eguivalent to
a variation of -0.30 om In relative bed
alevation) arcund 2 base value.

B. The peak labelled "I" la due te pulse
acattering, and the peak labelled "II™ i3 due Lo
a prematura echo, possibly from 2 subatantlve
featura. Both kinds of paak were removed From

the record before averaging.
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Figura 5.5

Burit-averaged bed elevation relative to the
fixed elevation of the tranaducer; 8-m depth,
fairweatner. The tranaducer la at an arbitrary
elevatlon aof 0 cm. Also shown, a2 an inaet, is
the falrweathear portlion of the recard and bthe
eraaional event reported by Wright et al. (1386},
which began 4.5 days into the experiment., Ths
time axls in both plota is days From the
baginning of the experiment {1300 houra, &

September, 1985),
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senaar codld not hava caused the observed monotonic increase in relatlve
hed slevation, Furthermora, divers verifled that accretlon Wwam nat

aimply local, i.e. caused by the 035A obstructing the near-bed flow,

5.2 Discussalon

The ¢hange ln relative bed elevation and the mean cube of the
anore-normal veloelty component are ahown together {n Flgure 5.6,
Careful lnspection of the data in Flgure 5.6 reveals that the bed
reaponse asaociated with of fahore tranaport (positlve u’) is different
to that asscclated with onahore tranaport (negative ﬁ’}. With only one
exception (noted in Flgure 5.6), relatively rapld accoration oeccurred
durlng periods of offshore transport. Also with only one exceptlion
{noted in Figure 5.6), arcsion or relatlvely slow accretion ceourred
during pericda of onahore transpeort, Therefore, it appears that the
shoreface at 8-m depth reaponded in fundamentally different waya to
effahore and onahore transport, The model almulations of onshore and
of fahore tranaport (Chapter 4) predlet fundamentally different profile
responses; the aimulations are used In the following discussion to
explain the 8-m depth observations,

teeretion under mean-Flow-controlled apaward-directed tranaport is
Pound to be consiatent with the model simulation of offshore transport
(gection 4,3} If it i3 aasumed that the 8-m aite correaponds
functionally to the shoreface seaward of 11.5-m depth in the almulatlon
{see Figure 4.7). Both the sediment aocurce supplying the observed
aceretion, and the predicted polnt where transpeort turna onshore under

the dominant control of shoreward-akewed wave-orpital velocitlea, must



Figure 5.6

Burat-averaged bed elavation relative to the
fizxad elevation of the transaducer (where the
tranaducer i8 at an arblitrary elevation of 0O am),
and nondimensional mean cube of the shore-normal
component af flow, where negative lhdicates
onahore transport and positive Ilndlcatea offshore
transpart., Tha two sactionz of recard enclosed
in rectanglea !ndlcate the two exceptiona Lo the
rule deaeribed in the text. The time axis is
days from the beginning of the experiment {1300

hours, h September, 1985),
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therefore be onshore of B-m depth, In effect then, the croas-shore
distribution of tranaport ahown in Fligure 4,7 i3 compressad and ahified
up the ahoreface. Hence, anshore transport of sediment into the beach
sediment. priam occurred over a far mors restricted area than indlcated
by the model aimulation,

Ercalon under mean-flow-controlled onahore transpert la conalatent
with the model simulation of onshore Lranfpert {see Figure 4%.2), It is
intereating to note that the alow rate of acceretion {(relative to that
opaerved during perioda of offshore transport} sometimes associated with
the observed cnshore tranaport is conslstent with the prediction of
gradual deposition acrogss the top of the shoreface driven by a
progresalve lnerease ln proportion of total 1oad moving as bedload {(see

Figure 4.3).



