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ABSTRACT 

Development of a Framework to Simulate Storm Surge-Induced 

Aboveground Storage Tank Spills 

 by 

Connie H. Do 

This thesis introduces a modeling framework for simulating the surface trajectory 

of aboveground storage tank (AST) spills caused by flotation failure during storm surge 

events. A single tank failure can be catastrophic for neighboring residents, businesses, 

and wildlife as observed in the Murphy Oil spill during Hurricane Katrina. Presently, no 

modeling framework is available that can predict and simulate the advection of AST 

spills in a computationally efficient manner. To address this need, a loosely-coupled 

system of models is introduced here, which consists of a hydrodynamic model 

(SWAN+ADCIRC), an AST fragility model, and a Lagrangian particle tracking 

algorithm, to track spills on the order of minutes in a high-performance computing 

environment. The framework is applied to simulate spills in Galveston Bay, Texas and to 

evaluate the impact of storm surge mitigation on spill potential/trajectory. Findings 

indicate that spill location and bay geometry have strong controls on spill evolution. 

Additionally, the framework is versatile and can be used to calculate a variety of impact 

metrics. Finally, recommendations are made for future improvements to the framework. 

The ability to rapidly predict spill trajectory and impact can be a useful tool for 

emergency response deployment and sustainable engineering design. 
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Chapter 1 

Introduction

1.1. Motivation 

Aboveground storage tanks (ASTs), which contain large volumes of hazardous 

chemicals, are often located near major waterways and coastal environments for 

economic and strategic reasons. However, this placement leaves ASTs potentially 

exposed to natural hazards such as floods, hurricanes, and tropical storms. ASTs have 

suffered damage resulting in the release of hazardous chemicals during almost all major 

storm events in the United States (US) (Sengul et al. 2012). Such chemical spills can 

result in substantial economic and environmental impacts. As a result of Hurricanes 

Katrina and Rita in 2005, more than 7 million gallons of oil were estimated to have 

spilled from industrial plants and tank farms throughout southeast Louisiana (Godoy 

2007); approximately 1.3 million gallons of oil were never recovered nor contained, 

resulting in the contamination of wetlands, marshes, and sediments which harmed 
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fisheries and migratory birds (Davis 2006; Pine 2006). The failure of a single AST at the 

Murphy Oil Meraux Refinery during Hurricane Katrina released around 1 million gallons 

of oil, which spread into adjacent areas and forced the permanent relocation of thousands 

of households (USEPA 2016). Thus, it is of interest to predict and understand the 

potential trajectories of AST chemical spills during storm surge events to estimate the 

potential consequences posed to the local economy, environment, and social vitality of 

the affected region.  

Previous studies have simulated oil transport using a variety of modeling methods 

including dye release simulations (Maltrud et al. 2010) and fate and transport models 

accounting for biochemical and physical processes based on oil properties (Mariano et al. 

2011). In 1996, the ASCE Task Committee (1996) reported that over 50 oil spill models, 

and counting, exist to simulate the fate and/or transport of oil spills. These models range 

in complexity, where some only simulate surface advection/trajectory and others consider 

oil spill fate processes such as evaporation, dissolution and emulsification. A majority of 

oil spill models have been developed for application in tidally-influenced, deep ocean 

waters or rivers (ASCE Task Committee on Modeling of Oil Spills 1996; Shen and Yapa 

1988; Stolzenbach et al. 1977).  

A framework to model storm surge-induced AST spills should be able to resolve 

the complexity of a storm surge event, which includes development at the continental 

shelf, interaction with the nearshore, and recession with the passing of the hurricane. 

Recently, Dietrich et al. (2012) performed surface trajectory modeling of the 2010 

Deepwater Horizon oil spill using an efficient Lagrangian particle tracking algorithm that 

can read velocity fields from an ocean-wave model (SWAN+ADCIRC) to calculate the 
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surface trajectory of oil modeled as discrete particles on a single high-resolution, 

triangular unstructured mesh. The system of models was able to match available satellite 

imagery of the oil spill by 60% or greater. Additional simulations were performed to 

track hypothetical oil spills during hurricanes Katrina and Ike. The ability for 

SWAN+ADCIRC to resolve hurricane wind and circulation environments makes this 

framework applicable for spills that occur in storm surge conditions. The coupling of an 

efficient particle tracking algorithm also can allow for rapidly evolving spills to be 

tracked on the order of minutes per day of simulation in a parallel computing 

environment. However, the modeling method used in Dietrich et al. (2012)’s study was 

applied to spills that were highly uncharacteristic of a storm surge-induced AST spill. 

The Deepwater Horizon spill originated from the deep-ocean floor, was not impacted by 

a storm event, and was highly three-dimensional in nature. In contrast, an AST spill in the 

context of this study is assumed to occur at the water surface nearshore, result due to 

storm surge damage, and predominantly spread in two-dimensional space.  

A recent study conducted by Kiaghadi et. al (2017) marks one of the first attempts 

to model the trajectory of storm-surge induced AST chemical spills in an industrial 

environment by coupling SWAN+ADCIRC with EPA’s Environmental Fluid Dynamics 

Code (EFDC) (Hamrick 2007), which is a hydrodynamic model with salinity, 

temperature, sediment transport, and contaminant fate and transport simulation 

capabilities. The product, referred to as EFDC-SS, was developed for hurricane 

application by linking a storm surge head boundary condition derived from 

SWAN+ADCIRC to the structured EFDC mesh. For the three Hurricane Ike scenarios 

used, tank failure probabilities and associated spill volumes were supplied by Kameshwar 



4 

 

 

 

and Padgett (2015) to generate spill scenarios. A suite of spills were simulated at various 

facility locations and release times with a computational mesh focused on the upper 

Houston Ship Channel in Galveston Bay, Texas. The results of this study illustrated the 

interdependency of location and timing on spill evolution during storm surge. However, 

if the goal is to track the surface trajectory of spills, it may not be necessary to use an 

environmental model to simulate AST spills since the rapid nature of a storm surge event 

which occurs on the order of hours, can dominate any chemical transformation processes 

that might occur on a longer time scale. Additionally, the need for executing two 

hydrodynamic models to obtain the required boundary conditions results in added 

computational expense. It is of interest to explore an alternative modeling methodology 

to that introduced by Kiaghadi et al. (2017) to simulate AST spill trajectories in a manner 

that is less computationally expensive and more streamlined to eliminate the need for 

linking two separate hydrodynamic models. Such a modeling framework has the potential 

to provide decision makers with a useful tool to predict the extent of oil spill impact and 

aid in strategic emergency response deployment during storm events.  

This thesis introduces a modeling framework for simulating storm surge-induced 

AST oil spills in an industrial environment that combines an AST flotation fragility 

model (Kameshwar and Padgett 2018) with a 2-D SWAN+ADCIRC – Lagrangian 

particle tracking method to generate relatively quick oil surface trajectory predictions on 

the same high-resolution, unstructured mesh. As many as 11 million oil particles can be 

advected on the order of minutes per day of simulation (Dietrich et al. 2012). 
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1.2. Objectives 

The research objectives of this thesis are outlined as follows: 

1. Present a modeling framework for simulating the trajectory of storm surge-

induced AST chemical spills. 

2. Apply the framework to: 

a. predict and simulate hypothetical AST spills in Galveston Bay, Texas; 

b. assess the impact of structural storm surge mitigation strategies on the 

probability and trajectory of hypothetical AST spills in Galveston Bay. 

3. Discuss implications of the studies as well as suggest improvements for the 

modeling framework. 

 

Chapter 2 introduces the main components of the framework, Chapter 3 discusses 

an application of the framework to Galveston Bay, Texas, Chapter 4 discusses an 

application of the framework for storm surge mitigation, and finally, Chapter 5 

summarizes the findings of the study with recommendations for future work.  

