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Summary

Data were acquired continuously during the DELILAH
experiment with the specific objective of examining
variability of the longshore current at tidal frequencies,
The hypothesis being that waves inside the barred profile
are dependent on the depth of water over the bar where the
waves break, Evidence for this was found by Howd et al
(1991) in the analysis of the SUPERDUCK data, where they
found high correlation of waves inside the bar with the
tidal elevation. A strong tidal signature can be seen in
the cross-shore array of pressure and current measurements
of the DELILAH data. Waves inside the bar have a strong
tidal signature, suggesting a nonlinear modulation of wave
ampl i tudes in the surf =zone due to the tides,
Consequently, the temporal variation of radiation stresses
drive the longshore current variability at tidal
frequencies. The order of magnitudes of steady longshore
current is approximately O0(1 wm/sec), while that of
fluctuating longshore current at tidal frequencies is
0(0.3 m/sec). The contribution of tidal currents to the
longshore current variability at tidal frequencies seems
to be negligible by nearly zero mean value outside the
surf zone,

To understand a possible nonlinear process responsible
for this wvariability of longshore current at tidal
frequencies, the conservation of momentum equation
including time wvariability is used to solve for the
longshore current., Parameterization of energy dissipation
due to breaking, response of longshore current to change
in the onshore gradient of the a longshore momentum flux
is introduced to obtain the solutions at higher order.
The variability of longshore current on real topography
predicted by using numerical models is compared with the
data obtained during the DELILAI experiment,
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Time variability of longshore currents

C.S. KIM' and E.B. THORNTON?
' Korea Ocean R&D Institute, Ansan POB 29, Seoul 425-600 Korea
2 Oceanography Dept. Naval Postgraduate School, Monterey CA, USA 93943

Abstract

" The mean momentum balance approach for the
longshore current prediction has been widely used for
nearshore application. However data acquired during
a recent field experiment, DELILAH, show significant
variability of wave height and longshore current in the
surf zone at tidal frequencies and longer time scales.
Extending the works on tidal modulation of longshore
currents by Thomton and Kim, 1992 (TK92), and Kim
and Thomton, 1992 (KTY2), this paper presents a
moving boundary approach to model numerically the
temporal changes in wave height and longshore current
which are perturbed by tides, winds and barometric
pressure on different time scales.

Introduction

Data were acquired continuously during the
"DELILAH experiment with the specific objective of
examining variability of the longshore current at tidal
frequencies. The hypothesis being that waves inside
the barred profile are dependent on the depth of water
over the bar where the waves break.  Evidence for
this was found by Howd er al. (1991), and TK92,
where they found high correlation of waves insides the
bar with the tidal elevation. A strong tidal signature
can be seen in the cross-shore array of current
measurements (Figure 1). Presumably due to this
variability at different time scales, it has not been
possible to locate the strongest longshore current in a
barred system; sometimes over the bar crest, sometimes
in the bar trough (Figure 2).

The subject of the temporal variation of longshore
current has been overlooked due to the lack of
experimental data, but the subject is of special interest
to its potential of correctly estimating sediment
transport in the nearshore where tides are present.

Statement of Problem

Up until now, the mean momentum balance
equation has been widely used to estimate the mean
profile of longshore current. However, there is a
significant temporal and spatial variation of wave
height and longshore current due to the change in water

425

depth in connection with slowly-varying forcing
parameters. Based on the works of TK92, and KT92,
the time scales of variation can be grouped into steady
state and two slowly-varying time scales. A conceptual
mode! for tidal modulation on near planar beach
(TK92) and perturbation solution for two time scales
(KT92) could not incorporate the multiple forcings by
tides, unsteady winds and barometric pressure, etc.

To understand a possible nonlinear process
responsible for this variability of longshore current at
multi-frequencies, the conservation of momentum
equation including time variability is used to solve for
longshore current, and the energy equation for wave
height.

Solution Technique

The equation governing the growth of wave energy
E is
oE

1
) dat

d ov
+ o (EC,) *Se 5 ={e)

where Sxy is the radiation stress of onshore flux of y-
momentum (alongshore), V is the longshore current,
and <e> is the energy dissipation due to the random
wave breaking as suggested by Thomton and Guza
(1986).

The time-dependent
expressed as

longshore current V s

a Fyy 40
2) S (pV(nD)) 4 Sy =t e, S

where T is mean set-up, h is the slowly varying mean’
water depth, t,? is the bottom friction and 1, ° is the
alongshore component of wind stress. Slowly-varying
forcing terms are parameterized based on the field
observation data.

A finite diffeience scheme used to solve the time-
dependent momentum and energy equations is adapted
to include the moving boundary at the shoreline to
account for the slowly varying sea surface. The
shoreline is allowed to move with unsteady water

Paper No. 20¢
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depth, and the moving boundary is treated on a moving

Longshore Currents

grid system. rents
Trial results are presented, which indicate 15— Deﬁlohpd 6-12 (High Tides)
substantial promise for the prediction of longshore @ 12 ¥
current and associated sediment transport rate in the \L“ ’
nearshore. - —09
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Fig. 2. Longshore currents grouped at different tidal cycles. 00
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Fig. 1 Longshore velocity observations (5 min means) starting at offshore (bottom panel 2902), across the bar (panels 2702-2402), the trough (2302-
2202), to the foreshore (lop panel), during the DELILAH experiment from 2 to 16 October 1990, showing significant tidal signature in the surf zone
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1. Introduction

— Motivation
— Goals
— Importance

2. Experiment (DELILAH)

— Experiment overview
— Sample observations
— Data Preparations

‘3. Simulation of longshore current
variability due to tide

— Conceptual model
— Comparison with observation

4. Conclusion
5. On—going works

— Perturbation method
(two time expansion)
— Numencal modelling
(Moving boundary)



MOTIVATION

o During DELILAH Experiment, spatial
and temporal variations of longshore
currents at tidal frequency in the surf
zone were observed.

