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Abstract

A large-scale laboratory facility for conducting research on surf-zone sediment transport processes has been constructed
at the U.S. Army Engineer Research and Development Center. Successful execution of sediment transport experiments,
which attempt to replicate some of the important coastal processes found on long straight beaches, requires a method for
establishing the proper longshore current. An active pumping and recirculation system comprised of 20 independent pumps
and pipelines is used to control the cross-shore distribution of the mean longshore current. Pumping rates are adjusted in an
iterative manner to converge toward the proper settings, based on measurements along the beach. Two recirculation criteria

w Ž . xproposed by Visser Coastal Eng. 15 1991 563 were also used, and they provided additional evidence that the proper total
longshore flow rate in the surf zone was obtained. The success of the external recirculation system and its operational
procedure, and the degree of longshore uniformity achieved along the beach, are the subjects of this paper. To evaluate the
performance of the recirculation system, and as a precursor to sediment transport experiments, two comprehensive test series

Ž .were conducted on a concrete beach with straight and parallel contours 1:30 slope , one using regular waves and the other
using irregular waves. In the regular wave case, the wave period was 2.5 s and the average wave height at breaking was
approximately 0.25 m. In the irregular wave case, the peak wave period was 2.5 s and the significant breaking wave height
was approximately 0.21 m. The longshore current recirculation system proved to be very effective in establishing uniform
mean longshore currents along the beach in both cases. This facility and the data presented here are unique for the following

Ž .reasons: 1 the high cross-shore resolution of the recirculation system and the ease with which changes can be made to the
Ž .longshore current distribution, 2 the degree of longshore uniformity achieved as a percentage of the length of the basin

Ž . Ž . Ž .even near the downdrift boundary , 3 the scale of the wave conditions generated, and 4 the relatively gentle beach slope
Ž .used in the experiments compared to previous laboratory studies of the longshore current . Measured data are provided in an

appendix for use in theoretical studies and numerical model development and validation. q 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Waves breaking at oblique angles to the coastline
generate a mean current in the surf zone that flows
parallel to the coast. Breaking waves and the long-
shore current are capable of transporting hundreds of
thousands of cubic meters of sand along the coastline
during a typical year. One motivation for studying
the longshore current and longshore sand transport is
to improve existing methods for calculating nearshore
sediment transport rates, which can then be applied
to practical engineering applications such as: predict-
ing beach response in the vicinity of coastal struc-
tures, beach-fill project evolution and renourishment
requirements, and sedimentation rates in navigation
channels.

The Large-scale Sediment Transport Facility
Ž .LSTF has been constructed at the U.S. Army Engi-
neer Research and Development Center’s Coastal

Ž .and Hydraulics Laboratory see Rosati et al. 1995 .
The intent for the facility is to reproduce, in a
finite-length wave basin, certain surf zone processes
found on a long straight natural beach, including
sand transport and beach change processes. Success-
ful execution of sediment transport experiments re-
quires a method for establishing the proper longshore
current, or at least a reasonable representation of the
proper longshore current recognizing that all pro-
cesses that occur on real beaches are not simulated in
the facility. In the context of this paper, the term
AproperB longshore current is used to describe the
longshore current that would be generated along an
infinitely long beach having a cross-section and inci-
dent wave forcing that are invariant in the longshore
direction. An active pumping and re-circulation sys-
tem is used in the LSTF to establish the proper

Ž .longshore current see Hamilton et al. 1996, 1997 .
As a design objective, the external recirculation

system and procedures for operating it should maxi-
mize the length of beach for which waves, currents,
sediment transport, and beach morphology are nearly
uniform in the alongshore direction. Longshore uni-
formity is important both in regions where wave,
current, and sediment concentration measurements
are made and at the downdrift boundary of the beach
where sand traps are located. Creating the proper
longshore current and a high degree of longshore
uniformity are difficult to achieve. The capability of

the LSTF recirculation system to meet these objec-
tives is the subject of this paper. Two comprehensive
series of longshore current experiments were per-
formed on a fixed concrete beach to facilitate evalua-
tion of the system. The experiments were done as a
precursor to a more complex series of moveable-bed
longshore sediment transport experiments.

The paper is organized as follows. Section 2
provides a brief overview of previous laboratory
investigations of longshore currents, with emphasis
on the method used to create the proper longshore
current. Section 3 provides a brief description of the
layout of the LSTF, as well as the design of the
external recirculation system and the lateral bound-
aries. Section 4 gives an overview of the experimen-
tal program along with the incident wave conditions
generated for both test series. Section 5 describes the
methodology used to acquire data, and the type of
data collected during each experiment. Section 6
describes the procedure used to establish the proper
longshore currents. Section 7 quantifies the long-
shore uniformity of the waves, currents and mean
water surface elevation, as a function of beach length.
Section 8 discusses the steadiness of the flow rates in
the basin and the repeatability of the flow measure-
ments. Section 9 discusses the results from the stand-
point of conducting longshore sediment transport
experiments in the LSTF in the near future. Section
10 provides conclusions.

2. Previous laboratory investigations of longshore
currents

Relatively few carefully controlled laboratory
studies, which involved the study of longshore cur-
rents, have been conducted. In the earliest investiga-
tions, only the average longshore current velocity,
across the width of the surf zone, or the maximum

Žvelocity, was measured Putnam et al., 1949; Breb-
.ner and Kamphuis, 1963 . Galvin and Eagleson

Ž .1965 were the first to measure the cross-shore
distribution of the longshore current at several
shore-normal transects along the beach. This in-
creased detail, although very valuable, revealed some
of the challenges associated with obtaining longshore
uniformity in the laboratory. All three of these stud-
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ies used passive recirculation systems, which means
that the longshore current was allowed to passively
flow back to the upstream end of the basin, either
inside or outside of the waveguides.

Ž .Dalrymple and Dean 1972 developed a circular
wave basin with a spiral wave generator and a
circumferential beach to eliminate the boundary ef-
fects caused by the upstream and downstream
boundaries of the facility. Potential methods to deal
with the problem of wave-induced circulation in
shallow wave basins continued to be addressed in

Ž .subsequent years, see Dalrymple et al. 1977 and
Ž .Kamphuis 1977 .
Ž .Visser 1980, 1982, 1984, 1991 documented the

most comprehensive laboratory study of longshore
currents previously conducted for a relatively wide
range of test conditions. Visser measured the three-
dimensional structure of the longshore current and
developed a method to maximize longshore uniform-
ity by utilizing an active external recirculation sys-
tem driven by a pump. A distribution system was
used at the upstream boundary to distribute the long-
shore flux across the surf zone. At the downstream
boundary, however, a distribution system was not
used, but the width of the opening in the waveguide
was optimized based on the width of the surf zone.
The longshore current then flowed further down-
stream toward a single point of intake to the external
recirculation system. This laboratory study sets a
high standard for experimental design and attention
to detail. The experiments were conducted on rela-

Ž .tively steep beach slopes 1:10 and 1:20 and were
restricted to longshore currents generated by regular
waves.

