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The MIKE 21 FM Shoreline Model was applied to predict the coastal response of an artificial reef constructed in the surf-zone at Narrowneck, Queensland, Australia. The  construction of the reef began in 1999 and completed in 2000; it was constructed from geotextile sand bag; a portion of which broke during construction and the following period. The reef was maintained by addition of new sand bags until 2006. The coastal response from the reef was analyzed by integrating the beach volume between the height of the dune and the depth of closure using measured coastal profiles. The analysis showed that in the early days of the reef a clear salient in the beach volume was observed in the lee of the reef. This salient was smaller in 2006 and in later years, 2012 and 2013 it was no longer visible in the data. The MIKE 21 FM shoreline model was applied to reproduce the observed coastal response. It was found that the position of the longshore bar relative to the position of the reef is important for the predicted coastal response. By running the model using a subset of the measured coastal profiles from the site, the envelope of the predicted coastal response matches reasonably well with the measured response.
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INTRODUCTION 
Narrowneck Reef is located on the Australian Gold Coast, situated between Main Beach to the North and Surfers Paradise to the South, see Figure 1. It was constructed using geotextile sand bags in 1999 and 2000. At the same time as the reef was constructed, the surrounding shoreline was nourished with approximately 1.5 M m3 of sand. 
The longshore sediment transport along the Gold Coast has previously been estimated to be approximately 500 000 m3/year and generally, the local beaches do not demonstrate any persistent long-term erosional trends. However due to heavy urbanization along the natural dune buffer, many Gold Coast beaches, including Narrowneck, have historically been vulnerable to intermittent storm induced erosion events. 

Littoral Drift Analysis
To provide a first pass overview of the annual variations in longshore sediment transport along the shoreline around Narrowneck Reef, DHI’s model Littoral Processes FM was used to study the longshore sediment transport. Littoral Processes FM calculates the littoral drift over a coastal profile, assuming uniform depth contours, based on the coastal profile, sediment properties and hydrodynamic forcing (see MIKE Powered by DHI (2016a) for further details). The main parameters governing the longshore transport in this model is wave forcing, the bed roughness, the coastal profile and the sediment properties.

In the following, the Littoral Processes FM model is used to study how sensitive the longshore sediment transport is to the annual variations in wave climate, differences in the coastal profiles and the orientation of the shoreline.

The modelled yearly variation in the littoral drift is considerable, as seen in Figure 2, which also shows the difference between the north-going and south-going longshore transport rates. It is noted that the north-going transport is approximately 4-5 times larger than the south going transport, but with considerable variation. However, the yearly transport is always towards the north. Note that the calculated littoral drift for the selected profile is somewhat larger than the target of 500,000 m3/year, but still within the normal accuracy of such estimates. 

The variation from year to year in the net longshore transport rate is up to a factor of 5. In the years with the smallest net transport, the northward transport is approximately a factor of 2.5x larger than the southward transport. 

The littoral drift is also very sensitive to the angle between the shoreline and the incoming wave direction as seen in Figure 3; a decrease in the angle of 4 degrees from the coastline orientation of 88 degrees, doubles the longshore transport. The equilibrium orientation (i.e., the orientation giving zero net longshore transport) is close to 94 degrees. 

The sensitivity of the littoral drift to the shoreline angle is important close to the reef, because if a salient forms in connection with the reef, this will cause a change in the orientation of the shoreline. This change in shoreline orientation will cause a change in the littoral drift according to Figure 3, causing the salient to propagate up-drift; this is further explained in the section Physical Processes on Narrowneck Reef.
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Figure 1:
 Location and overview of Narrowneck Reef
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Figure 2: 
Calculated yearly variation in littoral drift [m3/year] along the shoreline at Narrowneck. 
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Figure 3:
The q-alfa curve for the shoreline at Narrowneck; showing the relationship between the orientation of the shoreline and the longshore sediment transport for the period June 2008 to June 2010.  The actual shoreline orientation is shown in yellow. A negative net transport indicates transport towards the north. 
Further analysis concluded that the modelled littoral drift at Narrowneck beach depends greatly on the shape of the coastal profile. By varying the coastal profile, it was found that the modelled littoral drift varies by more than a factor of two for different coastal profiles all measured at the same location. This demonstrates the importance of having a series of profiles measured at different times. 

