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Cross-shore Structure of Longshore Currents
during Duck94
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Abstract

The cross-shore structure of the mean longshore current on a barred beach
is investigated with observations from the Duck94 field experiment. Maxima
of the hourly-averaged longshore current are most frequently located either
slightly inshore of the bar crest or near the shoreline. At low tide the long-
shore current maxima are located closer to the bar crest, and the current is
stronger and narrower than at high tide. The tidal cross-shore displacement of
the longshore current maximum is qualitatively consistent with the observed
radiation stress, S, , although the maximum currents are displaced shoreward
of the maximum §_ gradients at both high and low tide. This spatial lag
suggests that some mechanism (such as wave rollers) delays the transfer of mo-
mentum from waves to the mean low. Bathymetric longshore inhomogeneities
may also affect the cross-shore structure of the longshore current.

Introduction

Selected observations from the DELILAH field experiment at Duck N.C.
suggest that the maximum of the mean longshore current, ¥, occurs between
the crest of the sand bar and the trough between the bar and the shoreline
(Figures 8-11 of Church and Thornton, (1993)), and that longshore current
variability is coherent with the approximately 1 m semidiurnal tidal fluctu-
ations in water level (Thornton and Kim, 1993). However, the generality of
these results over the wide range of wave (Long, 1996), wind, and bathymetric
(e.g. pronounced sandbars and alongshore inhomogeneities (Lippmann and
Holman, 1990; Gallagher, 1996)) conditions observed at Duck is unknown.
Here the cross-shore structure of V is further explored with observations from
the Duck94 field experiment.
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Duck94 Observations

The experiment site is located on a long straight barrier island exposed
to the Atlantic Ocean. Directional properties of sea and swell (including the
wave radiation stresses, S,) were estimated with data from a 2-dimensional
array of 15 bottom-pressure sensors located in 8 m water depth operated by
the Field Research Facility (FRF) of the U.S. Army Corps of Engineers (Long,
1996). Longshore currents, wave-induced bottom pressures, and the location of
the sea floor were observed with colocated bidirectional electromagnetic current
meters, pressure sensors, and sonar altimeters (Gallagher et al., 1996) deployed
on a cross-shore transect extending 750 m from the shoreline to 8 m water
depth (Figure 1). The sensors were sampled at 2 Hz for approximately two
months. At each pressure sensor-current meter pair, hourly values of S, were
crudely estimated using linear theory.
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Figure 1. The cross-shore location of current meters (A), and measured bathymetry
relative to sea level on August 25 (solid line) and October 26 (dashed line). An additional
current meter at cross-shore location 749 m in 8 m water depth is not shown.
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Conditions during Duck94 are shown in Figure 2. In 8 m water depth, the
significant wave height (H,,) ranged between 0.2 m to 4 m and the mean wave
angle between t50° so that the total ( e.g. frequency-integrated ) incident wave
radiation stress S_/p (where p is the water density) in 8 m depth ranged from
-0.7 to 0.5 m?s? (figures 2a-c). The mean (e.g. centroidal) wave frequency
ranged from about 0.08 to 0.2 Hz (not shown). Maximum mean longshore
currents (in each hour-long record, v ) ranged from 0.1 to 1.4 m/s (Figure
2d). The bar crest, originally located 80 m from the mean shoreline, gradually
migrated 120 m offshore (Figure 2e, after Gallagher, 1996). Fluctuations in
mean water level were about 1 m at spring tide. The slope of the beach
foreshore is about 1/10 (Figure 1), so tidal fuctuations in the location of the
mean shoreline are about 10 m. Tidal currents in depths less than 8 m are less
than 0.03 m/s (S. Lentz, personal communication 1996).

Results
The sand bar is expected to strongly effect the longshore current, so a
normalized cross-shore coordinate is defined as,

X - Xp

where x is the cross-shore coordinate, x,  is the cross-shore location of the bar
crest, and x, is the cross-shore location of the most nearshore sensor uv02.
The distance from sensor uv02 to the mean shoreline was typically less than 10
m. Depths at uv02 (x’= 0) ranged from about 0.2 to 1.2 m. In this coordinate
system, the bar crest is always located at x'= 1, but the location of the trough
is not constant because of variability in the shape of the cross-shore seafloor
profile (e.g. Figure 1).

