LONGSHORE SEDIMENT FLUX IN WATER COLUMN AND
ACROSS SURF ZONE

By Ping Wang'

ABSTRACT: Streamer sediment traps were used to measure the distribution of longshore sediment flux in the
surf zone at 29 locations along the southeast coast of the United States and the Gulf coast of Florida. Measure-
ments were conducted on both barred and nonbarred coasts under low-wave energy conditions. Results indicate
that longshore sediment flux decreases logarithmically upward in the water column throughout the surf zone,
and the rate of upward decrease is largest in the trough and smallest in the swash due to stronger mixing energy
in the swash. Six types of cross-shore distribution patterns of longshore sediment transport (LST) were found.
These six distribution patterns are controlled by nearshore morphology, breaker type, and energy dissipation
pattern. For low-wave energy coasts, the swash (nonbarred coast) and inner surf (barred coast) zones contain
significant contributions to the longshore sediment transport rate. The cross-shore distribution pattern of the
longshore sediment transport rate along nonbarred coasts was well reproduced using energy-dissipation and
shear-stress approaches developed mainly from laboratory studies.

INTRODUCTION

Longshore sediment transport (LST) and its distribution in
the water column and across the surf zone are central to ef-
fective design of beach nourishment, groins, jetties, and many
other coastal structures. Field data are essential for testing and
improving models of three-dimensional sediment transport to
increase our ability to predict anthropogenic impacts on nat-
ural variability in the coastal zone. Insight into the distribution
of LST is also helpful to further our understanding of spit
development and the migration of natural or artificially placed
shoreline features.

Suspended sediment concentration under breaking and non-
breaking waves has been the subject of numerous studies
(Kana 1979; Nielsen 1984a,b, 1986; Bosman et al. 1987;
Sternberg et al. 1989; Zampol and Inman 1989; Barkaszi and
Dally 1993). One of the main purposes of suspended-sediment
measurement is for the calculation of the sediment flux

T h
F(x) = -71,— f f U(z, HC(z, t) dz dt 1)
0 (4]

where F(x) = sediment flux throughout the water column at
location x, averaged over a time interval of T (e.g., one wave
period); U = particle velocity (alongshore, in this case) as a
function of depth z and time ¢; and C = suspended sediment
concentration, Within the surf zone, it is difficult to measure
U and C simultaneously at the same location, and it is even
more difficult to measure them instantaneously with respect to
depth.

Existing field data on longshore sediment flux and its dis-
tribution in the water column and across the surf zone are
scarce. Most of the existing sediment tracer measurements
(Komar and Inman 1970; Duane and James 1980) concen-
trated on the total rate of LST. Unless multicolor tracers are
used (Kraus et al. 1983), the cross-shore distribution of LST
cannot be reliably measured. Impoundment at coastal struc-
tures has been used to evaluate LST relationships developed
mainly from sediment tracer studies (Dean 1989). Except for
a few well-controlled short-term impoundment studies (Bodge
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1986; Bodge and Dean 1987), this technique is generally not
capable of providing transport distribution information.

In the present study, streamer sediment traps (Kraus 1987)
were used to measure longshore sediment flux and its distri-
bution in the surf zone. Field measurements were conducted
at 29 sites along the southeast coast of the United States and
the Gulf coast of Florida. The measurements were conducted
on both barred and nonbarred coasts under low wave-energy
conditions. The longshore sediment flux was measured
throughout the water column in different locations in each surf
zone (Fig. 1). The objective of this study is to characterize the
various distribution patterns of longshore sediment flux in the
water column and across the surf zone. Empirical modeling of
the vertical and horizontal distribution patterns is also dis-
cussed.