A portion of this thesis is currently under review with the ASCE Journal of 

Waterway, Port, Coastal, and Ocean Engineering.
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Chapter 2 

Modeling Framework

2.1. Overview of Framework 

Figure 2.1 illustrates the proposed coupled modeling framework which consists 

of: (1) hydrodynamic modeling in SWAN+ADCIRC forced by hurricane wind and 

pressure fields, (2) evaluating AST probabilities of failure and chemical spill parameters 

using a fragility model, the SWAN+ADCIRC time series outputs and a comprehensive 

AST inventory database, and (3) tracking the surface trajectories of chemicals using a 

Lagrangian particle tracking algorithm given the previously calculated chemical spill 

parameters and SWAN+ADCIRC time series.
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Figure 2.1. Modeling Framework 

2.1.1. Hydrodynamic Modeling 

In this framework, the tightly coupled 2-D Simulating WAves Nearshore 

(SWAN) and ADvanced CIRCulation (ADCIRC) model was chosen as the 

hydrodynamic model for simulating storm surge response. SWAN+ADCIRC simulates 

the evolution of waves and storm surge from deep water to the coast. ADvanced 

CIRCulation (ADCIRC), is a hydrodynamic, ocean circulation model capable of being 

driven by wind, tide, and wave setup. The model applies the continuous-Galerkin finite-

element method to solve for water levels and currents on an unstructured, triangular mesh 

(Luettich and Westerink 2004). Water levels are computed via the solution of the 

Generalized Wave Continuity Equation (GWCE), a combined and differentiated form of 

the continuity and momentum equations:  
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where 𝐻 =  𝜁 + ℎ is total water depth; 𝜁 is the deviation of the water surface from the 

mean; h is bathymetric depth; 𝑆𝑝 =
𝑐𝑜𝑠𝜙0

𝑐𝑜𝑠𝜙
 is a spherical coordinate conversion factor and 

𝜙0 is a reference latitude; 𝑈 and 𝑉 are depth-integrated currents in the 𝑥- and 𝑦-

directions, respectively; 𝑄𝜆  =  𝑈𝐻 and 𝑄𝜙  =  𝑉𝐻 are fluxes per unit width; 𝑓 is the 

Coriolis parameter; 𝑔 is gravitational acceleration; 𝑃𝑠 is atmospheric pressure at the 

surface; 𝜌0 is the reference density of water; 𝜂 is the Newtonian equilibrium tidal 

potential and 𝛼 is the effective earth elasticity factor; 𝜏𝑠,𝑤𝑖𝑛𝑑𝑠 and 𝜏𝑠,𝑤𝑎𝑣𝑒𝑠 are surface 

stresses due to winds and waves, respectively; 𝜏𝑏 is bottom stress; 𝑀 are lateral stress 

gradients; 𝐷 are momentum dispersion terms; and 𝜏0 is a numerical parameter that 

optimizes the phase propagation properties (Dietrich et al. 2011).  
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Currents are computed by solving the vertically-integrated form of the momentum 

equations. ADCIRC has been validated for various hurricanes in the Gulf Coast (Bunya 

et al. 2010; Westerink et al. 2008) and has been used extensively by the US Army Corps 

of Engineers, the Federal Emergency Management Agency, and local agencies to 

evaluate hurricane flood risk and design flood mitigation systems. Simulating WAves 

Nearshore (SWAN) is a phase-averaged wave model used to simulate wind-generated 

surface gravity waves (Delft University of Technology 1993). SWAN is driven by 

boundary conditions and local winds, and models waves that exist on small spatial and 

temporal scales. ADCIRC passes water levels and currents to SWAN which calculates 

and passes wave radiation stresses back to ADCIRC (Dietrich et al. 2011). The tight-

coupling of ADCIRC and the unstructured implementation of SWAN (Zijlema 2010) has 

allowed for improved modeling of the interaction between wind-driven waves and 

circulation processes on the same unstructured mesh (Dietrich et al. 2012; Dietrich et al. 

2011). The two model components can run sequentially in time in a parallel computing 

environment, and the use of a single computational mesh allows for a more efficient 

solution technique.  

For modeling storm surge response, storm wind and pressure fields are supplied 

to SWAN+ADCIRC as meteorological forcing alongside an unstructured finite-element 

mesh of the computational domain. As illustrated in Figure 2.1, the time-varying water 

surface elevation output from SWAN+ADCIRC is used as input into the AST fragility 

model to determine various parameters (time of spills, locations, volume, etc.) of 

potential AST failures during the storm. The time-varying current and wind velocity 
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outputs are used as inputs into the Lagrangian particle tracking algorithm to calculate the 

trajectory of the particles throughout the storm simulation. 

2.1.2. AST Fragility Modeling 

Once the storm surge response is known, the structural vulnerability of ASTs can 

be assessed to determine the potential for, and the locations of chemical spills. The 

structural vulnerability assessment of ASTs is performed here using a fragility model, 

which indicates the probability of failure of a structure for a given hazard level and set of 

structural characteristics. ASTs are generally constructed from welded thin steel plates 

forming a vertical cylinder. While this design allows ASTs to be lightweight, and to 

withstand internal pressure, it also leaves them vulnerable to storm surge. Two failure 

mechanisms are possible during storm surge events: (i) flotation due to buoyancy forces 

larger than the self-weight of the AST and its internal contents (Godoy 2007); and (ii) 

buckling due to excessive water pressure acting on the tank shell (Cozzani et al. 2010); 

buckling is only critical for ASTs anchored to the ground. In the US Gulf Coast, the 

primary study area of this thesis, it is not a common design practice to anchor ASTs to 

the ground (Bernier et al. 2017). Thus, flotation is considered as the only failure mode of 

interest in this thesis. 

The fragility model developed by Kameshwar and Padgett (2018) for the flotation 

of unanchored ASTs is employed in this thesis, however, different fragility models can be 

applied just the same depending on the primary failure mechanism and tank design. This 

flotation fragility model is based on a logistic function and is parametrized by the tank 
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diameter (D), tank height (H), internal liquid height (L), internal liquid density (ρL), 

external surge level (S), and containment berm height (B) as follows: 

    
1

1Flotation

0

exp , , , ,, , , , , LL

S B
l D H L SP D H L S B

S B






  




    Eqn. 2.2 

In the above equation,  is the following logit function:

 

As regulations require ASTs storing hazardous materials to be protected by a berm to 

contain accidental spills, the model indicates that if the surge level is lower than the berm 

height, a spill is not expected to occur. 

 The model treats internal liquid height and internal liquid density as random 

variables since their values are usually unknown. From Bernier et al. (2017), both 

parameters are uniformly distributed with bounds of 0 and 0.9H for internal liquid height 

and bounds (600 and 950 kg/m3 for oil and gas products) for internal liquid density. By 

assuming that the entire content of an AST is spilled if flotation occurs, the above 

equation is convolved over the probability density function of internal liquid height to 

provide an estimated spill volume range for the locations that are identified as having a 

high probability of an AST failure. For spills that are likely to occur, an expected spill 

time is also supplied by the model using the time step at which the surge height is at a 

maximum at the tank locations of interest. These parameters are then supplied to the 

Lagrangian particle tracking algorithm to determine the characteristics of the spill 

scenarios to be modeled. 

 l

  231047.447.3853.3914.310.064.043.067.8,,,, DLSLHDSLHDl LLL
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2.1.3. Lagrangian Particle Tracking 

A 2-D particle tracking algorithm is employed to track the surface trajectory of 

the spills predicted by the AST fragility model. This algorithm, used to track the 

Deepwater Horizon spill (Dietrich et al. 2012), was chosen for its loose coupling with 

SWAN+ADCIRC and its efficient numerical scheme which reduces computational 

expense as compared to using the environmental model, EFDC-SS (Kiaghadi et al. 2017) 

for trajectory modeling. The algorithm used in this study is a Lagrangian solver that 

employs a fifth-order-accurate, Runge-Kutta integration method with adaptive step size 

control (Dietrich et al. 2012). Further details on the numerical method used by the 

algorithm can be found in Press et al. (2007). This algorithm does not consider the 

chemical properties of the AST contents, which are typically oil and gas products. 

Instead, the AST contents are approximated and discretized as light, Lagrangian particles. 

The particles do not interact, and are solely subject to advection via wind- and wave-

driven currents with optional added wind slip. Current and wind velocity time series from 

SWAN+ADCIRC are supplied to the solver and integrated to determine particle surface 

trajectories over a specified time interval.  

The algorithm accounts for surface oil advection driven by a total velocity 𝒖, 

which is the sum of the fraction contributed by wind- and wave-driven current velocity 

𝒖𝑐 and an additional fraction contributed by wind velocity that might directly drive the 

slip of oil particles across the water surface  𝒖𝑤: 

𝒖(𝒙𝒑) = 𝑭𝒄𝒖𝒄(𝒙𝒑) + 𝑭𝒘𝒖𝒘(𝒙𝒑)    Eqn. 2.3 
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where 𝒙𝑝 = (𝑥𝑝, 𝑦𝑝) are the particle positions and 𝐹𝑐 , 𝐹𝑤 are contribution fractions for 

currents and winds, respectively. In addition to advection via current/wind velocity, the 

algorithm can simulate the spreading of particles caused by horizontal turbulent diffusion 

via a random walk technique in the x- and y- directions. This stochastic velocity 

perturbation is combined with the total velocity so that 

𝒙𝒑(𝒕 + ∆𝒕) =  𝒙𝒑(𝒕) + 𝒖(𝒕)∆𝒕 + 𝑫    Eqn. 2.4 

where 𝑫 = (𝐷𝑥, 𝐷𝑦) are the horizontal diffusion perturbations 

𝑫 = (𝟐𝑹 − 𝟏)√𝒄𝑬𝒗∆𝒕    Eqn. 2.5 

where 0 ≤ R ≤ 1 is a random number, 𝐸𝑣,𝑥 = 𝐸𝑣,𝑦 are horizontal diffusivity, and 𝑐𝑥 = 𝑐𝑦 

are scaling coefficients (Al-Rabeh et al. 1989; Proctor et al. 1994). 