The location of the longshore current maximum, v, is broadly dis-
tributed and roughly bimodal in the normalized coordinate system (1) (Fig-
ure 3, after Gallagher, 1996 ). Maxima most often occur either slightly inshore
of the bar crest (0.65 < x'<1.2) or near the shoreline (x'< 0.3). Rarely does
Vm occur seaward of the bar crest, even when large waves were breaking well
seaward of the bar (x’> 2). The few maxima located well seaward of the
bar crest typically are weak (v~ 0.3 - 0.4 m/s) and approximately corre-
spond to times of strong buoyancy driven flows (Rennie and Largier, personal
communication 1996). The stronger longshore currents (v, > 0.8 m/s) are as-
sociated with large offshore S, (Figures 2c and 2d) and occur near the bar
crest (0.65 < x'<1.2). Weaker maxima (0.25 - 0.7 m/s) occur typically near the
shoreline (0 < x'<0.3) or near the bar crest, with few maxima in the region in
between. Many of the larger v (0.4 - 0.6 m/s) in the region 0 < x’< 0.3 occur
after the sandbar migrated far offshore in mid-October (Figure 2¢).
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Figure 2. Hourly values of (a) significant wave height H, in 8 m depth (b) deviation of the
mean incident wave angle from shore normal (positive angles correspond to waves from the
northern quadrant) (c) Sxy/p in 8 m depth (d) maximum hour-averaged longshore current Vm
(e) bar crest location (dashed) and the cross-shore location of V. ¥ is plotted only if there
were at least five active current meters and v > 0.25 m/s. Out of 1464 possible values, 572
hourly maxima pass these criteria. The few maxima occurring more than 250 m from shore are

not shown in (e).
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Figure 3. Magnitude of the maximum of the hourly averaged longshore current in normalized
cross-shore coordinate, x* (1). the upper panel shows the entire cross-shore region. The region
0 < x' <2 is enlarged in the lower panel.
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Tides dominate the variability of the local water depth, and thus affect
wave shoaling, breaking, and the longshore current. When v is near the bar
crest (0.65 < x'<1.2), the location of ¥ __ is tidally modulated (Figure 4). At
high tide, V,m is rarely located seaward of x'= 0.8, whereas at low tide
v .. is near x’= 1. Tidal effects on the location of v, are smaller when v, is
near the shoreline (x’'< 0.3). Tidal differences in the cross-shore structure of v are
further illustrated in Figure 5. The current profiles at low tide exhibit a number
of similar features; v is located close to x'= 1, and the current falls off rapidly
shoreward of the maximum. Close to the beach, V is approximately 1/4 of v
In contrast, at high tide v _ is farther shoreward (around x'= 0.7, consistent
with Figure 4) and weaker. The current profile is broader, and near the shoreline
v is about 1/2-2/3 of v, . The observed v tidal variation is consistent with
the phase relationships between v and sea-level at tidal frequencies found by
Thornton and Kim (1993). Wave-breaking induced gradients in significant
wave heights are greater during low tide than high tide ( 0.8 < x'< 1.5 in
Figure 6), resulting in smaller waves shoreward of the sandbar at low tide
(Hs,.g ~ 0.7 m) relative to high tide (Hsig ~1.0m).

The differences within the low (Figure Sa) and high (Figure Sb) tide cross-
shore structure of v are primarily owing to differences in the conditions over
the two days spanned by the observations. The bar was relatively stationary
moving 7 m, H, in 8 m depth ranged from 1 to 2 m (Figure 6), the mean
incident wave angle from 15 to 45 degrees, and S, /p from 0.2 to 0.5 m¥/s”
Similar qualitative features in the tidal variation of v were observed at other
times when the longshore current was strong for several tidal cycles (e.g. Sept
2-5 and Oct 10-16).

The modeled tidal variation of Hsig and v, for waves and bathymetry rep-
resentative of Figures 5 and 6, are shown in Figure 7. The wave heights are
modeled using Church and Thornton (1993), with free model parameters se-
lected to best fit the observed wave heights. The qualitative features of the
observed H, distributions (Figure 6) are reproduced by the model (Figure 7a),
except close to the shoreline. The longshore current predictions are made us-
ing the modeled H  variation and observed (in 8 m depth) directional wave
properties in the Thornton and Guza (1986) longshore current model. A drag
coefficient of 0.015 results in similar magnitudes for the modeled (Figure 7b)
and observed (Figure 5) currents. Similar to previous results (e.g. Church and
Thornton, 1993 and others), the modeled longshore currents have the familiar
problem of predicting a flow with two maxima, one seaward of the bar crest
and one near the shoreline, with no flow in the bar trough. The modeled
low and high tide maxima occur at x'=1.25 and x'=1.1 respectively, farther
offshore than observed (Figure 5). In physical units, the displacement of the
maximum is about 30 m.
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Figure 4. Location and magnitude of ¥, observed within about 1.5 hours of tidal extrema in
normalized cross-shore coordinate. There are 157 low tide (+) and 108 high tide (o) values.

Two commonly given reasons (among many) for the model failure are: (1)
There may be a spatial lag in the transfer of momentum from the waves to
the mean flow, possibly associated with wave rollers (Svendsen, 1984; Dally
and Brown, 1995; and many others). (2) Longshore inhomogeneities in the
bathymetry and wave field may result in nonlinear terms or longshore pressure
gradient terms in the longshore momentum equation (e.g. Putrevu et al., 1995).
Some of the observations are consistent with the lag hypothesis, and there are
other examples where alongshore inhomogeneities are likely dominant.