GOALS

o To understand the underlying
processes of Longshore current
modulation.

o To predict the variability associated

with tides, winds, atmospheric
pressure and other forcings.

IMPORTANCE

Variability itself has an O(1) influence
-on the sediment transpori.



DELILAH Experiment

o SPECIFIC OBJECTIVE

— Examining variability of longshore
currents at tidal frequencies

o FRF at DUCK, North Carolina

o waves and currents continuously for 3
weeks from Oct. 2—0Oct. 21, 1990.

o) Beach | profiles, winds, tide,
atmospheric pressure

o faif to storm weathers
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Data Preparation

o Most sensors at 8Hz

o Cross—shore array of P, U, V
(9 sensors)

o 5—min mean for Oct. 6—16, 1990
o Hrms and V

o Tide
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Simulation of longshore current
variability

o Adapts the model of Thornton and
Guza (1986)

— wave height transformation

dEC CoSa
éx <5b>
_ L e
E - 8 ngrms
<gpo= «Ftpg 4h5 — 55 foH s

— Longshore Currents

_ 98y _ b
ax 7
sind, d _
T<£b> = ——(—i—x-Syx — pCr lulVv



Governing Equations

S {Ui(h+ D)) =0

a —_
57 (B O+ 5+

2 U+ D)+ —— | (pUU(h+T)) +S

B L S

2 (pV(h+ D)+ =2 ( pUV(h+T)+ S, |

- | |
.23 ) !
= —pg(h+() ¢ —’T.I;-i-’ty |

oy
dFE , - ov ., 1 '3
5. TV (E(C,+U)} +Sy 5+ V ( 5 phU )
= O y x » Xp
= <g> , x < Xp

. E
where U U+ SCh

stream velocity modified
by mass transport



"o tide: { = {rsinot

&t
tanpB

o shoreline ! x;, = - sin ot

oatt, X = X,—X;s
Vix, 1) = Volx,—x;)

dV(x, t) dx
f o ar @

. dVx)  Gr sin ot
B dx tanp

V is in—phase where — >0

V is out—of—phase where e <0
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CONCLUSIONS

o DELILAH Experiment provides the
promising data for spatial and
temporal variability study

o Tidal signature in Hs ¢ surf zone

o Tidal signature in V : strong near the
shore and over the bar, weak in the
trough

o Dominant forcing for the variability
due to tide

o phase relationship Btween V and Tide
tests the hypothesis « verified

o Modulation of H and V - O(1)

o0 Needs further work on response to
slowly—varying transient forcings
such as wind and atmospheric
pressure variations.

—
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TIDAL MODULATION OF WAVE HEIGHTS AND LONGSHORE
CURRENTS INSIDE THE SURF ZONE

EDWARD B. THORNTON and CHANG S. KIM’
Occanography vDepartment

Naval Postgraduate School, Monterey, CA

ABSTRACT

Data were acquired continuously during the 19 day DELILAH nearshore experiment with the specitic
objcctive of examining variability of the longshore current at tidal frequencies. The hypothesis is tha:
wave heights inside the surl zonc are a strong function of the depth modulated by the tide due to wave
breaking, and since radiation stress is a function of the wave height, it will force the longshore current at
the tidal frequency inside the surf zone. The measured longshore current variations at tidal frequency are
the same order of magnitude as the mean longshore current variations for moderate wave height
conditions, indicating that the tide is a dominant forcing mechanism for longshore current variability.
Simulations of the magnitude and phasc of the longshore current variability with tide elevation using the
modcl by Thomton and Gurza (1986) are used to explain observations. The measured phase between tide
clevation and longshore current are in-phasce in the inner surf zone and out-of-phasc in the outer surf zone

as predicted by the model, verifying the hypothesis.
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INTRODUCTION

During the SUPERDUCK experiment conducted at the U.S. Army Field Rescarch Facility (FRF)
at Duck, North Carolina, Howd ct al (1991) found high correlation of wave heights inside the barred bcach
with the tidal elevation. Only limited data were available during SUPERDUCK since measurements werc
only for four hours over the low and high tides. Data were acquired continuously during the DELILAH
experiment at the same FRF, with the specific objective of examining variability of longshore currcnts at
tidal frequencies. Waves and longshore currents inside the bar during the DELILAH experiment appear
to have a strong tidal signature, suggesting a modulation of wave amplitude and consequently radiation
stress. The order of fluctuation of longshore currents at tidal frequency is up 10 onc m/sce, which is
comparable to the mcan value.