Ž .Reniers and Battjes 1997 measured the cross-
shore distribution of longshore current for regular
and irregular waves, and they used a similar method
of external recirculation as that used by Visser. Tests
where conducted on two types of beaches; one with
a constant 1:20 beach slope and one with an offshore
bar. In the case of the barred beach, measurements
revealed a bimodal longshore current distribution
with one peak near the crest of the offshore bar and
the second peak near the shoreline. For the case of
the constant beach slope, the limited geometric scale
of the experiments made it impossible to measure the
peak longshore current, due to inadequate water
depth in the surf zone.

Ž .Mizuguchi and Horikawa 1978 were the first to
measure the vertical structure of the longshore cur-
rent in the laboratory. A passive recirculation scheme
was used allowing the longshore current to recircu-
late outside of the downstream waveguide and re-en-
ter into the testing region beneath the wave genera-
tors. They found the mean longshore current to be

Ž .relatively uniform with depth. Visser 1991 ob-
Ž .served the same. Simons et al. 1995 concluded

that the vertical velocity structure of the longshore
current followed a logarithmic profile during prelim-
inary evaluation tests in the large-scale Coastal Re-
search Facility at HR Wallingford. The active recir-
culation system used in the Coastal Research Facility
is a further improvement upon the system used by

Ž .Visser 1991 in that adjustable weirs are used to
control the cross-shore distribution of longshore cur-
rent at both the upstream and downstream bound-

Ž .aries of the facility HR Wallingford, 1994 . Hamil-
Ž .ton et al. 1997 summarizes the seven types of

longshore current recirculation systems used in labo-
ratory investigations of longshore currents.

3. Design of the LSTF

Fig. 1 is a photograph of the LSTF taken during a
regular wave experiment. The LSTF has dimensions
of approximately 30-m cross-shore by 50-m long-
shore by 1.4-m deep, see Fig. 2. Unidirectional,
long-crested waves are generated with four piston-
type wave generators. The concrete beach has a
longshore dimension of 31 m and a cross-shore
dimension of 21 m, with a plane slope of 1:30. Small
longshore variations in beach elevation can have a
significant influence on longshore current patterns
Ž .Putrevu et al., 1995 . Therefore, the beach was
designed and carefully constructed with straight and
parallel contours and a high degree of accuracy
Ž .vertical variation of "2 mm .

The coordinate system in the facility is right-
handed, with the origin at the downstream, shore-

Ž .ward end of the wave basin see Fig. 2 . The positive
x-axis is directed offshore and is measured relative
to the upper edge of the concrete beach slope. The
positive y-axis is directed upstream. The z-axis is
measured positively upwards with the origin at the
still water level. The coordinate system was chosen
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Ž .Fig. 1. Oblique view of the Large-scale Sediment Transport Facility regular wave experiment . A technician standing in the upper left
corner indicates the physical size of the facility.

based on future plans to extend the length of the
wave basin. However, for the sake of simplicity, all
downstream-directed longshore current speeds and
flow rates presented in the paper are given as posi-
tive numbers, even though the flow is in the negative
y direction.

The external recirculation system consists of 20
independent pump-and-piping systems with a total

Ž .capacity of 1250 lrs. Hamilton et al. 1996 describe
the methodology used to determine the capacity and
functional requirements of this system. Twenty flow
channels at the downstream end of the facility guide
the longshore current from the beach to the pumps
Ž .see Fig. 2 . Likewise, on the upstream end, 20 flow
channels guide the flow from the point of pipe
discharge to the upstream boundary of the beach.
Flow channels extend from xs3.0 to 18.0 m in the
cross-shore direction, and each channel is 0.75 m

wide. This design allows a large range of longshore
current magnitudes and cross-shore distributions to
be accurately controlled and externally recirculated.

Ž .Hamilton et al. 1997 provides design details for
each of the primary components in the recirculation
system.

Design of the upstream and downstream lateral
boundaries was a challenge since the longshore cur-
rent has to flow out of and into the flow channels
while wave diffraction into the flow channels needs
to be minimized. Waveguides were designed so that
the height of the opening beneath the waveguide
could be adjusted to allow the longshore current to
pass beneath the impermeable waveguide. For the
wave conditions and water level used during these
experiments, the height of the opening was selected
after several trial and error iterations. At the up-
stream boundary a constant 0.1-m high opening be-
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Fig. 2. Plan view of the LSTF and a conceptual diagram of longshore flow conditions.
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neath the waveguide was used. At the downstream
boundary, the bottom edge of the waveguide was set
at approximately the minimum wave trough eleva-
tion. In addition to the waveguides, a matrix of
0.1-m diameter rigid polyvinyl chloride pipe was
installed in each of the flow channels to absorb the
residual wave energy that entered beneath the wave-
guides, and to minimize wave reflection in the flow

Ž .channels. Svendsen 1991 discussed similar con-
cepts. Additional information regarding the design
and evaluation of the performance of the LSTF is

Ž .documented in Hamilton et al. 2000 .

4. Experimental program

A number of preliminary experiments were con-
Ž .ducted to investigate: a long-term oscillations in

Žpump discharge rates they were found to be negligi-
. Ž . Žble , b flow patterns created by pumping only i.e.,

. Ž .no wave forcing , c flow patterns with waves only
Ž . Ž .i.e., no external current recirculation , and d the
time required for the mean velocities in the wave
basin to reach steady state.

Once these preliminary experiments were com-
pleted, two comprehensive test series were con-
ducted, one using regular waves and the other using
irregular waves. A total of 20 experiments were
conducted, each with a different magnitude and
cross-shore distribution of pumped flow rate. Fifteen
regular wave experiments were conducted in the
process of determining the proper magnitude and
cross-shore distribution of the longshore current, and

Ž .were identified as Test 2 waves only and Tests
Ž .6A–N waves and currents . Five irregular wave

experiments were conducted and identified as Tests
8A–E.