Once the parameters for transport are specified by the user and submitted to the 

algorithm, a lattice cell search begins to locate particles on the same unstructured mesh 

used for the SWAN+ADCIRC simulation. Once the finite elements containing the 

particles are identified, the velocity field is linearly interpolated to the particle positions 

and the spill surface trajectory is computed for the specified duration of the storm. The 

algorithm does not differentiate wet/dry nodes or lateral boundaries during its 

computations. Further details on the algorithm can be found in Dietrich et al. (2012). The 

algorithm is executed in a parallel computing environment to make rapid trajectory 

predictions within minutes for storm surge events that occur in a matter of hours. The 

surface trajectories of the spills can be visualized using FigureGen, a graphics program 
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adapted for use with SWAN+ADCIRC outputs and can be run in both serial and parallel 

environments (Dietrich et al. 2013).
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Chapter 3 

Application to Galveston Bay, Texas

3.1. Background and Motivation 

The proposed framework is applied to a highly hurricane-prone region of the Gulf 

Coast in order to track the surface trajectory of chemical spills originating from the most 

vulnerable tank locations during a storm surge event. The study area is Galveston Bay, 

Texas which is in close proximity to areas that received catastrophic damage during two 

of the highest recorded storm surge events in recent U.S. history caused by Hurricanes 

Katrina in 2005 and Ike in 2008 (Blake and Gibney 2011). This study looks specifically 

at ASTs located along the Houston Ship Channel, a 50 mi (80 km) long, dredged channel 

stretching from the Gulf of Mexico into the upper Galveston Bay (Figure 3.1). 
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Figure 3.1. Map of Galveston Bay, Texas with the Houston Ship Channel. Major 

roads are shown in white. 

The Houston Ship Channel is home to one of the largest petrochemical complexes 

in the world and provides a waterway for ocean-going vessels that serve numerous 

industries whose activities generate billions of dollars annually. The proximity of the 

Houston Ship Channel to Galveston Bay and the Gulf of Mexico makes the waterway 

highly susceptible to damage caused by storm surge that can propagate into the upper 

region of the bay. As shown in Figure 3.2, over 4,500 ASTs, which store oil and gas 

products as well as chemicals for polymers and plastics industries, are located near 

Buffalo Bayou and the San Jacinto River outlet (Bernier et al. 2017). A majority of ASTs 
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in Galveston Bay are located in the upper west region near highly urbanized areas of the 

City of Houston, one of the top five largest cities in the US. 

 

Figure 3.2 Location of ASTs near the highly urbanized western region of Galveston 

Bay. Tanks are not shown to scale. 

The presence of chemical storage facilities along the upper Houston Ship Channel 

makes ASTs highly vulnerable to storm surge impacts during a hurricane. Damage from 

storm surge flooding has the potential to result in release of hazardous materials into the 

environment and surrounding communities. As exhibited during the Murphy Refinery oil 

spill, a single tank spill during a storm surge event could potentially cause devastating 

damage to impacted areas along the spill trajectory. The ability to predict the surface 
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trajectory of AST chemical spills in this region can help identify the hazards posed to 

nearby residents, businesses, and ecological environments. 

3.2. Model Setup and Assumptions 

3.2.1. Meteorological Forcing 

A synthetic hurricane event is used in this study as the meteorological forcing for 

SWAN+ADCIRC. This synthetic event will be referred to as “FEMA036,” and was 

developed by the Federal Emergency Management Agency (FEMA) as part of a 

comprehensive floodplain remapping study for the US Gulf Coast (FEMA 2011). 

FEMA036 is a four-day, synthetic storm extracted from a whole suite of storms generated 

by FEMA using the Join Probability Method with Optimal Sampling (FEMA 2012). The 

storm characteristics for FEMA036 are shown in Table 3.1. FEMA036 was selected for 

this study for its potential to introduce significant surge levels (between 20-23 ft near the 

upper Houston Ship Channel) (Ebersole et al. 2015) that can lead to AST failures. 

Computational modeling has determined that the surge levels observed throughout the 

bay classifies the storm as a 500-yr proxy storm surge event within the Houston Ship 

Channel (Ebersole et al. 2015), and its landfall west of Galveston Bay introduces a worst-

case scenario storm surge event for this region with respect to landfall location. Figure 

3.3 shows FEMA036’s storm track which approaches the upper Texas coastline from a 

south-southeast direction. Such a westward storm landfall in Galveston Bay has been 

shown in past work to introduce heightened levels of storm surge due to the counter-

clockwise rotation typical of hurricanes (Sebastian et al. (2014)). Furthermore, FEMA036 
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has been used to study the performance of various conceptual storm surge mitigation 

strategies for Galveston Bay (Ebersole et al. 2015; Torres et al. 2017). 

 

Figure 3.3. FEMA036 storm track. The storm makes landfall approximately 19 mi 

(30 km) west of Galveston Bay. 

 

Table 3.1. FEMA036 storm characteristics 

Type Saffir-Simpson 

category 

Minimum 

central pressure 

(in. Hg) 

Maximum 

sustained winds 

(mph) 

Radius to 

maximum 

winds (mi) 

Synthetic 4 27 (916 mb) 132 (212 km/h) 25 (41 km) 
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3.2.2. Hydrodynamic Modeling 

Wind and pressure fields for FEMA036 as well as a high-resolution, triangular 

unstructured mesh (Figure 3.4) which has been applied in other studies for Galveston Bay 

(Sebastian et al. 2014; Torres et al. 2017), were used as inputs for SWAN+ADCIRC. The 

entire mesh spans from the Gulf of Mexico toward the Atlantic Ocean and consists of 

over 1.8 million nodes and 3.6 million triangular elements with refinement down to about 

30-50 m within the Houston Ship Channel and the main bayous in Galveston Bay. Large, 

existing flood protection structures around Galveston Bay are delineated via the 

assignment of island barrier boundary conditions. 

 

Figure 3.4. Unstructured, finite-element computational mesh for SWAN+ADCIRC 

zoomed to Galveston Bay. 
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The storm surge response for FEMA036 was computed using SWAN+ADCIRC 

for the four-day duration of the storm, and the outputs were written in hourly increments.  

Figure 3.5 displays the maximum water surface elevations that occur within the bay over 

the entire simulation. The Houston Ship Channel at the San Jacinto River outlet is 

predicted to experience more than 23 ft (7 m) of surge. The highly incised geometry of 

the Ship Channel and its north-westward curvature combined with the north-western 

movement and counter-clockwise rotation of FEMA036 cause the Ship Channel to 

experience the highest storm surge levels throughout the bay. As shown previously in 

Figure 3.2, a majority of ASTs are located in this exact area, which exacerbates the 

likelihood of an AST failure during a storm like FEMA036.  

 

Figure 3.5 FEMA036 maximum water surface elevation at all nodes. Galveston Bay 

is outlined in white. Exisitng flood protection is outlined in black. 
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The storm simulation was performed on the Stampede high-performance 

computing system at the Texas Advanced Computing Center (TACC) at the University of 

Texas at Austin. The water surface elevation time series output for FEMA036 was 

provided to the Padgett Research Group at Rice University for predicting spill 

characteristics using the AST fragility model. 

3.2.3. AST Fragility Modeling 

As mentioned in section 2.1.2, because of the un-anchored nature of a large 

number of tanks in the Houston Ship Channel, the AST fragility model used in this study 

was designed for un-anchored tanks with flotation as the primary mode of failure. The 

water surface elevation time series from SWAN+ADCIRC for FEMA036 provided the 

fragility model with the surge hazard parameter. An extensive AST database for 

Galveston Bay, also developed by the Padgett Research Group, was used to provide the 

locations and properties of the ASTs for the fragility model. Since surge height is the 

only hazard parameter, the fragility model was evaluated at the time step when the surge 

height at each AST location was at the maximum, which is the time when the probability 

of failure was also maximum. As shown in Figure 3.6, the probability of failure for all 

ASTs during FEMA036 was determined using the model. The three most vulnerable tank 

locations were identified as Galena Park, Baytown, and San Jacinto in order of 

decreasing importance (circled in Figure 3.6).  Additional spill characteristics for these 

three locations, supplied by the Padgett Research Group, were used to develop the spill 

scenarios outlined in the next section. 
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Figure 3.6. Location of ASTs along with their associated probability of failure 

during FEMA036. 