There are only a few forcing mechanisms for causing longshore current {luctuations at tidal
frcquencics. These arc the changes in water depth due to the tide, tidal currents, atmosphenc pressurc
variations, and wind forcing. The atmospheric pressure may be ruled out due to the time scale of
variability gencrally varying greatly and on the order of a few days. The wind forcing often has a
frcquency component very similar to the semi-diumnal tide due to "diumal sea breeze”; however, during
the experiment, the wind varied in specd and direction during the experiment, but not in a clear scmi-
divmal cycle. The most obvious possible cause for the observed fluctuations are the tidal currents
thecmscelves. However, the obscrved current fluctuations incrcased towards shore on the order of 1 m/scc,
whercas tidal current would be expected to go 1o zero at the shore.

The wave heights inside the sur{ zone have been observed to a first approximation o be lincarly

-

rclated 10 the wave depth h, such that H =vh, where v is a constant (Thomton an Guza, 1982). Thus,
if the depth of water varics inside the surf zone, the H,, will vary inside the sarf zone. It is hypothesized
that depth dependent breaking wave heights are modulated by time varying depth due to the tide, and that

the waves inside the barred profile are dependent on the breaking wave height over the bar; the resulting



wavces inside the surf zone will have a strong tidal signature.lt is further hypothesized that the longshore
current will have a tidal signature in response to the wave forcing.

In the following, time series of wave height and longshore current measured during the DELILAH
cxperiment are shown to have a strong tidal signawre. The hypothesis that depth dependent wave
breaking modulated by the tidal clevation is responsible for this variability is examined by simulating the
amplitude of wave heights and magnitude of longshore currents and their phasc relationships with tide
elevation using the modcl of Thornton and Guza (1986). A simple planar beach case is first examined
to explain the expected amplitude and phase relations. Then the wave heights and currents are simulated
over the actual barred profiles. If the currents are due to a progressive tidal wave propagating up the
coast, the longshore currents and tide clevation would be expected to be around ninety-degrees out of
phase. It is found the measured wave heights and currents are near either in-phase or out-ol-phase with
the udc elevation, verifying the hypothesis put forth. This study shows the tide is a dominant forcing

mechanism for the variability of longshore currents.

EXPERIMENT AND DATA PREPARATION

The multi-institutional, comprchensive nearshore experiment DELILAH was conducted at the U.S.
Army Ficld Research Facility (FRF) at Duck, North Carolina during the period of October 2-20, 1990.
Nincteen days of continuous data were acquired with the object of examining wave, tide and wind forcing
of longshore currents, vertical structure of mean currents, shear instabilities, infragravity waves,
wave/current/morphology interactions and spectral wave transformations.  DELILAH was conducted to
coincident with the SAMSON cxperiment, which had the objective to measure microseism noise generated
by wind-waves. The combined offshore dircctional wave instrumentation included a 26 clement array in
13m and a 14 clement array in 8m. In the nearshore, a 9 electromagnetic current meter/pressurc sensor

array was located in the cross-shore, and alongshore current meter arrays of six sensors in the trough and



five scnsors offshore of the bar (sec Fig. 1). Also shown in Figure 1 are one-hour averaged current vector
plot for when 2m waves were incident at 40 degrees generating 1.5 m/s currents. In addition, a 3
clectromagnetic current meter vertical array with pressure sensor and wave staff were mounted on a
movecable sled. A dctailed description of the experiment is given in Birkemeier (1991).

A wide varicty of wave conditions occurred during the experiment. The wind speed and direction
measurcd at the end of the picr, the significant wave height, period and mean dircction mcasurced in 8m
depth, longshore current measured in the trough ol the barred profile, and tide clevation are shown in
Figurc 2. A short "northeaster” occurred at the beginning of the experiment driving longshore current to
the south. This was followed by 6 days of low swell from the south and concomitant longshore current
to the north. On the 10th, a frontal system from the south arrived resulting in waves up to 2m incidcent
at rclatively large angles from the south quadrant driving strong longshore currents (up to 1.5 m/s). Two
davs later on the 13th, swell waves up 10 2.5m arrived from hurricane Lili; although these waves were
targer, the incident angle was less and the resulting longshore currents were not as large. After the 15th,
local weather patterns and distance swell intermingled t0 give variable current direction and specds,
depending on the dominant component.

The bar at this focation is highly mobile and responded to the variable wave conditions during the
experiment. The changing of the bar location has a significant effect on the resulting longshore current
profile. A well-formed bar was present at the beginning of the experiment. The bar then migrated
shorcward during the swell waves between 2 and 7 October, eventually welding to the shoreface. The bar
was re-cstablished during the larger hurricanc waves between 8 and 13 October with a steepening of the
foreshore; the profile remained stationary for the remainder of the experiment. The active region of the
prefile was between the outer bar and the shoreface, with no noticeabic change in the offshore profile and
hich-up the beach face (Figure 3.y The bar tends to be three-dimensional, or rhythmic, during times of

moderatc waves (2-9 Oclober; Fig. 4a, typical) and becomes linear during times of strong longshore



currents (10-19 October; Fig. 4b typical). The vertical lines on the bathymetry plots are the locations of
the instruments.

A primary objective of the DELILAH experiment was to measure the tidal forcing of the
longshore currents. This required that the waves and currents be measured continuously throughout the
experiment. Previous comprehensive experiments (eg. NSTS and SUPERDUCK) measured parameters
only over the low and high tides with the objective of obtaining a long (approx. 4 hours) stationary timec
scrics in which the changes in water depth would be minimized. A secondary reason for not having
continuous data was the problems of dcaling with large data sets. A new data acquisition was designed
specially for DELILAH taking advantage of microprocessor technology which simplified the data
acquisition allowing ncar continuous acquisition. The data were sampled at § Hz. Only shoert
(approximately 5 minute) gaps occurred approximately every eight hours in the data due to magnetic tape
changes.

