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SUMMARY 

 
1.1 Significant Accomplishments 
 

Since we have been working on this project for about three years, significant 

accomplishments are: 

(i) Five students (Andrew Hooker, Fatimata Diop, Nakarsha Bester, Donald 

Hendon and Chris Heron) partially supported through this grant graduated 

with MS degree in Civil and Environmental Engineering from Jackson State 

University. Fatimata Diop is currently working at USACE ERDC, Vicksburg 

while pursuing Ph.D. at Jackson State University. Mr. Hendon is a bridge 

engineer at Mississippi Department of Transportation. 

(ii) Three students are fully supported by this grant. Ms. Neha Sinha is a MS 

Degree pursuing student at Jackson State University working on uncertainty 

modeling. She is expected to graduate in December 2016. Under the new 

Ph.D. program in Engineering at Jackson State University, since Fall 2014, 

another student (Mr. Xuesheng Qian) was hired to work on mathematical 

modeling of storm surge. Mr. Qian is our first Ph.D student in engineering at 

Jackson State University who has been supported by this grant. He is expected 

to graduate in 2017. Also Ms. Amanda Tritinger is pursuing Ph.D. at 

University of North Florida under Dr. Donald Resio’s supervision. 

(iii) Ongoing collaborations with Engineer Research and Development Center 

(ERDC), Vicksburg to conduct joint projects and use the DOD high 

performance super-computing facility to conduct storm surge simulations. 

Under this collaboration, we had been working on a joint project titled “Surge 

Protection for the City of Galveston: Advancing the Ike Dike Concept” Total 

funded amount: $193,000, Duration 1.5 years (Feb 2013- June 2014). Dr. 

Resio provided independent UNF funding ($40,000) to two students (two 

years funding for an MS candidate and one-year funding for a PhD candidate) 

for one year, so far, to work with him on this effort. The M.S. candidate 

(Carolina  Burnette)  graduated  in  July and  was  hired  this  summer  by the 



USACE Jacksonville District. The PhD candidate (Amanda Tritinger) was an 

intern at USACE ERDC this summer and has been invited to work with them 

again next summer. Ms Tritinger’s PhD topic is the development of a 

stochastic matrix approach to the 3-D problem described in our report. 

Additional funds for leveraging this work include funding by the Office of 

Naval Research (ONR: $210,000) to develop improved estimates of radiation 

stresses for coupled wave-surge modeling improved coupling between 

hydrologic and open-coast models by the Department of Homeland Security 

(DHS $210,000). Dr. Das received $80,000 from National Institute of 

Health (NIH) to explore impact of storm surge and climate on public health 

along the coast of Mississippi. 

 

(iv) Publications: 
 

1. Vulnerability of Coastal Communities from Storm Surge and Flood Disasters, 

Jejal Bathi and Himangshu Das, Int. J. Environ. Res. Public Health 2016, 13, 239; 

doi:10.3390/ijerph13020239 

2. Himangshu S. Das, 2013, Efficient Simulations of Operational Risk in Coastal 

Environments (eSORCE), International Journal of Engineering Research and 

Technology (IJERT), Vol. 2, Issue 9 

3. Xuesheng Qian, Himangshu Das, Flow Structure of Submarine Debris Flow, 

Coastal Sediment '15, San Deigo, CA, May 11-15, 2015 

4. Robert W. Whalin, Himangshu S. Das, Thomas W. Richardson, Donald L. 

Hendon, Nakarsha Bester and Chris Herron, Ike Dike: A Concept to Protect 

Galveston Island and Houston Metropolitan Area from Devastating Hurricane 

Surges, Southeastern Symposium for Contemporary Engineering Topics and 

University of New Orleans-Engineering Forum, Sept. 19, 2014 

(v) Awards:  

In Fall 2014, Dr. Das received the “Public Servant of the Year” award 

for Excellence in Service. In 2013, Dr. Das received CSET award for 

Innovation. In 2013, Dr. Resio received the International Coastal Engineering 

Award from the American Society of Civil Engineers (ASCE).  