STUDY AREAS AND METHODOLOGY

Field experiments were conducted from September 1993 to
May 1995 (Fig. 1). Seven of the 29 measurements were lo-
cated on barred coasts with waves breaking on the bar. Eight-
een were on coasts with negligible offshore bar influence on
wave breaking. Four measurements were conducted in the in-
ner surf zone (Table 1) on barred coasts due to operational
difficulties caused by high-wave energy and a deep trough.
Twelve field sites had a plunge step at the breaker line or
secondary breaker line for the barred coasts. Sediment grain-
size varied from beach to beach as well as from one part of a
beach to another (Wang 1995). The mean grain-size variation
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TABLE 1. Summary of Hydrodynamic and Morphodynamic Conditions at Field Sites
Surf zone Average Incident Wave
Location and Number of width Beach grain size® H.me wave angle period
site identification trap arrays (m) slope® (mm) (m) (deg) (s)
(1) 2 (3) 4 (5 (6) ) 8
1. Emerald Isle, N.C. 4 35 0.028 0.35 0.79 13.5 7.5
2. Onslow Beach, N.C. 3 7 0.094 225 0.61 12.0 6.0
3. Myrtle Beach, S.C. 5 24 0.030 0.26 0.51 4.0 8.5
4. Jekyll Island, Ga. 2 9 0.044 0.17 0.20 3.0 35
5. Jekyll Island, Ga. 3 14 0.033 0.26 0.35 10.0 33
6. Anastasia Beach, Fla. 6 36 0.013 0.19 0.49 5.5 10.5
7. N. Mantazas Beach, Fla. 3 14 0.031 0.28 0.44 7.2 7.2
8. Canaveral Seashore, Fla. 3 6° 0.115 0.90 0.46 9.0 35
9. Melbourne Beach, Fla. 2 4° 0.158 1.50 0.50 2.5 35
10. Beverly Beach, Fla. 2 3¢ 0.161 0.41 0.36 11.5 35
11. Lido Key Beach, Fla. 4 38 0.105 0.68 0.38 14.0 3.7
12. Lido Key Beach, Fla. 5 35 0.101 0.54 0.34 19.0 34
13. Lido Key Beach, Fla. 4 21 0.101 0.37 0.21 26 30
14, St. George Island, Fla. 3 3 0.123 0.29 0.29 353 3.0
15. St. George Island, Fla. 4 4 0214 0.41 0.22 315 29
16. St. George Island, Fla. 3 2 0.129 0.43 0.28 23.0 30
17. St. Joseph Island, Fla. 4 10 0.062 0.24 0.53 9.3 42
18. Grayton Beach, Fla. 4 29 0.042 0.28 0.56 8.5 45
19. Redington Beach, Fla. 3 4 0.125 0.85 0.36 8.4 4.5
20. Redington Beach, Fla. 3 11 0.035 0.20 0.28 10.7 39
21. Redington Beach, Fla. 4 19 0.026 0.90 0.32 19.2 4.5
22. Redington Beach, Fla. 4 17 0.016 0.43 0.24 15.8 49
23. Redington Beach, Fla. 4 54 0.014 0.37 0.69 13.1 73
24. Indian Shores, Fla. 3 12 0.039 0.32 0.36 20.0 4.5
25. Indian Shores, Fla. 1 4 0.082 0.40 0.31 1.8 33
26. Indian Rocks Beach, Fla. 2 4 0.072 0.28 0.36 7.7 29
27. Indian Rocks Beach, Fla. 3 7 0.066 0.42 0.34 7.5 42
28. Indian Rocks Beach, Fla.* 2 2 0.141 1.38 0.19 10.0 28
29. Indian Rocks Beach, Fla.* 2 2 0.152 1.29 0.14 82 38
Note: See Fig. 1 for study areas along southeast Atlantic and northeast Gulf of Mexico.
“Simultaneous impoundment and sediment trapping.
*Determined from breaker line to shoreline.
“Number indicates width of inner surf zone, unable to perform trapping in trough or on bar due to rough conditions.
‘Average of surface samples collected at each trap location.
on one of the beaches were as large as 3.71 mm, 4.06 mm at Rack
the breaker line and 0.35 mm in the trough,
The streamer sediment traps (Kraus 1987; Rosati and Kraus —
1988, 1989) used to measure the longshore sediment flux and nylon sieve
its distribution across the surf zone had openings of 15 X 9 cloth streamer }
cm (Fig. 2), and the distance between two adjacent streamer ' . 15"?""‘
bags was 6 cm. The mesh size of the sieve cloth from which ; ¥ Stainless rod
the streamers were made was 63 um. An array of streamer ) i 064cm
traps was mounted on a rack constructed of polyvinyl chloride ‘ ‘
(PVC) pipes. Traps of different lengths were used at different Nylon cord : s
water levels. Longer traps (~120 cm) were used at the bottom b 170em
three levels and shorter traps (~70 cm) were used at higher PVC i
< . PIPQ_,—.'
levels. This design allowed good coverage throughout the wa- (1.9 cm diameter) !
ter column, easy assembly, and efficient sediment sampling b
and retrieval (Wang and Davis 1994; Wang 1995). F
Four‘ to eight streamer bags were mounted. on eacp rack as Horizontal bar ——
determined by the water depth and breaker height. This assem- 20cm
blage is called one trap array in the following discussion. Each Rack leg—"] |

field experiment was composed of three to six streamer-trap
arrays across the surf zone. The placement of streamer-trap
arrays in the surf zone was based on morphologic and hydro-
dynamic conditions. The general placement for a barred coast
was one trap array on top of the bar, one in the trough, one
at the secondary breaker line, and one in the swash. On a
nonbarred coast, the commonly used streamer-array arrange-
ment was one at the breaker line, at least one in the surf bore
area and one in the swash.

