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Abstract
Multiple bar systems often' exhibit cyclic behaviour on the time scale of years.
The role of infragravity waves in explaining this behaviour is. investigated by
reviewing the existing literatUre and by;presenting observational evidence from
field observation~ in 3 to 9 m' depth: It appears that mechanisms involving
standing long waves are unlikely to be of importance, as their predicted
morphological behaviour contrasts strongly ~th -our phenomenological
knowledge of interannual bar behaviour. ,Field -observations of .sed.irnent
transport fluxes in the Terschelling bar system strongly suggest that wave
asymmetry and undertow are the main small-scale processes driving
morphological change. The role of infragravity waves seems to be of minor
i.rnportance. The linkage of - the small-scal~ processes, to the' observed'
interannual cydic bar behaviour is at present only conceptual; however, it may
serve as a fIrst step towards a more coherent morph6dynamic ,model capable of
explaining qclic bar behaviour. '
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1 Introduction

The analysis of a data set of annual soundings of the sandy Dutch nearshore
zone, obtained since 1964 by the Dutch ;public Works Department, has

~evealed the presence of 1 tq 3 inter- and subtidal bars. The behaviour of these
bars in time, is interrelated and the bars can therefore be considered as a
multiple bar system. On the time scale of years (herein referred to as the
medium time scale) the bar beha.viour has acyclic nature (e.g;, Ruessink and
Kioon, 1994; Wijnberg and Terwindt, .1995). The fOrp1er authors developed a
3,:stage model to describe the cross'-s~ore evolution ota bar through such a
Cycle. Their model cpfisists of bar generation ,in the inner nearshore in water
depths of 1 to 2 ~ (stage 1), net offshore bar migration through the surf zone
to depths of about 4 to 6 m (stage 2) and bar decay in the ou~erne~shore zone.
in depths oES to 7,m (stage 3).1he trigger oEthis cyclic behaviC?urseems to be
the outer subtidal \bar: its degeneration is followed by the onset of offshore

\

migration of the inner bar and the formation of a new bar near the shoreline.
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The net offshore migration is not a continuous phenomenon, but an
,

<

intermittent process confmed to high-energy periods. Similar cyclic, medium-
scale offshore directed bar behaviour has beep observed along other. saady

, j

coastlines under different boundary conditions (e.g., Lippmannet al., 1993;'

Shand and ]3ailay, 1998)~ The causes oLtmsapparently rather common cyclic,

behaviour are, ho;vever, poorly uhderstood.

. ,

Thegeneralapproachto study coastal behaviour is to consider the coast as a

geomorphic: system. Such a system consists of!?everalcompartn1ents,each

having its own distinct. spatial and ternporalscale. For each compar~ent a

morphodynamic system can' be identified, i.ti which water motion, sediment

transport and morphology ,at corresponding scales interact. The water motion

results from the energy input of wind, waves and curren~s, and is the' driving

force for sediment transport. Gradients in the sedimetlttransport result in

morphological change, which, in turn, .influences thew-ater motion. Infragravity

waves, broadly defmed as motions in ~he frequencytange 0.004 - 0.(j4H~, are

generally considered, as the water motions that have the same spatial scale as

nearshore bars (Bowen, 1980; Holman and Bowen, 1982; arnongmany others).

Bar formation rnechanisms involving infragravity wa\Tesqul. be divided into

two groups based on whether the,grad1efits ifi the sediment ,transport are

induced' by (1) the 'second-order drift~elodties associated with standing ,/

infragravity waves, or (2) the primary orbital infragravity motions. At first

glance, it may seem strange that the, second-order motion~ are mentioned prior

to the f1xst-orc:ler motions. .However, in this way the coupling between

infragravity waVes and nearshore bars isputintc>, its historical perspective. The

second class can 'be further subdivided into two additional types. In the first

typF (2a) infragravity 'Wa'Yesare considered to bethe only generative process
responsible for morphological changes" whereas in the second 'type (2b)

additional flows related to ,wave asymmetry and undertow are considered as

well. It is the aim of the present 'paper to review the existing literature on the

infragrav,ity-bar mechanisms, to present new observational evidence and to

discuss ,the pros and cons of the various mechanisms in light of the above

mentioned phenomenological knowledge ofmediurn-scale multiple-bar'

behaviour. It ~ be shown that the first ideas on infragravitywaves and bars

focussed entirely on the secondary drift velocities, but that they have been

graduallyreplaceclby the notion tPat the primary orbital motions of infragravity
waves act togethet with other sw:fzone induced flows. The linkage of. these

flows tQ medium-scale bar behaviour is,h,owever, still in its infancy.( . )
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2 Intra gravity waves and nearshore morphology: a literature review

Type 1: second-order iDfragravity motions
In case of full stanc:I:IDgwaves, apattem of quarter-wavelength circulation cells
develops in the bottom boundary layer. (Figure 1; Carter et aI., 1973). At the
bottom of these cells the residual (i.e. second-order) flow(ot drift) is directed
towards the node of the surface elevations, while at the top the residual current

antinode
t ~o, T, 2T, ..

t .=O.5T, 1.5T, ..

