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Application of Hydrodynamic Models in support of the Buried Oil Project 

Along the Coast of Louisiana and Mississippi 

 

 

By Ioannis Y. Georgiou, and Zoe Hughes 

 

 

Introduction 

Residual oil from the Deepwater Horizon spill can be found in the shallow nearshore in the 

northern Gulf of Mexico in two primary forms: oil mats and surface residual balls (SRBs). 

Residual oil mats can be buried beneath sand in the sub-tidal zone or they can be submerged and 

partly buried in the inner nearshore zone. The mats found in these environments are formed by 

three primary mechanisms related to oil (emulsified oil called mousse) coming ashore: 

1. Oil slicks moved into the swash zone and mixed with sand that was entrained and 

suspended from seabed by wave swash and backwash on the beachface. The sand and oil 

slurry formed by this process was deposited in a variety of environments: 

a) stranded in the upper intertidal zone 

b) ponded in the runnels of ridge and runnel systems 

c) buried by sand in the lower intertidal and sub-tidal zones 

d) became attached to lower and subtidal remnant marsh and mangrove exposures 

2. Floating oil washed ashore and became stranded by the falling tide. In the warm sun the 

oil seeped into the sand and stabilized in the upper to lower intertdal zone. 

 

3. The turbulence produced by plunging breaking waves suspended sand from the seabed 

moving it vertically toward the water surface and mixing it into floating oil. This sand 

and oil slurry gradually increased in density as more sand was added, eventually reaching 

a threshold when it became denser than seawater and sank to the bottom.  
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Due to variability in bottom topography, height of the waves, type of wave, secondary flow 

interaction, and range in seabed conditions (e.g., existence or absence of bedforms, variability in 

grain size, presence of shell or organic matter), the concentration and rate of sediment being 

mixed into the floating oil was non-uniform. Thus, the density threshold at which the sand oil 

agglomerate sank to the bottom was certainly variable, both spatially and temporally. It is likely 

that the density threshold occurred on a small scale and globules rather than large agglomerates 

sank to the bottom. Once reaching the bottom, the globules recombined to form discontinuous 

and variable dimension agglomerates. As more sediment was added to the agglomerates, mats 

formed and stabilized to the substrate.  

 

Mats identified along Gulf Coast beaches are generally 1 to 5 m in cross-shore width, meters to 

tens of meters in alongshore length, and a few to tens of centimeters thick. High energy events, 

including tropical cyclones, frontal systems, and extratropical storms, exhume buried mats 

exposing them to breaking waves and increased turbulence. During these events, mats are often 

disaggregated and chunks and small pieces of mat (surface residue balls; SRBs) are transported 

onshore and deposited in the supratidal or upper intertidal zones (Shoreline Cleanup and 

Assessment Team, oral comm., 2012). This report presents the results of a subgroup who 

developed hydrodynamic and sediment transport models, and who developed techniques for 

analyzing potential SRB redistribution, burial, and exhumation to provide a better understanding 

of alongshore processes and movement of SRBs along the coastlines of Mississippi and 

Louisiana. 

 

Specific Buried Oil Project objectives with respect to hydrodynamic models 

To improve understanding and guidance of the Operational Response to shoreline re-oiling, and 

to support the Operational Science Advisory Team (OSAT3) in further identifying possible 

locations of buried oil, the following tasks were identified: 

 

• Use existing wave models to determine total wave energy dissipation (surf dissipation and 

white-capping) for each of the scenarios previously simulated. 

• Plot energy versus depth data to establish the maximum conditions where energy dissipation 

takes place and assess the likelihood of sediment suspension. 
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• Formulate a framework for identifying potential locations of buried oil based on information 

determined from tasks one and two above.  

 

To achieve these objectives, the previously developed and validated hydrodynamic models 

(Georgiou et al., 2013) were used to determine maximum wave dissipation scenarios, rates and 

volumes of sediment suspension, modes of sediment and oil mixing, and other tasks of this 

study. The analysis included calculations of wave energy density and the magnitude of the 

dissipation terms and formulation of energy density (or total energy dissipation) plotted against 

depth.  Results were displayed in histograms showing the mean wave orbital velocity, peak 

dissipation terms, and the corresponding depth of occurrence.  