6. CONCLUSIONS

The observationa of currents and model caleulationa of bedload
transport provide a mechanlstlc basla for the FalrWeather transit of
sediments acroaa the shoreface, Magnitude and dlrection of sediment
transport, croas-shore gradients in bedload flux, and asscclated
shorefage proflle response to falrweather waves and currents were
examined using comblned-flow boundary-layer and bedload-tranaport
inodela, The cbjectlve was to understand the flow parameters govarning
badload Flux and Flux divergence, where those parameters are the flrat
three moments of the combined-flow veloclty disatrlbution (mean Flow,
wind-wave energy and wind-wave asymmetry reapectively). Veloglty data
from two lagcations on the shoreface were ysed to ldentify and
charagterize falrweather tranaport eventa, and those abservationsa were
used to gulide the model slmulatlons,

Two fundamentally different Lypes of event were chserved., The
first was of short duration (less than half a tidal period) and waa
initiated by an lncreass in wave helght that colnelded with an ebbing
tide. The second, of wnieh several Instancea Jere obaerved, apanned
aeveral tidal perlods and was charactsrized by sateady and unidirectlional
{alongehore to the aoutn)} mean Flow that suppressed the aemi-diurnal
rotation of the tidal current. This seems Indlicatlive of a complex mean-
current lald of the type that 13 uaually high-energy and wind-driven,

Howaver, each event of thla type was low-gnergy [(relatlve to reported
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storm currents) and occcurred durlng a perlod of 1lght asa-breezes, The
mean flow may have been driven by a barcclinic pressure gradient, since
water-column astratiflcation ia a2 common feature of Mid=-Atlantic Blght
shelf waters,

Four eventa of the aecond type were observed: one of >3 hours
duration at 17.5-m depth; one of >10 hours duration fellowed after a
hiatus of ~4 hours by another of >3 hours duratlon at 22-m dapth; and
one of ~24 hours duration at 8-m depth. Shoreface flow, even in the
deaper waters towards the itner shelf, may therefore be freguently
competent, Over 4.5 days at 8-m depth on the upper shorefacas, akin
friction generated by falrweather waves and curents was Iln excess of
gritical atress vlrtually contlnuoualy, Hence, relatlvaly low
tranaporting capaclty of competent Talrweather [low may be compensated
for In the long term by fregquent ooourrence,

The oscillatory component of the combined flow was generally twice
the magnitude of the mean component and generated greater than 80% of
the total skin frictlion. The mean flaow should not bea construed as
lnaignificant though, Tiratly because the current acta to enhanna the
wave component of the total akin Frictlion through nonlinear interactiona
in tha boundary layer, and secondly because the hlghly nonlinear
dependence of transport on stress means that even minor contributlons to
akin friction are lmportant in terms of transport,

Direction of net bedload transport Wwas controlled by several
factors: the relatlve orientation of the osaecillatory and mean
components of the combined flow, the wave-orbltal veloclity asymmetry,
and the thresnold coriterlon, The threshold-induced aaymmetry in the

inatantaneous cambined-flow transport rate caused rotation of the net
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tranaport vector when sadiment waa not In motlon over the whole wave
paricd {1.e, when the ratlo #;c,mf*cr was amall), This effect was
significant on the lower ahoreface where the flow was not intenas and
the wave orbital veloclitlies were not greatly akewed, When the acute
angle between the wave-orbital velggity and the mean low opened
aeawards, the threahold-induced rotation enhanced the offshore component
of transport, and ELEE versa. Enhancement of both offshore and onshore
tranaport in thia way was Inferred from analysls of the veloelty data.

Asauming the shoreface f'low fleld is uniform in the longanore
dimenalon, shorelface sedimentation 1s governed by the cross-shore
gradient in bedload flux, which in turn i3 controlled by the crosa-shore
variation in both magnltude and direction of sediment flux. Approaching
shore, the bedload-flux magnhitude lncreases, driven primarily by an
increass in the wave component of the total skin frietlon, and the net
tranaport vactor rotates ln responag to changea in the wave-orbltal
veloclity aaymmetry and the near-bed flow Intenaity.