Convergence of

bedload

Conv ergence of

suspended load"

Figure 1 CelJJ with reJiduaJflow under a Jtanding wave with periodT.
,

I

flows in the opposite direction. .Consequently, if bed load' prevails, sediment

converges under the node of the surface elevation, whereas if suspended load is

the dominant transport mechanism, bar formation is expected under the

antinode. An important requirement in the standing-wave hypothesis is the

dominance of a single infragravity frequency. A broad-banded spectrum of
, ,. ,

I

<'

infragravity waves inhibits bar formation, as the contributions orall frequencies

to the sedinlent transport cancel out (Holman and Sallenger, 1993). A narrow-

banded infragravity spectrUm could either be, due., to the input of single

frequency from. offshore, which seems highly unlikely given the random

character of the wave groups, or by resonance of a specific frequency over an.
existing bar topography (e.g., Kirby e~ al., 1981). In the latter case, the question

remains how the bar was formed earlier.

If there is a single infragr~vity frequency, linearshor~..;parallel bars may .be '

generated by infragravity waves without a longshore standing pattern, V1z. leaky

and 'single-mode alongshore, progressive edge waves (Bowen" 1980).

207
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Morphology with an alongshore rhythmicity, however, requires stationary

alongshore variations in drift velocity. The most simple case then consists of

two edge waves of the same frequency, modal number and amplitude, but

travelling in opposite direction, resulting in a perfect alongshore stancling wave

pattern. Bowen and Inman (1971)sho~ed that the residual flow caused by this

pattern resulted in the formation of a crescentic bar with a length equal to half

the longshore edge-wave length. Holman and Bowen (1982) extended Bowen

and Inman's work to show that any combination of different edge wave modes

of the same frequency could result in a complex alongshore rhythmic

morphology, provided that these different modes would possess a phase

coupling. Significant phase couppng is conceivable when a beach is located

between well-defmedre£lectors such as headlands or groynes. However, on an

uninterrupted 'beach, like along major parts qf the Dutch coast, it is hard to

unagme.

The best location to look for the presence of resonantly enhanced infragravity

frequ~nciesis the swash on the beach, because all standing infragravity waves

have an antinode in surface elevation here. In a swash energy spectrum

significant peaks are expected in case of resonantly enhanced modes. However,

most infragravity swash spectra measured on the beach of barred systems are

white (e.g., Holman an,d Sallenger,1993; Ruessink et al., )998a), indicating that

bars do not tend to select specific infragravity frequencies. This casts significant

doubt on the causality between nearshore bars and stancling infragravity waves.

Further doubt arises fromthemorphol()gical behaviour predicted by standing-

wave models. They predict all bars in a multiple bar system to, be generated at

the same time. This seems to be at odd' with the observed decadal bar

. behaviour at the Dutch coast. In the cyclic pattern, the outer bar is a remnant
of a bartbat was once generated in the. inner nearshore and migrated to its

outer nearshore position. In other words, the outer bar WaS not fOrrI:led in the

outer nearshore zone. Moreover, the presumed resonance over a pre-existing

bar topography is a stabilising factor on the bar position, wruchcontrastswith

the systematic long-term cyclic behaviour; The systematic movement of the

bars would therefore imply a systematic, cyclic change in the sta,ncling-wave

characteristics on the same time scale ,as the. bar cycle; however, this' seems

'highly unlikely given the broadbanded nature of the incoming infragravity

waves and the constant statistics of the wave climate over the duration of the

bar' cycle.

On the whole, s.upport for thestancling-wave hypothesis on natural

uninterrupted beaches is meagre. Most field experiments .fail to show a single

dominant infragravity frequency, while the presence of such an erihanced

frequency is imperative for the hypothesis. Moreover, the prePicted fixation of

the'1norphology and the absence o.f a cyclic offshore forcing are in contrast to
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'the ebserv~d .cyclic,behavieur ..ef nearshore bars aleng the Dutch ceast. As

such~thestanding-wave hypethesis is -net further censidered here.