3.2.3.1. Spill Scenarios 

Three separate spill modeling scenarios were developed to represent a single tank failure 

at Galena Park, Baytown, and San Jacinto, the top vulnerable locations previously 

identified in Figure 3.6. In each scenario, the spill was predicted to initiate just over three 

days into the storm simulation (Figure 3.7). The surge in Figure 3.7 was recorded at 

Morgan’s Point (shown in Figure 3.6) which was the closest available watchpoint where 

SWAN+ADCIRC output was written, and it is expected that the time of spill would 

coincide with the peak of the surge at the respective spill locations further upstream. As 

explained above, the time of peak surge at each tank location was taken to have the 
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highest probability of a tank failure. Then, the integration of the AST fragility model with 

internal contents also provided a range of expected spill volumes for each location, from 

which a modeled spill volume was randomly sampled using a uniform distribution. 

 

Figure 3.7. Surge hydrograph at Morgan’s Point extracted from SWAN+ADCIRC 

where (a) is the time at which the storm makes landfall and (b) is the time at which 

the spills in the baseline condition are most likely to occur (determined by the 

fragility model). 

For each scenario, the spill characteristics assuming a single tank failure are 

shown in Table 3.2. All three locations have a higher than 50% probability of a tank 

failure. Although Bernier et al. (2017) considered tanks with a probability of failure 

greater than 75% as likely to fail, spills at the three-most vulnerable locations were 

simulated in both modeling applications in this thesis as a proof-of-concept for the 

modeling framework. The method for determining spill rate is explained in the next 

section. 
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Table 3.2. Characteristics of spill scenarios in the baseline condition for a single 

tank failure 

  
Expected spill volume (103 

gallons) 

  

Location Probability 

of failure 

(%) 

Lower 

bound 
Upper 

bound 
Modeled Spill rate  

(particles/hr) 
Expected 

time of 

spill  
(hours into 

simulation) 

Galena 

Park 
94 135 2431 2063 390 75 

Baytown 91 125 1592 709 134 74 

San 

Jacinto 
59 85 1358 562 106 75 

 

3.2.4. Lagrangian Particle Tracking 

Once the spill scenarios were determined, several parameters in the particle 

tracking algorithm were specified before performing the simulations. First, a ratio of 

particles to spill volume was defined. For simplicity, the spills were discretized in the 

algorithm to represent 1 particle for every 35 ft3 (1 m3) of expected spill volume. Future 

research can determine an optimal representation of spill volume, however, considering 

the nature of the algorithm which does not consider physical nor chemical 

transformations, the ratio of particle number to volume is not expected to significantly 

impact surface trajectory predictions. Next, to specify the rate of particle introduction into 

the system, a script was developed to simulate a continuous generation of particles 

assuming a constant, hourly rate of spillage from the start of the spill until the end of the 

storm simulation with a complete release of the expected spill volume by the end of this 
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period. This constant hourly input rate was chosen for simplicity because realistic rates of 

chemical spillage during storm surge are difficult to constrain and predict. Due to the 

Lagrangian nature of the algorithm, the rate at which particles are introduced into the 

algorithm is limited by the time step of the SWAN+ADCIRC output, which in this study 

is hourly. Moving forward, developing a method to better represent spill rate during a 

storm surge event is a topic that warrants further research. The initial particle locations 

were then randomly generated around each spill site using Esri ArcMap, a Geographic 

Information System (GIS) program, to use as input into the particle tracking algorithm.  

The associated SWAN+ADCIRC outputs for FEMA036 and computational mesh 

were then supplied to the particle tracking algorithm. For this study, wind-and wave-

driven current velocity was selected as the sole driver of particle advection (𝐹𝑐 = 1 and 𝐹𝑤 

= 0). Additionally, horizontal turbulent diffusion was ignored in the parameter 

specifications. These assumptions were made because the equations used in the algorithm 

and literature values for wind contribution and turbulent diffusivity have been mainly 

empirically derived for deep ocean spills in still conditions (Al-Rabeh et al. 1989; Proctor 

et al. 1994; Stolzenbach et al. 1977). Since the framework here is targeted for nearshore 

spills in storm surge conditions, there are large uncertainties associated with assuming a 

value for these coefficients with little empirical basis.  

For example, for the wind contribution parameter, Dietrich et al. (2012) 

determined that when a percentage of wind velocity was included as a direct forcing in 

the particle tracking algorithm in the Deepwater Horizon study, the predicted surface 

trajectories were exaggerated in shallow water as compared to what was observed in the 

satellite imagery. This discrepancy was attributed to the lack of information on the 
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relative contributions of current and wind velocity on oil transport, especially since 

SWAN+ADCIRC already accounts for wind-driven waves in the current velocity output. 

This is important to note since the theory behind the wind contribution fraction was 

originally derived as a simplified way to account for the influence of wind shear on the 

current velocity (Stolzenbach et al. 1977). The commonly used value of 3%, also tested 

by Dietrich et al. (2012), was calculated based on a balance of surface shear stress from 

the air and fluid. Since SWAN+ADCIRC already factors in the driving force of winds, 

the addition slipping of oil due to direct wind contribution might not be well-described by 

adding 3% of the hurricane-force winds to the total velocity. Additionally, the particle 

tracking algorithm does not differentiate between lateral boundaries and wet/dry nodes 

when advecting particles. In shallow water areas, lateral boundaries and surface 

roughness can significantly impact the influence of wind at the water surface, and the 

literature value of 3% derived for the deep ocean might be over-estimating the 

contribution of winds in the nearshore. 

Next, as mentioned previously, horizontal turbulent diffusion can be simulated by 

adding a velocity perturbation to the total velocity. However, the commonly used 

diffusion coefficient of 108 ft2/s (10 m2/s) for deep ocean spills in tidally-influenced 

waters (Al-Rabeh et al. 1989; Dietrich et al. 2012; Proctor et al. 1994; Reed et al. 1994; 

Spaulding et al. 1993) was not considered appropriate for the storm surge conditions 

applied here. Also again, because the algorithm does not consider the wetting and drying 

of nodes as well as lateral boundaries in its computations, the deep-ocean diffusion 

coefficients available in literature could potentially produce exaggerated results. Thus, 

the simulations performed in this study do not account for turbulent diffusion. Future 
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studies can look into deriving appropriate wind slip and diffusion coefficients for storm 

surge conditions and possibly modifying the methods to account for wetting/drying of 

nodes. A qualitative sensitivity analysis is presented in the Results and Discussion section 

of this chapter to assess the influence of wind slip and turbulent diffusion on particle 

behavior as well as motivate future improvements to the algorithm. 

For both applications presented in this thesis, the particle tracking algorithm was 

executed on the TACC Lonestar5 high-performance computing system. The simulations 

and pre-/post-processing steps were completed in a total of approximately two hours for 

each spill location. 

3.3. Results and Discussion 

3.3.1. Model Results and Impact Metrics 

The spills at Galena Park, Baytown, and San Jacinto were simulated under the 

baseline condition, which refers to the existing configuration of Galveston Bay with no 

surge mitigation structures in place. Figure 3.8a-c capture the extent of the spills after the 

96th hour of the storm simulation for each spill scenario. The spatial extents of these spills 

are shown in Table 3.3.  
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Figure 3.8. Final spatial extent of spill simulations in the baseline condition: (a) 

Galena Park; (b) Baytown; (c) San Jacinto 
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Table 3.3. Approximate final spatial extent of spills in the baseline condition 

Location Final spatial 

extent (sq. mi) 
Galena Park 3.5 
Baytown 36.6 
San Jacinto 3.2 

 

The spills at all three locations are predicted to migrate toward the tidal inlet at 

Bolivar Roads (between Galveston Island and Bolivar Peninsula). Since the spills occur 

at the peak of the storm surge, the particles follow the receding surge into the Gulf of 

Mexico. With the effects of horizontal diffusion ignored, the Galena Park and San Jacinto 

spills appear to evolve along a single streamline. This likely occurs because the Galena 

Park spill originates deep within the upper Houston Ship Channel where current 

velocities are not highly spatially variable due to the narrowness of the channel. 

Interpolation and integration of the velocity field to the particle locations likely results in 

similar trajectories due to the fast moving surge and limitations of the resolution of the 

mesh. The San Jacinto spill originates in a narrow channel adjacent to the Houston Ship 

Channel and also likely exhibits streamlined behavior because of the rapid recession of 

the surge causing the velocity field to be similar at every particle location. The Baytown 

spill, however, exhibits more extensive migration toward Bolivar Roads and more lateral 

spreading than the spills at Galena Park and San Jacinto. This is likely attributed to the 

location of the origin of the spill which occurs within the dredged channel that makes up 
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the Houston Ship Channel. The particles are thus subjected to stronger currents that force 

a large number of particles to migrate quickly toward the tidal inlet while some particles 

still adhere to the west side of the bay. All of the chemical spills modeled under the 

baseline condition are predicted to impact the west side of the bay to some extent.  

