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Abstract 
  

 The mean cross-shore flow (undertow) over a barred beach is examined by calibrating an existing 

wave and circulation model which will provide predictions that will be compared to in-situ measurements. The 

experiment was conducted in the long wave flume at the O.H. Hinsdale Wave Research Laboratory at Oregon 

State University. Regular waves with a wave height of 0.60 meters and a frequency of 0.25 Hz were generated 

and vertical profiles of velocity were collected at seven different cross-shore locations each with eight to nine 

points per profile. Three Acoustic Doppler Velocimeters(ADV) were used to collect the cross-shore flow 

velocities and six fixed wave gauges were used to measure the water surface elevation. The data collected from 

the wave gauges was processed using a zero-upcrossing analysis followed by ensemble averaging the waves to 

determine the average wave height at each cross-shore gage. This approach was taken since the regular waves 

are assumed to be similar to one another and would yield higher numbers of realizations, making it a more 

statistically reliable estimate. In total, 49 different time series were analyzed for each wave gage, giving us a 

reliable wave height estimate. The calibration of the wave model was accomplished by altering the three free 

parameters the higher breaking threshold � , lower breaking threshold � s, and an empirical constant K, until the 

wave model best fit the data. The free parameter values were determined to be 0.880, 0.080, and 0.19 for � , � s, 

and K, respectively. Subsequently, the undertow model was calibrated by varying the eddy viscosity (� ) for 

each profile. The best-fit eddy viscosity values for profile 1 through 7 were 0.500, 0.500, 0.500, 0.005, 0.005, 

0.500, and 0.500, respectively. 

 
Introduction 
 

An undertow involves the elevation of the mean water level within the surf zone also referred as the 

set-up. The set-up produces a seaward directed pressure gradient of water, which on average is balanced by the 

momentum of the waves directed shoreward (Komar 1998). Therefore, as the waves dissipate in the surf zone 

the gradients in the momentum flux force a landward flow until it is balanced by an opposing pressure gradient 

(Holman 1995). Hence, an undertow returns the water mass carried shoreward by breaking waves in the surf 

zone through a seaward return flow (Komar 1998). Thereby, balancing the shoreward Eularian mass flux 

above the trough level with the undertow located below the trough level (Holman 1995). However, this 

balance varies with depth, with the water pressure overbalancing the wave momentum close to the bottom, so 

that the water velocities associated with the seaward flowing undertow are greatest close to the bottom (Komar 

1998). 

The experiment was conducted in the long wave flume at O.H. Hinsdale Wave Research Laboratory 

between August 3rd to the 9th of 2004. The experiment dealt with calibrating with available data to determine 
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the most appropriate values of the model parameters. The wave information provides the cross-shore forcing to 

drive the undertow model. Thereafter, the magnitude and vertical profiles of the undertow model were 

compared to the collected data. Although both regular and irregular wave data were collected this paper only 

considers regular wave conditions.  

 
Background 
 

Although the experiment was not specifically trying to model the Duck94 experiment in Duck, North 

Carolina, the geometry of the beach was determined to have a vertical and horizontal length scales equal to one 

third to those observed on October 11th, 1994 at the United State Army Corps of Engineer’s Field Reseach 

Facility in Duck, NC. Table 1 identifies the geometry of both the laboratory bathymetry, and those elevations 

observed during the field experiment.  Significant storm conditions occurred at this site during October 10th 

and 12th and caused the submerged bar to travel offshore, a process attributed to strong mean cross-shore flow.  