I

Type 2a: first-order infra gravity motions
O'Hare and HJntley(1994) investigated whether the fermatlen ef nearsher~
barsceuld be ceupled to. the (first--erder) erbital infragravity metien instead ef
to. the (secend-~erder) d.ri~tvelo.cities: They assumed that'sediment 1Sstirredvby
sho.rt waves en a wavegr<;>uptime scale and is subsequently transported by the
orbital infragravitymo.tio.n. A fixed phase relatio.n between the stirrin~ (i.e., the
sho.rt-wave envelepe) and the lo.w-frequency o.rbital mo.tio.ncausesa net
sediment. tra~spert. Mo.reo.ver, if the phase Co.uplingvaries systematically ever
the pro.file, a pattern bf ero.sio.nand sedimentatio.n areas e~erges, resulting in
bar and tro.ugh formatien. O'Hare and Huntley assumed their medel to be ,

mere successful. inba:r generatio.nthantho.se based en the ,drift velocity
patterns for the following three reaso.ns: ,
. the o.rbital mo.tio.n do.es net require time to. beco.me ~ stable feature o.f the

hydro.dynat:pics,
. the fiist-o.rder metio.n is approximately unifo.rm in the vertical and,

therefo.re, the dependence o.fthe lo.catio.nef bar fo.rmationon the. type of
s~dirnent transport vanishes and

. the second-order. driftvelo.cities are presumably an o.rder o.f magnitude
smaller than the f1rst-o.rdero.rbitalmotions.

O'Hare. and Huntley (1994) demonstrated that the Co.upling between short- ,

wave stirring and transport due .to. monechromaticinfr,agravity o.rbital motio.n

maY-indeed result in positio.nswith .sediment co.nvergence and divergence (and
thus in barformatien). .
O'Hare (1994) e~tendedO'Hare and Huntley's (1994) work a,?-dexamined the ,

effect of rand<:>mwave groups and o.f'therelative s~ength o.fhound,and
breakpoint-forced lqngwaves en bar formatio.n. O'Hare (1994) still o.bserved a
systematic pattern o.f div~rgence and co.nvergence when he used the same
parameter setting as in O'Hare and Huntley (1994), but with randem 'wave
gro.ups. This pattern is mainly caused by..the dominance ef the .br~akpoint-
forced lo.ng wave in the entire infragravity-wave field. An increase in the height,

o.f the incident bound long wave results in a destructio.n o.f the convergence-

divergence pattern, even if the ~ave gro.ups are mo.no.chro.matic. A dominance
of .bo.und waves in the mfragravity flow field wo.uld therefo.re inhibit bar

, formatio.n. Thus: besides the bandwidth o.f th~ incident lo.ng-wave ,motio.n, the
relative strength ef bound anp breakpeint-fo.rced .long waves seems to. he
critical for bar fo.rmatio.n as well.
Summarising O'Hare's work; bars. may.begenerated even by irregular wave
groupsif breakpoint-forced long waves prevail, whereas a deminan~e o.f bo.uriq

Ii
fir
t
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long-wave motion tends to inhibit bar formation. The existing literature (e.g
.

.~
Abdelrahmanand Thoroto~,1987; Roelvink ,and Stive, 1989; Ruessink et aI.,

1998b) points to, the dominance of boun,d long waves in the infragravity-

induced sedim~nt'transPQrt, wh,ich indicates that the bar generation mechanism

proposed by O'Hare may not be valid ,u~der natural conditions, at least, ~nder

those observed ~long tfle Dutch ,coast. '

Type2b: first..orderinfragravity motions (or, anextended.breakpoint
hypothesis)

J

The second subcla~s of bar-generating models involving primary infragravity
motions consists of flows that play a ,dominant role in the surf zone.' Its
development has a long history. The fIrst floV{to be recogcisedwasthemean
offshore directed current under breaking waves (undertow); transporting sand
stirred by short-wave orbital motion in a s~award ldirectio~ (for instance, Dyhr.i.
Nielsen and S0rensen, 1970; Stive and Battjes, 1984; Dally, 1987). Outside the
surf zone the undertow. vanishes and the sand is deposited, resulting 'in bar
formati~)11just seaward of the breaker point, If ili.ewaves reform, a multiple ,bar

I / -.-
.