The final extents of the spills under the baseline condition provide insight into the 

variability of spill surface trajectories that could occur in the bay depending on the 

location and timing of the spill. These results highlight that the most vulnerable spill 

locations do not necessarily correlate with the largest spill extent. Although the Galena 

Park location is more likely to cause a spill during FEMA036 than Baytown, an AST 

failure at Baytown could potentially cause a spill that evolves to be an order of magnitude 

larger in extent than an AST failure at Galena Park. The larger spatial extent at Baytown 

also brings awareness to the rapid movement of water down the Houston Ship Channel 

which can cause the migration of oil to areas far from the spill source. These results 

indicate that the geometry of the Houston Ship Channel has strong controls over the 

movement of chemical spills during a storm surge event.  

An additional way to estimate the impact of these potential spills is to use cleanup 

cost as a damage metric. Oil spills can incur high cleanup costs depending on the 

proximity of the spills to the shoreline and the total volume spilled. Oil spills that occur 

close to the shoreline are more expensive to clean up due to the persistence of the oils 

(Etkin 2000). In this study, cleanup cost was estimated using per-unit cleanup costs by 

location type for US spills (Table 3.4) (Etkin 2000) and adjusted to 2018 US dollars.  

Table 3.4. Per-unit marine oil spill cleanup costs by location type (adapted from 

Etkin 2000) and converted to 2018 US Dollars 
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Location US Spills 

In-Port $12.20/gal ($46.17/liter) 

Nearshore $8.97/gal ($33.96/liter) 

Offshore $2.46/gal ($9.31/liter) 

 

To apply this simplified cost metric, the ASTs in this study are assumed to 

contain only oil. The cost of cleanup was estimated using the lower/upper volume bounds 

supplied by the modeling framework for the predicted chemical spills as shown in Table 

3.5.  

Table 3.5. Cost of cleanup for each spill scenario in the baseline condition 

  
Spill cleanup cost (millions of US dollars) 

Location Spill classification Lower bound Upper bound Average 

Galena Park In-Port 23.6 424.9 224.2 

Baytown Nearshore 16.0 204.6 110.3 

San Jacinto Nearshore 10.9 174.6 92.8 

 

Although the final extent of the spill at Galena Park was predicted to be smaller than the 

spills that occurred at the Baytown and San Jacinto locations, the average estimated cost 

of cleanup for the spill (classified as “In-Port” due to its location in the Ship Channel) is 

essentially double the cost of cleanup for the Baytown and San Jacinto spills. Thus, the 

most vulnerable tank location is also predicted to incur the highest average cost of 

cleanup due to the location of the spill and the larger average expected spill volumes, 

which are a partial consequence of the average AST capacity at the Baytown location. In 
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this application, the predicted spatial extent of a spill is not necessarily correlated to the 

cost of cleanup. This emphasizes that characteristics of a spill location and surrounding 

areas can significantly influence the expected impact from a spill. These results highlight 

the modeling framework’s ability to provide information that can help decision makers 

estimate the cleanup cost and other damage metrics in addition to predicting the surface 

trajectory of potential spills. 

Overall, the modeling framework has potential to be highly informative for 

decision makers. However, some simplifying assumptions made during this particular 

application should be acknowledged in order to motivate improvement to the framework 

moving forward. First, it is important to note that the contribution of freshwater inflows 

and rainfall-runoff can be additional and significant contributors to a flood event that are 

not accounted for in the application shown here. In coastal regions with shallow slopes 

such as the Houston-Galveston area, rainfall-runoff can be a major contributor to a flood 

event, causing heightened water levels due to the interaction of the runoff with storm 

surge. For example, Hurricane Harvey (2017) was a rainfall-runoff-dominant event for 

the Clear Creek Watershed located on the west side of Galveston Bay (refer to Appendix 

B for more detail on this study). The current implementation of SWAN+ADCIRC is not 

designed to account for inland hydrologic and hydraulic processes, which makes 

modeling compound flooding events difficult. Future improvements to the modeling 

framework should incorporate these additional flood drivers into the hydrodynamic 

model to better represent the reality of a flood event especially in low-sloping areas. 

Next, recall that horizontal turbulent diffusion and wind slip were not activated in 

the simulations performed in this thesis. In storm surge conditions where waters are 
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highly turbulent and hurricane-force winds can be influential, these parameters should not 

be ignored in the simulations. To illustrate the large uncertainty involved in choosing 

coefficients within the range of values available in literature, a sensitivity analysis was 

performed to observe the influence of turbulent diffusion and wind slip on particle 

evolution. 

3.3.2. Sensitivity Analysis on Particle Tracking Algorithm 

The following study sought to qualitatively assess the sensitivity of the 

Lagrangian particle tracking algorithm to horizontal turbulent diffusivity, wind slip 

contribution, and also particle input rate. The theory behind the equations used to model 

turbulent diffusion and wind slip in the algorithm were originally derived for deep ocean 

spills, so due to the lack of empirical data on the coefficients for these parameters in 

nearshore storm conditions, these parameters were ignored in the model application to 

Galveston Bay. It was of interest to determine how sensitive the particle trajectories can 

be to perturbations in diffusivity and wind contribution. Thus, an analysis was performed 

to determine the individual and combined effects of these two parameters on particle 

evolution. In addition, because a simplified linear rate of particle input was assumed for 

the model application, a non-linear, logarithmic rate was applied for comparison to 

qualitatively observe any impacts to particle evolution. 

For the first part of this analysis, the individual and combined effects of turbulent 

diffusion and wind slip were explored. Recall that the two parameters do not show 

covariance in the algorithm and simply add velocity perturbations to the total velocity. 

Baytown was chosen as the study site for this analysis since its large spatial extent in the 
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baseline condition make the results easier to observe qualitatively. FEMA036 was used 

again for this analysis, and a total of 20,000 particles over the span of 20 hrs starting at 

time step 75 were released in all of the modeling scenarios. Lower/upper bound values 

were set for turbulent diffusivity and wind contribution to observe the impacts of both 

parameters at their extremes. For the lower bound values, 1% and 11 ft2/s (1 m2/s) were 

chosen for wind contribution and turbulent diffusivity, respectively. Due to a lack of 

literature values for nearshore storm conditions, the upper bound values were chosen 

according to the values for wind contribution (3%) and turbulent diffusivity (108 ft2/s (10 

m2/s)) commonly used in deep ocean spills. Since the algorithm does not differentiate 

between wet/dry nodes and consider lateral boundaries, the particles that became beached 

were removed from the system by clipping the results to the shape of the bay. 

Incorporating the wetting/drying of nodes is a difficult task due to the nature of the file 

processing and numerical integration scheme in the existing algorithm. However, this is a 

topic that warrants future study to determine if a wetting/drying scheme might better 

control the unrealistic movement of particles. 

Seven total simulations were performed for this analysis as shown in Table 3.6. 

Table 3.6. Simulation matrix for sensitivity analysis 

Simulation 

Number 

Wind Slip 

Contribution 

Turbulent 

Diffusivity  

1 0 0 

2 0 
Lower 

bound 
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3 0 
Upper 

bound 

4 
Lower 

bound 
0 

5 
Upper 

bound 
0 

6 
Lower 

bound 

Lower 

bound 

7 
Upper 

bound 

Upper 

bound 

 

The independent effect of increased wind slip (Figure 3.9) is a north-westward 

shift in the center of mass of particles due to the north-west angle of the hurricane-force 

winds as well as the confinement of particles near the source. The wind velocities over 

Galveston Bay average 134 mph at the introduction of particles and decrease to about 35 

mph at the end of the simulation. The strong control of the Ship Channel is exhibited as 

the lower bound wind contribution pushes the particles toward the channel and the 

stronger current velocities carry the particles further seaward than the control scenario. 

The upper bound wind contribution keeps particles contained near the port due to the 

increased velocity and north-west, counter-clockwise rotation of the winds. The results 

between the lower and upper range of wind contribution fraction show that perturbations 

of the wind slip parameter can significantly displace particles and alter the predicted 

impact areas and spatial extent. The dramatic differences in particle behavior shown here 

illustrate the large uncertainty involved in assuming a wind contribution fraction based on 

values developed for the deep ocean. It also emphasizes the importance of determining 



37 

 

 

 

situation-specific wind contribution fractions in future studies to improve modeling 

accuracy.  