In reality, the coastal profile is highly dynamic and changes on an hourly to daily basis. Therefore it is important to be aware of the sensitivity of the littoral drift with the coastal profile when modelling coastal processes using a constant coastal profile.
Natural Shoreline Undulations
The long beach between Burleigh Headland and the entrance to the Gold Coast Seaway is highly dynamic. Often the longshore bars become crescentic due to certain wave climates, causing large undulations to appear on the shoreline position.  This has been studied in detail by Ruessink (2013) and an example of such undulations on the shoreline is shown in Figure 4. The undulations are relatively large in size, with cross-shore undulation widths easily reaching 30 meters.

Physical Processes on Narrowneck Reef

An artificial reef impacts the coastal morphology primarily by dissipating wave energy on the reef before the waves reach the shoreline, thereby reducing the longshore sediment transport in the lee of the artificial reef, with the results that a salient forms (as shown in Figure 5).

The waves, which are dissipated on an artificial reef, generate a strong on-shore directed current which can cause erosion on the shoreline if the reef is located too close to the shoreline. This has happened in numerous places around the world as described in Ranasinghe and Turner (2005).

The Narrowneck Artificial reef is placed from near the middle to the outer part of the surf zone, thus there is a considerable distance from the reef to the shoreline, which may partially explain why erosion has not been observed at this reef.
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Figure 4:
Examples of crescentic longshore bars and shoreline undulations. The green line on the right panel is 30 m long.  
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Figure 5:
Sketch of the primary physical process responsible for changing the coastal morphology around an artificial reef provided the reef is located far enough off-shore.

DATA ANALYSIS

The morphological data available for analysis included:
· Detailed bathymetric surveys over the reef. This was used to assess the bed level changes on the Narrowneck Reef. 

· Surveys of coastal profiles around the Narrowneck Reef. This was used to assess the changes in beach volume around the Narrowneck Reef. 
· ARGUS/CoastalCOMS shoreline data. Used to assess the changes in the mean shoreline position around Narrowneck Reef. For brevity this analysis is not shown here. 
The Bed Level Changes on the Narrowneck Reef

Detailed bathymetry data sets covering the area on and around the Narrowneck Reef were available in 1999, 2000, 2001, 2002, 2006 2007, 2008, 2011 and 2013. From the available data sets only one survey per year has been chosen for the following analysis. The chosen data sets are shown in Figure 6 and Figure 7. 

It is noted that the resolution of the surveys is sufficiently detailed to an extent that allows individual sand bags to be identified. Bags identified in one survey sometimes disappear in subsequent surveys, displaying how dynamic the reef is with bags breaking and being replaced between 2000 and 2006. After 2006 no new bags appear, this is consistent with the last top-up campaign being in 2006.

A different view of the development of the bathymetry on the reef is shown in Figure 8, which shows a silhouette view of the northern and southern reef structures separately for the different years. The highly dynamic bed level over the reef is clearly observed in the Figure. 

The time development of the maximum and mean bed level over the northern and southern structures is shown in Figure 9. Both the maximum and average bed level are calculated over the distance shown in Figure 8. It is observed that both the maximum and average bed level has evolved between 2001 and 2014.  Between 1999 and 2001 the bed levels increase, between 2001 and 2006 the maximum bed level is fairly constant, but the mean bed level is slightly decreasing. From 2006 to 2011 both the maximum and average bed levels decrease significantly and between 2011 and 2014 both levels are fairly constant, with a strange peak in the maximum bed level over the southern structure in 2013.

The Changes in Beach Volume around Narrowneck Reef

In proximity of the Narrowneck reef, numerous ETA lines exist. However, not all lines have been surveyed at concurrent times. The largest gap in the survey data is from 2002 to 2006 where there is no useful data on the volume of sediment in the beach. The following criteria were used to select the dates for the subsequent analysis:

· Entire coastal profile was surveyed.

· Length of surveyed stretch up-drift and down-drift of the reef.

· Resolution of survey lines close to the reef.