system can develop (Dyhr.-Nielsen and S0rensen, 1970). The model was

extended by the inclusion of {yave"asymmetry (Stive, 1986), generally moving

sand in the, onshore direction, especially Otltsidethe surf zone;" Clearly, the

combination of uqdertow and w~ve asymmetry results in accumulatioq of'san<;1

just outside the surf zone. Accordingly? this bar formation mechanism has often

been referred to as the 'br~akp6int-hypothesis'. A further refmcment was,made

by Roelvinkand Stive (19$9), who included the wave grouping~induced long-

wave flow. This flow may. result 'in a non-Zeto .transport in case of a systematic
\

coupling between short-wave stirring and long-wave orbital 1l).otion,as noted in
the previous subsection. This is, for example, the, case for group-bound long
waves, which generally results in a seaward directed transport, because of the
cOn,CUttence of the bound-waye trough and the enhanced stinmg, during the
bigher waves in a group (Larsen, 1982). Roelwink and ?tive (1989) found ,all
three flows to be. of roughly equaL magnitude' du.tin,g their laboratory

\ experiments. They subsequently derived model formulations for all three flow
components (~~e.'undertow, short-wave velocity asymmetry and group-forced
infragravityorpital motions). Exclusion of .one of the flows from their model
still resulted in bar formation, but with bar characteristics, such as distance
from the ,shoreline ,and .height, different from their Iabor~tory observations.
Roelvinkand Stive(1989) could not establish whether their laboratoryfmdings
wererepresentativ~ of other situations, like natural beaches. Recent field
measurements, which strongly suggest that the three flows identified in this
subsection. are indeed. responsible' for interannual .morphological change, are

.
presented in the next section.



3 Infragravity waves and nearshore morphology: recent
observations

Rec:~nt measux'ements of instantanequs near-bed hydrodynamics and sediment

concentrations in the multiple bar system of Terschelling (the Netherlands;

Figure 2) have conf1rmed that sediment is transported on a range of time scales,

namely the short-wave scale, the infragravity group scale and the iline(hour)

averaged scale (Ruessink et aI., 1998b). As an example, Figures 3a-cpresent

values of the high-frequency, low-frequency andnieansediment flux,

respectively, measured at .a (nominal) height of 0.15 m above the bed in 5.5m

depth at the seaward side of the outer bar 0abelled as P2 in Figure 2). Positive
.

. (negative) values indicate onshote (off~hore). ditected fluxes. The values are
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platted as a functian .of th~ relative wave height, defined '~s t4e lacalratia .of the
shart-wave significant wave heightHs ta' the water depth h. Hs/h values in
excess. .of 0.33 indicate breaki.11.gcanditians. As can be seen, nan-zera fluxes
were .only .observed far Hs/h > 0.3 - 0.35, i.e. canditians during which P2
experienced breaking wav~s. The. hig?-frequency fluxes (Figur~ 3a) were
an share directed, related ta wave a,symmetry in the harizantal plane, and at a
first glance .of appraximatelyequal magnitude tathe mean fluxes, which were
.of appasite sign (Fi.gu+e.3c).The mean flaws under breaking canditians were
affshare qirected and generally increased with Hs/h. This stron.gly suggests that
these flaws were undertaws (Ruessink et al., 1998b). The law-frequency fluxes
~ere affshare directed as well, but were cansiderably smaller than the ather
£luxes. Frequency-damain analysis' .of the available time series shawed a 180-
degree phas~ shift between the law-frequency .orbital matian and the law-
frequencY (i.e., graup enhanced) camp anent .of the instantaneaus seclim~nt
concentratian, cansistent with baund,.wave mechanism explained previausly.
The high-frequency and mean flux increased rapidly with Hs/h, while the.
infragravity flux remained abaut canstant. The sum .of the three fluxes, the net
flux, was still affshare directed (Figu.re 3d), but .of smaller magnitude than the
mean flux. This demanstratesthat the crass-share' sedlment transpartat this
pasitian (at least, at the height abave the bed shown here) is a delicate balance
between cantributians by mean flaws and byshart and lallgwaves~
Comparltble results were .obtained at P3(Ruessink et al., 1998b).
It has t.o be kept in mind that the canclusians~at can bedra\V11 fram Figure 3
.only apply ta thesens.or height abave the bed. They are nat necessarily
representative .of the depth"averaged suspended laad. In additian, the
measur,er.nents did nat pravide any knawledge .of the bedlaad. At present, this
part .of the tatallaadcannat be measured successfully in the field. Far these
reasans, Ruessink et al. (1998b) turned ta sediment transpart ma?elling. In this
appr.oach they adapted Billard's (1981) energetics methad, in which the
bedlaad and the depth-averaged 'suspended laad related ta the variaus
mechanisms are camputed as a linear sum afmaments .of the near-bed flaw.
The bedlaad and suspended laad transport rate, qb andqs, respectively, are then
assumed ta be praparti.onal ta (cf. Raelvink and Stive, 1989; Ruessink et al.,
1998b)

