
 
 
 
 
 
 
 
 
 
 
 
 

Attachment to Meeting 9 Question/Response #51 
References for Evaluating Delft-3D and Other Models 



Benedet, L.; Stive, M.J.; Hartog, W.; Walstra, D.J.R.; and Koningsveld, M.V.  2006.  Effects 
of Wave Diffraction and Initial Bathymetric Conditions on Beach Fill Volume Change 
Predictions.  In Smith, J.M., Proceedings of the 30th International Coastal Engineering 
Conference, San Diego, California.  Pp. 4103-4115. 



1 

EFFECTS OF WAVE DIFFRACTION AND INITIAL BATHYMETRIC 
CONDITIONS ON BEACH FILL VOLUME CHANGE PREDICTIONS  

Benedet, L1,2, Stive, M.J.F.2, Hartog, W.2,3, Walstra, D.J.R2,3, Van 
Koningsveld, M.3  

Predictions of beach volume changes for a beach nourishment project are presented with 
an emphasis on relevant physical processes and associated model settings. A beach 
nourishment project constructed in 1992 at Delray Beach, FL, is used as a case study in 
which a process-based numerical model, Delft3D, was used. This work builds on 
previous efforts by Benedet et al. (2007) and Hartog et al. (in press). A new version of 
SWAN (version 40.41) in which wave diffraction is included is used in the wave module 
to investigate the influence of this process on the predicted development at Delray Beach.  
Additionally, improvements to the model input bathymetry are made. A reasonable 
prediction of alongshore variability of beach changes and total volume loss from a beach 
nourishment project was achieved in this study using a process-based numerical model, 
where currents were calculated in depth averaged mode (2DH). The inclusion of wave 
diffraction effects in the model was an important factor that allowed for reasonably 
accurate predictions of beach changes behind borrow sites. In addition to the 
implementation of wave diffraction, an improved representation of initial bathymetric 
conditions was another important factor affecting the accuracy of fill performance 
predictions.  

INTRODUCTION  
Beach nourishment is commonly conducted to counteract beach erosion 

trends along eroding sections of the coast. The performance of a nourishment 
project is influenced by a range of factors including offshore bathymetry, wave 
climate, magnitude of sediment transport, project dimensions, sediment 
compatibility between borrow sands and beach sand, amount of sand placed on 
the beach,  construction methods, fill placement location, etc.  

 In order to properly plan beach nourishment volume and design lifetime, 
an understanding of physical processes that control nourishment performance 
and morphological evolution are required.  In this work, we evaluate the 
physical processes controlling alongshore variability of erosion rates on a beach 
nourishment project using a process-based numerical model (Delft3D).  

The project area, Delray Beach, is located on the southeast coast of Florida 
(Figure 1). This beach was initially nourished in July 1973 with the placement 
of 1,250,000 m3 of sand. It was subsequently renourished in 1978, 1984, 1992 
and 2002. This study concentrates on the performance of the 1992 beach 
nourishment project, specifically the two-year period between December-92 and 
December-94. The 1992 nourishment project was about 3 km long, but more 
than half of the erosion occurred in a beach segment about 600 m long located 
near the south end of the project (around profile monument R187, Figure 1) 
defined as an erosional hot spot.  
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Figure 1. Study area location diagram and 3D bathymetric image showing the 
nearshore features that influence beach nourishment project evolution.  
 

Numerical modeling conducted by Benedet et al. (2007) and Hartog (2006) 
indicated that offshore bathymetric features are responsible for large alongshore 
variability of erosion rates within the project area. Hartog et al. (in press) was 
able to predict total volumetric loss from the project area using Delft3D, 
however beach changes behind borrow areas were overestimated by these 
authors. Numerical model simulations conducted by these authors also 
suggested the formation of submerged a salient behind the deeper borrow areas 
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which was not evident from the analysis of widely spaced (~300 m) beach 
profiles. Hartog et al.  (in press) hypothesized that overestimation of beach 
changes behind borrows could possibly be attributed to the fact that the wave 
model used (SWAN) did not account for the effects of wave diffraction. These 
authors also suggested that differences between model predictions and beach 
volume change observations could be due to differences between the 
bathymetries of the model and the calibration dataset. The input bathymetry 
used in the model was derived from a laser airborne survey measurements 
conducted in October, 2002 while the initial condition from the calibration 
dataset was a beach profile survey conducted in December 1992, after the 
construction of the 1992 beach nourishment.    