Beach profiles and locations of trap arrays were surveyed
using standard level and transit procedures with an electronic
total station. Still water level was estimated at the time of the
survey. Breaker height and wave period were measured using

FIG. 2. Design of Streamer Traps and Supporting Rack [Modi-
fled from Kraus (1987)]

an array of scaled photopoles (Ebersole and Hughes 1987)
placed at the same locations as the trap arrays. Incident break-
ing wave angle was estimated using a hand-held compass. A
bottom sediment sample was collected at each trap-array lo-
cation. The trapping duration was determined based on the
magnitude of the LST rate and the trapping conditions. The
duration was typically 5 min. Under high-wave energy and/or
high-transport conditions, the duration was shortened to 3 min.
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Sediment flux between two adjacent streamer bags was ob-
tained through linear integration

[(52)  (52) ]

AF,' = 2
where AF = sediment flux between two adjacent streamers;
F,,, and F,_; = flux through the upper and lower streamers,
respectively; b, and b,_, = streamer opening heights of the

upper and lower streamer mouths, respectively. They are both
9 cm for the traps used in this study (Fig. 2); and Ab = distance
between the two adjacent streamers, which equals 6 cm for
the racks used in this study. A similar algorithm was used by
Kraus et al. (1989b) and Rosati et al. (1990, 1991). The bottom
of the lowest streamer trap was placed on the seabed at the
beginning of the trapping procedure. A scour hole 1-3 cm
deep was sometimes observed toward the end of the experi-
ment. The total sediment flux throughout the water column at
a certain trap-array location was obtained by summing the flux
through each streamer and that in between the streamers.

RESULTS AND DISCUSSION

One hundred and six longshore sediment flux profiles were
measured at the 29 field sites. Each flux profile, typically rep-
resenting an average of 5 min was composed of 3-8 mea-
surements throughout the water column. The distribution of
LST rate across the surf zone was measured by 2-6 streamer-
trap arrays (Table 1).

Sediment-Flux Profiles in Water Column

The longshore sediment flux decreased upward in the water
column (Fig. 3). The upward decreasing trend was approxi-
mately logarithmic throughout the surf zone: in the swash, at
the breaker line, in the trough, and on the breaker-point bar.
The logarithmic decrease of the sediment flux can be explained
by the existing understanding of profiles of sediment concen-
tration and longshore-current velocity. Many studies have
shown that sediment concentration decreases logarithmically
upward (Bosman 1987; Nielsen 1984b, 1986). The velocity
profile has been found to be fairly constant throughout the
water column except in the thin bottom-boundary layer (Dei-
gaard et al. 1986). The product of a logarithmic concentration
profile and a uniform velocity profile results in the logarithmic
flux profile. Similar logarithmic sediment-flux profiles were
also measured by other streamer trap studies (Kraus et al.
1989a; Rosati and Kraus 1989; Rosati et al. 1990).

Calculating Longshore Sediment Flux in Water
Column

Kraus and Dean (1987) and Kraus et al. (1989a) proposed
a formulation to describe the sediment-flux profile in the water

column
F(x, 2) = Fo(x)P(x, 2) 3

where Fy(x) = magnitude function, assumed to depend on local
wave, current, water depth, and beach conditions (Kraus et al.
1989a); z = elevation above bed; and P(x, z) = dimensionless
shape function. Kraus and Dean (1987) found that P(x, z) can

be described as
- — L
Pix, 2) = exp < @ (h(x))) @

where o = dimensionless empirical coefficient; z,; = height of
the trap center above the bottom; and A(x) = water depth at
the trap-array location.
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FIG. 3. Examples of Field Measurement. Zero Water Level
Was Estimated at Time of Experiment

TABLE 2. Shapes of Longshore Sediment Flux Profiles in Wa-
ter Column

Morphological | Number | Average | Standard Average
feature of profiles o deviation, a | correlation, R
(1) ] (3) 4 (5)
Swash 25 2.0 0.6 0.94
Breaker line 41 29 0.9 0.94
Trough 10 32 1.1 0.86
Bar 14 29 0.5 0.93
Bore (nonbar) 9 31 0.6 0.95
Outside surf 7 2.7 1.7 0.85
Average [Total] [106] 2.7 0.9 0.93

Note: Individual o values were found through regression analysis to
each measured sediment flux profile.

The shape of the profile {(4)], that describes how rapid the
longshore sediment flux decreases upward, is determined
largely by the value of the coefficient o. A larger o value
corresponds to a greater rate of upward decrease, and a smaller
a value leads to a smaller rate of upward decrease, given the
same dimensionless depth (z,/h). Eq. (4) was best-fit to each
of the measured vertical flux profiles. It was found that the o
values were different in different parts of the surf zone (Table
2). The rate of sediment-flux decrease was generally smaller
in the swash zone than in other parts of the same surf zone.
This is explained by the shallower water and stronger mixing
in the swash. The rate of upward decrease was greatest in the
trough, caused by the least mixing energy. The average o value
of about 2.7, found for the entire surf zone in the present study,
was also obtained in studies conducted by Kraus et al. (1989a)
and Rosati et al. (1991).
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Significant amounts of sediment were transported above the
mean zero water level at the time of the experiment (Fig. 3).
This is because the streamer bags located above the zero water
level were temporarily submerged when the wave crests
passed the trap array. Sediments were thus trapped in the
streamers above the zero water level. Similar observations
were made by Kraus et al. (198%a) and Kraus and Dean
(1987). As expected, sediment transport above the zero water
level was more significant in the swash zone than in the other
parts of the surf zone.