"

. (q b) ex: (IUh 12 Uh) + 3(luhl2 Uf) + 3u(1 Uh 12 ) (la)

and

3 ..' 3 .' -. 3
(qJo:::(IUh! uh)+4(luhl uf)+4u(luhl ) (l,b)
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in which Uh and u\ are the instantaneous cross-shore high-frequency and low-

frequency orbital flow, ii is the ,crqss-,shore mean flow,'and the angle brack~ts

indicate rime-averaging. As can be deduced from Equation (1), the stirring of

sand is proportional to Uh to the power of two in 'th~ bedload and three in the

,suspen~ed load. The three terms on the right-hand-side of Equation~ (la) and

(lb) are hereafter referred as the high-frequency, low-frequency and mean-flow

veloc~ty moments, respectively. The, high-frequency momep.ts' are noh-zero

when the stir;ingterms!luhI2 and IUhl3 are systematically related to Uh.This is

the case for short-wa~easymmetry about the horizontal plane -('skewne~~'),

caused by non-lii1earities. Itresult~, in general, in positive ('onshore direction')

values. The low-frequenCY-moments !'-ttain a non..zero value if the predicted

sediment stirring is systematically coupled to Ul., Such a coupling exists, as

discussed above, in-case of group-bound long waves, which results in a negative

('offshore direction') values ,as the phase shift between the wave envelqpe and
,

~e forced infragravitymotions amounts to approximately 180 degrees. The

,
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mean-flow moments correspond to the advective 'transport by a mean.cross.,.

shore flow. Clearly, the direction of this part of ili,e totalloadequals that of the
.

flow, which under breaking conditions is seawaJ=dbecause of the wave-driven
undertow. The adopted energetics approach is, at least qualitatively, consistent

with the transport mechanisms observed in' Figure 3. An extensive, account of

the velocity .moment in Equations (1a) a~d (lb) at PI, P2andP3 ~an be found'

in Ruessink etal. (1998b).. These authors ~omputedthe moments with

measured tim~ series of instantaneous velocity, obtained at 0.25 m above the

bed. As' the bedload moments were preditted to be smap.er than the suspended

load mOments by an order of magnitude, they were dis,?arded from further

analysis. i' , '

In Figures4a-c thecakillated suspendedlQadmomeats atP2 are plotted versus

. the local relative wave height. Theirs\.1m, the net velocity moment, is shown in

Figur,e 4d.. In these plots, ,the moments are binned corresponding tq' Hs!h +

Oi01. The vertical lines around the class-mean value$ (black dots) are the

standard deviations in each " Hs!h cl~ss. The high-freq,uel1cy te~s showed

. characteristic positive values and ,increased rapidly with Hs/h (Figure 4a). The

infragrivity-induced moments were, as expectcd, . neg~tive, related to then,

systematic concurrence of high values of [Uh13and bound long~wave troughs.
At, P2 they remained about constant with increasing Hs!h for Hs/h > 0.33
(Figure 4b).Obviously, th~' total oscillating (i.e., sum <;>fhigh-

.

and low-

. frequenCy) suspended transport rate was onshorediretted. The average mean-
flo~ terms indicated onshore and offshore transports of a very small magnitude
for situ~ti()l1swith Hs!h values less than 0.33 (Figure 4c). App~rently,the Cross-

(

.
i

...
,

shore mean flow under non-breaking coriqitions was. very small arid did not
result in a dominant ttansport direction. In cpntrast, themeanrnoments had

.'
.. -. I

.'

negative (offshore) values when P2 experienced surf zonecodditions, related to
the wave.,.driven undertow. In general,! the mean.,.flow .b1omentwas' of
comparable magnitude to the high-frequency term. Thus, despite. t;p.e,increase

~ bteaking intensity 'WithHJh, ,the growth in the mean-f'lowmomept was
counte!ac~ed by an ab9ut equal rise in the short-waveoscillatoty' terrp.. In 9ther .
words, under breaking condittonsthe amount of sandttansported offshore by
the undertpwwas oppos~d .by an approximately equal amount moved o11sh~re
by the' wave .asymmetry. Clearly,' the .depth-averaged suspended transport is a
delicate balance between !\VO large .components 'of 'equal 11l1agnitude, b\1t .of .