 

Methods 

The coastline of interest included in this analysis covers the barrier islands of coastal Louisiana, 

stretching from the Isles Dernieres, Louisiana, east to Mobile Inlet, Alabama. Moreover, the 

domains of interest and study focus on the barrier islands of Mississippi, mainland Mississippi, 

and the entire coastline of Louisiana from Isles Dernieres eastward to Pelican Island.  Wave 

models previously developed for OSAT3 (hydrodynamics in support of operations) were 

utilized.  A full description of the theory and application of these models can be found in 

Appendix 1 of this report and in Georgiou et al (2013). The domain (geographical coverage) of 

the models for this study is shown in Figure 1.  The wave model resolution is constant with     

500 m for the offshore model grid, with nested local grids of 75 - 100 m resolution (Georgiou et 

al., 2013).  The nearshore grids were oriented parallel to the local shoreline trend for simplicity, 

and to avoid stair-stepping effects. We used the Simulating WAves in the Nearshore (SWAN) 

model, which is a third-generation wave model developed at Delft University of Technology that 

computes random, short-crested wind-generated waves in coastal regions and inland waters.  The 

SWAN model can account for the following physical conditions: 

• Wave propagation in time and space, shoaling, refraction as a function of current and 

depth, frequency shifting due to currents, and non-stationary depth.  

• Wave generation by wind.  

• Three- and four-wave interactions.  

• White-capping, bottom friction and depth-induced breaking.  
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• Dissipation caused by vegetation.  

• Wave-induced set-up.  

• Transmission through and reflection (specular and diffuse) against obstacles. 

•  

 

MS 

CLA 

PLA 
BLA 

TLA 

Figure 1. Computational grids for Wave modeling using SWAN; Black rectangles denote regional grids, and green 
and white rectangles, show the location and extent of the nested grids.  Regional grid resolution is 500 m, whereas 
nested grid resolution is 100 m in LA and 75 m in MS. Also shown are the locations of the NOAA buoy 42040 and 
CSI locations where additional data for model skill were obtained (from Georgiou et al., 2013). 
 

Approach to analysis and theory 

This analysis is based on the hypothesis that submerged oil residue mats (SOM) formed by 

breaking waves entraining sand into the water column where it mixed with surface oil and 

eventually reached a density threshold and sunk to the seabed.  This hypothesis is consistent with 

(1) breaking wave processes inducing bottom turbulence and sand suspension as they approach 

the surfzone, (2) the presence of sandy substrates, and (3) evidence that energy dissipation is 

concentrated at depths correlating well with known locations of mats.   
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Waves transform as they approach coastal water by several processes such as shoaling, 

refraction, diffraction, and breaking.  For each of the nearshore nested domains shown in Figure 

1 the total energy dissipation is recorded for each cell.  The dissipation terms for white-capping 

(a deepwater dissipation mechanism) and surf dissipation (occurring in nearshore environments) 

were calculated in the SWAN model (i.e. they are computed for each grid element) using the  

expression given by Booij et al (1999). The total energy dissipation takes the form of 
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t
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where n is the number of scenario simulations (40 scenarios) and each scenario has  

instances of energy dissipation, and (x,y) is the spatial domain index for each of the nested 

domains (

),( yxE t
n

Figure 1).  For each site (e.g., Terrebonne, Barataria, etc.)  was grouped and 

binned into depth increments of 0.5 m.  The objective in this step is to provide a measure of the 

total energy dissipation within a certain depth range, which most likely coincides with the zone 

of oil and sediment agglomerate development, globules settling to the bottom, mat formation, 

and possible mat burial.  Theoretically, the energy distribution curve across the depth increments 

should be normally distributed (

),( yxE t
n

Figure 2) where the peaked portion of the curve (shown by the 

dashed lines) coincides with the depth where energy is most frequently dissipated. The colored 

circles illustrate bottom orbital velocity associated with each wave energy dissipation term 

(Figure 2). This can be used to infer bed mobility and the likelihood of sand entrainment. 

Another way for sand entrainment is through turbulence produced by a breaking wave 

(particularly plunging wave breaking), when the breaking crest imparts its force on the seabed.  

The analysis herein directly addresses the first process although only indirectly addresses 

processes associated with the second method of energy dissipation. 
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Figure 2 Typical distribution of energy dissipation versus depth.  Filled circles also show the intensity of the wave 
bottom orbidal velocity (m/s) for the corresponding wave. 
 

Orbital velocity increases with increasing wave height and therefore, bottom velocities are 

greater for large waves shoaling and breaking in deep water compared to smaller waves in 

shallow water.  This condition is illustrated in Figure 2, as indicated by the isovels (lines of equal 

velocity - color bar, and trajectory arrows), which show that velocities decline rapidly as waves 

transition into shallow water.   