The magnitude of sediment flux in the water column is con-
trolled by the magnitude function Fy(x) in (3). Theoretically,
Fy(x) is determined by the mechanics of sediment suspension
and longshore transport. Factors may include bottom shear
stress, turbulence length and intensity, sediment diffusivity,
sediment fall velocity, and longshore current velocity. The
present understanding of the preceding factors and their inter-
actions in the surf zone is insufficient to develop a general
model. In the following sections, three candidate approaches
are examined to empirically determine the magnitude function
based on the field data: (1) longshore energy flux, (2) energy
dissipation, and (3) bottom shear stress.

Uniform Longshore Energy Flux

It has been found that the tota! rate of LST in the surf zone
is proportional to the longshore energy flux factor at the
breaker line (Shore 1984; Komar 1990; Bodge and Kraus
1991; Wang et al. 1998). The magnitude function, F(x), is
assumed to be proportional to the longshore energy flux per
unit surf-zone area

P

Folx) = K, (gT) &)

where K, = dimensionless proportionality constant; A, =

TABLE 3. Comparison between Measured and Predicted F,(x)
Values from Energy Flux and Energy Dissipation

,'-o (X )pudidod / FO (X ) maeanured

Number Standard
Morpholecgica! of deviation
features Best-fit | profiles | Highest | Lowest (%)

(1) 2) (3) ) (5) (6)
(a) Energy flux approach

Breaker line* 95, K, 25 332 0.07 83

Swash® 127, K, 23 4.28 0.10 109

Bore area’ 45, K, 8 4.50 0.04 144
(b) Energy dissipation approach

Breaker line* 7.7, K, 25 5.24 0.07 126

Swash® 119, K, 21 8.44 0.04 166

Note: Proportional constants K, [(5)] and K, [(10)] were adjusted for
different parts of the surf zone.

*Including the second breaker for barred beach.

*Including both barred and nonbarred beach.

“Midsurf area for nonbarred beach.

TABLE 4. Comparison between Measured and Predicted F,(x)
Values from Bed-Shear-Stress Approach

Standard
Prediction Constant K, Constant K, deviation®
{1 (2 {3) (4)
Eq. (14) 0.014 0 73
Eq. (16) Ke ks ke 73
0.014, 1.02 0

Note: Proportional constants K, [(5)] and KX, [(10)] were adjusted for
different parts of surf zone.
“Percent of mean Fo(X)pesicted! FolX)moanres that was adjusted to 100%.

cross-sectional area of the surf zone; g = gravitational accel-
eration; and P, = longshore energy flux factor expressed as

P = % pgH;V gh, sin(26,) ©®
where p = fluid density; H, = breaker height; h, = breaking
water depth; and 8, = breaking wave angle. Realizing that the
magnitude of energy flux varies across a surf zone, the cal-
culation of the magnitude function, Fy(x), was adjusted by as-
signing different K, values to different portions of the same
surf zone. It is further assumed that the longshore energy flux
per unit area is uniform in specific parts of a surf zone, such
as the swash zone, breaker line, trough, and bar crest. Average
K, values obtained for the swash zone, breaker line, trough,
and bar crest are used to calculate F(x).

The Fo(x) value for the measured flux profile is obtained
through regression analysis. The calculated [(5)] and measured
Fo(x) values are compared in Table 3. Examples of best fit,
worst underprediction, and worst overprediction are shown in
Fig. 4. The rather large variations of Fy(x)yedictea/Fo(X)measurea
indicate that the predictions are fairly poor. Larger K, values
were found in the swash and at the breaker line, where more
sediment is transported, than in the surf bore area and trough.
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FIG. 4. Measured and Predicted Flux Profiles from Energy-
Flux Approach at Breaker Line: (a) Best Fit, Emerald Isle, N.C.;
(b) Worst Overprediction, Lido Key, Fla.; (c) Worst Underpredic-
tion, Beverly Beach, Fla.
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Energy Dissipation

This approach assumes that the magnitude function Fy(x)
can be determined by the product of longshore current velocity
(V) and the rate of energy dissipation expressed in the term
of wave decay (dH,/dx)

dH,
F, = —_—
ox) = KipV ax )]
where K| = dimensionless proportional constant. The empirical
formula developed by Komar and Inman (1970) was used to
estimate the longshore current velocity

Vs = 1.17V/ gh, sin 0, cos 6, 8)

where V,,, = longshore current velocity at midsurf position.
Assuming a constant ratio of breaker height and water depth,
the wave decay term can be simplified as

dHy _dow) _ dh

dx ~ dx  Vax ©)
The magnitude function, Fy(x), can then be calculated as
dh
Fo(x) = KyypVgh, sin 6, cos 0, -(-1; 10)

where K, = dimensionless empirical constant; y = ratio of
breaker height versus breaking water depth; and dh/dx = local
bed slope.