 



2.0 Summary of Work: 

 
2.1: Mathematical Decomposition of Multi Scale Processes 

Typically, orthogonal functions are used to decompose motions when they are 

known to provide an either an improved basis for solving the equations or reduce the 

number of degrees of freedom in the equations which need to be solved. In the case of 

three-dimensional flows in coastal areas, the motions tend to be represented in terms of 

two orthogonal horizontal axes and a third vertical axis. The addition of a vertical axis is 

usually accomplished in models by partitioning the vertical dimension into layers or 

levels within the water column. However, models based on layers, such as the Regional 

Ocean Model and the Princeton Ocean Model, are difficult to scale in the vertical in very 

shallow water, particularly in areas with flooding and drying; and models using fixed 

levels within the water column created difficulties in the representation of the upper 

boundary. 

 

Because of the significantly increased computational burden and difficulties with 

vertically-refined grids in very shallow water, essentially all surges modeling in 

applications has utilized depth-averaged models to specify coastal surges, even in cases 

where accuracy is absolutely critical. Although several studies have examined cases in 

areas with complicated bathymetry, no one has conduction detailed analyses of the 

suitability of depth-averaged models for typical open-coast areas, which often tend to be 

relatively slowly varying spatially. 

 

Our work here should be recognized as a step toward an eventually more- 

universal applicability; however, as our point of departure, we will focus on situations 

which represent the most significant risks in most coastal areas along the Gulf and 

Atlantic coasts of the United States. The propagation of the coastal surges inland, 

interacting with inland hydrologic flows represents the dominant flood-producing 

hazard in these areas. It is likely that our work can be extended and the work here 

should be 



considered as a starting point for such generalization. This piece of work carried out at 

University of North Florida (UNF) is detailed in Appendix A. 

 

2.2: Characterization of Vertical Flow Structure 

To further explore the vertical flows in sediment rich high energy environment, a 

two dimensional biphasic (i.e., sediment and water) numerical model has been developed 

using CFD software ANSYS FLUENT. Model results were compared with experimental 

results and found to match notably with them. To understand the characteristics of the 

vertical flow structure, varying percentages of sediment concentration have been used. 

Altogether, thirty runs were made by varying the sediment concentrations and advection 

characteristics. Distinct flow characteristics were observed at the vertical direction, which 

demonstrate the entrainment processes at its top and lubricating behavior beneath the 

head. This is illustrated in Appendix B. It is expected that the mathematical 

decomposition of multiscale process (Appendix A) and enhanced understanding of 

vertical flow structure (Appendix B) can be extended to more complex geometries with 

some modifications to account for the nesting of smaller scales. 

 

2.2: Parameterization of Meteorological Forcing with Uncertainty 

It is recognized that the accuracy of storm surge results highly depends on the 

accurate representation of the meteorological forcing such as, landfall location, pressure 

field, and size of the storm which have inherent uncertainties due to the randomness in 

driving atmospheric forecast conditions at the sea surface, which also vary substantially 

due to the meteorological condition. A neural network model was developed to estimate 

Central Pressure (CP) and Radius to Maximum Wind (RMax) for an approaching 

landfall. Estimation of these important parameters starting 2-3 days ahead of landfall can 

benefit us in two ways: first of all, these estimated parameters can be directly feed into 

any circulation model (ADCIRC for example) to calculate operational storm surge in real 

time and secondly (probably most importantly) these estimated parameters along with 

other advisory data available from National Hurricane Center NHC (e.g., forecasted 

track, current Cp and wind speed) will guide to select a group of synthetic storms that 



closely matches with the approaching storm.  Details of the work are illustrated in 

Appendix C. 

 

2.3:   Development   and   Application   of   a   Simulation   Driven   Decision   Making 

Framework (SiDMAF) 

The objective was to demonstrate the application of a simulation driven decision 

making framework in decision making. Standardizing and archiving pre-computed 

simulations results in the SiDMAF Tool were completed. Developed tool was validated 

with observed High Water Marks (HWM) from historical hurricanes such as hurricanes 

Katrina, Camille, Betsy and Gustav which made landfall in the Gulf coast. It was found 

that modeled results using the SiDMAF Tool were well compared with the observed High 

Water Marks. For visualization, the pre-computed maximum surge elevation raster data 

of the matching storm can be displayed on the map. The toolbox then conducts spatial 

analysis using this surge elevation data with other GIS data including road, population, 

important facilities and infrastructure, etc. With this information, hazard areas can be 

identified. This allows decision makers or emergency management teams to respond very 

quickly under circumstances which may change dynamically. Appendix D summarizes 

the work. 