Two agenaripos, which are ldealized bub wzeful In a heurlstle sensa,
emerged from the analyala of bedload-flux divergence, The firat
scenarlo was characterlized by a aeaward-openlng acute angle between the
wave and current, HNet hedload tranaport was directed offshere at the
baas of the shoreface under the dominant Influence cof the mean flow, and
anahore at the top of the ahoreface under the dominant influence of
shorevard-skewed wave-orbltal veloecitles. The predicted depth where the
tranaition occurred was approximately 10 m. The second scenarlo was
characterized by a shoreward-apening acute angle between Lhe wave and
mean flow, and tranaport was dlrected onshore at every polnt on the

profila, The two acenarloa share an important common feature: onshore
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Lransport over the upper shoreface {depths leas than approximately 10 n)
thnat inereased ln magnltude as the depth decreased, In both cases than,
the bedlioad-flux divergence was positive over the uppar shoreface,
indicating a sediment source, The aroded sediment !s deposlted where
the Flux divergence changea sign; thls oould be at the ahoreface-
surfFzane boundary, where a Fundamental change In fluld motlons ococurs,
or across the upper shorelface ltaelf, if an increasilng proportion of the
total lcoad is entrained as suspended load and advected parallel to shore
wlth the mean fiow,

The key pradiction, common to both scenarlos, was that Talrweather
shoreface sediment transport 1a characterized by upper-shareface
acoretion under the dominant control of shoreward- akewed wave-orbital
velooltlea, ODbservatlons of currants and changes In relative bed
alavatlon aver a 4,5-day perlcd at B-m depth were used to verifly the
simulated shoreface reaponse to Falrweather waves and currents, The
mean {'low controlled transport directlon at 8-m depth, and the bed
reaponded in fundamentally differsnt ways to offanore and onshore
tranaport. The observed bed responae was conslatent with the model
simylations, with one important modification: the mean flow controlled
the transport direction in deptha shallower than predlcted by the model
aimulations., Thua, onshore tranaport of sediment Into the beach
sedimant prism by skewed wave-orblital veloclties waa restricted to a
very limlted range of depths {(less than at meat 8 m) immedliately outalde
the surfzone Wwhen the mean Flow set offshore. When the mean Clow aet
onshore, sediment waa tranaported into the surfzone from depths greater

than at least B m. The mean flow 1a thus at leaat as an important
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control as wind-wave asymmetry on ktranaport directlon, and therefore is
a significant factor In sculpting the equillbrium shoreface profile.

The ohaerved change Iln relative bed elevation at B8-m depth during
five days of fairweather {-8& om of accretion) was the same arder as that
obaerved during the subsequent 3.5-day duratlon storm (-5 cm of eroalon
toliowed by ~10 em of rapld acereticon; Wright et al., 1986}, Wrlght et
al,'s conclualon, that "the amplitude of bed reaponse ovar the mid
ahoreface to a typlecal northeaster [storm] may be appreciable™ {p. 159},
ahould thus be extended Lo apply also to Falrweather conditions, The
bed response Lo Falrweatner flow should vary with depth, beling dependent
on the near-bed Clow lntensity, the mean flow and the wave-orbltal
valoolby asymmetry,

The model predlictlons and observatlions of upper-shoreface response
to fairweather waves and currents are conslstent with the concept,
postulated by Niedoroda and Swift {(198t) and Wright et al. {1984}, cof
falrweather reaturn of sediments from offahore to the beach prism.
Sediment is exchanged between the surfzone and deepar watera offshore,
and this exchange la bi-directional, with the ahoreface acting at tlmes
a3 a condult 0 the lnner shelf, and at other times as a sediment alnk
ar 3aurce, During falrveather, combined wave and current Flow on the
shoreface drives ahoreward tranaport and sediment deposition at the top
of anoreface., Thus, the beach sediment prlam is nourlshed and
replenished during the frequent periods of low-energy competent flow.