Eq. (10) was used to calculate Fy(x) in the swash zone and
at the breaker line. The predicted and measured results are com-
pared in Table 3. The large variations of Fo(X)predictea’ Fo(X)measure
indicate an overall poor prediction by this approach. The poor
match with the field data might be caused by the longshore
current velocity prediction. Eq. (8) (Komar and Inman 1970)
is believed to provide a reasonable estimate of the longshore-
current velocity at the midsurf location; however, the cross-
shore distribution of the longshore current is not included. Part
of the inconsistency could also be caused by the assumption
of a constant ratio of breaker height and water depth, which
simplified the energy dissipation to be represented by local bed

slope.

Bottom Shear Stress

It has been demonstrated that bed-load transport and sus-
pension of sediment are proportional to the excess bed-shear
stress or a power function of the shear stress (Van Rijn 1984).
It is assumed that the magnitude of the sediment flux can be
determined by the product of excess shear stress and longshore
current velocity

an

kl
dH,
dx

Fy(x) = Ks(W — POV <1 +

where ¥ and ¥, = actual and critical shear stress, respectively,
expressed in the form of the Shields parameter; and K, and k,
= dimensionless empirical constants.

The shear-stress approach was applied to calculate the 23
sediment-flux profiles measured at the breaker line. The reason
that the breaker-line profiles were selected was that the vari-
ables in (11) could be determined with more confidence at the
breaker line than in other areas in the surf zone. The wave
Shields parameter ¥ was determined as

= CH}
8h,(s — 1)d
where C, = wave friction coefficient; s = ratio of sediment

density to water density; and d = sediment grain size. For
typical beach sand, the critical Shields parameter ¥, was found

12)

to be about 0.05 (Madsen and Grant 1976). The longshore-
current velocity at the breaker line was determined based on
Longuet-Higgins® (1970) analysis assuming no lateral mixing

=Tt ™ (oh) si
Vo= 16 Y & (&) sin(20) (13)

where V, = longshore current velocity; m = beach slope in the
surf zone; and { = 1/(1 + 3y%/8). The rate of wave-energy
dissipation was determined through local beach slope by as-
suming a constant breaker index, v.

The actual ¥ was much larger than the critical ¥, under
breaking-wave conditions. W, was therefore neglected and
eliminated from (11). Substituting ¥ [(12)] and V, [(13)] into
(11), and multiplying sediment density p, to achieve consistent
dimension, gives

\VgH2m sin(26,) < dh)"’
Fo(x) = K, 252 202 [ 22 o, 4
olx) = K4 VG - P (14)

Y dx
where K, and k, = dimensionless constants. The wave friction
coefficient, C,, was canceled during the calculation of shear
stress [(12)] and longshore current velocity [(13)].

It has been demonstrated that the suspension of sediment is
proportional to a power function of excess bed-shear stress
(Van Rijn 1984). Eq. (11) was modified to examine the rela-
tionship between the power function and the longshore-sedi-
ment flux

Ky
Fol) = Ksps(¥ — WbV ( 1+ ‘;ix’) (15)

Substituting ¥ [(12)] and V, [(13)] into (15) and neglecting
the critical shear stress, (15) becomes

i ks ks
—CL——) 2 \/ghs sin(28,) <1 + %) (16)
f

Fo(x) = K6p.r (h,,(s — 1)d C

where K, k;, and k, = dimensionless empirical coefficients.
The wave friction coefficient, C,, was determined based on the
analysis of Jonsson (1966) and Sunamura and Kraus (1985).

Egs. (14) and (16) were applied to calculate the Fy,(x) at the
breaker line. The calculated and measured Fy(x) values are
summarized in Table 4. The more complicated (16) failed to
provide more accurate prediction than the simpler (14). The
advantage of using (14) is that the calculation of the poorly
understood wave friction factor is avoided.

In summary, although the field data were reproduced the
best by the shear-stress approach among the previous three
analyses, the overall prediction was still not satisfactory. A
wave-by-wave description instead of time-averaged values, as
well as a realistic description of turbulence intensity (e.g.,
breaker type) and sediment-water interactions, is likely nec-
essary for the sediment-flux modeling.