Appendix A (UNF Contribution) 
 

Decomposition of Vertical Current Structure in Multi-scale Applications  
 

1.  Introduction 

 Typically, orthogonal functions are used to decompose motions when they are known to 

provide an either an improved basis for solving the equations or reduce the number of degrees of 

freedom in the equations which need to be solved.  In the case of three-dimensional flows in 

coastal areas, the motions tend to be represented in terms of two orthogonal horizontal axes and a 

third vertical axis. The addition of a vertical axis is usually accomplished in models by 

partitioning the vertical dimension into layers or levels within the water column.  However, 

models based on layers, such as the Regional Ocean Model and the Princeton Ocean Model, are 

difficult to scale in the vertical in very shallow water, particularly in areas with flooding and 

drying; and models using fixed levels within the water column created difficulties in the 

representation of the upper boundary. 

 Because of the significantly increased computational burden and difficulties with 

vertically-refined grids in very shallow water, essentially all surge modeling in applications has 

utilized depth-averaged models to specify coastal surges, even in cases where accuracy is 

absolutely critical. Although several studies have examined cases in areas with complicated 

bathymetry (for example:Peng et al., 2005 and Weisberg and Zheng, 2008), no one has 

conduction detailed analyses of the suitability of depth-averaged models for typical open-coast 

areas, which often tend to be relatively slowly varying spatially.  

 It is straightforward to show that wind input and Coriolis acceleration represent the total 

momentum vector for a frictionless surface in a steady state situation; however, when the entire 

water column is not in a steady state, transients can occur related to gradients in the rate of 

vertical momentum transfer.  In shallow water, the wind fields are assumed to vary sufficiently 

slowly that the steady state can be assumed at all times; however, two asymptotic cases exist in 

which depth-integrated equations can be shown to misrepresent surges at the coast.  A third 

factor, which involves a more subtle but possibly important aspect of these equations between 

the two asymptotes will be examined subsequently. In this project we are investigating the 

possibility of an innovative approach to overcome these difficulties.  This approach attempts to 

decompose the vertical structure using Empirical Orthogonal Functions (EOFs) to retain a good 

approximation to the vertically-refined velocity structure in conjunction with the typical depth-

averaged equations of motion for long waves in shallow water. 

 Our work here should be recognized as a step toward an eventually more-universal 

applicability; however, as our point of departure, we will focus on situations which represent the 

most significant risks in most coastal areas along the Gulf and Atlantic coasts of the United 

States.  The propagation of the coastal surges inland, interacting with inland hydrologic flows 

represent the dominant flood-producing hazard in these areas.  It is likely that our work can be 

extended and the work here should be considered as a starting point for such generalization. In 

particular, the extension to more complex geometries should be able to utilize the same 

decomposition with some modifications to account for the nesting of smaller scales. 

 

 

 



2. Two Asymptotic Situations in which Depth-Integrated Equations Deviate from 

Physically Expected Flows in Coastal Areas 

 

2.1 Prediction of forerunners generated by tropical cyclones 

 One problem facing surge forecasters is providing a good estimate of when surge levels 

surpass certain critical thresholds known to affect the ability to evacuate areas or to conduct 

needed pre-storm preparations.  It is well known that when large water bodies contain regions of 

very sharp gradients the fluxes of momentum are suppressed and oceanic motions become 

layered.  In most areas of the Atlantic and Gulf of Mexico, typical mixed layer depths (MLDs) 

are in the range of 15 – 25 meters, in most months during hurricane season. When a hurricane is 

approaching land, such as the approach of Hurricane Ike to the Texas coast in 2007, the water 

level can become significantly elevated days before landfall. Such a rise in water in advance of a 

hurricane’s arrival is termed a forerunner.  