Sedimenta, though, may not be returned conalsteatly from very far down

the shoreface, probably not from as Far offshora a3 storma deposit
sediments. OGiven no external sediment supply, and even in the absence

of 3ea-level rlase, a net coffshore movement of sediment may theralore



133

oceur caualng landward migration of the ahoreface and beach profllaes,
The long-term atability of beaches and the short-term post-storm
reccvery of beaches may thus be governad at least In part by thoae

proceases that contrel the FalrwWweather sediment pathways betwasen the

shoreface and surfzone,



APPENDIX

A gravliiy wave propagating lnto shoaling water may experlence a
tranaformation in wave height due to the processes of shoaling,
refraction and frictlonal dlsslipatlion. A wave alac undergoes a
wavelength tranaformatlon (predicted by linear theary] and a ahape
tranaformation {predicted by second and higher order wave theorlea),
Glven an lnitial wave helght, period and angle of incldence and the
bathymetrie profile over which bthe wave 138 to propagate, eguationa that
deacribe the varlous tranalformations can be usad to predict the wave
haignt and direction of propagation at eyery point on the prolile,

Wave ahoallng and refraction are expediently expressed (albeit wlth
atrictly limiting assumptiona} uaing linear Wave theory {e.g. Ippen,
1966}, Change in wave he{ght due to shoaling between outer depth h, and

1
inner depth h2 ia given by:

10.5

Ka - HZFH1 = (A1)

“ety 7 Ca2

where the subacrlpta 1 and 2 refer to the depths h, and h, reapectlvely,

1 2
and Ks is the shoallng coefficlent, CE 1s the wave group velnéity:

Cp = cpfz [1 + [{4wh/L) # sinh{4nxnh/L) 1} (A.2)
and Cp is the wave phasze apeed:

130
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C =L /T A,
p (A3
whare L is the wavelength:

L = (gTzfzii tanh{2wh/L) {a. 1)

snall'a law deacribes the bending of the wave creat due to the change 1ln

phase sapead with water depth:
Cp / ain{a}) = constant {A.5)

where o {s the acute angle subtendead by a line normal to the wave great
fl.e the wave ray ar orthogonal) and the btangant to the local depth
contour. The cnange in wave direction betwean deptha h1 and h2 ia thus

Elven by:
sin{qzl - [CD{E} / Cp{”] 31!1'[:1.1) (A.B)

The Increase (At a convergenre of wave raya) or decreassg (divergence of

wave raya) ln wave helght due to refraction is given by
¥ =N _/H, = [coala,} / cosia }10'5 (AT}
r 21 1 2 '

where Kr i3 the refractlon coefflclent,
Evaluation of the dissipation of wave energy by bottom friction
requires tha use of empirieal fricotlon rfactors that have been the

sublect of extenslve atudy. Asauming a plane bed of constant slope,
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then the Inatantanecus rate of wave energy disalpaticon per unlt area of

bed due to friction forces under a pure wave {{.e. with no superimposed

currant}, EH{t), is
B {t) = 1 () U (L) (A.8)

{Jonason, 1966) where 1,(t} 13 the inatantaneous wave- induced bed shear
atreas and tht} 1s the inatantaneous near-bed wave-orbital velocity.
The time-averaged, over a wave pericd, wave energy dlasipation per unit

araa of bad, E is:

.HP

= T
E, = VT Jy 1 () U (L) d (A.9)

{Kajlura, 1964), The average wave anergy dlassipation per unit area of
bed is integrated aver the horlzontal wave path and the raaultant change
in wave height ia computed from the decrease ln wave anergy Tlux,. The
change in wave helght dus to frictional disaipatlon of a wave
propagating [rom depth 1'1,I to h21 which i5 a horlzontal distance af Ax,

ls given by:

Kp = Hy/H, = (P, - f EH axy / FIJU-E (A.10)

r 2 1

where Kr is the frietional diasipation coafficlent, applicable to the

segment bounded by depths h1| and h?. and P 1a the wave ehergy flux,

defined as:
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2
P-L’prEH

/2y C (R
g 1}
For practical prediction purposes, equation A.9 needs to be avaluated,.