This work builds on previous efforts by Benedet et al. (2007) and Hartog et 
al. (in press). A new version of SWAN (version 40.41) is used in the wave 
module of Delft3D to investigate the influence of the recent add-on to SWAN 
(wave diffraction) in model predictions.  Additionally, improvements to the 
model input bathymetry are made. Results and analysis are discussed in terms of 
waves, currents and beach volume changes.  

 
Beach Volume Change Measurements 

The 1992 beach nourishment project was constructed along 3 km of beach 
between monuments R180 and R188 (Figure 1) with about 940,000 m3 of sand 
(313 m3/m). Most of the fill volume was placed on areas that showed greater 
erosion since the last renourishment. Offshore features that may influence 
project performance include dredged borrow areas, and shore parallel reefs 
(Figure 1). Quasi-circular deep borrows areas in figure 1 were dredged in the 
1970s and early 1980s while the rectangular shallower cuts were dredged in the 
1990s and in 2002.  

Computations of beach volume changes following the 1992 nourishment 
were based on data from annual beach profile surveys. Volume changes were 
calculated from the monument location (generally on the back of the dune) to 
the -7.5 m depth contour which is the offshore limit of most surveys and the 
estimated closure depth of the study area (CPE, 2001). Previous work by the 
authors (Benedet et al., 2007) indicated that most of the beach fill eroded during 
the first two years post-construction and volume losses were reduced in 
subsequent years. Numerical modeling reported here aims at reproducing the 
beach volume changes observed during these two initial years. Volumetric 
changes described hereinafter refer to this time period (Dec-92 to Dec-94).  

Measured Volume changes per unit length of beach (m3/m) are shown in 
Figure 2. Erosion was observed over the fill area (between monuments 180 and 
188) and beaches to the north and south of the fill were either stable or 
accretional. The fill response can be divided into three main segments, (1) An 
area with intermediate erosion (average of change of -67 m3/m/yr) between 
monuments 181 and 183, an area with milder erosion between monuments 184 
and 185 (average change of -29 m3/m/yr) and an area with higher erosion 
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between monuments 186 and 188 (average change of -96 m3/m/yr). The average 
volumetric change over the entire beach fill (between monuments 180 and 188) 
was -62 m3/m/yr for the two-year period. Total volumetric changes were 
estimated by multiplying the unit volume change by the distance between profile 
monuments. Total volume loss over the fill area over the two year period was 
approximately 152,000 m3. More than half of the erosion occurred in the area 
between profile 186 and 187. 
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Figure 2. Volume changes measured between December 1992 and December 1994. 
The beach is bounded by monuments 180 to the north and 188 to the south.  

 
Numerical Model Setup 

Delft3D, a process-based model containing several modules for the 
simulation of wave transformation, nearshore currents, sediment transport, and 
morphology change, was used in this work. Delft3D-WAVE uses SWAN 
(Holthuijsen et al., 1993). Flow calculations used Delft3D-FlOW (Lesser et al. 
2004) and were conducted in 2DH (depth-averaged mode). Flows were forced 
by representative wave conditions, tides and winds. For sediment transport the 
sediment online version of Delft3D-FLOW, that continuously updates sediment 
transport and bed level changes at every flow time-step, was used.  Over the 
entire water column the suspended sediment was computed and for a reference 
height above the bottom the bed load transport is computed. The sediment 
transport module used the default formulation in delft3D, developed by van Rijn 
(1993). A morphological acceleration factor was used to scale up morphology 
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changes so only a fraction of the duration the hydrodynamic simulations were 
required.  