 In Ike, the forerunner reached 3 meters 12 to 24 hours before landfall (Kennedy et al., 

2011).  If we simplify the situation to an idealized case of winds parallel to the coast, which was 

the situation in Hurricane Ike for several days before landfall, we can see that the depth-

integrated momentum component toward the shore will be driven primarily by Ekman pumping, 

as noted by Kennedy et al. (2011). If we further simplify by assuming that the wind field remains 

offshore for sufficient time that it can be regarded as stationary relative to the current toward the 

coast, the arrival time of the forerunner will depend directly on the distance between the region 

of high winds and the speed of the current toward the coast. In this region of the Gulf of Mexico, 

we will assume a depth of 2000 m for 100km followed by a continental shelf of average depth 

100 m for a distance of 50 km.  If a depth integrated model is used, the speed will be 100 times 

slower than a current over its depth than the corresponding current in a 20m MDL. Currents in 

the order of 1 m/sec can be generated by peripheral winds in a hurricane in the 20-m layer, while 

the currents in the depth-averaged model driven by the same winds would be only 1 cm/sec. In 

this case the forerunner would reach the coast in a little over a day for the MDL while only the 

locally generated (i.e. the surge generated by Ekman pumping when the storm was almost at the 

coast) would be significant in the depth-averaged model.  Although a depth-averaged model can 

be tuned to exacerbate the locally-generated Ekman pumping, such a tuning would likely 

produce problems with surge estimates when applied in different situations and/or areas. 

 

2.2 Wind- and wave-forced motions adjacent to a coast 

 It is well recognized that depth-integrated models have substantial difficulties when used 

to simulate flows near a boundary.  In nature, fluids which are forced by winds and radiation 

stresses transfers directed toward the coast at the surface and near surface characteristically 

exhibit a two-layer flow with motions directed toward the boundary from some mid-level 

upward and away from the boundary beneath that point. This has long been known to make 

depth-integrated models ineffective for moving surface floating material (barges, oil slicks, 

pollutants, etc.) into the boundary.  Once the gradient in surface height balances the forcing 

toward the coast only motions along the boundary can exist. 

 This problem is not only important in the case of material transport but also can play an 

important role in the contributions of waves to surges at the coast.  Presently, surges are 

significantly underestimated in situations dominated by wave setup. An excellent example of this 

is the performance of the coupled ADCIRC-SWAN model in hindcasts of the so-called “Perfect 

Storm” in late October 1990.  Records on the east end of Long Island show that actual surge 



levels were over 1.5 meters and coincided with a time of light offshore winds.  The coupled 

ADCIRC-SWAN model produced less than 0.25 m for this case.  As will be shown in a later 

section here, a significant part of this problem is likely related to the improper specification of 

bottom friction.   

 

3.  Methodology for Decomposition of Vertical Currents 

 

 Our basic hypothesis is that natural vertical variations of currents in open-coast areas are 

expected to follow typical patterns of self-similarity found in most turbulent fluxes, with the 

added complication of near-boundary effects. The first step in our study was a lengthy search for 

appropriate long-term deployments of systems which provided vertically resolved currents.  We 

were fortunate in that we were able to find and access several long-term deployments in depths 

in the range of 8 – 10 meters off the coast of Florida (Figure 1).  Work conducted by Carolina 

Burnette as part of her Masters’ Thesis (Burnette, 2016), funded independently by UNF, was 

able to contribute a great deal to the interpretation and detailed data processing of this current 

information.   Figure 2 from her thesis shows the current vectors in the uppermost layer of the 

profile resolved by the ADCP used in this collection.  Figures 3-6 show the average longshore 

profiles for March, June September and November, which shows that seasonal current variations 

exist in this area.  Figures 7 and 8 show the average annual profiles for the longshore and cross-

shore velocity components, respectively.  The shape of the longshore profiles suggests that both 

tides, which are expected to be relatively uniform with depth, and longshore winds, which are 

expected to exhibit relatively strong velocity gradients, contribute significantly to these current 

profiles. 

 Eigenfunctions of the covariance matrix, often referred to as Empirical Orthogonal 

Functions (EOFs), have shown to be an effective means to reduce the dimensionality of natural 

systems to the set of vectors which explain the maximum amount of variance with the fewest 

possible terms. In this case the covariance matrix is formed from the time series of longshore and 

cross-shore current components.  This gives us two sets of spatially orthogonal EOFs that we 

analyze separately.   