Let:

P

1w.m - 1/2 Pe fu uu,m (A 12}

after Jonsaon (1986) where r‘IHI is the wave frictlion factor (whleh 3hould

not be eonfused with the akin-Ffrletion wave friction Faocter, f;. in

gquation 2.9}, Uaing the linear-theory expresaiona for Uu o {equation
]

2,10) and U“{t) {aquation 2,127, then Tu{t}' Following equation 2.11, ia

given by:
wat} = Tu’m lcoa{mt + )| coslwt + o) fA.13)

where g is the phase lag between peak streas and near-bed waye-orbltal
valoclty, Subatituting equations 2.12 and A.13 into equation &,9 and

integrating glves the result:

= _ 3
E.. 2730 Py PE Uw,m (A, 14]

{Jonasgon, 1966) where fe ia the wave disslpation lactor:

fe - f" coa{g) {A.15)

{Orant and Madaen, 1982). I[If bed shear atreas and Wwave-orbltal veloclty

are ln phase, re 15 equal to fu' For laminar boundary-layer floWw, g =
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45® {Dyer, 1485) and hence re = 0. T fw‘ For rough turbulsnt boundary-
layer flow, whlch s expected in nature, exparimental data indicate that
bed ahear stress leads wave-orbltal veloclty as In laminar flow, but by
leas than U%?, e.g. Horikawa and Watanabe {1968); Jonsaon and Carlasn
(1976); Lofqulst {1980). The fundamental distinatlion between rﬂ and fHI
should bhe malntained, but, weighed against certaln assumptiona used in
deriving the expreasion for wave energy dissipation, f, and F, are
generally taken %o be equal {e.g. Nielaen et al., 1982]., Theae
assumptlons ineclude: the initial formulation of the rate of wave anergy
diasipatlon (equatlon A.8) which Jonzson (1966) pelnts cut 13 only a
"good guesat: the expresalon for TH{t] {equation A.13) whloh, as shown
by Lofgquiat {(1980), i{s probably an unreallatic simplification; the
implicit assumptlon of a conatant wave friction factor ovar the wave
cycle; and the flrst-order expreaalon for UH{t] fequation 2.12).

The waye friction Factor in equations A.15 and A.12 la
fundamentally different from r; in aquation 2.9 silnce fw reflecta both
the gkin friotion and form drag axperlenced by the wave, both of which
contribute to wave anergy dimsipation.

The fixed-ped (flat and rippled} roughneas models (equations 2,43
and 2,44 respectively) do not always account for the cbserved roughness
of a lopse-sand bed under waves (Nlaelsen et al,, 1982; Grant and Madaen,
1882). Grant and Madsen (19582) hypothesized that the lnadsquacy of
Fiyad-bed roughness models is evidence of "a larger dissipation Iin the
flow than that dus to form drag" {p. 47%) and that sediment in motion
naar the bed la the sourca of the extra diaslipatlon, OGrant and Madsen

{1982) propoasd a model relating the "roughneas due to the near-bed
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entralned sediment,” KH’ {or simply "movable bed roughness") to the skin
rfriction in exceas of critical:
2

Ky = S04 {Jw; - D.T#tcr} b} (A.16)

3y,

which 1a appllicable to quartz sand (ps - 2.65 gfem
A pure wave thus disalpates energy at a rate proportlional to the

aum of the akin frigtlon, form drag and drag dus to near-bed entrained

aediment, The wWwave friction lactor, fw, 12 thua a function of the

relative roughnesa, w/A, where k, the total boundary roughnessa, 1s the

aum of the three 3curces:

K = Ko + Kk, + ¥ (h.17)

Christofferaon and Jonason (1985} demonatrated Lhat gravity-wave
dissipation by bed friction in a ¢combined wave and current flow 1a
increased by the nonlinear coupling betwean the wave and current. The

time~averaged {over a wave period) wave energy dlssipaticon ratke per unit

araa of bed by bed frlction in a eomblned wave and currsent flow, Ewc' ia
given by
Boa 1T [T« (L) U ) at (A.18)
we O W,Wo W

{Christofferacn and Jonsaon, 1985), Glven:

2

Hc{t} - 172 pf rw,wc Uu,m

T, |cos{ut+o}| coafwt+a} (A.19)
]
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and substituting equations A.19 and 2.12 into A.18 and parforming the
lntegratlon glves:

Ewc - =2fy Py r u {A. 200

g,We W, m

Wwhere fe we ia the combined-flow wave-energy disslpation factor:

[

r =T eoala) fa.21}
W

The ratioc of wave energy dlsaipation in a pure wave Lo wave energy
diassipation in the same wave but with a ayperimposed steady current ls

therelfore given by the ratlo rHIPH . where fu " is a functlon of the

» WE ywc
ralatlye roughneasa, kA, with k dafined as the sum of the three
individual roughness sources {aquation A 1T).