Three different nested grids were used. A large regional grid (SWAN-
regional) with varying cell spacing from 100 x 100 m to 250 x 250 m was used 
to transform waves from deepwater to the area of interest. A detailed nearshore 
grid (SWAN-nearshore), with varying grid cell spacing, was nested inside the 
regional grid in the area of interest to calculate wave transformation and wave-
induced radiation stresses. The grid was refined to cells of 25 x 25 m within the 
project area and grid cells smoothly coarsened towards the boundaries. The 
hydrodynamic and morphology calculations were conducted in a smaller grid 
nested inside the SWAN-nearshore grid. The grid used for these simulations is 
finer in the area of interest with cells from 10 x 10 m near the area of interest to 
30 x 30 m towards the boundaries. All simulations are done in ‘2DH’, that is, 
the model grid consists of only one vertical layer and the velocity is depth 
averaged. Cross-shore processes are taken into account, but approximated with 
the depth averaged calculations.  

North, east and south boundaries were defined as open boundaries. The 
‘fourth’ boundary was the shoreline in the west. Wave, tide and wind conditions 
were obtained by analyzing the data of four local stations (all within a 15 km 
range of the study area). The wave conditions at the boundaries were based on 
an annual wave climate derived from analysis of 20 years of hindcast wave data. 
For details on the wave schematization see Hartog et al. (in press). A 
JONSWAP spectral space shape was used in SWAN with a peak enhancement 
factor of 3.3. Most SWAN parameters were at its default values since no wave 
data for calibration of SWAN was available.  

Water level data, measured over the period of 1995 to 2004, were analyzed 
to obtain the tidal range; MHW occurs at NGVD + 0.52 m (NGVD, National 
Geodetic Vertical Datum), MSL at NGVD + 0.12 m and MLW at -0.29 m. The 
east boundary was defined as an open boundary where the water level is given 
by the harmonic representation of the tide with an equilibrium elevation of 
NVGD +0.12 m and an amplitude of 0.40 m. Water level gradients, referred to 
as Neumann boundaries (Roelvink and Walstra, 2004), were used in the north 
and south. Two tide cycles are simulated for model spin-up time before 
morphological changes are computed. The average sediment grain size of the 
project area of 0.30 mm was used for modeling purposes.  

LADS (Laser Airborne Depth Sounder) bathymetric data measured in 
October, 2002 was used as input bed elevation. This dataset includes additional 
borrow sites, dredged in early 2002, that were not present during the time period 
when the beach volume change measurements (used for calibration purposes) 
were conducted (Dec-92 to Dec-94).  Bathymetric points were either cell-
averaged or interpolated to the computational grid depending on grid cell 
spacing and density of points. Mathematical adjustments to the model input 
bathymetry were made, in order to evaluate the effect of the different 
bathymetric features on fill volume change predictions. 
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Effects of Wave Diffraction on Model Predictions 

Preliminary model efforts by the authors were found to overestimate beach 
changes behind the borrow sites as shown in Figure 3. Significantly higher than 
observed erosion was simulated at profile 178 on the edge of a deep-cut borrow 
area dredged in 1973, higher than observed deposition was simulated at profiles 
182 and 183 behind the 1978 and 1973 deep borrows, followed by higher 
erosion at profile 184 on the southern edge of the deep borrows dredged in 
1973-1984 (see Figure 1 for borrow locations and Figure 3 for predicted versus 
observed beach volume changes).  

Hartog et al. (in press) hypothesized that the absence of wave diffraction in 
SWAN was one of the reasons for the over-estimation of beach changes behind 
the borrow areas. Information available in the literature (Bender and Dean, 
2003) also suggested that wave diffraction processes are important for the 
evaluation of borrow area impacts on beaches.  

SWAN results without diffraction showed abrupt wave focusing and wave 
shadows within the project area, especially behind the deeper borrows dredged 
in the 1970s. Wave heights just before breaking simulated by Hartog et al. (in 
press) varied +/- 1 m alongshore for waves with a input boundary height of 2 
meters (11 s Tp, 67o wave direction and 8o degrees directional spreading) 
(Figure 4).  It was suggested by these authors that, with the implementation of 
wave diffraction, gradients in wave heights alongshore would be smoothed out 
as wave energy spreads laterally from the high wave areas at the borrow edges 
to the shelter zones behind the borrows. This process could in turn reduce the 
magnitude of beach changes behind the borrow sites predicted by the model.   