The data analyzed in this study were acquired by the cross-shore array of instruments consisting
a two-component electromagnetic current meter and pressure sensor at each of 9 locations. The location
and clevation of the current meters relative to selected beach profiles are shown in Figure 3. For
convenicnce, sensors are numbered from 1 in the swash to 9 offshore. The current meters were kept at
the same clevation relative to mean-sea-level, with the exception of current meter T whose elevation had
to be adjusted during the experiment to accommodate changes in the beach profile. The top of the bar
was at sensor 5 carly in the experiment and moved offshore to 6 with the increase in wave height on 9
Oclober. The cross-shore array was designed to measure more intensely over the bar where the largest
changes in the wave height occur duc to wave breaking.

To examine the fluctuations of wave height and longshore currents at tidal frequency, five minute
average time series was prepared for the ten day period from October 6, 1990 to October 16, 1990. The

data gaps duc to tapc changes were lincarly interpolated. During this period of time, the wave height



generally increased from calm (Hrms < 0.5m) to severe condition (Hrms > 1.2m) (sce Fig. 2). The tidal
clevation fluctuations arc measured using 5 minute mean values of pressure head. Tidal range in the study
arca is less than 1m, and the general rise in mean water level on October 12 is due to wind set-up during
the passage of hurricane Lili.

The H., wave heights were calculated from the variance of the surface elevation spectra by
summing 1‘hc spectra across the wind-wave band of frequencies from 0.05 to 0.3 Hz, and assuming the
waves arc Raleigh distributed. The surface elevation spectra were obtained by applying a lincar wave
theory transfer function to the calculated pressure record spectra. The spectra were calculated every 8.4
minute (coinciding with an even number of data blocks and power of 2). The wave heights were then
interpolated back to every 5 minutes ( to coincide with velocity averages and so that time would plot as
cven hours). The wave height time scries (Figure 5) show little tidal signature outside the surf zone and
a strong tidal signature inside the surf zone. In the swash at scnsor 1, the waves were low and the sensor
was high in the profile; therefore, waves were only measured at high tide, and at lower tides the sensor
was out of the water. As the waves increased in height, the surf zone width increased and the bar moved
ofishore (Figure 3); this resulted in the primary breaker region moving offshore. The tidal signature is
cven obvious at a depth of over 4m at scnsor § during the height of the storm on October 12 and 13.
Outside the surf zone, the waves show little tidal signature, but considerable variability in the wave height
associated with wave generation by local winds and distant storms.

Continuous time scries of longshore currents were calculated as simple five minute averages of
the raw data. The longshore currents show similar significant tidal signature and slowly varying transicnt
responsc at time scales of the wave height variations (Figure 6). At current meter V1 in the swash, the
zcro velocitics arc when the current meter was no longer in the water. The strongest tidal signatures
appcar near the shore and over the bar at scnsors V4 and VS5, with a decrease in tidal signature in the

trough. The location of the maximum tidal signature in velocity is generally further offshore than that of



the wave heights. Tidal signature is observed even at the furthest offshore velocity sensor, suggesting that
tidally driven longshore currents are present in addition to the wave driven longshore currents modulated
at tidal frcquency.

An expanded view of a segment of the longshore current time series for October 9th is shown in
Figure 7. Large fluctuations in the longshore current velociiies are superposed on the tidal variation even
at the five minute averages; these fluctuations are assumed due to infragravity waves or shear instabilitics
of the longshore current as suggested by Bowen and Holman (1989) and Dodd et al. (1992). Again, the
zero velocities at sensor V1 occurred when the current meter came out of the water at low tide. The
strength of the tidal signature is seen to generally decrease offshore.

To test the hypothesis that the variations in the longshore currents at tidal frequencies are duc to
the modulation of the breaker heights over the bar by the tide, the phases between tide elevation and
longshore currents across the surf zone arc examined. If the currents are tidal currents, the currents across
the surf zone should be in-phasc with cach other and 90 degrees-out -of phase with a tide progressing up
the coast. If the longshore current variations are a consequence of variable wave heights due to changes
in water depth at breaking, the longshore current could have other phase relations with the tide. The next

scction simulates longshore currents to explain the dominant cause for the variations at tidal frequency.

SINMULATION OF LONGSHORE CURRENT VARIABILITY DUE TO TIDE

To gain a qualitative understanding of the variability in the longshore current due te the tide,
longshore current variations are first simulated on a simple planar beach. The present study adapts the
model of Thomton and Guza (1986) to simulate the mean longshore currents along with tidal variation
using discrete-step transicnt. Variation in both wave height and longshore current and their phase relations
with the tide are examined in this simulation. Then, a similar qualitative simulation of wave height and

longshore current is calculated over the actual barred bathymetry measured during DELILAH to further



explain the observed variations due to the tide.