It is important to note that although the laboratory geometry appears to be an undistorted scaling, the 

underlying beach slope is 1:36 rather than the 1:100 slope observed at the DUCK94 site.  Therefore the 

laboratory setup cannot directly simulate the field conditions.  As a guideline, the wave conditions observed in 

the field during October 10th to the 12th  were scaled at the same ratio (1:3) to generate realistic wave 

conditions 

 

Table 1: Length Scales Based on Bar Geometry 
 Duck94 WRL Ratio 

hd (m) 3.0 1.14 0.4 
hcr (m) 2.0 0.69 0.3 
hT (m) 2.5 0.99 0.4 
w (m) 100 22 0.2 

 
 

 
Figure 1:  Barred Beach 
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Methods 
 
Models 
 
 The wave model applied to the experiment was a linear shoaling model with wave breaking 

dissipation according to Dally, Dean, and Dalrymple (Dean and Dalrymple 2002). This model was selected 

since it was developed based on the concept of a stable wave height within the surf zone, which best 

represented our regular wave runs (Dean and Dalrymple 2002). Furthermore, the model incorporates two 

height thresholds, which each depend on water depth. The higher threshold breaker index � , dictates the 

location where breaking ensues  

H = � h, 
  
where H is the wave height and h is the water depth. This indicates that when the wave height reaches a 

specified fraction of the water depth, the waves will begin to dissipate energy due to depth-induced breaking. 

Breaking continues until the wave height decreases to the lower threshold and the waves become stable again. 

The stable wave height is also a fraction of the water depth which is governed by: 

 
H = � sh 

 
The Dally et al. wave breaking model is expressed in terms of the conservation of energy equation 
  

� ECg = K[ECg –(ECg)s], 
       � x        h 
 
where K is an empirical constant (Dean and Dalrymple 2002). For shallow water, the energy flux can be 

reduced to  

ECg = 1� gH2� gh, 
         8 

 
Thus relating the preceding equation relates the wave height H to the water depth h (Dean and Dalrymple 

2002). Furthermore, it should be noted that a roller component is not included in this model. 

Following the calibration of the wave model the undertow model by Garcez Faria et al. (2000) was 

used the vertical profile of the mean cross-shore flow is given by: 

 
U(z) = Ur +   1  F(x)[Ao + A1z + A2z

2] + � bx[z + h – ht], 
                              � �    � �     2    
 
where Ur is the depth-averaged return flow, �  is the turbulent eddy viscosity, ht is the depth below the trough, 

and � bx is the mean cross-shore bed shear stress that is calculated using a quadratic formulation (� bx = � Cf|� b|Ub, 

where Cf  = 0.01 is a constant friction factor and � b is the near-bottom wave-induced velocity). The solution to 

the quadratic formulation is a second-degree polynomial in z with coefficients 
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Ao = 3h2 – h2/6 

   6  

A1 = h 

A2 = ½ 

 
 
 (Garcez-Faria et al. 2000). The depth-averaged undertow was found by assuming the onshore mass transport 

in the upper region was equivalent to the mean return flow below the trough 

 
                    � t 

qw + qr = 	� U (z)dz = -� Urht, 
               -h 
 
where qw is the net shoreward mean transport in the upper region between the crest and trough, and qr is an 

additional mass transport per wave crest which occurs above the wave trough arising from the presence of 

turbulent wave rollers (Garcez-Faria et al. 2000). In Eulerian reference frame and assuming irrotational flow 

below the trough level, there is a net shoreward mean mass transport by waves limited to an upper region 

between the crest and trough that is given by 

            � c 

qw = 	� �  (z)dz, 
         � t 
 
where the subscripts c and t refer to the crest and trough (Garcez-Faria et al. 2000).  

 An additional contribution to the mass transport occurs above the wave trough that arises from the 

presence of turbulent wave rollers and is defined by 

 

qr = � rAc/L, 

where � r is the roller density, A is the roller cross-sectional area, L is the wave length , and c is the advection 

velocity of the roller, assumed to be given by the wave phase speed (Garcez-Faria et al. 2000).  The equation 

for roller cross-sectional area is A = 0.9Hrms
2 (Hansen and Svendsen 1984).  

 
Instrumentation and set-up 
 
 The regular waves had a wave height of 0.60 meters and a frequency of 0.25 Hz. As shown on Figure 

2, seven cross-shore profiles were taken beginning offshore at bay 16.5 followed by bay 14.5, 11.5, 10.5, 9.5, 

8.5, and ending at bay 6.5. Each profile consisted of eight vertical points with the exception of the first run 

where nine were collected. 
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Figure 2:  Cross-Shore Locations of Profiles*  

*  Note, the nominal water depth was 14 ft. not 11 ft. 
 