Distribution of Longshore Sediment-Transport Rate
across Surf Zone

The measured cross-shore distribution of the LST rate is not
uniform. Several transport patterns have been found by pre-
vious field and laboratory studies (Kraus et al. 1989a; Bodge
1986; Kamphuis 1991b). Among influential factors, the long-
shore-current distribution, water depth, bed slope, energy-dis-
sipation rate, and sediment grain size are believed to be sig-
nificant.

Only three of the 27 multitrap measurements showed a
fairly uniform transport-rate distribution. The majority of the
measured distributions had an obvious transport peak. For the
convenience of discussion, the transport peak is arbitrarily de-
fined here as the rate that is at least two times greater than
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FIG. 5. Cross-Shore Distribution Patterns of Longshore Sediment Transport

rates measured by adjacent trap arrays. Various cross-shore
distribution patterns were measured (Fig. 5).

The field data indicate that swash (nonbarred coast) and
inner surf (barred coast) zones are important controlling areas
for the LST along the low wave-energy coasts (Table 5). The
significance of swash contributions to total LST rate has been
emphasized in several previous studies, including both field
(Kraus et al. 1983; Bodge 1986; Bodge and Dean 1987; Kraus
and Dean 1987) and laboratory experiments (Bodge 1986;
Kamphuis 1991b).

The uniform distribution of the LST was measured on three
nonbarred beaches, each with a relatively narrow surf zone
and uniform beach slope. Uniform energy dissipation was ob-
served in the field. Breaker type was between plunging and
spilling.

For nonbarred coasts, the pattern with a peak in the swash
(Fig. 5; Table 5) was typically found in the narrow surf zone
with collapsing breakers. The surf-bore area was usually nar-
row or nonexistent, a significant amount of wave energy was
dissipated in the swash immediately after the waves broke.
Waves were usually chaotic without a distinct breaker line.
Bodge (1986) also found from laboratory impoundment ex-
periments that under collapsing breakers, a significant amount
of sediment was transported in the swash zone.

The pattern with a peak at the breaker line was usually
found in wide surf zones with plunging breakers. A significant

TABLE 5. Cross-Shore Distribution of Longshore Transport
Rate in Surf Zone, Described in Terms of Morphological Fea-
tures

Number of field sites
(27 measurements)

Description (%)
(1) 2)
Uniformly distributed 31
Beach without bar
Peak in swash 8 (30)
Peak at breaker line* 5(19)
Beach with bars
Peak on the bar 1)
Peak in inner surf® 8 (30)
Peaks on bar and in inner surf 2(N

“Peak is actually a short distance landward of breaker line.

*Four peaks were estimated from field observation during measure-
ment, trappings were not able to perform on the bar due to rough con-
ditions and deep water.

amount of energy was dissipated at the breaker line. The en-
ergy was further dissipated in the wide surf-bore area such
that most of the energy had already been dissipated by the
time the breaking waves reached the swash zone. The pattern
with a peak at the breaker line was also found in some of the
narrow surf zones with plunging breakers. This peak was prob-
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ably caused by the fact that most of the waves were breaking
at almost exactly the same location, forming a distinctive
breaker line. Morphologically, these beaches all had a steep
plunge step.

Most barred coasts had transport peaks in the inner surf
zone. This was partly an artifact of the low wave-energy con-
ditions encountered in this study. Most of the measurements
on barred coasts were conducted under normal weather, and
only some of the larger waves broke on the bar. These were
mostly of the spilling type, and suspended sediment concen-
tration in the water column was low. This was confirmed by
the wave ripples that were observed on top of the bars, indi-
cating lower flow regime at the bottom boundary layer as com-
pared to the upper-regime plane bed in the inner surf zone
(Clifton 1976). The small waves and reformed waves from the
bar breakers broke in the inner surf zone as secondary breakers
resulting in significant sediment transport. The one case when
a transport peak was measured on the bar crest was during a
spring low tide when the water depth on top of the bar was
extremely low, resulting in dissipation of most wave energy
on top of the bar. The secondary breakers carried a limited
amount of energy, and were not capable of transporting a sig-
nificant amount of sediment. This indicates that tidal level may
have a significant influence on the cross-shore distribution of
LST.

The one case with two transport peaks was measured during
a storm with chaotic wave conditions. Significant wave break-
ing took place both on top of the bar and in the inner surf
zone resulting in large amounts of sediment transport in both
locations.

Cross-Shore Distribution of Longshore Transport and
Sediment Size

The cross-shore distribution of sediment grain-size may
contain considerable information on transport processes. Grain
sizes have significant influence on bottom shear stress and,
hence, the initiation of sediment movement. Sediment fall ve-
locity is one of the factors that controls the suspended sedi-
ment transport. On the other hand, it is the transport processes,
i.e., waves and currents, that sort and redistribute the sediment
across the surf zone.