It is assumed the bottom contours are straight and parallel, the wave heights offshore are stationary
with time (over a tidal cycle) and wind stress can be ignored. Time averaging is done over times short
comparcd with tidal changes, such that the wave height and longshore current can be considered quasi-

stationary. The wave height cross-shore distribution is solved first using the encrgy balance

3EC
—a-Xi" = <gp> (1)

where the right-handed coordinate system is x positive offshore and y alongshore, E is the energy per unit
arca of the waves, C,, is the cross-shore component of the group velocity and <g,> is the dissipation duc
to wavc breaking. The waves 'are assumed narrow banded in frequency and dircction with the random
wave height variability described by the Rayleigh distribution everywhere, both outside and inside the surfl
zonc. Describing the waves using linear wave theory, the ensemble averaged wave energy based on the

Raylcigh distribution is

E = é—ngms (2)

Dissipation is modcled after a linear bore and only applies to those waves that are breaking, which are
described by a weighing function of the Rayleigh distribution. Thus, at a particular location, somce of the
waves are described as breaking and the rest are not with the percent of breaking increasing towards shore,
until well inside the surl zone all waves are breaking. In this manner, wave dissipation is sprcad over a
rcgion and the cross-shore vanations in wave height are well described compared with measurements (sce
cg. Thomton and Guza, 1986; Thomton and Whitford, 1992).

Longshore currents are solved for using the alongshore momentum equation, which based on the



above assumptions simplifies to a balance between the changes in the alongshore directed momentum flux,

S..» and the bottom shear stress in the alongshore direction,

= -t2 = —pc,u|v (3)

where the bottom shear stress on the rhs has been linearized assuming the longshore current is weak
compared with the magnitude of the wave velocity (Longuet-Higgins, 1970), and p is the water density
and ¢, is the bottom shear stress coefficient; the ensemble averaged wave velocity magnitude is specified

using linear theory, |u| = Hrms(g/4xh)'”. The S,, can be partitioned into wave and turbulent momentum

uxcs

Using linear wave theory, the wave-induced momentum flux (radiation stress) is given by

C
S, = E——Cq’—‘ sinacosa (3)

The turbulent momentum flux formulation by Battjes (1975) is used, which assumes the primary source
of turbulent encrgy within the surf zone is due to wave breaking and that the mean rate of wave encrgy
dissipation equals the rate of turbulent energy production locally. The effect of the presence of the
longshore current shear is to stretch the isotropic generated turbulent eddies, inducing horizontal anisotropy
resulting in a negative correlation of turbulent velocity components u’ and v'. The characteristic size of
the turbulent ceddics is limited by the local depth. The turbulent momentum flux, or Reynolds stress
integrated over depth, is given by

where
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A = Nh| b ] (7)

and N should be O(1). The longshore current is numerically solved using Equation 3 (Thomton and Guza,
1986), wherce the H_ (and E) are obtained by first solving Equation 1. Model cocfficients used for wave
height transformation are\}’3=0,8 énd v=0.4, and for longshore currents ¢=0.006 and N=1.

The longshore cur;;[ xsimulation over the planar beach for a tidal cycle is shown in Figurc 8,
where the velocity, wave height and depth profiles are shown at various tidal stages in the upper pancls,
and the time variation of V with tidal amplitude at various cross-shore locations is shown in the lower
panel. The H_ values for all tidal stages start at the same value offshore (stationary wave conditions).
As the waves progress shoreward the waves start 1o break, with breaking starting further offshore at lowcer
tides. Although the mean water level is changing with the tide, the longshore current profile is invariant
in its profile shape on a planar beach with the profile simply sliding back and forth with the tide. The
maximum longshore current migrates from offshore during low tide towards the shore during high tde.
The behavior of the maximum current migrating in the on-offshore direction illustrates the relative phasce
differcnce between two regions separated by a position (node) where current does not change with tide.
The lower panel clearly indicates the opposite phase in time variations between these two regions. The
sign of the phasc between longshore current and tide elevation depends upon whether the currents are
ncgatively or positively flowing. For positive flowing current, the longshore current is in-phase with the
tide ncarer the shorcline and out-of-phase in the outer surf zone. To examine this phase relationship, let
X, be the distance of the time-varying shoreline measured relative to the shoreline at mid-tide, x,, and the

tidal fluctuations given by
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¢ = {,sinot (8)

where §p is tidal amplitude and o is the tidal frequency (eg. 12.4 hr for M, semi-diumal tide). The

shoreline position x, is given as

X, = - _ ¢ sinot (9)

where tanf is the beach slope. Therefore, the offshore position at time t is expressed by x = x, - x.
Solving for the longshore current as a function of the tide elevation using a change of variables by

applying the chain rule

dv(x, t) dvix,) dx
\V4 , & = - = = - = = 10)
0 = | N dx  dt (
Substituting Equation 9 and integrating,
dvix,) ¢
Vi(x, = o I _si t (11)
(x, t) dx  Ttanp sino

where the constant of integration is zero satisfying the boundary condition that dV/dx = 0 as x — o=,
Equation 11 implics that the time variations of the longshore currents partitions into two regions separated
by the inflection point at dV/dx = 0 with opposite phase. The longshore current is in-phase with the tide
in the inshore portion of the surf zonc where dV/dx is positive, and is out-of-phase with the tide offshorc
the velocity peak where dV/dx is ncgative.