The incident wave conditions adopted for Tests
6A–N and Tests 8A–E are given in Table 1 where T

Žis the wave period peak spectral wave period, T ,p
.for the irregular wave case , H is the wave height

Ženergy-based significant wave height, H , for themo
.irregular wave case , l is wavelength, d is still

water depth, u is the angle of incidence relative to
shore normal, and the subscripts A0B and A1B refer to
values in deep water and at the wave generators,
respectively. Deepwater values were calculated using
linear wave theory. For the irregular wave tests, Hmo

was selected so that the root-mean-square wave
height, H , was comparable to the average waverms

height, H , for the regular wave case. Therefore,avg

the total incident wave energy used for both regular
and irregular waves was similar. For the irregular
wave tests, a TMA spectrum was used to define the
spectral shape. The spectral width parameter was
3.3, a value representing typical wind sea conditions.
A random phase method was used to synthesize the
pseudo-random wave train used to drive the wave
generators. The length of the drive signal was 500 s,

Ž .a duration of 200 times the peak wave period 2.5 s .
The still water depth at the wave generators was held
constant at 0.667 m during all experiments.

5. Measurement methodology

An automated instrumentation bridge was used to
position the wave and current sensors at various
positions along the beach. Transect locations were
selected every 4.0 m, from ys15.0 to ys39.0 m,
as shown in Fig. 2. Transects are identified as Y15,
Y19, Y23, Y27, Y31, Y35 and Y39, according to
their longshore coordinate. During each experiment,
measurements were made along at least three pri-
mary transects to represent general hydrodynamic

Žconditions along the beach: Y19 center of the down-
. Žstream half of the beach , Y27 center of the entire

Table 1
Summary of incident wave conditions

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Test Wave type T s H m H rl – d m u 8 H m H rl – u 81 1 1 1 1 0 0 0 0

Test 6A–N Regular 2.5 0.182 0.031 0.667 10.0 0.189 0.019 16.6
Test 8A–E Irregular 2.5 0.225 0.038 0.667 10.0 0.233 0.024 16.6



( )D.G. Hamilton, B.A. EbersolerCoastal Engineering 42 2001 199–218 205

. Žbeach , and Y35 center of the upstream half of the

.beach . During Tests 6N and 8E, and several others,
measurements were made at all seven transects.

Ten capacitance-type wave gauges and 10 acous-
Ž .tic-doppler velocitimeters ADV were co-located in

a cross-shore array on the instrumentation bridge.
Wave and current sensors are numbered in ascending
order, starting with number 1 and moving offshore to
number 10. Four other wave gauges were fixed in an
array along the xs18 m contour line, one centered
in front of each wave generator. Wave set-up and
set-down were obtained by using the wave gauges to
measure the elevation of the still water level prior to
each experiment and then subtracting that elevation
from the mean water surface elevation measured
during the experiment. The ADV’s were set at eleva-
tions approximately one third of the water depth
above the bed.

At the beginning of each experiment, the instru-
mentation bridge was positioned at Y27 and the
elevation of the still water level was measured with
all 14 wave gauges. Then the pumps were turned on

Ž .and set to prescribed discharges see Section 6 to
create the desired longshore current distribution. Data

Žcollected with the in-line flow sensors one in each
.of the 20 pump-and-piping systems were analyzed

to ensure the pumps were operating at the proper
flow rates. The wave generators were then turned on
and run continuously throughout the experiment. Af-

Žter 10 min of wave generation 20 min since the time
.the pumps were started data collection began at the

Y27 transect. All sensors were sampled at 20 Hz for
500 s during both the regular and irregular wave test
series. The process of repositioning the instrumenta-
tion bridge and acquiring 500 s of data was repeated
at transects Y15, Y19, Y23, Y27, Y31, Y35, and
Y39. After the last transect was completed at Y39, a
third set of data was acquired at Y27. Redundant
measurements at transect Y27 were collected to as-
sess repeatability of the measurements and the

Žsteadiness of the hydrodynamic conditions see re-
.sults in Section 8 .

The time series were visually inspected while the
experiments were conducted to assess data quality.

Ž .In very shallow water ADV 1 and 2 , air bubbles
from breaking waves penetrated into the water col-
umn, to the depth of the ADV sensors, causing
undesirable spikes in the velocity time series. These

spikes were removed during post-processing with a
filtering routine developed specifically to handle the
characteristics of the spikes. The ADV measure-
ments further offshore did not need to be filtered.

Detailed dye measurements were performed dur-
ing each experiment to inspect patterns in the flow
streamlines by injecting dye into the water at discrete

Ž .points. Dye observations focused on: a straightness
Ž .of the flow streamlines along the beach, b stream-

line patterns of flow exiting the upstream flow chan-
nels and approaching the downstream flow channels,

Ž .and c streamlines in the offshore region of the
basin where internal recirculation occurred. Dye was
also used to obtain qualitative information on the
longshore current in very shallow water, shoreward
of ADV 1.

6. Procedure for tuning the longshore current

Section 6.1 describes the iterative process that
was used to establish the proper magnitude and
cross-shore distribution of the longshore current along
the beach by adjusting the pump settings for the
external recirculation system. To verify these results,
Sections 6.2 and 6.3 describe two criteria proposed
by Visser to confirm that the proper total longshore
flow rate was being recirculated. However, these two
criteria consider only the magnitude of the total
longshore flow rate. They do not help determine the
proper cross-shore distribution of the longshore cur-
rent that needs to be recirculated.

Fig. 2 illustrates conceptually the flow conditions
in the LSTF during the experiments. The quantity Qs

is the total longshore flow rate in the surf zone
between the wave set-up limit and the point of
transition where the mean longshore current reverses
direction; Q is the total longshore flow rate activelyp

pumped through the external recirculation system; Qr

is the total longshore flow rate that internally recircu-
lates in the offshore region; and Q is a secondaryc

offshore circulation cell limited to the length of each
wave board, between two adjacent baffles. In this
facility, Q develops as a result of the baffles thatc

extend shoreward of the wave boards. In general, it
was found that Q decreases as Q decreases, be-c r

cause Q drives Q . At a transect midway along ther c



( )D.G. Hamilton, B.A. EbersolerCoastal Engineering 42 2001 199–218206

beach, and assuming no temporal change in mean
water level within the wave basin,

Q sQ qQ 1Ž .s p r

6.1. IteratiÕe examination of the longshore current
distribution

Pump settings were systematically adjusted in an
effort to establish the proper mean longshore current
distribution in the surf zone, for a given wave condi-
tion. As the series of experiments progressed, new
estimates of the proper longshore current distribution
were made based on previously measured distribu-
tions along the beach. The following hypotheses

Ž .were used to guide the tuning process: 1 the degree
of uniformity of longshore current in the surf zone
should increase as the proper longshore current dis-

Ž .tribution is approached; 2 the magnitude of internal
recirculation, Q , should decrease as the proper long-r

Ž .shore current distribution is approached; 3 there is
Ž .a point where Q is minimized, and 4 internalr

recirculation cannot be completely eliminated due to
imperfections of the lateral boundaries.