The peak of LST usually occurred in the place where the
coarsest sediment was found [Fig 6(a)]. An important point,
however, is that grain-size distribution across the surf zone is
also controlled by the character of the available sediment. For
beaches with uniform sediment grain size, little information
on transport distribution can be inferred from the sediment
grain size [Fig. 6(b)].

The correspondence of the transport peak and the coarsest
sediment size can be explained by the intensity of sediment
transport processes; higher energy is capable of transporting
coarser and more sediment. On the other hand, fine sediment
cannot be deposited above a certain energy level, leaving only
coarser sediment on the bottom. Finer sediments are ultimately
deposited at points of lesser turbulence (Bascom 1951), e.g.,
in the trough of a bar. The cross-shore movement of breaking
waves has significant influence on the grain-size distribution,
it is this motion that initiates the sediment movement for LST.

Distribution of Longshore Sediment Transport and Local
Bed Slope

Local bed slope has significant influence on the rate of
wave-energy dissipation (Dally et al. 1985). Wave energy and
its dissipation rate also influence the local bed slope. Bascom
(1951) found that beaches that were protected, e.g., with an
offshore bar, were steeper for any given sand size than exposed
beaches, i.e., facing the open ocean.
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The field data presented here imply that a higher LST rate
is usually related to a steeper slope (Fig. 7), which results in
a greater rate of energy dissipation (Dally et al. (1985) and,
thus, a larger rate of sediment transport. Bodge (1986) also
found a correlation between local seabed slope and LST. Val-
uable information on the cross-shore distribution pattern of
LST can be inferred from the local bed slopes that are easier
to measure than the transport rate. It is worth mentioning,
however, that both LST and local bed slope can be affected
by other factors, such as grain-size and breaker type (Wang
and Davis, in press, 1998).

Calculating Cross-Shore Distribution Pattern of
Longshore Sediment Transport

Compared to the numerous models used to predict the total
rate of LST (Komar and Inman 1970; Bailard 1981; Kamphuis
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et al. 1986; Kamphuis 1991a; Bodge and Kraus 1991; Wang
et al., 1998), models incorporating cross-shore distribution of
LST (Thornton 1973; Bodge 1986, 1989; Watanabe 1993) are
scarce and poorly verified due to the lack of data, particularly
field data. Most existing models assume a plane beach. Two
of the distribution models, the Bodge (1986) model using an
energy-dissipation approach and the Watanabe (1993) model
using a shear-stress approach, are examined using the present
field data. Six of the 29 field sites are close to the plane beach
assumption and examined.

Simplified Bodge (1986) Model—Energy Dissipation

The Bodge (1986) model was developed and tested from an
impoundment study in a laboratory wave basin. Assuming a
linear relationship between breaker height and water depth on
a plane beach and ignoring wave setup, Bodge’s (1986) model
was simplified as

TABLE 6. Summary of Measured and Calculated Cross-Shore
Distribution of LST Rate from Energy-Dissipation (E-E) and
Shear-Stress (S-S) Approaches

K° Standard Deviation
Location (x10°) Quarcuiatea’ Armassured

(number of data points) | P* | E-E | S-S E-E 8-S
1 2] @ | @ (5) (6)

North Mantazas, Fla. (3) 0.95|17.55| 0.081 0.10 0.54
Myrtle Beach, S.C. (5) 095 3.17| 0.506 0.41 1.08
Emerald Isle, N.C. (4) 000} 2.72] 0.664 0.72 1.07
Jekyll Island, Ga. (3) 0.85 | 47.70 | 0.085 0.32 0.64
St. George Island, Fla. (3) | 0.95| 1.29| 0.018 0.32 0.78
St. Joseph Island, Fla. (4) | 0.85| 5.09| 0.017 0.32 0.92

"Mixing parameter that creates best fit with measured rate.
*Dimensional proportional coefficient, with units of kg/m*®, deter-
mined from field data.
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where Q = rate of LST; subscript i = local values; and k =
dimensional coefficient. The energy dissipation, dH,/dx, is
simplified to local bed slope based on the H, = yh assumption.
The distribution longshore-current velocity was calculated
based on the Longuet-Higgins (1970) model. By introducing
a nondimensional parameter P to represent the relative impor-
tance of the lateral mixing

wMm

P=
¥&

(18)

Longuet-Higgins (1970) derived an analytical solution of long-
shore current distribution in the surf zone

V=BX" + AX 19

where M = coefficient representing the strength of lateral mix-
ing; V = u/V,, V, is given by (13); v = local longshore current
velocity; X = x/x,; x, = distance from the breaker line to the
shore line; and B,, A, and p, are functions of P. The mixing
parameter, P, was adjusted to create a least-square fit with the
measured data. It is apparent from (17) that the distribution
pattern is strongly controlled by local beach slope.