 

Figure 3.9. Sensitivity analysis on wind contribution only 

Next, the independent effect of increased turbulent diffusion (Figure 3.10) was 

mainly characterized by lateral spreading, and also a slight south-east shift in the center 

of mass of particles due to the stronger currents impacting particles that were pushed 

toward the Ship Channel. Between the lower and upper bound diffusion coefficient, the 

spatial extent of the plume originating at Baytown can increase from about 1.5 to 4 times 

the control scenario. This wide variability in spatial extent could over- or under-predict 



38 

 

 

 

the expected impact of a spill event if an appropriate diffusion coefficient isn’t used. For 

spills at locations like Baytown that can potentially evolve further away from the bayou 

environments they originate from and into open water, resolving turbulent diffusion is 

important especially if this framework is ever used as a tool to aid in offshore emergency 

response deployment. 

 

Figure 3.10. Sensitivity analysis on horizontal turbulent diffusion only 

Finally, as horizontal turbulent diffusion and wind slip are both likely important 

transport mechanisms for chemical spills in storm conditions, two simulations were 

performed with both parameters set at the lower bounds and then at the upper bounds to 
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observe particle behavior at the extremes. The results in Figure 3.11 showed large 

variability in particle surface trajectory with the lower bound values pushing particles 

eastward and far offshore, and the upper bound values concentrating particles within the 

outlet of the San Jacinto River. These results re-iterate the importance of the wind slip 

parameter in dictating the direction of particle evolution in this particular scenario. The 

strong wind velocities during a hurricane can quickly dominate the current velocities of 

the receding surge if a higher wind contribution fraction is used.  

 

Figure 3.11. Sensitivity analysis on wind contribution and horizontal turbulent 

diffusion 
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The results of the first part of the sensitivity analysis emphasize the need to 

develop empirical coefficients appropriate for nearshore storm conditions and/or to 

improve the implementation of the transport mechanisms in the algorithm. 

The second part of the sensitivity analysis explored the impact of using a non-

linear rate of particle input versus a linear rate. As stated previously, the rate of particle 

input is dependent on the time step of the SWAN+ADCIRC output used in the algorithm, 

which for FEMA036 was hourly. A total of 20,000 particles were released over the span 

of 20 hours in both modeling scenarios, and particles were again introduced at Baytown 

for the baseline condition. For the linear input rate, particles were introduced at a rate of 

1000 particles per hour. For the non-linear input rate, particles were introduced at a 

logarithmic rate where fewer particles were introduced as the simulation proceeded to 

represent the emptying of a tank (refer to Appendix C for the number of particles 

introduced per hour). The final extent of both spills at Baytown for a scenario without 

turbulent diffusion and wind slip are shown in Figure 3.12 (refer to Appendix C for 

additional figures including turbulent diffusion and wind slip). Because a few particles in 

the linear input scenario migrate east toward the berms located south of the San Jacinto 

river outlet, the spatial extent in the linear scenario is calculated to be larger than the 

logarithmic scenario. Otherwise, there is minimal difference in the surface trajectory of 

particles between the two scenarios. This behavior is observed for the simulations with 

turbulent diffusion and wind slip as well. The mean location of particles shifts slightly 

southward in the logarithmic scenario, and particles approach the barrier islands on the 

order of minutes faster than in the linear scenario. This could be attributed to the larger 

number of particles introduced near the beginning of the simulation when the current 
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velocities are higher. Qualitatively, there is not a significant difference in using a linear 

rate of input versus and non-linear rate, however, an input rate that is characteristic of the 

emptying of a tank in storm surge conditions should be developed and used in the 

algorithm for more realistic representation of a spill.  

 

Figure 3.12. Sensitivity analysis for particle input rate 

The results of this analysis illustrate the need for the development of parameter 

coefficients that are applicable to nearshore, storm surge-induced AST spills. 

Qualitatively, the algorithm is highly sensitive to changes in wind contribution fraction 

from 1% to 3%, and less so for turbulent diffusion coefficients from 1 m2/s to 10 m2/s. It 
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is important to determine situation-specific coefficients and also validate the results to 

ensure that the surface trajectories are reliable. Additionally, the rate of particle input has 

minimal impact on the trajectory of particles as compared to a simple linear input rate, 

but it is still important to use rates that represent the reality of a tank spill. 
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Chapter 4 

Application for Storm Surge Mitigation

4.1. Background and Motivation

The high vulnerability of ASTs and the potential costs of damage caused by storm 

surge-induced spills have played a role in emphasizing the need for additional large-scale 

storm surge protection in this hurricane-prone region. As exhibited by the earlier 

application of the framework, the existing conditions of Galveston Bay allow for 

significant storm surge to propagate toward highly vulnerable areas, largely due to the 

geometry of the Houston Ship Channel. It is not by coincidence that Rice University’s 

Severe Storm Prediction, Education, and Evacuation from Disasters (SSPEED) Center 

has determined that protecting the assets within the upper Houston Ship Channel and the 

west side of the bay would need to incorporate a navigation gate across the Houston Ship 

Channel to restrict large volumes of water from entering the channel and traveling inland 

(SSPEED 2015).  
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One proposal for surge mitigation in consideration across the region is the 

Houston-Galveston Area Protection System (H-GAPS) with the goal to design a large-

scale storm surge protection system for Galveston Bay. H-GAPS seeks to protect 

residents within the Galveston Bay area, the industrial complex along the Houston Ship 

Channel, and the barrier island environments from storm surge impacts (SSPEED 2016). 

The final design will incorporate multiple lines of defense that integrate with the natural 

and built environment.  

4.1.1. Storm Surge Mitigation Strategies 

The SSPEED Center has identified a number of potential surge protection 

designs, two of which include the Mid-Bay and Lower-Bay Strategies (Figure 4.1). The 

two strategies similarly incorporate new and existing levee systems (Component B), 

dredged containment berms (Component A), and raised highways (Component C). The 

Mid-Bay Strategy would include a navigable storm surge gate (“Mid-Bay Gate”) across 

the Houston Ship Channel waterway to connect existing dredged spoils and create a 

closed in-bay structure to target protection for the western part of the bay. In contrast, the 

Lower-Bay Strategy includes dredged containment berms, but does not form a closed in-

bay barrier as in the Mid-Bay Strategy. The Lower-Bay Strategy instead includes a 

navigable storm surge gate (“Lower-Bay Gate”) across the main tidal inlet to form a 

complete barrier across the barrier islands. 
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Figure 4.1. (above) Mid-Bay Strategy; (below) Lower-Bay Strategy 
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Preliminary studies using SWAN+ADCIRC to evaluate the storm surge reduction 

potential of the H-GAPS strategies have shown promising protection for the regions of 

interest (SSPEED 2015; Torres et al. 2017). However, since the Houston Ship Channel is 

also vulnerable to storm surge-induced chemical spills which can bring an additional 

level of damage during a hurricane flood event, it is of interest to study how 

implementing the proposed H-GAPS strategies might impact the expected damage caused 

by an AST failure. 

The objective of this chapter is to discuss an application of the modeling 

framework to assess impact of the Mid-Bay and Lower-Bay Strategies on the likelihood 

of AST failure during FEMA036, the surface trajectory of the predicted spills, and the 

expected costs of cleanup.   

4.2. Model Setup and Assumptions 

4.2.1. Meteorological Forcing 

FEMA036 was again used as the meteorological forcing for this analysis due to 

its severe storm surge potential for Galveston Bay. Using FEMA036 for this analysis 

allows for a direct comparison of how storm surge response and a variety of other 

parameters change with the addition of H-GAPS structures. 

4.2.2. Hydrodynamic Modeling 

To perform SWAN+ADCIRC simulations with the H-GAPS strategies, the high-

resolution, unstructured mesh used to model the baseline conditions was modified in 

Surface Water Modeling System, a comprehensive coastal modeling environment 
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developed by Aquaveo, LLC (formerly Environmental Modeling Research Laboratory) to 

represent the implementation of the Mid-Bay and Lower-Bay Strategies (Aquaveo, LLC 

2017). To create the two new meshes (Figure 4.2), the nodes and elements around the 

proposed location of the structures were removed from the baseline mesh, the structures 

were inserted as island barrier boundary types, and the nodes and elements were then 

regenerated around the levees using the scatter grid of the original mesh to preserve the 

resolution. The new meshes were then used as inputs to SWAN+ADCIRC to generate the 

respective storm surge responses for FEMA036.  

 



48 

 

 

 

 

Figure 4.2.  SWAN+ADCIRC meshes modified with H-GAPS strategies shown in 

green; (above) mesh with the Mid-Bay Strategy; (below) mesh with the Lower-Bay 

Strategy 

No other changes were made in the SWAN+ADCIRC parameter setup from the 

baseline condition. The storm simulations were also performed on the Stampede high-

performance computing system at the Texas Advanced Computing Center (TACC). 

Then, the computed water surface elevation time series for both strategies were supplied 

to the Padgett Research Group for fragility modeling.  