The first regular wave experiment, Test 2, was
Ž .conducted with no pumping Q s0 lrs . This testp

was conducted to investigate the case when Q hadr

the largest magnitude and to examine the signs of
under-pumping. This test is equivalent to the recircu-

Ž .lation scheme used by Putnam et al. 1949 , and
Ž .discussed by Visser 1991 and Hamilton et al.

Ž .1997 . As expected, results from Test 2 showed
very non-uniform conditions both in the magnitude
and distribution of longshore current measured at
Y19, Y27, and Y35.

A total of 14 regular wave experiments were
conducted with Q )0 lrs. An initial estimate of thep

proper longshore current distribution was made using
Žthe numerical model NMLONG Kraus and Larson,

.1991 . The breaking wave height-to-depth ratio, used
as a calibration parameter in the numerical model,
was adjusted based on wave height measurements
made in the laboratory experiments.

Fig. 3 shows pump settings for seven of the 14
experiments, including what turned out to be the
proper distribution, Test 6N, for comparison. Pump
settings are shown in terms of the depth-averaged
longshore current pumped through the lateral bound-

Fig. 3. Progression of pump settings for regular wave tests.

aries of the facility. As illustrated, the proper long-
shore current distribution was approached initially by
under-pumping across the entire surf zone, and then
gradually increasing the flow rate pumped through
the lateral boundaries.

Results from Test 6D, an under-pumped case that
was the fifth experiment in the series, are shown in
Fig. 4. The peak longshore current measured at each
of the three transects was much higher than the peak
current pumped through the lateral boundaries. Off-
shore recirculation was diminished substantially in
both extent and magnitude, compared to the no-
pumping case; however, recirculation remained rather
strong at Y27. The longshore current distribution at
Y35 showed a region of flow reversal near the

Ž .shoreline negative values . This phenomenon was
observed during all 15 experiments, and was found
to be limited within a region extending from the
upstream boundary to ys34 m and offshore 2 m
from the still-water shoreline. This region of flow
reversal decreased significantly in magnitude and
spatial extent as the proper distribution was ap-
proached with subsequent pump settings, but it was
never completely eliminated.

Ž .By the tenth experiment Test 6I it appeared that
the proper longshore current distribution was being
approached at the peak and shoreward of the peak.
However, there was concern that the offshore tail of
the distribution was being over-pumped. To investi-
gate the ramifications and signs of over-pumping,
Test 6J was performed. Fig. 3 shows the longshore
current distribution that was recirculated in Test 6J,



( )D.G. Hamilton, B.A. EbersolerCoastal Engineering 42 2001 199–218 207

Fig. 4. Test 6D: under pumping at lateral boundaries.

relative to other tests, and Fig. 5 shows longshore
current results from the test. In the surf zone, the
measured current distribution matched the pump set-
tings quite well. In this region, it would be difficult
to discern whether or not the lateral boundaries were
being over-pumped. However, the over-pumped case
Ž .Test 6J produced substantially more recirculation
in the offshore region, relative to Test 6I. The results
from this experiment indicated that there are signs of
over pumping, but the results are subtle and not
obvious over much of the longshore current distribu-
tion, except in the offshore tail.

Ž .The last few experiments 6K through 6N fo-
cused in more detail on the offshore tail of the
distribution, which proved to be more difficult to
tune. Fig. 6 shows the results from Test 6N, the

Fig. 5. Test 6J: over pumping at lateral boundaries.

Fig. 6. Test 6N: proper pumping at lateral boundaries.

fifteenth and final iteration. Peak currents at the three
primary transects were relatively uniform, and the
degree of uniformity along much of the beach in-
creased noticeably. In the offshore tail, agreement
between pump settings and measurements was the
best observed in any prior experiment. Current mea-
surements in the offshore tail were always slightly
greater than the pump settings, due to the internal
recirculation. The magnitude and extent of the small
flow reversal region near the shoreline at the up-
stream end of the beach was significantly less, and
the longshore current measured closest to the shore-

Žline at Y35 was now directed downstream positive
.values . However, the flow reversal near the shore-

line was still present further upstream. The flow
reversal seemed to cause the higher current magni-
tude measured immediately offshore of the peak at
Y35. The internal recirculation, Q was the lowestr

that had been observed during all previous tests,
based on the measurements at the ADV furthest
offshore. Therefore, it was concluded that the pump
settings used during Test 6N were the proper set-
tings, and they produced the highest degree of uni-
formity of longshore currents in the surf zone. Addi-
tional measurements were made offshore at the Y27
transect, to more accurately quantify the magnitude
of the internal recirculation in the offshore region.
They are discussed in more detail in the next section.

The same iterative process used for the regular
wave case was repeated for the irregular wave case.
The final longshore current distribution was achieved
in Test 8E, after five iterations. A more complete set
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of results that illustrates the degree of longshore
uniformity that was achieved, are presented and dis-
cussed later in Section 7 and provided in tabular
form in Appendix A.

6.2. Verification using minimum Q conceptr

The values of Q used during Tests 6N and 8E,p

assumed to be the optimum values, were verified
Ž .using the two criteria proposed by Visser 1991 . As

mentioned previously, these two criteria consider
only the total longshore flow rate being recirculated,

ŽQ , not the cross-shore distribution i.e., not the 20p
.individual pump flow rates .

In the present experiments, Q , which is influ-r
Ž .enced by Q see Fig. 2 , was estimated directlyc

during Tests 6N and 8E, by making additional mea-
surements in the offshore region at transect Y27. For
all other experiments in the Tests 6 and 8 series, Qr

Žwas estimated indirectly assuming Q sQ yQ Eq.r s p
Ž ..1 . Quantifying the magnitude of Q was difficultc

and it could only be roughly estimated using dye.
As shown in Appendix B, the mean longshore

currents were rather invariant with depth. Therefore,
the flow rate in the surf zone, Q , could be calcu-s

lated using the longshore current measured one-third
of the water depth above the bottom, the local mean
water surface elevation, and an estimate of the
cross-sectional area represented by each ADV. The
pumped flow rate, Q , was calculated using datap

from the in-line flow sensors in each pump-and-pip-
ing system.