The madel parameters, which muat be specified, include the
bathymetric profile and the mean-current veloclty Fleld. The Initial
conditlions lnclude the deepwater (1.,e. at tha asaward base of the
profile) wave height, perlod and angle of Incidence. The model
aguations are beat solved, for reasona to be dlacussed, by stepping
acroaa the profile in amall segments, The wave helght transformatlon Iin
each segment is solvad for as follows,

The change ln waya helght dus to ahoaling and refraction between
deptna h1| and h? ls given by equations A.1 and A.T respsctively. An
iterative aciutlon for the decrease ln wave helght due to Frictional
dissipatlon la required however, slnce the rate of wave energy

diaaipation depands on the wave height, which dependa ltaelf on the rate

of Wwave energy dissipation.
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To obtaln an inltial estimate of Euc’ Uw,m La Tirat calculated at
the arithmetic mean depth of the segment (1.4, [n1+h2]£2} using aguatlon
2.10 and asauming the wave helght at thla polint is simply the mean of
the lnitlal and tranaformed {(by anoalling and refractlon) wave hajights,
The time-averaged wave energy dissipation rate {3 calculated from

equation 4.20 whare fe 13 given by equation A.21 and by:

W W, Wi

2
fw’wc A S LA W) Py uw'm (a.22)

Ty owe ia found by solving the wave-current boundary=layer egquaticons
L]

fChapter 2) with the boyndary roughness as defined by A.17. Kr 1s round
from equatlion A.10 with Eﬂﬂ substituted ror Ew‘ nota that the length of

the wave path {(Ax) wWill not correapond to the segment length 1T Lhe wave

enters the segment at an oblique angle . The new eatimate of H2 is

then given by:

HE B H1 Ka Kr Kr (A.23)

A aew value of Uw m at the arithmetic mean depth of the segment 13 then

rraleulated by assuming the wave neight at that polnt ig almply the mean

of H1 and the new HE' The whole process ia repeated until auccesaive

astimates of re,wc {op HE} converge,
& aet of slmultaneous obaervationa of wave helght and pericd at an

of fahore and an inshore locatlon on the Duck ahoreface was used to

verify and callbrate the wave-tranaformation mcdal. The calilbration

congsisted of adjusting certain model parameters until the best agreament

between predicted inshare wave helghts {uslng the observed offshore wave
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helght and perlod as the inltial modsel condlitions) and observed inahora
wave halghts was obtalned. The cbhjective was to maximize the

"forecaating efficiency", deflined as:

n

t/n ) [{H /

[ *
(a1 1,prediocted Hi.observed) 100]

where n {2 the number of observatlons and Hi.pradlutﬂd and Hl,ubaerved
are the ith predleied and obaarved inahore wave helghta resapectlvely.

The observations of wave height and period were made by the
peracnnel at the Fleld Aesearch Faclillity and reported in monthly data
summarles (CERC, 1980 to prasent)., Waves were mgasured simultaneously
by two Datawell waverlder buoys located in water deptha of 18 m and
8,5 m approximately 2 km apart on a lina extending seawards from the
FRF. The reported wave height wasa the algnlflecant wave helgnt (4 times
the standard deviation of the sea aurface elevation) and the reported
wave perlod was the peak apectral pericd. The data set used In the
varification conalats of all the waverider observations made at 1300
nours {gchosen arbitrari{ly) during May, 1984 {27 observationsa) plus
measurementa of mean-current sapeed and direction 100 gm above the bed In
6.5-m water deptn B00 m to the south of the i{nner waverider, The mean
of fahore Wwave helght for the data set was 0,66 m, ranging from 9.31' m to
1.45 m. The wave perloda ranged from 3.95 s ta 12.34 8. The weakest
reported current was 5 cm/s and the atrongest 38 om/s,