Only three dates live up to all these criteria, namely 28/2/2001, 12/6/2002 and 4/5/2006. To obtain data before reef construction/nourishment campaigns, and after the maintenance of the reef had stopped, three additional dates were chosen as the best among the remainder of the dates, namely 29/9/1998, 25/5/2012 and 7/11/2013. 
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Figure 6:
Bathymetry over the Narrowneck Reef between 1999 and 2006
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Figure 7:
Bathymetry over the Narrowneck Reef between 2008 and 2014
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Figure 8:
Silhouette view of the bathymetry of the northern and southern structures 
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Figure 9:
 The time development of the maximum (dashed lines) and average (full line) bed level over the two reef structures. 
Analysis of Change in Total Beach Volume

For each survey line, the beach volume between the +3 m  contour and the -12 m depth contour was calculated.
Figure 10 shows the beach profile volume around the Narrowneck Reef for selected years relative to 4200 m3/m. This volume corresponds to the minimum volume in 1998 before the nourishment campaign commenced in 1999 (the right end of the orange line is at zero (0) m3/m). The following points are observed:

· For the full lines, the sand bag volume has been removed manually; this was done to estimate how much of the observed salient is due to the placement of the bags and not due to accumulation of sand in the lee and around the reef. 

· The dashed white polygons signify the nourished volume during the nourishment campaign; it is seen that the general change in beach volume from 1998 to 2001 matches quite well with the nourished volume.

· During the first years after construction, there was a clear salient in the beach volume around the reef, as seen by the yellow line in the figure. As the crest elevation of the reef dropped, the salient in the beach volume also disappeared, with a much smaller salient in 2006 and no visible salient in 2013. 
· Even though no salient is observed, up-drift of the reef the beach profile volume is larger than down-drift of the reef in both 2012 and 2013. 
· The maximum size of the salient is around 450 m3/m or close to 30 m in cross-shore width assuming an active profile height of 15 m. The maximum volume of sediment in the salient is around 100,000 m3 in 2001. 
· The size of the salient (~30 m) is similar to the naturally occurring shoreline undulation due to crescentic alongshore bars shown in Figure 4. This makes it difficult to observe the effect of the reef on shoreline. 

· The general increase in beach volume (not the salient itself) between 1998 and 2001 is due to the nourishment campaign adding more than 1 M m3 to the shoreline around the Narrowneck Reef. 
The beach volume is clearly larger up-drift than down-drift of the reef in 2012 and 2013. The difference in volume is equivalent to an offset of the mean shoreline position of around 30 m assuming a height of the active profile of 15 m. Whether the setback is caused by the reef or not is not clear from the data, as the setback is observed some distance down-drift of the reef in 2013.[image: image18.png]Cross shore distance, [m]
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Figure 10: 
Beach profile volume for selected years. Full lines: Removing sand bags sticking out of the seabed. Dotted lines: Full volume. Dashed white lines show the nourished sediment volume from the campaign in 1999-2000 for the two stretches namely up-drift and down-drift of the reef.  

Analysis of the Beach Volume Between Different Depths
An analysis of the beach volume between different depth contours was also conducted (not shown here for brevity). This analysis showed that the Narrowneck Reef impacts the morphology differently onshore of the reef and around the reef itself. In the inner part of the profile a salient which impacts the nearby morphology was observed. The salient formation here was associated with up-drift accretion and down-drift erosion. In the outer part of the profile the effect is to locally stabilize sand between and around the bags and the impact on the up-drift and down-drift morphology is smaller. 

MODEL DESCRIPTION AND SETUP

The MIKE21FM Shoreline model combines a 2D description of the waves, hydrodynamics and sediment transport with a one-line description of the shoreline position. This means that the model is very well suited to long term predictions of shoreline morphology in complex settings such as the Narrowneck Reef.
Figure 11 shows the coverage of the computational mesh together with the initial bathymetry for one of the simulations. The mesh resolution is 10-15 meters in the nearshore zone away from the reef and 5 meters over the reef.
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Figure 11:
Left: The computational domain together with an example of the initial bathymetry. Right: The map of shoreface strips (Edgemap) along the shoreline at Narrowneck.

The wave model utilized is the MIKE 21 FM Spectral Wave Module, which solves the wave action equation on flexible mesh (i.e., a mesh consisting of both triangles and quadrilaterals). Due to limited model domain size, the decoupled quasi-steady solver could be utilized to reduce computational run times. The model includes the effects of depth and current induced wave refraction, wave shoaling, wave generation due to wind forcing, wave breaking using the Battjes and Jansen formulation and bottom friction using a roughness height formulation. Wave diffraction and wave generation due to wind is not included in the present setup.

The wave model is forced at its offshore boundary using wave time series from the DHI 30 year hind-cast recently completed by DHI for the City of Gold Coast in connection with the Palm Beach Shoreline Project. The boundary conditions consist of Significant Wave Height (Hs), Peak wave period (Tp), Mean Wave Direction (MWD) and Directional Spreading (DSD). The hydrodynamic model is the MIKE 21 FM Hydrodynamic Module, which solves the non-linear shallow water equations on the same flexible mesh as the wave model. The hydrodynamic model is driven by the gradients in the radiation stresses obtained from the spectral wave model. 