The idcas presented for a planar beach are applicable to the barred system, where the longshore

11



current profiles are more sensitive to changes in the bathymetry in response to wave breaking over the
barred profile. Longshore current profiles are simulated over the observed bathymetry for October 7 (low
wave, poorly-developed bar casc; Figure 9) and October 12 (high wave, well-developed bar case; Figurc
10). Again, the H_, valucs all start at the same value offshore, and as the waves progress shoreward the
wavces start to break, with breaking starting further offshore at lower tides. The low wave, poorly-
developed bar case is similar to the plane beach case with the longshore current profile sliding on and
offshore with the tide, but with distortions in the profile shape due to variations in the dissipation intensity
duc 1o the non-planar beach profile.

The wave height and longshore current distributions are more complex for the well-developed bar
case (Figure 10). The simulated waves break most strongly on the outer bar, with a large decrease in
wavc height over the bar, reform in the trough as noted by the increase in wave height duc to shoaling
and break strongly again on the foreshore; the shapes of the cross-shore H,,, profiles are similar once the
\\'avc\’s/tart tovbrcak. The simulated V profile is more complicated. At higher tidal stages, the velocity
profilec has a single maximum located just inside the bar with the strongest longshore current occurs at
high tide. At low tidal stages the longshore current maximum moves onto the outerside on the bar in
response 1o waves breaking more intensely offshore the bar at low tide; the waves then reform over the
trough and break on the forcshore causing a another maximum in longshore current near the beach.
Again, the fluctuations of longshore current indicates a possible reversal of the phase between two regions
scparated by a node. The results of the simulation on the variation of longshore currents clearly suggest

a possible reversal of the phase between two regions, which is examined with observed data.

OBSERVED VARIABILITY OF LONGSHORE CURRENTS
The time series of longshore currents shown in Figure 6 are grouped into 3 different tidal stages;

high, mid, and low tides, and the resulting cross-shore distribution of longshore currents for the ien days
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are shown in Figure 11. The markers represcnt the locations of the sensors, and the connecting lines are
cubic spline interpolations. The range of variation at each stage gives an idea about the response of
longshore current to the wave variability. The relatively large values observed at the inner most sensor
during high tidc suggests that the shoreline position with zero longshore current is further inshore of the
expccted tidal shorcline, or significant longshore current is present even at the shoreline,

Mean wave height and longshore current profiles for consecutive tidal stages from low to high
tides on three different days are shown in Figures 12-14: 7 October (low waves, weak bar), 9 October
(moderate waves, moderate bar with tidal plateau) and 11 October ¢higher waves and well-developed bar).
Examining wavce height transformation first. the waves were nearly stationary for each day, i.c. offshore
wavce height is nearly the same for all tide stages. The waves initially increase in height duc to shoaling
and then decrease duc to breaking. The wave heights decrease more rapidly where the depth decreases
more rapidly due to enhanced dissipation due to wave breaking. For the larger waves on the 11th, the
wavces broke first on the bar, reformed in the trough, increasing slightly due to shoaling, and then broke
again on the foreshore. For the lower wave case on the 7th, the waves broke further offshore at lower
tide with breaking initiated by the rapidly decreasing depth of the residual bar formation, and then broke
closcr to shore on the steeper foreshore at high tide. The behavior of observed changes in H_ at various
tidal stages is similar to the simulations shown in Figures 8-10.

The longshore current responds to the displacement of the location of the changes in the Hrms
with the V pecak moving shorcward as the tide increases, similar to the simulations. A possible
discrepancy of the measurcments with the simulations occurs on the 11th at high tide. In the simulations
the strongest velocitics occur at high tide, whercas on the 11th the velocity is less; this is due to the initial
wave height being less at high tide, and not a conflict with the simulations. Interestingly, the longshore
current velocities at high tide on 7 and 9 October are near maximum at the apparent shoreline where the

wavce heights are near zero.
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The contribution of the variance of wave height and velocity associated with the semi-diurnal tide
to their total variance is examined by calculating energy density spectra. The spectra are ensemble-
averaged over 9 records of 49.6 hours (four tidal periods) with fifty percent overlap, giving approximately
18 degrees of freedom. Using record lengths of exact multiples of the primary diumnal tidal period negates
bias due to leakage. Examples of energy density spectra for tidal elevation and velocity are shown in
Figurcs 15 a,b,c (upper panels).

Tilc fraction of the variance at the semi diumnal tide is obtained by summing the adjacent spectral
bands centered on the semi-diurnal tidal frequency (0.08cph), and comparing it with the variance obtained
from the time scries of the entire record; these are presented as ratios of standard deviations in Table 1.
Litle of the wave height variability outside the surfl zone is associated with the tide, while significant
variability is associated with the tidc inside the surf zone. The longshore current associated with the tide
is greater than that associated with the wave height outside the surf zone; this fraction shows a general
increase in across the surf zone, with the exception of a decrease in the trough. The maximum longshore
current varability at tidal frequency is at the foreshore.