 Table 1 shows the results of these analyses.  As can be seen here, the first EOF in the 

longshore direction consistently explains over 99% of the total variance in the longshore 

direction and the first two EOFs in the cross-shore direction consistently explains over 99% of 

the total variance in the cross-shore direction. Figure 9 shows the shapes of EOF1 for both the 

longshore and the cross-shore components for all years.  The consistency among the shapes from 

year-to-year suggests that these functions are physically based, and this suggestion is supported 

by the interpretation of these shapes in terms of a depth-constrained Ekman spiral.  Figures 10 

and 11 for the components of EOF 1 and EOF 2 also appear to have a physical interpretation that 

is very consistent with the theoretically expected rotation of the current vector with depth. 

 

4. The Scales of Decompositions Relevant to Open-Coast Models 
 

4.1 The General Case of Surge Generation in Offshore Areas 

 The fact that many years of data can be well-represented by a small number of EOFs 

supports the argument that, at least in open-coast areas, in may be possible to utilize the EOFs, or 

perhaps theoretical turbulent closure models which agree with these shapes to be used to enable 

an accurate representation of the three-dimensional current structure in these areas within a 



depth-integrated model. An important remaining question is the relaxation time required to attain 

a “quasi-equilibrium” vertical structure.  In most areas the primary depth range for surge 

generation in is less than about 30 meters.  For example, in a wind blowing toward the coast, 

neglecting Coriolis acceleration for the moment and neglecting wave-induced radiation stresses, 

the linearized slope of the water surge is given by (Resio and Westerink, 2008) 

 1.  
2

Dc Ru

x gh
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where

 is the water surface level,  is the onshore direction,  is the coefficient of drag,  is the ratio

of air density to water density,  is the onshore wind speed,  is gravity, and  is water d

Dx c R

u g h


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 For a wind speed of 50 m/sec and a depth of 30 meters, the slope is about
64 10 , so in 

100 km the surface would rise by only 0.4 m.  Additionally, typical Mixed Layer Depths along 

the Gulf of Mexico and Atlantic coasts are less than 30 meters, so the part of the water column 

that would respond to the forcing would depend on the MLD and the rate of deepening of this 

layer during the storm.  This means that the relaxation rate is limited to current profile responses 

in depth of 20-30 meters.  As shown in observations (Murray, 1975), in depths such as these, 

current profiles tend to follow a parameterized form, consistent with maintaining a consistent 

equilibrium with wind forcing.  This same consideration is likely the reason for the small number 

of EOFs required to represent the preponderance of the variance in the current profiles along the 

Florida coast.  

 

4.2 The Case of Wave and Wind Driven Motions Close to the Coast 

 An experiment conducted at the Field Research Facility in Duck, North Carolina provides 

a different scale of motions with a different dominant process, wave breaking.  This extremely 

turbulent and hostile region creates very strong forcing near the coast and can contribute very 

substantially to enhanced surge levels, wave runup, overtopping, breaching of protective 

levees/dunes and damages along the coast.  This data was made available to UNF by the 

Engineering Research Development Center, since the UNF Principal Investigator directed the 

field effort throughout its duration.   

 Although there are many days of observations, we will concentrate our analyses on the 

set of analyses from a single event.  Since this data is in raw form and relatively unedited, it 

required a major effort to extract usable information for our project.  As can be seen in Figure 12, 

the Sensor Insertion System used in this set of experiments was a unique piece of equipment 

designed specifically to be able to take measurements on the up-current side of the pier at a 

distance that should have eliminated essentially all of the “pier effects” on waves and longshore 

current, since these tend to occur downstream from the pier.  Figure 13 shows the location of the 

experiment and Figure 14 shows the set of instruments deployed from the SIS.  Miller (1999) 

provides additional details on the instrumentation and the information collected. 

 Significant wave heights in the range of 3 – 4 meters in a nominal depth of about 8 

meters are typical for storm conditions produced by northeasters along the Outer Banks.  