Ž .The first criterion proposed by Visser 1991 will
be illustrated conceptually, using the Q and Qs r

values obtained during the 15 regular wave experi-
ments, see Fig. 7. Q is the value of Q associatedpu p

with the proper and nearly uniform longshore flow
rate in the surf zone, Q . This method is based onsu

the premise that Q can be determined by minimiz-pu
Ž .ing Q as a function of Q . Visser 1991 postulatedr p

Ž .the following: a if Q -Q , then the flow rate Qp pu s

will increase in the downstream direction and the
surplus, Q yQ , will return offshore and increases p

Ž .Q , or b if Q )Q , then the increased flow rater p pu

Q will increase Q offshore due to increased advec-s r

tion and lateral friction.
Although there is some scatter in the data, Test

6N had the lowest value of Q . For Test 6N, Q andr s

Fig. 7. Q and Q at Y27 for 15 regular wave experiments.s r

Q were 505 and 465 lrs, respectively. Hence, Q isp r

indirectly estimated to be 40 lrs. Based on ADV
measurements, the internal recirculation flowing in
the upstream direction, Q qQ , was calculated tor c

be 48 lrs. The secondary circulation cell, Q , flow-c

ing downstream directly in front of each wave gener-
ator was estimated to be 10 lrs, using dye. There-
fore, the inferred value of Q was 38 lrs. Hence,r

direct measurement of the internal recirculation, Q ,r

and the indirect estimate, Q yQ , gave good agree-s p

ment. The ability to minimize internal recirculation
relative to the flow rate in the surf zone, can be

Ž .quantified as Q yQ rQ , which for this test wass p s

approximately 8%.
Values of Q and Q for the five irregular waves r

experiments are shown in Fig. 8. The slight upward
curvature in the Q curve is evidence that Q hadr p

been increased sufficiently to reach the minimum
value of Q , perhaps even slightly exceeding ther

Žproper flow rate, Q , in Test 8E the largest valuepu
.of Q . However, evidence provided in the nextp

section suggests that Q may have been slightly lessp

than Q . For Test 8E, Q and Q were calculated topu s p

be 545 and 478 lrs, respectively. Hence, Q isr

indirectly estimated to be 67 lrs. Based on ADV
measurements Q qQ was calculated to be 135 lrs.r c

Based on dye measurements Q was estimated to bec

60–70 lrs, flowing downstream directly in front of
each wave generator. Therefore, the inferred value of
Q was 65–75 lrs, and the value of Q and Q arer r c

comparable. Hence, both the direct and indirect mea-
surements of the internal recirculation, Q , were inr
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Fig. 8. Q and Q at Y27 for five irregular wave experiments.s r

relatively good agreement. For Test 8E the ratio of
Ž .Q yQ rQ was approximately 12%. More inter-s p s

nal recirculation was generated in the irregular wave
case because 2–3% of the waves broke slightly
offshore of xs18 m, the offshore limit of the
external recirculation system.

Results for both the regular and irregular wave
test series suggest that the recirculation criteria pro-

Ž .posed by Visser 1991 is valid for the LSTF. How-
ever, for the LSTF, the gradient in the Q yQs p

curve tends to increase more gradually as Q isp

increased, compared with the results presented by
Ž .Visser 1991 . Figs. 7 and 8 both suggest that Qp

could vary by as much as "20%, relative to Q ,pu

without a significant increase in Q .r

6.3. Verification using gradient in Q concepts

Ž .The second method proposed by Visser 1991 is
Ž .based on the following hypotheses: a if Q -Q ,p pu

Ž .then Q increases in the downstream direction, b ifs

Q sQ , then Q is essentially uniform in thep pu s
Ž .longshore direction, and c if Q )Q , then Qp pu s

decreases in the downstream direction.
Fig. 9 shows results from three of the 15 regular

wave experiments. In Test 6D, Q was approxi-p

mately 40% less than the value of Q in Test 6Np
Ž .the proper value , and Q increases in the down-s

stream direction. Conversely, in Test 6J, Q wasp

approximately 47% larger than Q in Test 6N and,p

as shown, Q decreases in the downstream direction.s

In Test 6N, Q is essentially uniform in the along-s

Fig. 9. Regular wave test series: longshore variation in Q .s

shore direction. These results give credence to the
conclusion made previously that Test 6N represents
the proper longshore current distribution for the reg-
ular wave case. However, in the case of under- or
over-pumping, the longshore gradient in Q is rela-s

tively small. Therefore, significant care needs to be
taken during the iterative process of selecting and
converging on the proper longshore current distribu-
tion.

Results from two of the five irregular wave exper-
iments are shown in Fig. 10. In Test 8A, Q wasp

approximately 28% less than the value of Q in Testp

8E, and Q increases in the downstream direction.s
ŽResults for Test 8E judged to be the proper value of

.Q show that Q increases slightly in the down-p s

stream direction, which suggests that Q may havep

Fig. 10. Irregular wave test series: longshore variation in Q .s
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been slightly smaller than Q . However, this contra-pu

dicts evidence shown previously in Fig. 8 that sug-
gested that Q was slightly larger than Q . Thisp pu

slight discrepancy between the two methods may be
caused by the fact that, in the LSTF, Q can vary byp

as much as "20% of Q without a significantpu

increase in Q , as mentioned previously. Therefore,r

it was concluded that Q in Test 8E was essentiallyp

the proper longshore current distribution for the ir-
regular wave test series. A case involving significant
over-pumping was not conducted for the irregular
wave experiments.

7. Longshore uniformity

This section quantifies the length of surf zone
with the highest degree of longshore uniformity of
the hydrodynamic processes. In general, it can be
assumed that longshore uniformity should increase
with increasing distance from the lateral boundaries.
However, from the perspective of measuring long-
shore sediment transport in the LSTF, it is important
to quantify the spatial limits of this region; especially
at the downstream end where sand traps will be
located.

Longshore uniformity was quantified by an aver-
age value of the standard deviation at each cross-
shore position, and at each transect within the length
of surf zone being evaluated. For both Test 6N and
Test 8E, the standard deviation was calculated inde-
pendently for the wave height, mean water surface
elevation, and mean longshore current data sets. A
new value of the average standard deviation was
calculated each time the representative beach length
was decreased, by excluding data from one or more
transects from the calculation. Transects at the up-
stream end of the facility were eliminated first, then
transects at the downstream end were eliminated.
The length of the surf zone with the highest degree
of longshore uniformity is defined as the length at
which a minimum standard deviation is obtained.