The effects of diffraction can be partially simulated in SWAN or other 
spectral wave models by applying a wider directional spreading to the incident 
wave spectra or, more recently (SWAN version 40.41, Holthuijsen et al., 2003) 
it can be modeled explicitly in SWAN. Since the waves that most influence the 
sediment transport in the project area are northeast swell waves, a relatively 
narrow direction spreading was used. Diffraction was modeled using the phase-
decoupled approach of Holthuijsen et al., 2003 available in SWAN 40.41. A 
comparison of nearshore wave heights is shown in Figure 4, the left plot (“A”) 
shows a simulation without diffraction activated while the right plot (“B”) 
shows a simulation with diffraction. The simulation used the following 
boundary conditions: Hsig of 2 meters, 11.5 Tp, 60o wave direction and, 8o 
directional spreading, Jonswap spectra. It is noticed that the wave focusing 
zones diminished significantly in size and magnitude in the simulations with 
diffraction, especially at profiles 182 and 183 (right plot, Figure 4). The large 
shelter zone at monument R182 simulated without diffraction (see left plot, 
Figure 4) was smoothed out in the simulation with diffraction (see right plot, 
Figure 4). Wave focusing zones at profiles 186 and 197 were also diminished in 
the simulations with diffraction (right plot, Figure 4). 
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Figure 3. Comparison between measured and predicted beach volume changes. 
Results for Delft3D annual simulations with and without diffraction are shown.  

 
SWAN 40.41, with diffraction activated, was run for the annual wave 

climate coupled with Delft3D-Flow to simulate annual beach volume changes. 
Results comparing the annual beach volume change observations to predictions 
using SWAN with and without diffraction, are shown in Figure 3.  Simulations 
with diffraction showed some improvements in the model results, viz. the 
erosion at monument 178 was slightly reduced, the deposition at profiles 182 
and 183 were greatly reduced and the erosion at profile 184 was also reduced to 
magnitudes similar to the measurements (Figure 3). The formation of a 
submerged salient in the shadow zone behind the borrow areas as suggested by 
Hartog et al. (in press) was not observed in the annual Delft3D runs with wave 
diffraction processes included. The downside of the results from the annual 
simulation with diffraction is that the erosion of the hot spot, located in the 
south end of the project, was also reduced. However, as a general trend, the 
implementation of diffraction improved model prediction and greatly reduced 
overestimation of beach changes behind borrows sites at monuments R182 and 
R183 (Figure 3).  
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Figure 4. Comparison of two SWAN simulations, one without wave diffraction (left 
plot, A) and with diffraction (right plot, B).  

 
Effects of Initial Bathymetric Conditions 

 Simulations with wave diffraction included in SWAN partially addressed 
the overestimation of beach changes behind borrow areas observed by Hartog et 
al. (in press). But even after this improvement, deviations between predicted 
and observed beach volume changes persisted (see Figure 3). Even though there 
are many simplifications necessary to conduct long-term (annual to decadal 
time-frames) morphological modeling, model predictions can be greatly 
improved by using a realistic representation of initial conditions coupled with 
real-time forcings at the boundaries. The latter (real-time forcings) is not 
available here, but the first (initial bathymetric conditions) can still be improved. 

For optimal results, initial bathymetric conditions in the model should be 
concurrent with the initial conditions of the calibration dataset. The previous 
modeling results showed here (i.e Figure 3) used a bathymetric dataset collected 
October 2002, 6 months after the 2002 beach nourishment. The calibration 
dataset, on the other hand, was obtained after the 1992 beach fill (Dec-92 to 
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Dec-94). Differences between the initial conditions of the calibration dataset and 
the model may cause deviations between model predictions and beach volume 
change observations. Essential differences between these two datasets (model 
and calibration) that may influence model prediction accuracy include: (1) three 
additional borrow areas were dredged in 2002, which were not present in the 
time period the calibration data was measured, (2) the bathymetric survey used 
as model input was obtained six months after a nourishment project, enough 
time for initial fill equilibration processes to modify beach configuration, while 
the calibration dataset was measured immediately after fill construction and (3) 
even though the 2002 beach nourishment project had similar dimensions than 
the 1992 project, differences in fill distribution are expected to occur. 