  

Distribution of Energy dissipation 

Wave energy dissipation for the four study sites is shown in Figure 3.  The histograms indicate a 

clear peak in energy dissipation along the Terrebonne barriers (Figure 3, upper right) at the 1.5 m 

depth, followed by secondary peaks at around 1 and 2 m, respectively.  This trend is similar 

along Pelican island and vicinity, where we see (Figure 3, upper left) a clear peak in frequency 

around 1.5 m and a second peak at about  ~2 m.  Conditions along the Chandeleur shoreline 

appear to behave differently, exhibiting a more uniform distribution of wave energy dissipation, 

which generally occurs in deeper water. Similarly, the Barataria shore demonstrates a more 

uniform energy dissipation with peaks at the 3 m isobaths. Comparatively, the Barataria shore 

receives approximately one half the frequency of energy dissipation of the other sites.  This 

pattern suggests that energy is dissipated over a range of depths, as illustrated by the lack of a 
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peak in the histogram (Figure 3).  One possible explanation for this phenomenon is that waves 

along the Chandeleurs enter shallower water without transforming significantly and then break in 

the surfzone. This behavior is supported by the decline in the frequency around 1.5 m, followed 

by an increase at depths of 1m or less.  The overall flat nature of the nearshore and upper shore 

face slope likely contribute to this process. 

 

 

Figure 3 Histograms of total wave energy dissipation (white-capping plus surfzone) for each of the study sites 
plotted against depth. Note that the peak frequency occurs between 1 and 2 meters, except for the Chandeleurs and 
the Barataria, where the distribution appears somewhat uniform. Results include all scenarios simulated (40 
scenarios – typical year). Locations for model domains are shown in Figure 1 
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Summary of simulations using all scenarios 

The authors have used a previously developed SWAN model to assess the potential wave energy 

dissipation along study areas in Louisiana and Mississippi.  Dissipation terms were computed by 

the model and outputted directly.  This study used the sum of all dissipation terms to account for 

the energy lost due to dissipation, and carried out frequency analysis to determine the 

distribution of energy dissipation across selected depth increments.  Generally, the model results 

show a large peak in the energy dissipation frequency, indicating a likely position of wave 

transformation and sand entrainment into the water column. This position was consistent at the 

Terrebonne and Pelican Island sites, with a peak frequency occurring at approximately 1 – 2 m.  

The Chandeleur Islands and Barataria shorelines showed a more uniform distribution compared 

to the Terrebonne and Pelican sites and higher and lower wave energy dissipation respectively. 

This pattern suggests that the underlying wave transformation processes are different at these 

sites.  The uniform distribution at the Chandeleur Islands suggests that waves are transforming at 

a slower rate and are less likely to entrain sediment near the surface water, except within the 

surfzone.  The lower energy dissipation simulated along the Barataria shoreline suggests that 

waves maintain their energy at depths of ~ 3 m, and transform rather slowly until they again 

reach the surfzone, generally at a depth of less than 2 m. 

 

Energy dissipation analysis during time of oiling  

Although Figure 3 shows results from all scenarios, it is important to assess the wave climate, 

and the energy dissipation during times when surface oil was present. Therefore, oiling 

information (segment location, period of oiling, type of oiling as recorded by shoreline cleanup 

assessment team [SCAT]) was obtained and plotted against wave modeling results.  The 

corresponding wind speed, direction, and respective wave climate during oiling conditions were 

identified and used for further analysis.  Once the oiling time interval was identified, the energy 

dissipation analysis was repeated for that time period (Figures 4 and 5).  

 

Barataria (BLA) and Terrebonne (TLA) Shorelines 

The Barataria shoreline model (BLA) covers the area from Belle Pass to East Grand Terre. 

Wave energy dissipation at the time of oiling is shown in Figure 4 (top left and right). Figure 
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4 (top right) shows the histogram of energy dissipation occurring as a function of depth and 

Figure 4 (top left) shows the specific energy dissipation peak calculated within each of the 

depth bins as indicated in Figure 4 (top right).  For example, although there appears to be a 

gradual decay of energy from depth 2 – 5 m (Figure 4 top right), the specific energy 

dissipation appears to be reaching maxima around a depth of 0.5 m. Additional energy 

dissipation takes place between 0.5 and 2 m and beyond the 2 m isobath, energy dissipation 

appears to decay exponentially. A sensitivity analysis performed by adjusting the initial 

water level for each simulation to represent high and low tide conditions, yielded no 

significant differences.  For example, the histogram shape appears to be the same, except that 

at low tide the 0.5 m isobaths would be shifted offshore and during high tide the same effect 

would shift the 0.5 m isobath landward where energy is dissipated. 
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Figure 4 Histograms of total wave energy dissipation (whitecapping plus surfzone) and total energy frequency 
(count) for BLA (Barataria shoreline segment - top) and TLA (Terrebonne shoreline segment - bottom) plotted 
against depth. Note that the peak frequency occurs between 0.5 and 2 meters. This analysis includes only waves that 
occurred during oiling conditions at these locations based on SCAT reports. 
 