Fig. 11 shows results for the regular wave experi-
ment. Longshore variations in the average wave
height measurements tend to decrease only slightly
as the length of beach being considered is decreased.
In contrast, longshore variations in the mean water
surface elevation, and more importantly in the mean

Fig. 11. Test 6N: longshore uniformity of hydrodynamics.

longshore current, decrease significantly with de-
creasing length of testing region, and approach a
minimum asymptote at approximately 12 m. If a
shorter length of surf zone is considered, there is no
significant increase in uniformity. Therefore, it is
concluded that the hydrodynamic measurements have
reached a minimum longshore variability once the
length of surf zone being considered is reduced to 12
m, starting at Y19 and extending upstream to Y31.

The high degree of longshore uniformity in this
portion of the surf zone is illustrated in Fig. 12a–c,
which shows the cross-shore distributions of mea-
sured wave height, mean water surface elevation,
and mean longshore current, respectively, for tran-
sects Y19 through Y31. Fig. 12a shows that the
greatest longshore variation in the measured wave
height occurred at and immediately offshore of the
incipient breaker line. Wave breaking occurred im-
mediately shoreward of Wave Gauge 6. Deviations
from the longshore averaged wave height were as
large as "8%. This is a laboratory effect caused by
generating regular waves in a wave basin with reflec-
tive boundaries. However, the longshore variation in
wave height measured in front of each of the four

Ž .generators xs18 m , had a standard deviation of
only 2.8%. In the inner surf zone, the longshore
uniformity in wave height is very good due to the
dominant effect of depth, which limits wave height.
The longshore averaged breaker height index, across

Žthe width of the surf zone Wave Gauge 1 through
.6 , is calculated to be 0.74, and is tabulated in Table

A-3 of Appendix A, with several other parameters.
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Ž . Ž .Fig. 12. a Test 6N: distribution of regular wave height. b Test
Ž .6N: distribution of mean water surface elevation. c Test 6N:

distribution of mean longshore current.

Fig. 12b shows that the longshore variation in mean
water surface elevation is approximately "0.0015
m. This value is comparable to the elevation toler-
ance of the bridge support rails. Therefore, it can be

concluded that there is no measurable longshore
gradient in the mean water level in this region. Fig.
12c shows that the degree of uniformity in the mean
longshore current is quite good. The reduction in
magnitude of the longshore current at xs4.1 m at
transect Y31 is caused by the small flow reversal
region further upstream, close to the shoreline. It is
interesting to note that just offshore of the peak
longshore current, the measurements suggest a slight
flattening of the longshore current distribution. This
observation is qualitatively consistent with the pre-
sent understanding of the interaction of the undertow
with the longshore current, see Putrevu and Svend-

Ž .sen 1992 .
Fig. 13 quantifies longshore uniformity of the

hydrodynamic processes in the irregular wave exper-
iment. As was found for the regular wave case, all
three hydrodynamic parameters tend to approach a
minimum asymptote, once the length of the testing
region is reduced to approximately 12 m, starting at
Y19 and extending upstream to Y31. The values of
the standard deviation in the irregular wave experi-
ment are significantly less than in the regular wave
experiment, especially for the wave and current data.
Perhaps the regular wave forcing generates a basin
response that does not occur when using irregular
wave forcing.

Fig. 14a–c illustrates the high degree of longshore
hydrodynamic uniformity for the irregular wave case.
Fig. 14a shows that the significant wave height is
very uniform in the alongshore direction. The signifi-

Fig. 13. Test 8E: longshore uniformity of hydrodynamics.
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Ž . Ž .Fig. 14. a Test 8E: distribution of irregular wave height. b Test
Ž .8E: distribution of mean water surface elevation. c Test 8E:

distribution of mean longshore current.

cant wave height at incipient breaking occurred im-
mediately shoreward of Wave Gauge 7, based on
visual observations and the fact that the gradient in
the significant wave height curve increases signifi-

cantly at that location. The longshore averaged
breaker height index, across the width of the surf

Ž .zone Wave Gauge 1 through 7 is calculated to be
0.75, as tabulated in Table A-3 of Appendix A. The
longshore averaged value of the measured maximum
wave height is also shown to illustrate that H )max

0.35 m at xs18 m. As was the case for the regular
wave test, Fig. 14b shows that the alongshore varia-
tion in mean water surface elevation is approxi-
mately "0.0015 m. The wave setup at xs4.1 m is
only about 60% of the value measured in the regular
wave case, even though the incident wave energy
was held constant by setting H in the irregularrms

wave case equal to H in the regular wave case.reg

Fig. 14c shows that the mean longshore current is
very uniform in the longshore direction. The peak
current is 0.34 mrs, relative to a peak current of
0.42 mrs in the regular wave case. The cross-shore
distribution is broader than in the regular wave case,
with the offshore tail decreasing much more uni-
formly. Dye was used to investigate the longshore
current in very shallow water. No local increase in
longshore current was detected shoreward of ADV 1
for either the regular or irregular wave case. It is
interesting to note that the total longshore flow rate
actively pumped through the lateral boundaries, Qp

is 465 and 478 lrs for the regular and irregular wave
cases, respectively. These values are very similar,
since the incident wave energy was held constant for
the two cases, as mentioned previously.

The measured cross-shore distribution of the mean
longshore current at transects Y19 through Y31, and
the longshore-averaged values of the mean longshore
current for these four transects, are provided in
Appendix A. The longshore averaged values of wave
height and mean water surface elevation, from Y19
through Y31, are also provided.

8. Longshore current steadiness and measurement
repeatability

Individual fixed-bed hydrodynamic experiments
lasted from 2 to 3 h, depending on the number of
transects measured. The plan for moveable-bed long-
shore sediment transport experiments is to also oper-
ate the facility continuously for a several-hour dura-
tion, perhaps longer. Therefore, the issues of current
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steadiness and repeatability over this time scale are
important. Experiments were conducted to investi-
gate the time required for the mean currents in the
wave basin to reach steady-state conditions. Results
from Test 8E, the irregular wave case, are shown in
Fig. 15. The data represent the mean longshore
current distribution measured at transect Y27 at three
different times: 20, 110, and 150 min after the start
of the experiment. Pumps were started at time zero.
Wave generation commenced at the 10-min mark,
after all 20 pumps had been adjusted to within 1% of
the target discharge rates. Results showed that mean
currents reached steady state within 10 min of start-
ing the wave generators. The standard deviation of
the mean longshore current, averaged for all cross-
shore positions along Y27, was 0.0022 and 0.0017
mrs for Tests 8E and 6N, respectively.