The modeling results are summarized in Table 6. The dis-
tribution pattern of the LST rate is reproduced reasonably well
for beaches with fairly uniform slope [Figs. 8(a) and 8(b)].
However, the accuracy decreases as the beach morphology be-
comes more complicated. Large errors are seen in the vicinity
of plunge steps near the breaker line [Fig. 8(c)], which are
common along low-energy, reflective coasts. The model is not
capable of predicting the large LST rate measured in the swash
zone [Fig. 8(d)]). Presumably, this is caused by the less accu-
rate longshore-current calculation and, in part, by the fact that
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the wave setup has been neglected. Notice the large error in
the swash in Fig. 8.

The measurement at Emerald Isle, N.C. (Fig. 1, site 1), was
conducted under higher wave-energy conditions as compared
to the other measurements in this study (Table 1). The sus-
pended-sediment concentration was found to be much higher
at the breaker line, due to plunge breaking, than at other surf
locations. The poor match between the calculated and mea-
sured distribution pattern was caused by the simplification of
H, = vyh, which significantly underestimated the influence of
the large rate of energy dissipation at the breaker line. The
transport at the breaker line is reproduced considerably closer
to the measured value without the H, = yh simplification (Fig.
9). The underprediction near the shoreline was probably
caused by neglecting wave setup.

In summary, the Bodge (1986) model using an energy-dis-
sipation approach predicted the LST distribution pattern rea-
sonably well under low-wave energy conditions along a non-
barred coast. A large value of the mixing parameter, P, of
around 0.9 seems to be more suitable for the low-energy set-
tings. Under higher wave energy and plunging breakers in a
wide surf zone, the simplification of H = vk underestimated
the transport at the breaker line. Inclusion of the wave setup
term may be important for assessing the swash-zone contri-
bution. The dimensional parameter k was determined from the
field data and varied from place to place.

Watanabe (1993) Model—Shear Stress Approach

A bottom shear-stress distribution in combination with the
distribution of longshore-current velocity has been used to pre-
dict the local LST rate (Watanabe 1993). It is assumed that
LST in the surf zone can be determined from the product of
excess shear stress and local longshore-current velocity

= Kop(¥, — WOV, (1 + (d—H’i>) (20)
dx /,

where K, and ks = dimensionless constants. The critical shear
stress, ¥., was much smaller than the actual ¥, and was ig-
nored. The wave friction factor, C,, was canceled during the
calculation of shear stress and longshore current velocity.

The results are summarized in Table 6. It has been shown
in the previous sections that large transport rates often occur
in places with coarser sediment in the same surf zone. The
fact that the grain size, d, is in the denominator in (20)
(through the calculation of the Shields parameter) indicates a
negative relationship. This suggests that using the grain size
of bottom sediment that may be the “relict’’ of sediment trans-
port processes may be misleading.

One important factor that seems to have significant infiu-
ence on LST distribution is the breaker type. Bodge (1986)
and Bodge and Dean (1987) found from laboratory experi-
ments that the distribution pattern was different under spilling
and collapsing breakers. They found that more sediment tends
to be transported in the swash zone under collapsing breakers.
Similar situations were observed in the present field study. It
is not possible to incorporate the descriptive breaker types into
a quantitative analysis at present. The writer believes that part
of the uncertainties in the modeling of both sediment flux in
the water column and cross-shore distribution pattern were
caused by the lack of distinction among different breaker

types.
CONCLUSIONS

Distributions of sediment flux in the water column and
across the surf zone are not uniform. Longshore sediment flux
decreases logarithmically upward in the water column
throughout the surf zone. The rate of upward decrease is larg-
est in the trough and smallest in the swash.

The shape of the longshore sediment-flux profile in the wa-
ter column can be described by a power function. Empirical
modeling of the magnitude of the longshore flux from time-
averaged energy flux, energy dissipation, and bottom shear-
stress approaches is not satisfactory. The calculated profiles
have similar shapes when compared with the measured pro-
files, but they have large variations in magnitude.

Six types of cross-shore distribution patterns of longshore
sediment transport were recognized. A uniform distribution
pattern was measured only under specific hydrodynamic and
morphodynamic conditions. The distribution patterns are con-
trolled by nearshore morphology, breaker-type, energy-dissi-
pation pattern, and sediment properties. For low-energy coasts,
the swash (nonbarred coast) and inner surf zone (barred coast)
contain significant contributions to longshore sediment trans-
port rate.

The cross-shore distribution pattern of longshore sediment
transport for a plane beach was reproduced well using the
energy-dissipation and shear-stress approaches developed
mainly from laboratory studies. The relatively large errors
found at the plunge step were caused by the less-accurate de-
scription of energy dissipation due to the abrupt slope change.
Large errors in the swash zone were caused by the uncertain-
ties in longshore current velocity prediction and neglecting
wave setup. For a relatively narrow surf zone, the energy dis-
sipation can be approximated by the local bed slope under low
wave-energy condition.
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