Tides are important both for the position of the longshore transport in the coastal profile, for the cross-shore redistribution of sediment, and for the dissipation/propagation of waves over the reef, whereas the tidal currents are not important for the sediment transport. Therefore, a constant time varying tidal elevation is applied on the offshore boundary only. The north and south boundaries have been closed to avoid instabilities in the hydrodynamic model. These boundaries are far enough removed from the area of interest that this simplification does not affect the results. 

The sediment transport model is the MIKE 21 FM Sand Transport Module, which calculates the sediment transport capacity due to the forcing from combined waves and currents. The intra-wave boundary layer is solved using the integrated momentum method by Fredsoe (1984) and the suspended sediment concentration during the wave cycle is found by solving the vertical diffusion-advection equation for suspended sediment using the bottom boundary condition for cb by Zyserman and Fredsoe (1994). Only the local conditions influence the sediment transport capacity, that is horizontal advection of suspended sediment is ignored. Based on the gradients in the calculated sediment transport capacities, the eroded or accreted sediment volume is calculated in each computation element.

The MIKE 21 FM Shoreline Model divides the shoreface into a number of strips of shoreline; each strip is perpendicular to the local orientation of the shoreline as shown in Figure 11 right. On each strip of shoreface, the eroded or deposited sediment volume is integrated. This integrated volume is then combined with a predefined coastal profile to calculate the change in the position of the shoreline at each time step, and thereby the change in bathymetry on the shoreface at each time step. Outside the area covered by the strips, the bathymetry is constant in during the simulation. For further details on the MIKE 21 FM Shoreline Model see MIKE Powered by DHI (2016), refer to  Kaergaard and Fredsoe (2013) and Kristensen et. al. (2012).
The coastal profile is constant in both time and space in the present model setup, whereas it varies a lot in the real world; choosing the coastal profile is part of the calibration process as described in the following section. 

Simplification of the Boundary Conditions

To reduce the computational time the off-shore wave and tide elevation time series have been simplified by replacing the actual conditions during calmer periods with representative wave/tide  conditions. All major storm events are fully retained in the simplified time series while calmer periods are treated as events.
Model Calibration

First, it must be ensured that the model gives a longshore sediment transport in the correct range, i.e. around 500,000 m3/year. The longshore sediment transport in the model is primarily controlled by: 

· The sediment median grain size and geometric standard deviation, 
· The wave forcing (including breaking index), 

· The coastal profile, and 

· The bed roughness (input as a Manning number in the model). 

Therefore, these parameters are the main calibration parameters for the first part of the calibration process. 
Next, the aim of the calibration is to see how well the observed changes in beach profile volume are predicted by the shoreline model. For this part of the calibration process, the bed roughness on the reef and the wave breaking index as well as the coastal profile have been varied to study the impact on the coastal response.

The initial position of the shoreline following beach nourishment is not known along the entire stretch of shoreline being modelled.  It was not possible to source data on the concurrent coastal profile volume along the entire stretch of shoreline; so the initial position of the shoreline has to be estimated based on the incomplete beach volume from 12 January 2000. 

Calibration Periods

Two calibration periods were chosen, namely the period from 2000 to 2003 when a clear impact of the reef was observed in the beach profile volume and the period from 2013 to 2014 when the impact of the reef cannot be observed in the beach profile volume. Unfortunately, waves for the off-shore boundary were only available until June 2013, therefore the second calibration period stops in June 2013 even though the measured beach volume is from November 2013.

Brier Skill Score

The Brier Skill Score (BSS) can be used to quantify the performance of numerical models.
  



                                                    (1)
Where xm is the measured value, xc is the calculated value and xo is the initial value. 

For morphological models the measure is not widely used, because a slight shift in the position of a morphological feature leads to a very low score even if the feature is well described by the model; however the BSS has been calculated for the different calibrations. 

Calibration Results for First Period from 2000 to 2003

It was chosen to run the model with 5 different coastal profiles. The profiles were selected to represent different positions of the longshore bar in the profile. The selected profiles are shown together with all available profiles in Figure 12. 
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Figure 12:
Selected profiles at ETA 67. 
The coastal response for the different coastal profiles used is shown in Figure 13. It is seen that the envelope of the coastal response predicted by the model covers the measured response, except for just down-drift of the reef where the model is predicting more erosion than seen in the measurements. Generally, this result is considered very good.  If focusing on the 1999 profile, a near perfect agreement is observed in June 2002, whilst slightly under-predicting the response in February 2001. 