4.2.3. AST Fragility Modeling 

The AST flotation fragility model for un-anchored tanks was again used to 

determine the top vulnerable tank locations, spill probability, timing, and volume for both 
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H-GAPS strategies. The cities of Galena Park, Baytown, and San Jacinto were once again 

identified by the fragility model as the most vulnerable facility locations with the Lower-

Bay Strategy.  However, compared to the baseline case, the probability of a single tank 

failure at each location decreased with decreasing location vulnerability. More 

specifically, the probability of a tank failure at Galena Park, Baytown, and San Jacinto 

was reduced by over 30%, 35%, and 50%, respectively. In comparison, the city of Galena 

Park is the only expected facility to experience a spill in the Mid-Bay Strategy with over 

a 70% reduction in failure probability as compared to the baseline case.  

4.2.3.1. Spill Scenarios 

Four total simulation scenarios were developed using the parameters provided by 

the fragility model. The characteristics of the spills modeled for each H-GAPS strategy 

and facility location are shown in Table 4.1 and Table 4.2. 

Table 4.1. Characteristics of spill scenarios with the Mid-Bay Strategy for a single 

tank failure 

  
Expected spill volume (103 

gallons) 

  

Location Probability 

of failure 

(%) 

Lower 

bound 
Upper 

bound 
Modeled Spill rate 

(particles/hr) 
Expected 

time of 

spill  
(hours into 

simulation) 

Galena 

Park 
27 0 647 480 91 75 

Baytown 0 0 0 - - - 

San 

Jacinto 
0 0 0 - - - 
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Table 4.2. Characteristics of spill scenarios with the Lower-Bay Strategy for a single 

tank failure 

  
Expected spill volume (103 

gallons) 

  

Location Probability 

of failure 

(%) 

Lower 

bound 
Upper 

bound 
Modeled Spill rate 

(particles/hr) 
Expected 

time of spill  
(hours into 

simulation) 
Galena 

Park 63 26 1221 142 27 75 

Baytown 57 39 654 519 98 75 
San 

Jacinto 25 26 375 338 64 75 

 

Every potential spill was predicted to occur at the same simulation time step, 

which again coincides with the peak of the surge. In both strategies, the time of peak 

surge at the three locations remained the same as in the baseline case. Furthermore, the 

H-GAPS strategies reduce the average expected spill volume at each location, and the 

impact of this finding is further discussed in the next section. 

4.2.4. Lagrangian Particle Tracking 

The same assumptions and parameter specifications for the application to the 

baseline case were applied in the simulations in this chapter. The particles were 

discretized in the same manner and supplied to the algorithm in the same linear fashion. 

Horizontal turbulent diffusion and wind slip contribution were again ignored in the 

simulations due to a lack of available literature values for the relevant coefficients. The 
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addition of structural surge protection creates tall lateral boundaries which could impact 

turbulent diffusion and wind effects in the nearshore differently than in the baseline case. 

This is a topic that warrants future study. The particle surface trajectories were again 

visualized using FigureGen. 

4.3. Results and Discussion 

Figure 4.3a-f capture the extent of the spills at the final time step of the storm 

simulation for each H-GAPS strategy and each predicted spill location. The spatial 

extents of these spills are shown in Table 4.3 with comparison to the baseline case.  
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Figure 4.3. Final spatial extent of spill simulations: (a)-(c) Galena Park, Baytown, San Jacinto with the Mid-Bay Strategy; (d)-

(f) Galena Park, Baytown, San Jacinto respectively, with the Lower-Bay Strategy 



53 

 

 

 

 

 

Table 4.3. Approximate final spatial extent of spills in the Mid-Bay and Lower-Bay 

Strategies with comparison to the baseline condition 

 
Mid-Bay Strategy  Lower-Bay Strategy 

Location Final spatial 

extent (sq. mi) 
Difference 

from baseline 

(%) 

Final spatial 

extent (sq. mi) 
Difference 

from baseline 

condition (%) 
Galena Park 0.5 -85.8 0.7 -78.7 
Baytown - - 5.4 -85.3 
San Jacinto - - 1.4 -56.2 

 

With the implementation of the Lower-Bay Strategy, the spills that occur at all 

three locations remain confined near the spill source. This is likely mainly attributed to 

the surge gate that spans across the tidal inlet which would prevent deep-ocean wave 

energy and currents from propagating into the bay. However, the upper Houston Ship 

Channel remains vulnerable to residual storm surge impacts that can occur due to the 

considerable fetch within the body of the bay. A significant volume of water is still 

capable of propagating up the Houston Ship Channel toward where the majority of ASTs 

are located. The Mid-Bay Strategy in contrast places a storm surge gate across the 

Houston Ship Channel to connect the dredged containment berms on either side of the 

Houston Ship Channel to form a complete closure down the center of the bay. As a result, 

the spill expected to occur at Galena Park in the Mid-Bay Strategy remains confined near 

the spill source throughout the storm simulation. With a shorter fetch behind the region 

closed off by the Mid-Bay barrier, the spill experiences minimal residual surge effects. 



54 

 

 

 

This in-bay feature minimizes the storm surge impact to the Houston Ship Channel 

throughout the duration of the storm surge event as compared to the baseline case.  

Because the H-GAPS strategies are expected to help reduce the expected volume 

and transport of chemical spills, it is of interest to perform a cleanup cost comparison to 

estimate the change in expected costs from the baseline case. The changes in average 

expected cleanup cost with the implementation of the mitigation strategies are shown in 

Table 4.4 and Table 4.5.  

Table 4.4. Cost of cleanup for each spill scenario with the Mid-Bay Strategy and 

percent difference in average cost from the baseline condition 

  
Spill cleanup cost (millions of US dollars) 

 

Location Spill 

classification 

Lower bound Upper bound Average Difference 

from 

baseline 

average (%) 

Galena Park In-Port 0 113.0 56.5 -74.8 

Baytown - - - -  

San Jacinto - - - -  

 

Table 4.5. Cost of cleanup for each spill scenario with the Lower-Bay Strategy and 

percent difference in average cost from the baseline condition 

  
Spill cleanup cost (millions of US dollars) 

 

Location Spill 

classification 

Lower 

bound 

Upper bound Average Difference 

from 

baseline 

average (%) 

Galena Park In-Port 4.5 213.4 109.0 -51.4 
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Baytown In-Port 6.8 114.3 60.5 -45.1 

San Jacinto In-Port 4.6 65.6 35.1 -62.2 

 

Although the implementation of the Lower-Bay Strategy reduces the extent of the 

spills, it also changes the classification of the predicted spills at Baytown and San Jacinto 

to be “In-Port” rather than being classified as being primarily “Nearshore” in the baseline 

case due to the reduction in particle transport with reduced current velocities. As a result, 

even though the expected spill volumes are reduced, it is expected to be more costly to 

clean up this range of volumes in-port than if the spills were to migrate along the 

nearshore toward the tidal inlet. The Lower-Bay Strategy is expected to reduce the 

average cost of clean-up at each location by an average of about 50%. In contrast, the 

Mid-Bay Strategy is expected to eliminate spills at Baytown and San Jacinto completely 

and reduce the average cleanup cost at Galena Park by about 75%. If cleanup cost is an 

important metric for weighing the costs/benefits of the H-GAPS strategies, these results 

indicate that the Mid-Bay Strategy outperforms the Lower-Bay Strategy in this respect. 

These results can be valuable to decision makers when designing storm surge mitigation 

for Galveston Bay. This analysis can be performed for barrier configurations in other 

coastal areas as well. As such, the modeling framework is versatile and can be used as a 

predictive tool as well as an engineering tool. 

The simulations performed in this study do not take into account storm surge gate 

operations, freshwater inflows, or the influence of rainfall-runoff on particle transport. 

Future studies should incorporate these variables into the modeling methodology to better 

capture the reality of a flood event.
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Chapter 5 

Conclusions 

5.1. Major Findings 

This study developed a framework for modeling storm surge-induced AST 

chemical spills in nearshore, industrial environments that is computationally efficient as 

compared to existing methods. The method loosely couples an ocean circulation-wave 

model, AST fragility models, and a Lagrangian particle tracking algorithm to simulate 

chemical spills as light particles. The proposed framework was first used to simulate the 

trajectory of chemical spills as a result of three AST failure scenarios during an 

approximately 500-yr storm surge event in baseline conditions in the Houston Ship 

Channel. The results of this application highlighted the importance of spill location and 

bay geometry in controlling the transport of spills and expected cost of cleanup. The spill 

at Baytown showed the largest migration toward the tidal inlet due to its proximity to the 

Houston Ship Channel. However, even though the spill at Baytown was larger, the spill at 

Galena Park is expected to have a higher cost of cleanup due to its in-port location. These 
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results emphasize that the expected cleanup cost of a spill is not necessarily correlated 

with the predicted spatial extent.  