The H_ varied at tidal frequency across the entire surf zone (Figure 5). On the other hand, there
is an observed decrease in longshore current response to tide variations in the trough of the profile,
compared with enhanced variations at tidal frequency both nearshore and over and offshore the bar as
reflected in the timeseries (Figure 6) and quantized in the portion of the standard deviation associated with
the tide (Table 1). The decrease in the response at the tidal frequency can be explained by examining the

longshore current formulation. Manipulating Equation 3,

Vix, t) = _ 1 9S, (12)
pcylul ox

where mixing has been ignored for simplicity. Substituting the linear wave theory formulations for S,

(Eq. 5), E (Eq. 2) and jul, into the alongshore momentum balance gives
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where angle information is constant as described by Snell’s law for straight and parallel contours and a
higher order term has been neglected. The magnitude of the longshore current is temporally modulated
by the tidal elevation and spatially dependent on the total water depth and the gradient of H_,. Referring
to the depth profiles in Figure 3 and the H_, transformations shown in Figure 11, the largest gradients of
H_,, occur on the seaward face of the bar and on the foreshore coinciding with enhanced longshore current
variations at the tidal frequency. The trough is a region of wave reformation and low wave height
gradients, and hence a lack of tidal signature in the longshore current. The tidal variation dependence in
the total depth term, h(x)+{(1), increases with decreasing depth over the bar and close to the shore: this
acts to amplify the relative tidal variations.

The cross-spectra between the tide and longshore current and wave heights are calculated to
cxaminc the coherence and phase difference information; examples between the tide elevation (P9) and
V sensors are shown in Figures 15a,b,c.  The longshore current is coherent with the tide at the semi-
diumal frequency (significantly different from zero at 95% confidence) at all locations across the sur{ zong
(sce Table 2). The phases at this frequency band change from 124 degrees offshore (P9-V9) to out-of-
phasc at mid-surf zone (P9-V5) to in-phase at the inner surf zone (P9-V2). The observed current at tidal
{requency at the offshore sensor V9 is weak (Fig. 6), but the coherence and phase suggests the presence
of tidal currents offshore. The change in the phase towards the shoreline corresponds to the behavior
obscrved in the simulations (Fig. 8-10).

The coherences and phases at the semi-diurnal tidal frequency between tide elevation (P9) and
wave heights across the surf zone (H(x)) between the wave height furthest offshore (H9) with other wave
heights (H(x)), and between the tide elevvation (P9) and the longshore currents across the surf zone (V(x))

are showrﬁ:igurc 16 and listed in Tablzz The values for location 6 have not been included in the Figure
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as the time series was considerable shorter and the results inconsistent. The coherence gives a mcasure
of the linear cross-correlation between two sinusoids at a particular frequency. The wave heights offshore
of the bar (locations 8§ and 9) are not coherent with the tide elevation indicating their variability is due to
processes other than the tide. The wave heights arc coherent with the tide clevation inshore of location
7 with the coherence increasing shoreward: the slight decrease of cohcrence in the swash at location 1 is
because of distortions of the sinusoidal wave form due to no waves at low tide. The wave heights inside
the surf zone are in-phase with the tide indicating they are responding to the tide. These results tend to
substantiate the hypothesis that variations at tidal frequency are due to changes in the depth modulating
the breaking wave height over the bar and controlling the wave heights inside the bar.

On the other hand, the coherences between the wave height offshore (H9) with shorcward wave
heights generally decreases shoreward and are not significant inside the surf zone, indicating another
mechanism 1s controlling the wave height other than the initial conditions, namely the modulation of the
depth of water by the tide resulting in changes in the wave height due to breaking over the bar. The
offshore wave height is in-phase with the shoreward wave heights outside the surf zone where the
coherence 1s significant; the phase inside the surf zone has no mcaning as the wave heights arc not
coherent. The anonymously high coherence at location 6 is duc a shortened record in which most of the
measurements were for low wave heights during the earlier part of the experiment when this location was
well outside the surf zone (see Figure 5).

The coherence between the tide elevation and longshere current velocities is significant at all
locations with maximum values over the bar and near the shoreline and decreased over the trough. The
phase difference between the tide elevation and longshore current is out-of-phase in the outer surf zonc

and in-phasc in the inner surf zone, which is in accord with the simulations.

SUMMARY AND CONCLUSIONS
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Nincteen days of continuous data of wave height and longshore current were acquired during the
DELILAH experiment to cxamine tidal variability. Wave height time series outside the surf zone show
considerable variability in the wave height associated with wave generation by local winds and distant
storms, but little tidal signature; on the other hand, the wave heights inside the surf zone show a strong
tidal signaturc. The longshore currents inside the surf zone show similar significant tidai signature and
slowly varying transient response at time scales of the offshore wave height variations. The strongest tidal
signatures in the longshore currents appear near the shore and over the bar, with a decrease in tidal
signature in the trough. Some tidal signature is observed even at the furthest offshore sensor, suggesiing
that tidally driven longshore currents are present in addition to the wave driven longshore currents
modulated at tidal frequency. This study shows the tide is a dominant forcing mechanism for the
variability of wavé height and longshore currents inside the surf zone.

