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Abstract 

Observations of foreshore morphologic change and swash flow velocities were 
made at Duck, NC in an effort to estimate cross-shore sediment flux magnitudes. The 
three-dimensional foreshore surface over an approximately 10 x 20m study area was 
determined repeatedly to roughly centimeter accuracy using a stereometric video 
method. Sediment flux magnitudes derived from the temporal gradient of these data 
showed erosion rates of over 25 cm/hr. Near-bed, cross-shore swash velocities were 
measured at multiple cross-shore locations using a separate video technique. Swash 
velocities estimated using this method were found to be consistent with current 
measurements obtained using acoustic Doppler and ducted impeller current meters. The 
swash zone profile observations and velocity estimates were used to test an 
energetics-based total load sediment transport model. Although the trends of both the 
model and the observations were qualitatively consistent, the magnitudes and positioning 
of observed sediment fluxes did not match the transport model predictions. This 
discrepancy implies that other factors, such as water depth variations, infiltration, or 
sediment advection, may be important. 

Introduction 

It is generally recognized that gradients of sediment flux across the swash zone 
contribute significantly to beach morphological change. However, the present 
understanding of sediment transport mechanisms in this region is poor, partially owing to 
the complexity of foreshore processes. Nonlinearity and feedback between forcing and 
response are common. Yet even more problematic is the fact that measurements of fluid 
motions and sediment concentrations are difficult to obtain in this dynamic region. Swash 
flows move in a Lagrangian sense requiring either very dense arrays of in-situ sensors, 
dual-resistance runup wires (Guza and Thornton 1982; Raubenheimer et al. 1995), or 
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remote sensing methods (Holland et al. 1995). In addition, the foreshore surface itself 
may change rapidly making estimation of the measurement elevation complicated. 

In previous studies of swash zone morphology and associated sediment transport, 
coarsely sampled changes in bed elevation have been used to infer total load sediment 
transport rates (Duncan 1964; Howd and Holman 1987; Sallenger and Richmond 1984; 
Waddell 1976); and either optical sensors or traps have been used to monitor suspended 
and bedload concentrations (Beach and Sternberg 1992; Horn and Mason 1994; Osborne 
and Rooker 1997; and others). Although much is known about fluid motions in the swash 
zone and the above studies give glimpses of relative sediment concentration magnitudes, 
there is a great need for simultaneous measurement of hydrodynamic forcing and 
morphodynamic response to advance foreshore sediment transport modeling. This 
deficiency is even more pronounced with respect to relatively large temporal and spatial 
scales (hours to days and 10s to 100s of meters, respectively). 

This paper presents new swash observations collected at Duck NC with a recently 
developed stereometric video system and a video-based current meter method that show 
great promise in overcoming the difficulties mentioned above. The observations of 
profile change and cross-shore swash velocity are used to develop and validate a simple 
model of swash zone sediment transport. The correlation between model estimates and 
observations is then discussed. 

Study Site and Field Methods 

Data were obtained at the US Army Corps of Engineers' Field Research Facility 
(FRF) at Duck, NC. Duck is multi-barred, intermediate to reflective beach with a tidal 
range of approximately 2 m. The foreshore slope is roughly 1:12. A large number of 
experiments have taken place at the FRF field site with many swash observations 
indicating infragravity dominated motions at the shoreline, especially during storms. 

To quantify net sediment transport and morphologic change in the swash zone, 
foreshore surface measurements were made over a study region of dimensions 10 m in 
the cross-shore and 20 m in the alongshore during the DUCK94 experiment. Three- 
dimensional (3-D) foreshore topography was determined to roughly centimeter accuracy 
by using a stereometric video method (described fully in Holland and Holman 1997). By 
monitoring the progression of the swash line using edge detection algorithms, multiple 
views of the foreshore study area allow determination of point object positions (x,y,z) for 
each pixel along the swash edge. Repeating the process for each subsequent edge over the 
swash cycle results in several thousand estimates of the foreshore surface per wave. 
Although observations were made over a much larger time interval, the data presented in 
this paper were obtained during a particularly dynamic period of erosion on October 10, 
1994. A burst sampling mode was employed to measure swash excursions and elevations 
over the foreshore region approximately once every 15 minutes at a rate of 6 Hz [Figure 
1]. 
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Figure 1: Left panel shows stereo-estimated swash edge positions intensity coded by time 
(temporal separation interval of 0.33 s). Right panel shows elevation versus cross-shore 

distance as determined by the stereo method (dots) and GPS surveying methods (dashed). 
Optimal interpolation of the nearly 7000 stereo estimates (solid) yields a cross-shore 

profile with a root-mean-square deviation from the surveyed profile of 1.4 cm. 