opposite sign: From"t1Vs viewpoint, even a systematic con~bution of a small
velocitymoment,/ such as related to forced ilifragravity wav~s (Figure 4b), may
not be neglected: The fact that the average value of the net mom.ent was
generally ,close to tbatof the low-frequenCy" term (e.g.,cqmpare Fi~res 4b
and d) ,substal1t:iatesthis furthe:r.Comparable 1;esultswere obtained for the,

.r .. .
.',

.
;

remaining instrumented positions (Ruessinket aI., '1998b). '
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The magnitude oj:"a) the high-Jrequenry, b) thelow-Jrequenry,c) the mean-flow

and d) the net fourth-order velocitY moments at P2 as a function of the local

..
relative wave height Hs/ h. Thevertica~ line through each class-mean value is the

standard deviation. The vertical dashed line .in each plot marks the onset of

breaking (Hs! h= 0.33).

Figure 1

':'

Summarising, both tbe direc~ observations presented "in Figure 3 and the mpdel

computations in Figure 4 indicate that short waves, bound infragravity'"waves

and cross-shore mean flow are likely to be the relevant small-scale processes

that may ultimately be responsible for medium-scale cYclic bar behaviour. This

will be further discussed in the next section.

4 Discussion

Various approaches may be adopted to enhance the understanding of medium-
scale bar behaviour using the underlying small-scale processes as starting point.
One of these is the running ofa deterministic prQfile model for a long time

"span. An example is presented by Roelvink etal... (1995). With the dete.tmi11istic
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cross-shore prof1le 1110de;1UNIBEST -TC the authors could reproduce the 15
year bar cycle at Terschelling (Netherlands) . with r~asonable accuracy. However,
various new concepts, like breaking delay and a drastic change in the bottom

slope effect:, had to be included to obtain stable medium-scale results. These

concepts have, however, not be~n sufficiently tested against field

measurements. Furthermore, the Terschelling model settings did not appear ,to

function properly irl a later test case at another barred site (Reniers and

Roelvink, 1996). Thus, it is not a priori clear that small-scale process-based

models are yet the most suitable tools' for explaining medium-scale ,bar

behaviour (see also De Vriend, 1997). The model description of st11all~scale

processes (waves, currents, secliment transport) involves various assumptions

and simplifications, which lead to inherent inaccuracies. It further appears that

model validation against small-scale field and laboratory ,data still reveals

remarkable differences between observed and predicted morphological changes

(e.g., Nairn and Southgate, 1993; Scho()neesami Theron, 1995). Therefore, it

can be doubted whether the running of small-scale deterministic.prof1le models

over larger time scales will produce reliable results. Other problems associated

with, the deterministic modelling approach may be ,the prohibitive computer run
. .

time and the possible build-up of numerical errors (De Vriend, 1997).
Another approach is based on directfiel? observations of small:-scale processes.
Such observations aijow to investigate which small-scale processes maybe of
importance in the long run, as shown in the previous section, and whiQh
conditions' dominate medium-scale transports, provided, of course, that the
field measurements are conducted during a sufficiently long time period to
include all relevant conditions. Anadditiol1al advantage is . that estimates of
sediment transport rates can be computed fromme"3.sured near-bed
hydrodynamics and are no longer hampered by the inaccuracy of hydrodynamic
model predictions.
The observational method has proved to be quite successful in hindcasting
observed small-scale bar development (e.g., Ga11agher et at, 1998); its

. application to medium~scalecyclicbar.behaviour is, however, still in its infancy.
A first promising step ,has recently been taken by Ruessink and Terwindt
(1998). They proposed' a conceptual model that qualitatively explains the cyclic
behaviour of 'multiple bar systems based on an analysiso~' the Terschelling
(NOURTEC). field observations. These measurements comprised of a 15 week
data set of near-bed hydrodynamics at three cross-shore positions (Figure 2)
and were.. conducted' under a. wide range, of' hydrodynam1c conditions. The
statistics of the offshore wave. cqnditions and water levels of this data s~t were
virtually identical to the medium-scale statistics.' Thus, these observations are
considered to be representative of the time scale of the cyclic bar behaviour.