It was hypothesized that time varying water depth due to the tide modulates the depth dependent
breaking wave heights over the bar resulting in the waves inside the barred profile having a strong tida!
signature, and that the longshore currents have a tidal signature in response to the wave forcing. To test
this hypothesis, the phases between the tide elevation and the longshore currents across the surf zone were
examincd using model simulations and data analysis. The random wave driven longshore current model
of Thomton and Guza (1986) was used to simulate the mean longshore currents along with tidal variation
using discrete-step transient. Variation in both wave height and longshore current and their phase relations
with the tide for both a planar beach and the actual bathymetry were examined in these simulations. It
was found that the longshore currents are in-phase with the tide elevation in the inner surf zone and out-
of-phasc in the outer surf zone with no variation outside the surf zone. The tidal variations were strongest
ncarshorc and over the bar, and weaker in the trough. [f the currents were simply tidal currents. the
currents across the surf zone should all be in-phase with each other and 90 degrees-out-of phase with the

tide progressing up the coast.
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These expected phase relations were examined in the data by calculating cross-spectra between
tide clcvation and wave heights and longshore currents. The energy density and coherence were maximum
at the semi-diurnal tidal frequency. The phascs betweem the tide elevation and longshore current at this
frequency vary from in-phase near the shore, to out-of phase in the outer surf zone, to around 90 degrecs
offshorc. At the semi-diumnal tidal frequency, the coherence between tide elevation and wave height is
significant within the surf zone and not outside. The coherence between the tide elevation and longshore
current are greatest near the shoreline, less over the trough, increased over the bar and then approaching
zcro offshore. These results are in accord with the simulations and substantiate the hypothesis that the
tidal variations at tidal frequency are due to the depth modulating the breaking wave height over the bar
and co‘mrolling the wave heights and longshore currents inside the surf zone.

The modulation of the wave height and longshore current velocity by the tides must have an O(1)
influcnce on the sediment transport processes inside the surf zone integrated over time. Obviously this
is truc at the shorcline where the beach is dry approximately half the time and covered by water over the
high tide, but also applics across the surf zone due to the nonlinearity of the process described by high
order velocity moments (Bailard, 1981). It is conjectured that for at least moderate waves, such as swcll
building a summer beach, much of the accretion of sediments occurs over high tide. This is the topic of
a forthcoming paper analyzing the DELILAH data.
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Table 1. Fraction of wave height and velocity standard deviations associated with the semi-diumal tide.

Location H(x) V(x)
1 27 .67
2 .57 .40
3 .69 17
4 .68 .30
S .46 31
6 12 .24
7 18 23
8 11 23
9 10 27

Table 2. Cohcerences and phasc differences at the semi-diumal tidal frequency (0.08 cph) between tide
clevation (P9) and wave heights across surf zone, between wave height at the offshore location (H9) with
wave heights, and between tide clevation (P9) and longshore current.  Valucs of coherence greater than
(.33 arc significantly different from zcro at 95% confidence level.

Location Tide, H(X) H(%), H(X) Tide, V(X)
Coherence  Phase Coherence  Phase Coherence Phase

1 .84 11 01 43 74 -1
2 .98 10 .06 -11 .56 -1
3 98 10 .07 9 49 160
4 .92 8 .05 7 .88 173
5 .66 6 .07 24 .93 173
6 .61 67 .85 13 91 169
7 .35 13 .35 4 78 164
8 .05 22 78 2 61 152
9 .05 26 1.00 0 44 124
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FIGURE CAPTIONS

Figure 1. Layout of instruments deployed during the DELILAH experiment overlying bathymetry wh gt
hour mean longshore current vectors superposed for 11 Oclober 1590.

Figurc 2. Wind speed and direction measure at end of pier, significant wave height, period and dircction
in 8m depth, longshore current measured in trough, and tide elevation during DELILAH experiment.

Figure 3. Bottom profiles during experiment with current meter elevation and locations indicated.

Figure 4. Examples of bathymetry showing a) three-dimensional morphology during mild conditions ek
in the experiment, and b) linear bar as a result of strong longshore currents after 10 October.

Figure 5. Time series of five minute mean H_,, values, 6-16 October 1990.
Figure 6. Time series of five minute mean longshore current values, V, 6-16 October 1990.
Figure 7. Expanded view of five minute mean V values on 9 October 1990.
Figurc 8. Simulated longshore currents and wave heights and depths on a planar beach during a tidal cycle
(upper panels). Variation of longshorc currents at various cross-shore locations with tidal cycle
(lower pancl).
Figurc 9. Predicted longshore currents and wave heights and depths over the measurced barred bathymetry
7 October for case of low waves and poorly-developed bar during a tidal cycle (upper panels). Variaion
of longshore currents at various cross-shore locations with tidal cycle (lower panel).
Figurc 10. Predicted longshore currents, wave height and depth over the measured barred bathymetry 12
October for casc of low waves and well-developed bar during a tidal cycle (upper panels). Variation
of longshore currents at various cross-shore locations with tidal cycle (lower panel).
Figurc 11. Obscrved longshore currents grouped into three tidal stages.
Figurc 12. Observed H,,, and longshore currents for consecutive tidal stages, 7 October.
Figurc 13. Observed H,; and longshore currents for consecutive tidal stages, 9 October.
Figurc 14. Obscrved H,,,, and longshore currents for consecutive tidal stages, 11 October.
Figurc 15a. Cross-spectra between tide elevation (P9) and longshore currents at V9.

15b. Cross-spectra between tide elevation (P9) and longshore currents at VS.

15¢. Cross-spectra between tide elevation (P9) and longshore currents at V2.
Figurc 16. Cohcerences (open squarcs) and phase differences (closed squares) at the scmi-diurnal tidal
[requency (0.08 cph) between tide elevation (P9) and wave heights across surf zonc (upper pancl), between
wave height at the offshore location (H9) with wave heights (middle panel), and between tide clevation

(P9) and longshore current (lower panel). Values of coherence greater than 0.33 are significantly differcnt
from zcro at 95% confidence level.
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