Then, to illustrate an application of the framework for storm surge mitigation, the 

framework was applied to evaluate the impact of storm surge mitigation strategies on 

AST failure probability and chemical spill transport and extent as compared to the 

baseline condition. In the analysis for the Lower-Bay Strategy, due to the large fetch still 

present within Galveston Bay, the top spill locations still have some likelihood of an AST 

failure. Additionally, when the spills were modeled, due to the slower moving currents 

and presence of the in-bay structure, the spills remained “In-Port” rather than rapidly 

migrating down the coastline as in the baseline condition. These results indicate that 

although storm surge mitigation might reduce the expected volume and spatial extent of 

spills, the stagnation of chemicals near the port can be a new cause for concern in terms 

of cleanup cost. Among the two storm surge mitigation strategies evaluated, the Mid-Bay 

Strategy was predicted to best reduce the probability of AST failures, expected spill 

volumes, spill spatial extents, as well as the average cost of cleanup per location. These 

results could be useful for decision makers conducting a cost/benefit analysis for storm 

surge mitigation in Galveston Bay. This study shows that the modeling framework has 

potential to be a useful tool with applications for predicting chemical spill impact as well 

as evaluating the effectiveness of storm surge mitigation in reducing environmental 

damage. Furthermore, the three main components of the framework are each capable of 

providing highly detailed information that can be used to calculate other damage metrics 

and parameters of concern to decision makers. 
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5.2. Future Work 

The framework shows promise for a variety of applications where changes to 

coastal configurations or even hurricane characteristics might impact the vulnerability of 

ASTs. The framework can also be applied at any other coastal location where the 

required input data is available. Moving forward, some aspects of the framework warrant 

further study to improve the accuracy of the modeling results. Future work should focus 

on improving the Lagrangian particle tracking algorithm for application in nearshore and 

storm surge conditions where the controls on particle transport differ from those in deep 

ocean, still conditions. Optimal wind contribution fractions as well as turbulent diffusion 

coefficients should be developed for a range of storm conditions and specifically for the 

nearshore study area. Then, an optimal particle-to-chemical volume ratio as well as a 

more realistic representation of chemical spillage rate should be determined to better 

represent the actuality of a spill.  

Additionally, the influence of rainfall-runoff, freshwater inflows, and storm surge 

gate operations, especially when evaluating storm surge mitigation, should be 

incorporated, especially in shallow areas prone to heavy rainfall, to better represent 

complex flood events. In addition to refining certain components of the framework, 

additional metrics other than cleanup cost could be used to evaluate the expected 

damages from the predicted spills. Metrics such as damage to nearby buildings and 

wildlife are also important in evaluating the impact of spills and should be included in 

future studies. Finally, due to the scarcity of aerial data during AST chemical spills, this 

method has not undergone validation. Upon the availability of data, this modeling 

framework should be validated against actual spill scenarios. Nonetheless, the 
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development of this efficient framework and the versatility of its potential applications is 

a step toward smarter engineering design and decision-making for urban coastal 

communities. 
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APPENDICES 

Appendix A. Harvey Compound Flooding Analysis for Clear Creek Watershed  

In August 2017, Harvey brought unprecedented levels of rainfall to the Gulf 

Coast, specifically in the Houston-Galveston area which resulted in a flood event that 

incurred at least $125 billion in damage, second only to Hurricane Katrina in the record 

of billion-dollar disasters in the past 40 years (NOAA NCEI 2018). The Clear 

Creek/Armand Bayou watershed, located 20 mi south of the city of Houston (Figure A.1), 

was the study area for this study since little was known about the extent to which rainfall-

drive flooding was further exacerbated by storm surge in the Houston-Galveston area 

during Harvey. This watershed has been the study area for a number of flood hazard 

studies (Blessing et al. 2017; Brody et al. 2018; Sebastian et al. 2014) and was chosen 

here for its flat slopes and high imperviousness, which typify the Gulf Coast 

environment. Parts of the watershed received more than 45 inches of rain during Harvey. 
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Figure A.1. Location of Clear Creek/Armand Bayou Watershed with major streams 

shown in dark blue and urban areas shown in grey. 

A lumped hydrologic model (HEC-HMS) and a 1-D unsteady hydraulic model 

(HEC-RAS) supplied with a downstream surge boundary condition from 

SWAN+ADCIRC were used to assess the timing and contributions of the rainfall-runoff 

and storm surge to the flood event during Harvey. 

Hydrologic and Hydraulic Modeling 

Hydrologic modeling to obtain runoff response was performed using a calibrated 

HEC-HMS model developed for the Clear Creek/Armand Bayou used in a study by Bass 

and Bedient (2018). HEC-HMS (originally released in 1973 as HEC-1) is a lumped 
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parameter model developed by the U.S. Army Corps of Engineers and is considered as 

the most universally accepted model for watershed analysis (Bedient et al. 2013). 

Lumped parameter models use spatially averaged parameters to transform uniform 

rainfall into the watershed and convert it to runoff and stream flow. Next, the 1-D 

unsteady flow version of the River Analysis System (HEC-RAS), also developed by the 

USACE, was used to compute time-varying water surface elevations in the main channels 

by solving the full, dynamic 1-D Saint Venant Equation with lateral inflow boundary 

conditions provided by HEC-HMS and a downstream surge boundary condition provided 

by SWAN+ADCIRC for Harvey. The SWAN+ADCIRC model for Harvey was provided 

by the Computational Hydraulics Group at the University of Texas at Austin and used 

wind fields obtained from the National Hurricane Center. To constrain the response of the 

watershed to the individual contributions of rainfall-runoff and storm surge, three total 

simulations were performed: (i) runoff-only, with lateral inflows from HEC-HMS and a 

normal depth downstream boundary condition, (ii) surge-only, with a steady flow 

hydrograph at the upstream cross-section and a surge hydrograph from SWAN+ADCIRC 

at the downstream boundary condition, and (iii) surge+runoff, with a combination of the 

boundary conditions from parts (i) and (ii). 

Results and Discussion 

Figure A.2 shows the results of the modeling scenarios at a watchpoint at 

Galveston Bay at Clear Lake (location indicated by the star in Figure A.1). The timing of 

the storm surge and rainfall-runoff appear to coincide, but their combined interaction is 

largely controlled by the rainfall-runoff during this event. In addition, the result for the 

combined rainfall-runoff and surge was compared to a stage hydrograph obtained at the 
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nearest gage during Harvey. The timing of the gage data matched well with the 

hydrograph obtained from HEC-RAS. However, the peak flood levels earlier in the storm 

were underestimated by the model. This is likely attributed to a limitation of the model 

setup that prevents additional drainage sources, or interbasin transfers from being 

accounted for. 

 

Figure A.2. HEC-RAS water surface elevation plot for various simulations 

performed. 

Floodplain maps of the three scenarios were created using HEC-RAS to 

determine the extent to which runoff and surge contributed to the combined flood event. 

Results showed that only the downstream-most tributary of Clear Creek, Taylor Bayou 

experienced surge effects throughout the channel. For the other tributaries of Clear Creek 

and within Clear Creek itself, the effects of storm surge dissipated partway up the 

channel. The observations at Taylor Bayou are likely due to the relatively straight 

channel geometry and proximity to the coast that allow compound flooding impacts to 

propagate up the entire channel. 
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Finally, a comparison to Hurricane Ike (2008), a surge-driven flood event for the 

Houston-Galveston area, was performed using the same modeling methodology. Profile 

plots of Clear Creek for both events are shown in Figure A.3. During Hurricane Ike, there 

was a clear “transition zone” (Sebastian 2016) where effects of both surge and runoff 

influenced flooding. However, during Harvey, a transition zone is hardly distinguishable 

along Clear Creek which further emphasizes the runoff-dominant nature of the flood 

event. 
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Figure A.3. HEC-RAS profile plots for Hurricane Ike (above) and Harvey (below). 

The transition zone for Ike is indicated by a circle. 

The results of this study show that although Hurricane Harvey was a compound flood 

event, heavy rainfall caused flooding in the Clear Creek/Armand Watershed to be largely 

runoff-dominant. 

Appendix B. Sensitivity Analysis Additional Figures 

Table B.1. Particles introduced per time step using a logarithmic input rate 
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Time Step 
Particles 

Introduced 

75 1450 

76 1413 

77 1376 

78 1337 

79 1297 

80 1256 

81 1213 

82 1169 

83 1123 

84 1076 

85 1026 

86 973 

87 917 

88 858 

89 794 

90 725 

91 649 

92 562 

93 459 

94 324 
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Figure B.1. Surface trajectory map showing the lower bound wind/lower bound 

diffusion scenario with a linear and logarithmic rate of particle input. 

 

Figure B.2. Surface trajectory map showing the upper bound wind/upper bound 

diffusion scenario with a linear and logarithmic rate of particle input. 

 