.
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The proposed model can be seen as a first ~tep to a more coherent
morphodynamic model for medium-scalenlUltiple-bar behaviour.
EssentiaL to Rues~ink and Terwindt's conceptual model is the probabilistic
analysis of the available field data atPl, P? and P3. For each site, it invo~ved
the coupling of computed sediment transport rates, q, categorised into groups
of Hs/h, to the discrete medium-scale distribution fun~tion of Hs/h, p(Bs/h}.
As ,the adopted approach involves transport magnitudes andfrequency-of-
occurrence, it is also referred to as the frequency-magnitude ,approach. p(Hs/h)
was computed by dividing the Hs/h range from,

° to 0.6 in,to equal intervals'
with a widm, of 0.02. /Theproportion s(Hs/h)j that the jthI-Islh class

. . ,.\.'. i

contributes to the total medium-scale sediment transport rate <qms> was

computed as '

i
'I

p( Hs / h) j .q (H~ / h)}
S (H / h) ,==', "

,

s J, (q ms >" '
(2)
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in which q(Hs/h)j is the sediment transport rate in the jth Hslh class and <qms>
is given by

,
,

n , ,

(qms>==LP(Hs / h)j'q(Hs /h)}
,

}=1

(3)

. l.

n equals the number of classes (= 30 here). It ate the Hs/h binned suspended
load velocity moments that Ruessink and Terwindt(1998) used as estimates of
q(Hslh)j in:Equation (2). Frequen~y-magnitude relationships were thus
calculated separately for the suspended load by the incident ' sea-swell, the

infragravity waves and the cr9ss~shore mean flow,at Pi, P2 and P3. The
subscripts h, I andmfare ,added below to indicate the medium-scale transport
rates by these three transport mechanisms.

',The measured Hdh'classified velocity , moments at Pi, P2 and P3 at
,

e shown
"

in
.'

'.

"(,

.'
',",

\

the left coll.lmn of Figure 5. The observed discrete distribution Eunctions 6f
Hs/h are, plotted in the second columnoE Figure 5. The third and fourth
column in Figure,' 5 present the relative and ~ulative contributions of the
Hs/h classes to the medium-scale t:ranspo~t rates of the various.proc~sses,
respectively. In the computat;ions of the frequency-magnitucie relationships, the
medium-scale transport by, bound irifragravity wav:es, <qms>l, was'l}sed as
denominator in Equation (2) at each site: Thus, the cumulative value of s(Hs/h)j
overall n Hs/h classe~ 'equals 1 for,the infragravity-induced transport. The
corresponding curnul?-tive values for the ,short waves and, the crb~s-shore ,mea~
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Figure5 (Opposite page)
.

Computation offrequeng .magnitude relationships at (top row)

Pl, (middle row) P2 and botiom (row) P3: (first cQlumn)ve!oci!ymoments,

(second colum'11) relative probabiliry distribution functt"on of the relative wave

height Hslh; (third column) relative contribution ofHslh classes to medium-

scale sediment transport. rates and (fburth cdlumn) cumulative contribution of

Hs! h classesto mediut/1-scale/edimrmttransport rates. The black dots represent

high1requeng waves, the open triangles infragraviry waves and the black

triangles ,Cross-shore.meanflows. The percentages in the second column indicate

the cumulative occurrence (in time) of breaking conditions (H.s/ h2: 0.33). See

,textforfurther explanation.
.

. flow equal the relative siZe of <qms>h and <qms>mf \Vith respect to <qms>l. For

. instance~the value 0£2.5 atPl (upper graph in fourth column) implies that at
P1 = 2.5 <qms>i.

As can be seen in Figure 5, the medium-scale sediment transport rate by s1;lort
waves was of approximately equal magnitude ~o that by the mean flow. Both
were about three rimes as large as that induced by the infragravity waves. At PI
(9-m depth) breaking conditions W:ereby far the most dominant situations,
despite the fact that breaking occurred foron~y1.8%in rime (Figure 5). Classes
with (Hs/h)j ~ 0.33 contributed to over 90% of <qms>h and <qms>mf.In more
shallow water (3 - 5 m; P2and P3) non-breaking conditions became
increasingly important for <qms»,h (:::: 30%), whereas <g,ms>mfremained entirely

'restricted to surf zone conditions\(::::90%). If these findings are extrapolated to

moresqallow water, they develop into a pattemthat describes 'summer' and

'winter' transport directions (cf. Winant et aI., 1975; Komar, 1998). This means

a predominately onshore tra~sport driven by s40rt waves under prolonged

non- or weakly breaking conditions and a prevailing offshore transPQrt under

surf zone conditions.

On the whole, th~ adopted frequency-magnitude, approach and the

aforementioned extrapolation suggestthatth.e Hs!h events that are most.

effective from' the standpoint of contribution to the medium-scale sediment

. transport in the onshore direction change from predominantly surf zone

conditions (Hs/h > 0.33) just beyond the outer bar zone towards

predominately non-breaking cofid1tions '(Hs/h < 0.33) on the beach. In
.