The average yearly longshore sediment transport for the 3 year period was between 400,000 and 700,000 m3/year on the shoreline up-drift of the reef; this matches well with the previous estimated average transport (~500,000 m3/year). 

Figure 14 shows the BSS for the different coastal profiles; using profiles from 1999 and 2001 gives positive BSS values in both February 2001 and June 2002. 
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Figure 13:
Coastal response for different coastal profiles. Using Manning over the reef = 10, Smagorinsky constant = 0.28, Wave breaking index 0.8, 1 tide level during calm periods and no 2D morphology over the reef.  Note that the measured shoreline position is actually the beach profile volume divided by the active height, assumed to be 15 m. 
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Figure 14:
Brier Skill Score for the different coastal profiles

Calibration Results for Second Period from 2011 to 2013

The coastal impact of the reef with the bathymetry from 2013 is shown in Figure 15 together with the measured volume from Nov 2013 as well as the result from a simulation without the reef. It is evident that there is good agreement between the model and the measurements around the reef, but the down-drift erosion does not extend as far down-drift in the model as in the measurement. This could be due to the model only running 2.5 years and starting from the estimated shoreline (from 2001) and not the actual shoreline from 2011 (since this shoreline was not available). Further, it is noted that the model predicts the reef to be responsible for up to half of the offset in the mean shoreline position observed at the location of the reef. Further tests using a different prediction of the initial 2011 shoreline conditions could potentially further improve down drift model performance during this period. The Brier Skill Score is 0.5 with the reef and 0.4 without the reef. 
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Figure 15:
Coastal response for the reef bathymetry from 2013 for a simulation period from Jan 2011 to June 2013. The coastal profile from 1999 and 2002, the Manning number 10, Smagorinsky constant 0.28, the breaking wave index is gamma = 0.8, 1 tide level during calm periods no 2D morphology over the reef. Note that the measured shoreline position is actually the beach profile volume divided by the active height, assumed to be 15 m.

Discussion

The MIKE 21 FM Shoreline Model describes the main physical processes governing the coastal response around the Narrowneck Reef. There are limits in the accuracy and certainty of several model inputs, which (in addition to the inherent imperfection of a numerical model) makes a perfect match un-achievable. Given these uncertainties there is a good match between the modelled and measured coastal response around the Narrowneck Reef.  Just as importantly, it is demonstrated that even with limited knowledge of these parameters, the model can be used effectively to provide a confidence envelope of the shoreline response and clarify their relative sensitivity factors. 

The model parameters with the largest effect on the coastal response to the Narrowneck Reef are determined as the roughness and wave breaking index over the reef and the choice of coastal profile.

Regarding the coastal profile, it is encouraging that the measured response is located within the envelope of the predicted coastal response when using different coastal profiles; indicating that the process based model is able to reproduce the measured response.  Model sensitivity to profile selection appears to be larger for Narrowneck than for other sites where the model has previously been applied.  It is currently expected that this is largely attributed to the location of the Narrowneck Reef inside the active surf zone.

It is interesting that the best calibration was obtained with a Manning number of 10 over the reef. This number corresponds to a very large roughness. This could be because we currently have not resolved the individual bags in the model. The non-coherence of the reef structure has two effects – firstly, all the mean flow will experience a drag (resistance) from the individual bags. Secondly, the wave breaking on the reef will be happening at discrete locations, (i.e., on the individual bags) thereby decreasing the force felt by the mean flow from the breaking waves. In the model the reduction in mean flow speed caused by these two mechanisms is modelled through a low Manning number on the reef structure. If the reef was constructed as a coherent structure without large gaps, it is expected that the Manning number over the reef should be larger. This would be the case when building a reef structure using rocks where the smaller size of the individual rocks makes it possible to construct a structure without any large gaps.

There are local 2D morphological features around the reef itself, as seen in the data analysis, these features cannot be described in the one-line model. In the present case, the 2D morphology on the reef itself was incorporated, but it would be valuable to see if the calibration could be improved further by including more of the 2D features surrounding the reef. The incorporation of local 2D effects around structure, especially ones that concern bypassing of sediment past structures, is the topic of on-going research at DHI, which can hopefully be applied in the future.
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