A related issue is measurement repeatability. Cur-
rent measurements at Y27 were repeated five times
during Test 6N, one immediately after the other, to
quantify the repeatability of the mean longshore
current measurements. Each set of measurements
was sampled for 500 s. The standard deviation of the
five mean longshore current measurements, averaged
for all cross-shore positions, was 0.0015 mrs. This
confirmed that the repeatability of ADV measure-
ments was quite good.

The steadiness of the current regime and the
repeatability of the ADV measurements allowed the
vertical mean current structure to be measured with a
high degree of confidence. Measurements were made
by accurately repositioning all of the ADV sensors at

Fig. 15. Test 8E: sequential measurements of mean longshore
current at Y27.

a new elevation in the water column, prior to each
subsequent set of measurements. The vertical struc-
ture of the mean longshore current for Tests 6N and
8E are given in Appendix B.

9. Application to sediment transport studies

As discussed in the previous section, the mean
currents in the wave basin were found to reach
steady state within 10 min of starting the wave
generators. In addition, with experience, only ap-
proximately five iterations are required to converge
on the proper pump settings. These are two very
positive conclusions with respect to future sediment
transport experiments in the LSTF, since the time
will be minimized during which sediment will be
moving in response to improper longshore currents.

As shown, the high cross-shore resolution of the
longshore current recirculation system in the LSTF
allows very accurate control of the longshore current
distribution. Since the pumps are digitally controlled,
and the in-line flow sensors allow for real-time data
collection, it typically only takes 30–60 min to
re-adjust the pump settings for a new iteration.
Therefore, in future sediment transport experiments,
the pump settings can be easily adjusted in response
to changing beach morphology.

Most of the longshore sediment transport experi-
ments will be conducted using irregular waves. For
the irregular wave case, the degree of longshore
uniformity in mean longshore current and wave
height is quite good downstream to Y14, the closest
transect to the downstream boundary. As shown in
Fig. 16, there were small decreases in longshore
current speed near the downstream boundary, on the
order of 10% at the peak, relative to the average
current for the 12-m region of the beach with the

Žhighest degree of longshore uniformity Y19 through
.Y31 . The reasonably high degree of longshore uni-

formity at the downstream end of the beach is a very
positive result from the standpoint of conducting
longshore sediment transport experiments in the
LSTF, since the sand traps will be located at the
downstream end of the beach. Nonetheless, some
inefficiency is expected at the sand traps due to the
slight reduction in current magnitude and wave en-
ergy at the downstream boundary.



( )D.G. Hamilton, B.A. EbersolerCoastal Engineering 42 2001 199–218214

Fig. 16. Test 8E: distribution of mean longshore current at down-
stream boundary.

Finally, the large geometric scale of the wave
conditions tested in the LSTF will generate a signifi-
cant amount of suspended sediment transport. It is
therefore necessary to maintain relatively straight
and parallel current streamlines at the downstream
boundary, so that the cross-shore distribution of the
total longshore sediment transport rate, measured at
the downstream boundary, is not skewed. For this
reason, the external recirculation system was devel-
oped with the capability of controlling the cross-shore
distribution of longshore current at both the upstream
and downstream lateral boundaries.

10. Conclusions

Two comprehensive test series were conducted on
an idealized concrete beach with straight and parallel
contours, one involving regular waves and the other
irregular waves. Both test series were conducted with
long-crested, unidirectional waves. These data are

Ž .valuable for several reasons: 1 the geometric scale
of the experiments is significantly larger than the
scale of laboratory experiments conducted in the

Ž .past, 2 the concrete beach has a relatively mild
1:30 slope, unlike previous laboratory experiments,
Ž .3 both regular and irregular wave forcing were

Ž .used, and 4 the vertical velocity structure of the
longshore current was accurately measured using
acoustic-doppler velocitimeters. The data are pro-
vided for use in theoretical studies and for calibra-

tion and verification of analytical and numerical
models.

The pump settings that produced the proper long-
shore current distribution in the LSTF were deter-
mined through an iterative process based on mean
longshore current measurements in the surf zone and
offshore in the internal recirculation zone. This pro-
cedure was found to work well. When the proper
distribution is pumped, the degree of longshore uni-
formity in mean longshore current increases notice-
ably, and the magnitude of the current offshore in the
recirculation zone approaches a minimum value. In-
ternal recirculation cannot be eliminated, however,
and its magnitude was found to be about 10% of the
total flow rate in the surf zone for the two wave
cases examined.

The final selection of proper pump settings were
confirmed by the insightful criteria developed by

Ž .Visser 1991 . But unlike the findings of Visser for
the facility he used, for the LSTF, Q can vary by asp

much as "20% of Q without a significant in-pu

crease in Q For this reason, emphasis during ther.

iterative process is placed on examination of the
measured data, taking advantage of the high degree
of cross-shore resolution in the recirculation system
itself. However, even for this range of Q the in-p

shore two-thirds of the mean longshore current dis-
tribution was relatively unaffected by Q . The effectr

of internal recirculation, Q manifested itself primar-r

ily on the offshore tail of the measured longshore
current distribution. Therefore, the tuning focussed
on the inshore portion of the distribution first, saving
the offshore tail for last. Measured currents in the
offshore tail were always higher than the equivalent
pump settings, regardless of the magnitude.

The active external longshore current recirculation
system and the operational procedure used to pump
the proper current, led to a 12-m long region of the
beach that was characterized by a very high degree
of longshore uniformity in waves, currents, and mean

Ž .water levels, between Y longshore coordinates of
19 and 31 m. Furthermore, as discussed in a previous
section, the standard deviation of the longshore vari-
ation in longshore current is still relatively small
downstream to Ys14 m.