To expadite the computatlons, it 1a convenlent to represant the

two~dimenalonal bathymebrlc profile by a contlinuous analytical

expreasion of the form:
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h - mnxF (A, 214}

after Dean (1977), where x 18 tne dlatance offahore, and tha
coefficlenta m and p were found by a least squares Tlt of A 20 to
obaarved depth data over the domaln 200 m < x < SQ00 m, which
caorreaponda to 3600 m < h < 23.09 m {(i.e, from near the cuter bar of the
surfzone to the base of the shareface), The (average) shoreline !a
located at {(x,h) = (0,0}, A aingle value (0.13 mm) wasa chosen to
represent. the mean graln-size of the ahorelface sediments over the range
.64 m ¢ < 21,99 m,

Since Ewc is preportional to UE the calculated rate of wave
*

m!
enargy disalpation at the mean depth of the segment bounded by hI and hE

will be a poor esatimate of dilissipation acroas the entire segment ([ U
[

varles greatly between h1 and hz. Ech aould pe astimated at the
genmetric mean depth (i.e, Jh1h2} of the asegmant, which favora the
shallower depth, although a better aclutlon ias to ahorten the segment
length, This aolutlon addreases another potentlal diffleulty: the
ao=variation of re,wc and relative roughneas {(k/A) Wwith depth., The
ocroas-shore yarlation ln re,uc ia potentially complex and is

illuatrated ualng two cases drawn Crom the set of wave obaervationa: a
ahort-perlod wave {T = 5,31 a, offshore Wwave height = 1.26 m); and a
lor.g-perled wave (T = 12,34 8, offshore wave height = 1,11 m), For both
casea, the model bathymetric profile between 18-m and 8.5-m depth waa
dividad into 100~-m segments and the change In re.uc was computed From
segmeant to segment (Figure A,1}, For the purpcoses of thla analysia, the

wava-ripple dimanaicns were n = 0,03 m and A = 0.15 m, and the ripple

roughnesa was glven by aquation 2,44 with 03 - 2T.7.
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Figure 4.1 Tha ralculated croas-shore variation fe wa
L]

(expressed as the ratio of f_ 4o % 18-m depth to
]

loecal fa uc) and Ll".mfue for the ahort-period

[5.31 3; and long-period {12.30 3) waves,
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The pgross-shore varlation in re,uc was large under the short-period
wave relative to that under the long-period wave, due primarily to a
larger variation in the wave-orbital seml-exouraion with depth. A
slgniflicant improvement 1ln the forecasting efficlency was ultimately
realized by allowlng ra.uc te vary acrosas the model profile,

Tha mean current, llke the wave-generated ripplea, bed sediment and
near-bad entrained sediment, influencea the rate at which the wave
energy |3 disalpated. The relative contrlbution made by #ach to the
Wwave anergy dissipation i3 elucidated by introducing a new roughness

length, the "roughness due to the wave-current lnteractlion,” kH The

.

magnltude of kuc 1s calculated by finding, using the comblned-flom

boundary-layer theory wWith Lhe mean current aet to zero (which 1=

gqulvalent to pure-wave theory), the roughneas reguired to obtaln rH we'!
]

aubtraction Ffrom that roughness of RG' kH Aand HH leaves kuc’ The
purpoae of Introducing this new roughness 13 to provide a convenlent
meana of comparlng the forms (sedimenta, rlpplea} and proceases (near-
bed tranaport, wave-current interaction) that control rw.wc' This in
turn will gulde the emphasis to be placad on the apecification of aach
relevant parameter,