.
.. .

. .. . . I

contrast, the conditions most effective for the annual offshore directed

transport remain restricted to. situations \Vith Hs!h = 0.33. In other words,
there is a gradual cross~shore change from a delicate hourly balance of

opposing transport directions (where' hourly. implies \Vithin the same Hs!h

c:lass) seaward of the outer bar zone towards a predominantly seasonal balance

(i.e. non":breaking versus breaking time periods) on the. beach. This sJggestion'

219
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Schematic diagram showing the cross-shore change/rom an, hourly to seasonal

balance
,

of onshore and ojfthore sediment transport rates. ;TheC1{mufative, value

of the contribution ofall Hi h classes has been set to 1for eachprocess at every

position. For simplicitY, thesedim{]nt.transporl rates are described in 'onshore "

and 'ojfthortJ' dirtJctions. See text forftrth£r explanation.
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is illustrated in a very schematic way in Figure 6, in which <q~>l is neglected
and the high.;.frequency and mean-flow subscripts are replaced by onshore (on)

I
"

. .

and offshore (off), respectively. As can be seen, the nearshore bar zone is an
intermediate area: non.-breakingconditions do contribute to <<:}ms>Q11'but they
are of smaller medium-scale importance than on the beach. In. contrast,
<qms>off is dominated by breaking ~~i1ditions over. the entire cross-shore
profile. ,

The obs.erved gradual cross-shore change in ,the small-scale .driving conditions
is one of the key eiements<in RuyssinkandTerwindt's (1998) conc;eptl1~ model.
The readeris refe~ed to their pa.peror to Ruessink (1998)£or a full description
of the conceptual mode~' including morphological examples. and fumer
underlyinga~sumptions andconsiderations.1p.e model Cai+, be briefly
summansed as follows. When a bar shifts in the seaward direcrion (stage 2), It is
located in ,deeper water, Here, the importance of onshore directed transport
under non-breaking condi.tions is less than ,at its anginal position.
Consequendy, the>bar cannotreturn to its f~rtner positionnear'thebe~ch. In .

stag~ 2 the yearly!sediment transport directed offshore is ~ypothesised to be
larger than -that directed onsh.ore:the. bar moves in a seawar~ directiod.
However, the more the bar shifts further seaward, the m()re is the offshore
directed transport undersur£.zone conditions going tob~ opp,C>sedby the.
simultaneously existing onshore trans

.

port. At
. the end, there isari hourly

. i \

. balance, and the offshore bar migtation stops. The. outer bar may disappear
.under weakly breaking conditions; the decay isassoclated with an onshore
dinected sediment transport (cEWijnberg,1995). In nature, bar stages 2 and 3
actually coin¥ide: sediment converges at the seaward side of the bar. in stage 2,
which implies that, as observed by Ruessinkand Kroon (1994), this bar grows
in volume with. distance' offshore. Model calculations sugg~sted that the
lowering .ofthe outer bar in stage 3 results in a shift to higher values in the
frequency of occurrence of the relative 'wave .height in the inner b¥zone. This
may cause the yearly offshore directed transpo,rt to grow ins1ze with respec~ to
the 6nshore~:lirected transport: the decay of the outer bar safeguards the bar
cycle by causing a newbai: to move offshore. .

5 Summary and conclusions

Thi~ paper has.addtessedthe linktge' ?etweeninfragravitywaves and nearshore
bars. Early work mainly focussed on' second-o:tderdriftvelocities associated
with (cross-shore standing waves. Although realistic loo~g bat. morphplogy

c~ be produced, the inherent assumptions ate qften not met under natural
conditions., Furthermore,thept~dicted m~dium-scale bar behaviour strongly

, il
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. I

centrast with eur p~enemenelegical'knewledge that thi~.behaviour has a cyclic'
\ nature. Merereceri.tly, 'it has been recegnised .that primary infragravit)r (erbital)

metions interact with ether surf zene flews, /such as wave asymmetry and
undertew., Field ebservatienssuggest that the role ef infragravity waves is of
enly'miner impertance (e.g., Figure 5). ~besubsequent explanation efm~diU1'Il-

/

s<:alecyclic bar behavieur by the und~rlyirig small-ssal~ transpert ,mechanisms is
still. new and is as yet only formulated in a qualitative cenceptual way. It is

'

heped that the cenceptual model prepesed by Ruessinkand TerWindt(1998) is

a,Erst step.te a h1e~e ceherent merphodynamicmede1for f1?edium-scale.cyclic

bar behavieur. ' '
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