The steadiness of mean flow conditions, quality
of the sensors, and repeatability of the measurements
allow accurate data sets to be acquired, not only of
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Ž .wave, current at one depth , and water elevation
parameters, but also the vertical structure of the
mean current field. The steadiness and repeatability
should allow high quality data sets of suspended
sand concentrations and longshore sediment trans-
port rates to be acquired during sediment transport
experiments in the LSTF.
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Appendix A. Tabular data for the regular and
irregular wave cases

Ž .The primary data sets for Tests 6N regular waves
Ž .and 8E irregular waves are provided in tabular

form in Tables A-1 and A-2, respectively. Each table
lists the measured mean longshore current at tran-
sects Y19, Y23, Y27 and Y31 as well as the long-
shore-averaged value for these four transects, V ;avg

the still water depth, d; the longshore-averaged value
of wave set-up or set-down, h , and wave height,avg

H . The energy-based significant wave height, listedavg

for Test 8E, is based on using a lower cut-off
Ž .frequency of 0.2 Hz i.e., 0.5=F , to remove thep

low frequency energy from the water surface eleva-
Ž .tion time series. The cross-shore x-axis positions

of the measurements are listed in the standard basin
Ž .coordinates see Section 3 for a definition . The still

water depth can be calculated as:

dsxr30y0.1, for 3.0 mFxF18.0 m A-1Ž .

dsxr18y0.5, for 18.0 mFxF21.0 m A-2Ž .

ds0.667 m, for xG21.0 m A-3Ž .

Table A-3 provides a number of other measured
and calculated wave and water level quantities in the
surf zone, where h is the longshore-averaged mean

Ž .water depth equal to dqh , h is the mean water
surface elevation, h is the maximum value of wavem

set-up, estimated by linear extrapolation, g is the

Table A-1
Primary data set from regular wave Test 6N

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .X-Loc. m Y19 mrs Y23 mrs Y27 mrs Y31 mrs V mrs d m h m H mavg avg avg

4.12 0.297 0.338 0.302 0.188 0.281 0.037 0.025 0.047
5.72 0.401 0.422 0.392 0.397 0.403 0.091 0.020 0.077
7.12 0.417 0.421 0.426 0.434 0.424 0.137 0.012 0.101
8.62 0.368 0.392 0.390 0.342 0.373 0.187 0.001 0.131

10.12 0.323 0.301 0.305 0.312 0.310 0.237 y0.006 0.199
11.52 0.173 0.145 0.154 0.169 0.160 0.284 y0.010 0.254
13.12 0.060 0.058 0.075 0.090 0.071 0.337 y0.013 0.235
14.62 0.016 y0.005 0.031 0.046 0.022 0.387 y0.012 0.209
15.62 – – y0.007 – y0.007 0.421 – –
16.12 – – – – – 0.437 y0.013 0.206
16.85 – – – – – 0.462 y0.010 0.203
18.00 – – – – – 0.500 y0.011 0.190
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Table A-2
Primary data set from irregular wave Test 8E

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .X-Loc. m Y19 mrs Y23 mrs Y27 mrs Y31 mrs V mrs d m h m H mavg avg mo-avg

4.12 0.188 0.227 0.207 0.154 0.194 0.037 0.016 0.053
5.72 0.303 0.326 0.316 0.306 0.313 0.091 0.013 0.082
7.12 0.326 0.341 0.333 0.346 0.337 0.137 0.006 0.107
8.62 0.297 0.313 0.298 0.309 0.304 0.187 0.001 0.138

10.12 0.270 0.277 0.267 0.267 0.270 0.237 y0.001 0.167
11.52 0.228 0.233 0.226 0.221 0.227 0.284 y0.004 0.185
13.12 – – – – – 0.337 y0.008 0.206
13.88 0.122 0.128 0.121 0.125 0.124 0.363 – –
14.62 – – – – – 0.387 y0.009 0.214
16.12 0.038 0.012 0.010 0.031 0.023 0.437 y0.010 0.224
16.85 – – – – – 0.462 y0.008 0.227
18.00 – – – – – 0.500 y0.007 0.232

Table A-3
Summary of wave and water level conditions in the surf zone

Test H h H rh g u X h X-Loc. X-Loc.br br br br br br m
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .m m – – 8 m m at h m at SWL mm

Test 6N 0.254 0.274 0.93 0.74 6.7 11.5 0.033 2.1 3.00
Test 8E 0.206 0.329 0.63 0.75 7.3 13.1 0.021 2.4 3.00

surf zone averaged value of Hrh, and the subscript,
AbrB, refers to values at the breaker line. The break-
ing wave angle, u , was estimated using Snell’sbr

law.

For the regular wave case, the breaking point is
assumed to be the point where the measured wave
height reaches its maximum value. For the irregular
wave case, the breaking point was assumed to be the

Fig. B1. Regular wave Test 6N: vertical structure of the mean longshore current at Y27.
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Fig. B2. Irregular wave Test 8E: vertical structure of the mean longshore current at Y27.

point where the measured significant wave height
Ž .began to decrease at the highest rate see Fig. 14a .

This occurred at the location xs13.1 m, where
the longshore-averaged significant wave height
was 0.21 m.

Estimates of the position of the mean water line
are xs2.1 m for the regular wave case and xs2.4
m for the irregular wave case. It should be noted that
the cross-shore position of the mean water line could
only be estimated with an accuracy of approximately
"0.1 m. Therefore, the estimates of maximum wave
set-up are only accurate within "0.003 m.

Appendix B. Vertical structure of the mean long-
shore current

Fig. B1 shows the cross-shore variation in the
vertical structure of the mean longshore current for

Ž .the regular wave case Test 6N . In general, the
mean longshore current is rather uniform with depth.

Ž .In the inner surf zone ADV 1 through 5 , there is a
slight increase in current speed with distance from

Ž .the bed, and outside the surf zone ADV 7 and 8 a
slight decrease in current speed with distance from

Ž .the bed. Visser 1991 measured similar trends in the
vertical velocity structure using regular waves. Pu-

Ž .trevu and Svendsen 1992 presented a theoretical
model that predicts similar trends in the vertical

velocity structure. ADV 6 was located at the position
of incipient wave breaking.

Fig. B2 shows the vertical structure of the mean
Žlongshore current for the irregular wave case Test

.8E . The mean longshore current in this case is also
rather uniform with depth. In the inner surf zone
Ž .ADV 1 through 6 , there is a slight increase in
current speed with distance from the bed, and the
vertical variations are similar to those measured for

Žthe regular wave case. In the outer surf zone ADV 7
.and 8 , the mean velocity is relatively invariant with

depth. This trend is different from that in the regular
wave case, where the mean velocity decreased
slightly with increasing distance from the bottom.
However, in the regular wave case, no waves were
breaking at ADV 7 and 8; whereas in the irregular
wave case, some wave breaking occurred in this
region.
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