Pelican and Chaland (PLA) shorelines and Chandeleur Islands (CLA) 

The model domain covering the east Barataria shorelines includes Pelican and Chaland Islands 

and adjacent shorelines. A final model domain covers the Chandeleur Islands. The wind and 

wave climate during time of oiling were used as representative conditions for wave simulations 

and analysis.  Figure 5 (top right) shows the histogram of energy dissipation versus depth for the 

Pelican-Chaland shoreline, indicating a distinctive peak at a depth of 1.5 m.  The specific energy 

dissipated at each of the depth bins shows a corresponding peak at a similar depth (1.5 - 2 m), 

suggesting that this is where most waves were breaking and dissipating most of their energy. 
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Similar to the Barataria and Terrebonne shorelines, beyond a depth of approximately 2 m, an 

exponential decay of energy dissipation occurs, suggesting further that the energy dissipated at 

those depths is relatively smaller (Figure 5 top). 

 

The Chandeleur Islands (CLA) exhibit a somewhat different condition.  For instance, although 

the histogram of energy dissipation frequency (count) shows that there is a uniform pattern in 

energy dissipation peaking between depths of 1.5 – 3 m, the corresponding peak in the mean 

energy within each of the depth bins peaks at a depth of approximately 1 m, with a significant 

decline of the mean energy dissipation deeper than this depth.  This suggests that the likely 

position of the energy dissipation maxima occurs at a depth of approximately 1 m.  

 

Mississippi Barrier Shorelines 

The model domain for the Mississippi Barriers covers all the barriers and is shown in Figure 1.  

The total energy distribution (Figure 5 left) shows peaks at 1.5, 2.5, and 4 meters of water in 

terms of occurrence, however, the specific energy dissipated (Figure 5, right) shows a distinctive 

peak around 1 m, ranging from 0.5 – 1.5 m, suggesting that most energy is dissipated insight the 

2 m isobaths, which is consistent with other sites in Louisiana. 

 

Figure 5 Histograms of total wave energy dissipation (whitecapping plus surfzone) and total energy frequency 
(count) for Mississippi State barrier Islands (MS) plotted against depth. Note that the peak frequency occurs between 
0.5 and 1.5 meters. This analysis includes only waves that occurred during oiling conditions at these locations based 
on SCAT reports. 
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Figure 6 Histograms of total wave energy dissipation (whitecapping plus surfzone) and total energy frequency 
(count) for PLA (Pelican Island segment - top) and CLA (Chandeleur Islands segment - bottom) plotted against 
depth. Note that the peak frequency occurs between 0.5 and 2 meters. This analysis includes only waves that 
occurred during oiling conditions at these locations based on SCAT reports. 
 

Entrainment of marine sands 

The shear produced by breaking waves can often introduce sand in suspension (Soulsby, 1997).  

Although most of the sand remains within the wave boundary layer, which is relatively small, the 

actual depth or height above the bed where sand can be entrained is a function of many variables 

(Nielsen, 1992), including, wave characteristics (e.g. period, bottom orbital velocity), bed 

friction (ripples, flat beds, other), and median grain diameter and settling velocity.  Nielsen 

(1992) derived a set of equations that treat the suspended concentrations under waves and waves 

with currents.  Once suspended, sand will occupy the water column above the bed with a 
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theoretical profile that decays exponentially, similar to a Rouse profile (Rouse, 1949). The 

concentration above the bed is then given by 
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are, respectively, the critical entrainment function , the friction factor , is the ripple 

height, 

rΘ wrf rΔ

rλ is the ripple length, is the bottom orbital velocity and bu T  is the wave period.  

Analysis using the Nielsen (1992) equations based on wave information during oiling conditions 

suggests that the energy dissipated is too small to entrain sand up to the surface of the water 

column. Thus, although sand is very likely in suspension, our analysis shows that surface 

concentrations would be extremely low.  The range in height above the bed for sand suspension 

varies from centimeters to slightly above 0.5 m, given wave conditions provided by the model 
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during oiling for each of the locations.  Although there is some uncertainty associated with the 

analysis, generally at the corresponding depths where peak energy dissipation occurs, it is very 

unlikely that suspended sand could reach the surface of the water column. This suggests a 

different mechanism for mat formation in Louisiana, such as the creation of a sand and oil slurry 

in the swash zone by wave swash and backwash along the beachface. As more sand is added to 

this agglomeration, a mat forms and stabilizes in the intertidal or subtidal zone. Secondly, 

floating oil washed ashore and became stranded by the falling tide. In the warm sun the oil 

seeped into the sand and stabilized in the upper to lower intertidal zone. 
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Figure 7 Typical profile of sand entrainment above the bed for wave conditions during oiling in Louisiana.  The 
range of depths where we notice sand in suspension varies from centimeters to slightly above 0.5 m, given wave 
conditions provided by the model.  Uncertainty in the analysis is present, but generally at the corresponding depths 
where energy is dissipated it is not likely that sand reaches the surface of the water column. 
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