The cross-shore variation of S for the successive low and high tide cases
(Figure S and 6) is shown in Figure 8. At low tide, strong S,, gradients are
observed seaward of the bar (1 < x'<1.5, Figure 8a), whereas shoreward of
the bar crest, S, is relatively constant. The shoreward displacement of the
observed longshore current maxima (Figure 5a) relative to strong S, gradients
{(Figure 8a) is consistent with a spatial lag in the transfer of momentum to the
mean longshore current. At high tide, the region of strong S, gradients is



slightly seaward of the bar crest (0.9 < x'<1.25, Figure 8b), and seaward of
the location of v (x'~0.7) again indicating a spatial lag in the transfer of
momentum to the mean flow. The tidal differences in the cross-shore structure
the the broading of v at high tide, Figure 5) may be related to tidal

of v (i.e.
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variations in the lagging mechanism.

Figure 5.
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October 10 and 11. (a) 3 low tides (b) 4 high tides.
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Figure 6. Significant wave height in the normalized cross-shore coordinate x* (1) during
October 10 and 11. (a) 3 low tides (b) 4 high tides.
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Figure 7. Modeled (a) significant wave heights (b) mean longshore currents (c) model bathym-
etry in normalized cross-shore coordinate (1). Solid curves represent low tide and dashed
curves are high tide. The incident wave parameters are representative of

conditions in Figure 5 and 6: H, =1.5m and 6 = 25°.

An example of longshore currents likely affected by longshore bathymet-
ric inhomogeneities is shown in Figure 9. Although the waves were energetic
(H, =3 min 8 m depth), they were nearly normally incident (the mean in-
cident wave angle in 8 m depth was 2°) and thus S,, in 8 m depth was small
( about 0.1 of §_ with less energetic but more obliquely incident waves in
Figure 8). The observations suggest that S, and S_ gradients are small ev-

erywhere (Figure 9b), and that wave breaking began (x >200 m, Figure 9a) far



3676

0.4

0.35

o4
[ ©
[+, w

Sxy (m3/s?)
o
n

0.15

0.1

0.05

COASTAL ENGINEERING 1996

LowTide | L o A ]
PSP PSPPI PP TP S

il —l r T L L
035F............ PO N S P S §
‘High Tide :
: : : : : e e K
) Sy cow IS I o
: : : e : -
025 S S PP Gk T B
K4 : : - : s s
© : : L RIS e :
E o2f RTRPPRRPTE ; /* ........ B L. P 4
Z : e e
0 o5k ¥ ... ////x/ ................................... T
7/ N - ¥, " K =
X - % Vo ~ <y : - K
Ol - w¥ i B B S R LR R R PRTE PR RR PRI, el -
N et |
0.05 F*j‘g**”""( ------------------------------------------ e .
* : : . : :
0 i 1 1 I i 1 (b)
0 05 1.0 15 2.0 2.5 3.0
Normalized Cross-shore Coordinate
Figure 8. S_/p for the cases (October 10 and 11) shown in Figures 5 and 6 in the normalized

cross-shore coordinate x' (1). (a) low tide (b) high tide. The accuracy of S oy estimates is limited
because of uncertainties in current meter response and orientation, and because errors in linear
theory may be significant in the surfzone. Only two low tide profiles are shown because of
unavailable data,
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offshore of the location of Vm (x = 25 m, Figure 9c). The observed longshore
current jet (Figure 9c) near the shoreline is inconsistent with model predic-
tions (based on Thornton and Guza, 1986) of negligibly small currents (not
shown). Time elapsed video images (R.A. Holman, personal communication,
1996) suggest that the bathymetry was longshore inhomogeneous. Three di-
mensional bathymetric surveys were not available because of the stormy con-
ditions, however, the first post-storm survey (October 20) did reveal strong
longshore inhomogeneity. Sancho et al. (1996) demonstrated that this inho-
mogeneous bathymetry can cause pressure gradients and nonlinear terms to
become important in the longshore momentum balance.
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Figure 9. Observed cross-shore variation of (a) significant wave height (b) S,y/P
(c) longshore current v (d) bathymetry on 0500 October 10.
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Conclusions

Observations spanning a wide range of bathymetric and wave conditions
show that the probability distribution of cross-shore location of longshore cur-
rent maxima is bimodal. Maxima typically occur near the crest of the sand bar
or near the shoreline (Figure 3). At both high and low tide, the observed cur-
rents (Figure 5) are qualitatively consistent with the observed S,, (Figure 8),
although with a spatial lag, perhaps associated with wave rollers. The 1 m tidal
fluctuations in sea level affect the cross-shore structure of the longshore cur-
rent (Figure 4). At low tide, the current jet is stronger, narrower, and located
closer to the bar crest than at high tide (Figure 5). The reason for the tidal
changes in the longshore current structure is unknown, however tidal changes
in the wave forcing are surely important. Clearly more quantitative work is
necessary. The observed variation in the cross-shore structure of the longshore
current across a tidal cycle is a robust feature (see also Figure 12 of Thornton
and Kim, (1993)), and one step in the verification of a roller model would be to
reproduce qualitatively the observed tidal variation of the longshore current.
Finally, although the magnitude of the effects of longshore bathymetric inho-
mogeneities is not known, there are cases where they dominate the longshore
current (Figure 9).
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