Three fixed Acoustic Doppler Velocimeters (ADV) were aligned to one another on separate wings of 

the carriage as seen on Figure 3. Each one collected three-dimensional velocity but for our experiment we were 

only concerned with the x-directional velocity, with the positive direction being shoreward. The first ADV 

(ADV 595) was located closest to the east wall of the flume followed by ADV 507 and ADV 500.  The 

distances between the east wall to ADV 595 was 137 cm; ADV 595 to ADV 507 was 25.5 cm; ADV 507 to 

ADV 500 was 60 cm; and ADV 500 to the west wall was 142 cm. The varying distances between the ADV’s 

were chosen instead of equidistant lengths to provide more options when looking at derivatives across the 

flume. The seeding material added to the water in order to decrease noise in the ADV signal, was primarily 

fine dirt and later hollow glass spheres with a diameter of 8.0 microns.  

         

            ADV 500 ADV 507 ADV595 
 
   
 
West         East    
Wall          Wall      
                   
 
        ADV               ADV    ADV         10 cm 
        500   507     595        5 cm    
            1 cm    
 
 
Figure 3: Arial View of Carriage with the ADV’s   Figure 4: Example of runs 
 

Carriage 
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After collecting data from one elevation the wings were moved up to the next run level. The initial 

elevations for each run were 1, 5, and 10 centimeters from the bottom of the flume. An example of the run 

points can be seen in Figure 4. Profiles three and five were the exceptions and began at 1.5 and 2.5 

centimeters, respectively due to poor performance of the ADV’s at the intended elevation of 1 cm and 5 cm. 

The elevations for the subsequent runs of each profile were determined by subtracting half of the wave height 

from the remaining water depth to incorporate the trough level, and then divided by five. Additionally, the bar 

stretched between bays 9 to 15, the highest portion spanning between bars 10 to 11. 

Furthermore, nine wave gages were used to calculate the varying water level, six were fixed and three 

were located on the carriage. The cross-shore locations of the fixed wave gages were at x = 23.47 m, 45.42 m, 

52.73 m, 60.05 m, 71.02 m, and 81.99 m, with the zero-point being the wave maker. The gages use 

conductivity of the water to determine the water elevation by measuring the resistance between the two wires 

which are inversely proportional to the water depth (Smith). The wave gages were used to calibrate the wave 

model to ensure the forcing mechanism for the undertow model was correct. 

 
Result and Discussion 
 

The data collected from the six fixed wave gages was processed using a zero-up crossing analysis 

followed by ensemble averaging the waves to determine the average wave height. This approach was taken 

since the regular waves are assumed to be similar to one another and would yield higher numbers of 

realizations, making it a more statistically reliable estimate. In total, 57 different time series were analyzed to 

give a reasonably reliable wave height estimate shown in Figure 5.    

 

   
Figure 5: Calibration of wave model from the six fixed wave gages 
 
 

Initially, the calibration of the wave model was accomplished by altering the three free parameters the 

breaker index, stable breaker index, and the empirical constant until the wave model best fit the data. 

Fortunately, we realized after plotting the data that the breaker index was not matching our observations and 
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was over predicting the wave height. The breaker index was predicting the waves to break bay 11 but they 

were actually breaking at bay 12. Therefore, the breaker index was determined manually by altering it to match 

the observations at bay 12. The free parameter values were determined to be 0.80, 0.07, and 0.10 for � , � s, and 

K, respectively. According to Dean and Dalrymple, the breaker index � , should be on the order of 0.80, the 

stable breaker index � s should range between 0.35-0.40 in the constant depth region, and K should 

approximately be 0.17 (2002).  