Corresponding cross-shore swash velocities were estimated using a new 
application of an existing video method known as a timestack (Holland et al. 1995). Since 
timestacks [Figure 2] represent the temporal variation in pixel intensity along a given 
cross-shore profile, Lagrangian estimates of the swash edge speed can be calculated as 
the time derivative of the measured cross-shore swash position. In contrast, Eulerian 
estimates of cross-shore currents, u(x), were calculated at specific cross-shore distances 
using the edge speeds during uprush and backwash derived from timestacks (sampled at 
10 Hz). In doing so we assumed that fluid particles immediately behind the bore front 
move at the speed of the bore and that a constant velocity gradient exists from the 
moment the swash bore reaches the video sensor till the time of maximum backwash. 
Velocities were set to zero for times during which the virtual sensor was dry. Using this 
method, saw-toothed, swash velocity time series were computed at eleven locations 
spaced by one meter along the cross-shore transect in the center of the study area. Figure 
3 exemplifies the differences in velocities at two cross-shore positions. 



2802 COASTAL ENGINEERING 1998 

Distance [m] 
in 20 30 40 ^Offihorem 

Sal Oil 13 1.1:50:22 IW0 

Figure 2: Video timestack showing swash edge position (dashed) as a function of time 
and cross-shore position (from Holland and Holman 1993). 

Figure 3: Schematic of video method for extracting cross-shore swash currents at two 
cross-shore (x=123 and x=120, middle and bottom respectively) locations from position 

time series (top). Position decreases landward and negative velocities correspond to 
onshore flow. 
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To determine the validity of this video method for deriving cross-shore currents in 
the swash zone, measurements made using this technique were compared to velocity 
measurements obtained using Acoustic Doppler Velocimeter (ADV) and ducted impeller 
current meters. During the SANDYDUCK experiment, horizontal and vertical swash 
velocities approximately 5 cm above the bed were measured at a 2 Hz sampling rate at 
one location using a Sontek ADV [Figure 4]. Additionally, 4-Hz cross-shore current 
measurements at 4 and 8 cm above the beach surface were available from "Smith" ducted 
impeller sensors deployed during an experiment at Gleneden OR in 1994 (Puleo et al. 
submitted). Figure 5 shows an example of the comparison. In general, the results are 
similar. The timing of the uprushes measured by the in-situ gauges closely corresponds to 
that of the leading edge of the swash as it reaches the sensor location. Current meter 
velocities were also very small during time intervals where the video indicated the sensor 
was dry (u = 0 m/s). Peak uprush and backwash velocity magnitudes were often similar 
and the slopes of the temporal velocity gradients from each method were roughly 
equivalent. Since there was only a small amount of structure in the interval between the 
beginning of uprush and the end of backwash, the constant gradient assumption in the 
video method appears justified. 

Figure 4: ADV instrumentation designed to monitor swash velocities as part of the 
SANDYDUCK experiment. 
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Figure 5: Time series showing cross-shore current estimates in swash zone obtained using 
video and in-situ instrumentation. 

Table 1 shows the quantitative results of the comparison of 333 swash events. The 
means of the various parameters are comparable, although video-based uprush and 
backwash speeds and swash durations were on average of greater magnitude than the 
observations from the in-situ instrumentation. Estimates of higher moments of cross- 
shore currents (e.g. K

3
) were quite variable, even between sensors of the same type. 

However, theses discrepancies are somewhat expected since the ADV and Smith meters 
sampled flows at higher elevations than that sensed by the video. For example, the 
minimum depth required for the in-situ gauges is on the order of 4 to 5 cm; and for 
optimal operation, the ADV sensor (positioned 5 cm above the sampling volume) must be 
fully immersed, thereby requiring depths of over 10 cm. The response times of the in-situ 
instrumentation appear to be somewhat slow, especially during uprush. Given that the in- 
situ instrumentation was out of the flow more often, coarsely sampled, and essentially 
excluded portions of the swash signal very near the bed, the video results, although 
simplified, appear sensible. One possible source of additional error is that obliquely 
incident swash motions will positively bias the cross-shore current estimates from the 
video. Measurements of the longshore trend of the swash edge suggest this error with 
respect to mean velocities was on the order of 10%. Longshore swash currents sampled 
with the ADV were less than 0.08 m/s. 
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UA„„„ U U\U\ dur m 

-0.94        0.85 0.07 0.12 6.4 0.33 
-0.69        0.71 0.13 0.06 3.6 0.42 
-0.71 0.64 0.04 0.02 3.4 0.43 

-1.73 1.61 -0.28        -0.15 7.1 0.46 
-0.83        0.89        -0.03       -0.01 4.5 0.38 

Table 1. Comparison of video-based and in-situ estimates of cross-shore swash velocity 
parameters. Symbols denote various swash moments, mean swash durations, and slope of 

the temporal velocity gradient. 

Swash Velocity Characteristics 

Unfortunately, no in-situ instrumentation was deployed during the Duck94 
experiment, therefore, only video-based cross-shore current measurements were made. 
Over the approximately six-hour period of measurements, velocity magnitudes of up to 
1.78 m/s were observed. The mean duration of a swash cycle at the approximate setup 
level was 3.9 s. Average initial uprush and final backwash speeds were essentially 
equivalent with magnitudes of 1.16 and 1.19 m/s respectively. However, shorter-term 
averages of the swash time series showed a tendency toward offshore-dominated flow 
prior to high tide and onshore-dominated flow during the falling tide. Also observed was 
an inequality between peak uprush and backwash velocities for individual swash events. 
Spatial gradients in the velocity structure tended to follow the trends in the mean 
velocities with positive gradients during the rising tide and negative gradients after high 
tide. 