Combined wind and wave forcing consistently generated currents in excess of 0.5 m/sec toward 

the coast in the top layer of water and a return flow beneath the top layer of up to 0.4 m/sec.  The 

overall net transport fluctuated due to both infragravity waves and sampling deviations; however, 

the currents averaged to a depth integrated mean current near zero.  On one hand this might seem 

to confirm the appropriateness of depth-integrated models in this situation; however, the bottom 



friction is directed toward the coast, so it must be added to the force balance.  Simplifying this to 

be a quasi-steady-state situation during each measurement cycle, we obtain a slope equation 

represented by 

 2. 
2 2 2 2 2 2( ) ( 2 )D s B B D s B B Bc R u u c u c R u uu u c u

x gh gh

     
 


 

where

 is the velocity of the mean current at the surface

 is the velocity of the mean current at the top of the bottom boundary layer, and

 is the coefficient of friction for the near-bottom curre

s

B

B

u

u

c nts.

 

 A scale analysis of terms is helpful at this point, so given that 
Dc R is approximately equal 

to
62 10 , Bc is about 

21.0 10 ,  
40

s

u
u  (given that the wind speed was approximately 20 

m/sec), and  
50

B

u
u  , we can rewrite equation 2 as 
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which reduces to    
6 2 2 2 2 6 2
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where 0 is the initial wind stress toward the coast, so this is clearly not a term that can be 

neglected in shallow water; and since this zone of return flow is expected to extend over the 

entire region with onshore winds, it deserves additional attention. 

 

5. Methodology for Including Three-Dimensional Current Structure into Depth-Averaged 

Models 

 Experiments with relaxation rates of various flows in coastal water has shown that most 

situations driven by synoptic-scale wind systems can be successfully modeled using a stochastic 

approach in which the initial state variable is a function of 8 properties (the x and y components 

of EOFs 1 and 2) of the flow field at a given horizontal location.  Time-dependent simulations 

using a number of different turbulent closure schemes have shown that at least two approaches (k 

and k-ε) appear suitable for applications in shallow coastal areas (Figures 15 and 16).  

Simulations can be executed for a set of discretized values of the 8 parameters used to 

characterize the initial state plus additional discretized parameters used to characterize other 

forcing and site characteristics (depth, wind speed and directions, wave radiation stress, bottom 

characteristics, etc.).  In this context, the stochastic matrix will be referenced by the 8 initial 

values plus x-y momentum flux inputs, the depth, the simulation time increment and the bottom 

friction coefficient. Using inherent symmetries will reduce the number of combinations required 

for this referencing considerably.  For example wind and wave directions are symmetric around 

the local cross-shore direction and solutions with respect to depth are expected to exhibit self-

similarity. Also wind-speed and direction characteristics are expected to be very smoothly 

varying, which should allow accurate interpolations over relatively large increments.  Utilizing 

such symmetries and interpolation concepts is expected to reduce the storage requirements for 



the stochastic matrix to the neighborhood of 500 MB.   

 The potential value of this methodology to improve open-coast water levels could prove 

to be very important in many areas of the United States.  Today’s depth-integrated approaches 

are very well established but depend heavily on local calibration to achieve reasonable accuracy; 

and in cases where calibration involves storms with forerunners, this can create significant 

problems in this calibration when applied to storms approaching from different directions. 

Likewise, assuming that the direction of the bottom friction force is aligned with the average 

direction is very crude at best, particularly near boundaries where the overall velocity toward the 

coast is constrained to approach zero.  This methodology described here, based on using a 

stochastic third dimension may be extendable to many water bodies, even some with relatively 

complex geometries such as the Chesapeake Bay or San Francisco Bay; however, the potential 

scaling for its applicability in these area has not been addressed to date.   
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Table 1. Eigenvalues, percentage variance and cumulative variance for Cross-shore and 

Longshore currents 2002 – 2011.  

 

 
 

 



 
Figure 1.  Primary data collection areas used in this report.  



 
Figure 2. Typical time series of velocities in the upper layer of the depth normalized water. 

 



 
Figure 3. Average longshore current for each year in the data collection in March. 

  



 

 

 
Figure 4. Average longshore current for each year in the data collection. 

 

 

  



 

 

 
Figure 5. Average longshore current for each year in the data collection for September. 

 

 

  



 

 

 
Figure 6. Average longshore current for each year in the data collection for November. 

 

  



 
Figure 7. Average annual longshore current for each year in the data collection. 



 
Figure 8. Average annual cross-shore current for each year in the data collection. 

 

 

 

 

 



 
Figure 9. First EOFs of longshore (designated by ending letter L) and cross-shore (designated by 

ending letter C) for all years in collection.  
































































































