The analysls was performad using two cases. The Flrat case was
that of a awift current: T = 9.75 3, offshore wave height = 0,79 m,
UE = 368 om/s. The wave was transformed ln two ways: Tiratly by
including the superimposed current in the calculaticona of wave-
diaslpatlon rate and secondly by neglecting it. The bathymetrle proflle
waa divided into 100-m segments, and wave-ripple dimenslons were taken

as: n = 0.03 mand 4 = 0,15 m. For the purposes of this analysls,

aquatlon 2.44 was ysed for the ripple roughness wWlith C3 - 21.7T. The
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mean-current speed and directlon at evary point on the model profila was
ek equal to the observed mean-current apeed and direation at 6.5-m

depth. Flgure A.2 ahows the calculated segment-by-segment variation in
Uu.mfuc and EHEIEHI where EH ia the wave energy dlssipation rata asauming

zero current {(equation A,1H). As Uu,mfuc inoreaaad, Euafﬁu dacreaasd,
primarily because the cwrent became relatively less energetic, The
axtra wave energy disalpated by the current ranged from nearly 158 at
18-m dapth to -5% at 8.5-m depth.

The aecond <ase was that of a weak superimposed current: T =
A.06 a, offahore wave helght = 0,40 m, Uc = 5 ogm/3, The extra wave
energy diasipated by the current in this case was only -1% acroas the
entire profile (Flgure A.2),

The sagment-by-asegment variation in the four roughness types was
galculated For the cases of strong and weak auperimpoassd mean current,
and these results are plotted In Flgure A,3. Ripple roughness was the
dominant asource of roughneas for the case of weak Supearimposed mean
current.. kHc varjed from -0.4 om offshore to ~0.2 om inshora, which waa
only ~-2% of the magnltude of kﬂ. kH variad in the opposlte sense: from
=0,1 em at t3-m depth where threahold was Llnitlally exeeeded, to -0.5 cm
at §.5-m depth, At lts maximum, kH was no more than 3% of the magnltude

al K Grain roughness waa negliglble,

H!
For the rase of strong superimposed mean current, in whlch the
current added on the crder of 10% to the wave energy disaipation rate

across the proflle, Wwave ripplea ware agaln the domlnant source of

roughness, kuc varied from -4.4 ecm in 18B-m water depth to -1.7 cm In

B.5-m depth, which rapresented 27%, at 18-m depth, and 10%, at 8.5-m



Flgure A,Z

The calewlated coroas-shore varlatlon In wave
energy dissipation with the current added [EHD].
and wave energy disslpation neglecting the
aurrent (ij for the cases of strong and weak

suparimposed mean currant.
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Figure A.3 Caiculated varlation across the model profile In

I-:G, kH‘ I.r:H and kuc'

A. Weak superimposed mean current (5 om/a).

B. Strong superimposed mean current (38 cm/a}.
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depth, of the magnituds of - HH incereased from ~0.6 to -0.8 em, which
was only ~4% of the magnitude ol Kp -

Thus, even when a strong mean current 18 superimposed, wave ripplea
are the dominant aource of roughness; kuc' at 1ts maximum, waa only 27X
ef tha magnltude of HH' which 13 considerably less than the uncertalinty
ansgclated wlth the estimate of kﬂ ({compare Grant and Madsen's (190827
value of G3 in equation 2,44 with Nielsen's (1983) valua),

The Forecaatlng efficlency index was calculated uslng various
combinationa of obaerved rlpple dimensiona {including using an emplrical
predictive model to predict the change Lln ripple dimenslons acrosa the
profile as a function of tne changing depth and wave conditions),
routhness madels and mean-current dlatributiona, The beat reaults wera
oktalned by allowlng for the current-enhancement of the wave
diasipation; by using the Grant and Madsen {1982} combined roughnessa

madel {(l.,e. G, = 27.7 in equation 2.44 together with squaticn A 16 lor

3
the movable-bed roughneas); and by assuming Tixed wave-ripple dimensions
acroas the profile (n = 0,03 m, % = D.15 m). The besat forecaating
affliciency Cinally obtalned was 101.68% (Figure A.4}, which was

asanciated with the loweat mean abaclute devliation of predicted from

obaeryed wave heighta,
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Figure A 4 Predicted veraus observed inshore (B.5-m depth)
waye helghta, Forecastlng efflclency was
101.65%, and mean absolute deviatlon of predigted

from obaerved wave heights was 0,038 m.
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