To improve the representation of initial conditions in the model, 
modifications to the input bathymetry were performed. First, the borrow areas 
dredged in 2002 were removed mathematically (filled) from the bathymetry 
dataset to represent pre-dredging conditions, similar to those of December 1992. 
Second, laser airbone bathymetry data from the nearshore (subaerial beach to 
the -7.5 m beach contour) was replaced by the beach profile survey data 
measured after construction of the 1992 beach nourishment. The post 
construction beach profile data were measured at profile stations spaced 300 m 
apart along the beach; this data was interpolated (triangular interpolation) to fill 
the model computational grid. The combined effects of the beach fill, together 
with the interpolation of widely-spaced profile data produced a smoothed surf-
zone morphology with a prominent seaward excursion of the shoreline within 
the beach fill area.  

These modifications to the model initial bathymetric conditions improved 
model predictions as shown in Figure 5. Predictions of beach volume changes 
with diffraction included in SWAN, and improved model bathymetry showed 
similar trends as the measured data viz. two zones with higher erosion at the 
project extremities (R181-182, R186-187) and a zone with milder erosion in the 
center of the beach nourishment project (R184-85) (Figure 5).  Deviations from 
model predictions and observations still occur, especially to the north of the 
beach fill project (R176 to R179). However, within the beach fill, the model 
predictions matched well the observations and total volume change predicted by 
the model lied within 10% of the measured volume change.  
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Figure 4. Comparison of annual Delft3D simulation with improved initial conditions 
versus observed beach volume changes.  

 
DISCUSSION 

Beach changes behind borrow areas were overestimated by earlier 
simulations (Hartog et al., in press), which did not include wave diffraction 
effects. After implementation of diffraction these changes were reduced to 
levels similar to those measured in the study area. It is therefore recommended 
that, for studies of borrow area impact on beaches where narrow banded swell 
waves dominate, numerical models that include wave diffraction should be used. 
The recommendation applies especially in the case where there are large 
interactions between incident waves and nearshore borrows, to the extent that 
significant wave focusing and wave shadow zones extend all the way to the 
beach.  

Numerical wave transformation models with coupled refraction-diffraction 
can fall into one of two broad categories, (1) fully spectral phase-averaged wave 
models with phase-decoupled diffraction approximations (Holthuijsen et al., 
2003) or (2) phase-resolving wave models like mild slope models (Kirby, 1986) 
or Boussinesq type models (Madsen and Sorensen, 1992) that directly account 
for diffraction but do not fully account for processes like wave-wave 
interactions (Holthuijsen et al., 1993). In this study the first alternative was 
used, the advantage of this method over mild slope or Boussinesq models is that 
refraction and diffraction can be investigated separately in the model by 
activating or de-activating these processes in the code and evaluating model 
results in a process-based sense, as done in this paper.  Limitations of the phase-
decoupled method include the fact that interactions between incident waves and 
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reflected waves from structures are not included; however this limitation is not 
significant in this particular study area. Holthuijsen et al., (2003) state that the 
diffraction extension in SWAN is more suitable for large scale applications in 
relatively open coasts with occasional structures, and should be not be used in 
areas where the distance between offshore obstacles and the shoreline is small 
(less than a few wavelengths) or in areas where wave reflection is significant. 
These limitations are not present in the example studied here and therefore the 
phase-decoupled option in SWAN is applicable to our case study.   

In addition to the implementation of wave diffraction, accurate 
representation of initial bathymetric conditions (borrows and post-construction 
template) proved to be essential factors in affecting the accuracy of fill 
performance predictions. The next steps in this research will aim at separating 
the relative contributions of these features (borrows and post construction 
template) on fill evolution with annual beach morphology change simulations in 
order to isolate the causes of higher erosion in hot spot areas, especially in the 
south end of the fill. The Delft3D model described in this paper, successful at 
hindcasting beach volume change observations, will also be used to investigate 
possible engineering interventions that can be designed to reduce hot spot 
erosion magnitude and reduce long-term beach renourishment needs.  