Foreshore Profile Change 

Stereo-estimated foreshore surfaces on Oct 10 are shown in Figure 6. An optimal 
interpolation technique was used to fit the estimates to a constant grid surface, h(x,y), 
with an even spacing of 40 cm between grid points. Temporal derivatives of the surfaces 
showed erosion rates of over 0.25 mVhr with a maximum of 60 cm of erosion occurring 
in the center of the study area. Figure 7 shows the alongshore-averaged profile change 
rate as a function of cross-shore distance and time. A fairly constant loss of sediment is 
apparent proceeding in the landward direction with the rising tide. Of particular interest 
was the fact that the offshore wave conditions throughout the run were approximately 
equivalent, yet morphologic response was dramatically different before and after high 
tide. 
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Figure 6: Stereo surfaces gridded and contoured following optimal interpolation analysis. 
The foreshore morphology changed from cuspate at 0845 hours to plane by 1045 with 

more than 60 cm of erosion measured over the entire four-hour period. 
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Figure 7: Alongshore-averaged profile change as a function of cross-shore distance and 
time. 

Sediment Transport Model 

A simple numerical model was developed and validated using the time histories 
of foreshore surface change in conjunction with video-based swash velocity 
measurements. Bagnold's (1963; 1966) energetics-based, depth-integrated volume 
transport equation was adopted as the description of sediment dynamics for these data 
since it directly relates transport rates to instantaneous shear stresses derived from the 
local velocity field, u(x). The form of the equation is given by: 

9, 
P^f 

{PS-PJ)S 
e,(l-£t) 

W\A\-**P 
tan0-tan/> <"3> (1) 

where q, represents the time-averaged, cross-shore volumetric total sediment load 
transport per unit width per unit time, p = 1.025 g/m3 is the seawater density, ps = 2.65 
g/m3 is the sediment density, ($ is the beach gradient, <|> is the friction angle of the 
sediment (tan((|>) = 0.63), w is the sediment fall velocity (~ 6 cm/s assuming a mean grain 
diameter of 0.5 mm), and g is the gravitational acceleration. Angle brackets represent 
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time averaging and values for the friction, bedload, and suspended load efficiency 
factors, (cp eb, and es, respectively) were defined following Bagnold (1966). This type of 
formulation has been previously applied to the swash zone (Hardisty et al. 1984; Hughes 
et al. 1997a; Masselink and Hughes in review) and serves as a good candidate model for 
these data using inputs of cross-shore current at a given cross-shore location and time 
varying beach slope. 

Model results were compared to observations obtained using the stereo method by 
estimating profile change given spatial gradients in sediment transport predictions via the 
sediment continuity equation: 

dh =    1   dq, 
dt     1-v dx 

(2) 

This relation assumes that no alongshore gradients in sediment transport contribute to 
profile change and ignores advection of sediment from the surf zone into the swash zone. 
The results, shown in Figure 8, indicate that the model was successful at describing the 
qualitative trends in profile evolution, however the magnitudes and positioning of 
observed sediment fluxes did not match the transport model predictions. For example, the 
erosion of the foreshore surface was observed to occur earlier than predicted. Also, a 
period of accretion was predicted after high tide (approximately 1230), while the 
measured profile remained stable. 

Measured 3/i/af [mJ/hr] Predicted 3ft/3f[mJ/hr] 

110       115       120 112  114 116 118 
Cross-shore Distance [m] Cross-shore Distance [m] 

Figure 8: Measured (left panel) and predicted (right-panel) profile change as a function of 
cross-shore distance and time. 
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Discussion and Conclusions 

Video-based methods were utilized to allow rapid and simultaneous measurement 
of swash zone hydrodynamic forcing and morphodynamic response. Although a small 
number of prior investigators have presented observations of swash zone sediment 
transport and cross-shore flow velocities, namely Hardisty et al. (1984), Hughes et al. 
(1997b), and Masselink and Hughes (in review), this study is distinguished by the large 
temporal and spatial coverage allowed by the video techniques. Another advantage of 
these methods is that velocity patterns associated with infragravity band wave motions 
are sampled. However, at present, alongshore currents cannot be directly estimated and 
extension of these methods to deeper surf zone flows is difficult. 

An energetics-based sediment transport model (Bagnold 1963; Bagnold 1966) 
was validated using these data and was shown to be insufficient in predicting the 
magnitudes, and in some cases sign, of transport observed. Qualitative correlation 
between the model and observations during the first half of the measurement period 
suggests that swash flow velocity is an important parameter affecting foreshore sediment 
transport, however, the magnitude discrepancies indicate that other factors should be 
considered in future efforts. For example, the effects of water depth variations, 
infiltration, groundwater, and the influx of sediment from offshore, may well be 
responsible for a significant portion of the mismatch. One possibility for future 
adaptation of the model is through the use of variable efficiency coefficients during 
uprush and backwash as suggested by Masselink and Hughes (in review). 
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