Similarly, the undertow model was calibrated by changing the eddy viscosity (� ) for each profile. The 

eddy viscosity ranged from 0.0001 to 0.05 with increments of 0.0001. The upper limit for the eddy viscosity 

was set according to Garcez-Faria et al. at �  = 0.5 m2 s-1, where anything beyond that was considered 

unrealistic (2000). However, the lower limit was not restricted thus a low initial value was chosen. The best-fit 

eddy viscosity values for each profile can be seen on Table 2. These values were comparable to those obtained 

by Garcez-Faria et al., whose eddy viscosity values varied by an order of magnitude for each location across 

the surf zone and ranged between 0.0055 to 0.075 m2 s-1 (2000). Furthermore, since the eddy viscosity is 

proportional to turbulence intensity a large cross-shore variation was expected throughout the surf zone over a 

barred beached (Garcez-Faria et al. 2000).   

 

Table 2: Eddy Viscosity Values 

Bay Profile Eddy Viscosity, �  (m2 s-1) 

16.5 1 0.5000 

14.5 2 0.5000 

11.5 3 0.5000 

10.5 4 0.0007 

9.5 5 0.0035 

8.5 6 0.0049 

6.5 7 0.5000 

 

 

 In order to compare the undertow profiles the runs of each cross-shore location and ADV were 

graphed. The graphs were then compared to the theoretical model. For each profile, the ADV points were 

plotted along with the average of all three ADV’s. In Figure 6 small variations between the ADV’s can be 

seen. Unfortunately, due to time constraints a cross-shore variation was not done but should be considered at a 

later date. 
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Figure 6: Profiles of Each profile 
 

 
 Figure7: Comparison between Theoretical (solid line) and Calculated Undertow (circles) 
 

One interesting observation was the noticeably strong offshore mean cross-shore velocity near the 

water surface, especially at bays 16.5 and 14.5. When seeding material was added to the water it was quickly 

drawn offshore toward the wave maker indicating that the measurements confirmed our visual observations. 

  -  Theoretical Undertow 
      Average ADV for each run 
   -  Zero Line Marker 
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Although unexplainable, this phenomena of an offshore seaward current near the water surface was also seen 

in Hansen and Svendsen’s experiment (1984). 

Figure 7 plots the theoretical undertow profile against the actual profiles which match up fairly well 

with the exception of profile 3. Furthermore, some of the theoretical values slightly over predict the undertow 

and may be accountable due to the breaker index. Additionally, the undertow profiles over the bar, with the 

exception of profile 3, are strongest and have a some what of a quadratic shape which matches to findings from 

Haines and Sallenger (1994). 

Another possibility might be considering a depth dependent eddy viscosity rather than a constant one. 

However, studies have shown that there no improvements when comparing a depth dependent eddy viscosity 

to that of a constant one. (Garcez-Faria et al. 2000). 

 
Conclusion 
 
 Overall, the model predicts the observed undertow well. The free parameter values from the wave 

model for � , � s, and K were 0.80, 0.07, and 0.10 respectively. The wave height for the wave model was found 

by zero up crossing and ensemble averaging 57 different time series collected by six separate wave gages. 

Following the calibration of the wave model, the linear shoaling model along with the undertow model was 

calibrated and worked well the with the exception of profile 3. The calibrated eddy viscosities for profiles 1 

through 7 were found to be 0.5000, 0.5000, 0.5000, 0.0007, 0.0035, 0.0049, and 0.0005, respectively. The 

eddy viscosity values within the surf zone fell within a reasonable range with those found by Garcez-Faria et 

al. of 0.0055 to 0.075 m2 s-1 (2000). Some of the profiles were slightly over predicting the undertow but for the 

most part they were fairly close to the theoretical profiles.  

 
Future Research 
 
 Due to time constraints and mechanical complications irregular waves were not included but will be 

researched at a further date. The data collected for the random wave case should yield better results since a 

different wave model provided by E. B. Thornton and R. T. Guza will replace the monochromatic model and is 

based on integrating the energy flux balance equation along he integral path staring in deep water (1983). The 

advantage of this model is that it incorporates offshore and surf zone phenomena allowing for a smoother 

transition, whereas before they were calculated separately.  

In addition, the cross-shore variation should be considered given that the undertow was averaged from 

three separate ADV’s. Furthermore, in the future, more wave gages should be used to give a better prediction 

of the wave height. Finally, the parameterization of eddy viscosity values from other literature should be 

examined and compared to those found in this experiment. 
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