Preliminary results from additional annual morphology simulations 
conducted by the authors suggest that the deep borrow areas dredged in the 
1970s are the main features controlling hot spot development in the south end of 
the fill. Of particular interest is the fact that stronger current velocities are many 
times simulated on the shadow zones behind the borrow areas (Hartog, 2006, 
List et al., 2006). Variability in wave height, angle and consequently water level 
(head gradient) alongshore caused by the borrows cause subtle changes in 
current velocities and sediment transport, that in turn lead to large alongshore 
variability in beach response. Interactions between neighboring borrow areas is 
also important, for example, even though several deep borrow sites exist 
offshore from the Delray beach project area (and these are spread along the 
project, see Figure 1) only one persistent erosion hot spot occurs (R186-R187, 
south end of the fill, Benedet et al., 2007).  

Some deviations between beach fill volume change predictions and 
observations still persist. These may be attributed to a series of factors including 
the absence of concurrent wave and morphology measurements (a schematized 
wave climate using long term dataset was used), approximated representation of 
fill template by using widely-spaced beach profile data, grain size variations 
induced by fill construction methods and coastal processes that may not be 
properly represented by the simplified schematization of boundary conditions or 
model formulations. 
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FINAL CONSIDERATIONS 

A reasonable prediction of alongshore variability of beach volume changes 
on a beach nourishment project was achieved in this study using a process-based 
numerical model (Delft 3D), where currents were calculated in depth averaged 
mode (2DH).  

Improved predictions of beach nourishment volume change trends were 
obtained by using the most recent version of SWAN (40.41) with a phase-
decoupled wave diffraction formulation and by improving the initial 
bathymetric condition in the model. Beach changes behind borrow areas were 
over estimated in earlier model simulations where diffraction effects were not 
included. The inclusion of wave diffraction effects in the model lead to 
reasonably accurate of beach changes behind borrow sites,  showing the 
importance of wave diffraction for modeling borrow area impacts on adjacent 
beaches. Diffraction may be modeled explicitly in SWAN, as done here, or 
alternatively a wide directional spreading can be applied to a spectral wave 
model to approximate diffraction effects.   

In addition to the implementation of wave diffraction, an improved 
representation of initial bathymetric conditions proved to be another essential 
factor affecting the accuracy of fill performance predictions. The improvements 
to the initial bathymetry included a better representation of fill post-construction 
conditions and removal of borrow areas dredged after the monitoring period 
from the bathymetric dataset.  

The model described here will be used in the next steps of an ongoing 
research effort to separate the relative contributions of these features (borrows 
and post construction template) on fill evolution, and to investigate possible 
engineering interventions and fill placement strategies that can be designed to 
reduce erosion at hot spot areas.  
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ABSTRACT 
 
CARROLL, PAUL MICHAEL.  An Evaluation of Two Cross-shore Numerical 
Models in Predicting Subaerial Beach Morphology.  (Under the direction of Dr. John 
S. Fisher.) 
 

Numerical modeling in the nearshore region has become an important tool in 

both planning and design for coastal engineers.  In recent decades, the complexity of 

these models has increased as our knowledge of existing processes has matured.  

However, gaps still remain between what we as engineers understand about the 

nearshore environment and what actually exists.  Due to these uncertainties, modelers 

have taken different approaches to simulate sediment transport. 

The objective of this thesis is to evaluate the ability of two cross-shore 

numerical models, SBEACH and COSMOS, in their ability to predict subaerial beach 

profile change resulting from storm events.  The predicted profiles from each model 

were compared to actual measured post-storm profiles.  Quantitative comparison of 

results from both models was preformed using BMAP (Beach Morphology Analysis 

Package).  A rating of good, fair, or poor was assigned to the models based on how 

closely each predicted the measured subaerial profile change.  The waterline 

recession was also analyzed and a rating of reasonable or unreasonable was assigned 

to each model based on its predicted value.       

The fundamental difference between the two models is in regards to sediment 

transport.  The SBEACH model predicts sediment transport rates as a function of 

wave energy dissipation.  The COSMOS model utilizes the energetics approach 

where sediment transport is dependent on mean velocity currents in both the bed and 

the suspended boundary layers.  The results presented within this report show that 



 

  

SBEACH performed equally as well or better in each case.  The COSMOS model 

consistently over predicted erosion on the beach face and recession of the waterline.  

For the study sites where data was collected for this research, SBEACH is the 

recommended model by the author.    
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