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ABSTRACT 

In the aftermath of Hurricane Ike in 2008 in the U.S., the ‘Ike Dike’ was proposed as a coastal 

barrier system, featuring flood gates, to protect the Houston-Galveston area (HGA) from future 

storm surges. Given its substantial costs, the feasibility and effectiveness of the Ike Dike have 

been subjects of investigation. In this study, we evaluated these aspects under both present and 

future climate conditions by simulating storm surges using a set of models. Delft3D Flexible 

Mesh suite was utilized to simulate hydrodynamic and wave motions driven by hurricanes, with 

wind and pressure fields spatialized by the Holland model. The models were validated against 

data from Hurricane Ike and were used to simulate synthetic hurricane tracks downscaled from 

several general circulation models and based on different sea level rise projections, both with and 

without the Ike Dike. Flood maps for each simulation were generated, and probabilistic flood 

depths for specific annual exceedance probabilities were predicted using annual maxima flood 

maps. Building damage curves were applied to residential properties in the HGA to calculate 

flood damage for each exceedance probability, resulting in estimates of expected annual damage 

as a measure of quantified flood risk. Our findings indicate that the Ike Dike significantly 

mitigates storm surge risk in the HGA, demonstrating its feasibility and effectiveness. We also 

found that the flood risk estimates are sensitive to hurricane intensity, the choice of damage 

curve, and the properties included in the analysis, suggesting that careful consideration is needed 

in future studies. 

 

KEY WORDS:  Ike Dike; flood risk; storm surge simulation; probabilistic flood depth; expected 

annual damage



1. INTRODUCTION 1 

The Houston-Galveston Area (HGA), located in southeast Texas along the upper Gulf Coast 2 

(Figure 1), has been severely threatened by storm surges generated by hurricanes originating in 3 

the Atlantic Ocean and intensifying as they cross the Gulf of Mexico. One of the most 4 

devastating events was in 1900 when a major hurricane struck Galveston Island with a 15 ft 5 

storm surge, resulting in approximately 6000 fatalities – the deadliest hurricane in U.S. history 6 

(Weems, 1952). This catastrophe led to the construction of the Galveston Seawall, a 17 ft high 7 

(relative to mean low water) barrier along the eastern coastline of Galveston Island (USACE, 8 

1981). This seawall significantly reduced hurricane damage on Galveston Island for many years. 9 

However, in 2008, Hurricane Ike brought a 10 – 15 ft (NAVD88) storm surge to Galveston Island 10 

and Harris County, Texas, and a 15 – 20 ft (NAVD88) surge to the Bolivar Peninsula and 11 

Chambers County, Texas (Berg, 2009). The resulting damage was extensive, estimated as USD 12 

30 billion (NHC, 2018). Hurricane Ike serves as a warning of the potential for future catastrophic 13 

storm surges. Research indicates that global warming is likely to increase hurricane intensities 14 

(Emanuel, 2005; Knutson & Tuleya, 2004; Webster, Holland, Curry, & Chang, 2005) and 15 

contribute to sea level rise (SLR), which further raises the vulnerability of coastal regions to 16 

storm surge flooding (Frazier, Wood, Yarnal, & Bauer, 2010; Kleinosky, Yarnal, & Fisher, 2007; 17 

Tebaldi, Strauss, & Zervas, 2012). Furthermore, future economic growth is expected to amplify 18 

hurricane damage costs (Geiger, Frieler, & Levermann, 2016; Mendelsohn, Emanuel, 19 

Chonabayashi, & Bakkensen, 2012), while population growth in the HGA will make evacuations 20 

increasingly challenging (Merrell, Reynolds, Cardenas, Gunn, & Hufton, 2011). 21 

In response to these threats, there has been a concerted push to implement long-term safety 22 

measures to protect the HGA from future storm surges, particularly those that would repeat the 23 

destructive impact of Hurricane Ike. Texas A&M University Galveston proposed the ‘Ike Dike’ 24 

concept – a coastal barrier system that would extend the Galveston Seawall to the west of 25 

Galveston Island, construct a barrier along the Bolivar Peninsula coastline, and install floodgates 26 

at the mouth of Galveston Bay (Merrell et al., 2011). Jonkman et al. (2015) proposed a similar 27 

design for a coastal spine system, which includes land barriers and a seawall along the coastlines 28 

of Galveston Island and the Bolivar Peninsula, as well as articulated storm surge barriers for 29 

navigation and environmental flows between the island and the peninsula. Jackson State 30 



University (JSU) investigated different alignments of the Ike Dike by simulating storm surges 31 

and found that all alignments significantly reduced surge levels (Ebersole et al., 2018). The U.S. 32 

Army Corps of Engineers (USACE) Galveston District proposed comprehensive plans for the 33 

protection and restoration of the Texas coast (USACE & GLO, 2021a). These plans include the 34 

Galveston Bay Storm Surge Barrier System, which extends from the west of Galveston Island to 35 

High Island, consisting of a gate system, beach and dune systems, a ring barrier system, and 36 

Galveston Seawall improvements. The gate system is comprised of different types of gates and 37 

walls across Bolivar Roads with a crest level of 21.5 ft (NAVD88), and the beach and dune 38 

system is designed as a dual dune system with a 14 ft (NAVD88) landward dune and a 12 ft 39 

(NAVD88) seaward dune. The ring barrier system encompasses northeast Galveston Island with 40 

a crest level of 14 ft (NAVD88), and improvements of the existing seawall along the Galveston 41 

coastline raise its crest level to 21 ft (NAVD88). For these USACE’s plans, a USD 31 billion bill 42 

was authorized by the U.S. Congress, marking the largest civil undertaking by the USACE 43 

(Douglas, 2022). The schematic design of the Ike Dike is illustrated in Figure 1. 44 

The Ike Dike project has faced scrutiny regarding its feasibility. Economic assessments 45 

indicate that the benefits of the coastal spine outweigh its costs, supporting the practicability of 46 

the barrier system for mitigating storm surge risks (Davlasheridze et al., 2019; Davlasheridze, 47 

Fan, Highfield, & Liang, 2021). Additionally, policies advocating for the construction of 48 

seawalls and levees or the rehabilitation of dunes have garnered strong support from residents of 49 

the HGA, particularly those who have experienced coastal flood damages or perceive higher 50 

flood risks (Ross & Atoba, 2022). However, these studies assumed current climate conditions 51 

and sea level, so further research is necessary to determine whether the Ike Dike would remain 52 

effective under future climate and sea level scenarios. Concerns have also been raised about the 53 

effectiveness of the Ike Dike in protecting the region against major hurricanes (Bittle, 2023; 54 

Keller, 2024; Peters, 2024). Critics argue that the coastal spine may not effectively withstand 55 

Category 4 or 5 hurricanes (Simpson, 1974), which can produce storm surges of 25 ft (NAVD88) 56 

or higher (Blackburn, 2019). Also, the parallel dune system with heights of 14 and 12 ft 57 

(NAVD88) may be inadequate to protect Galveston Island and the Bolivar Peninsula from severe 58 

hurricanes (Merrell, 2021). The USACE’s design includes a shorter western barrier of within the 59 

dune system, compared to the earlier barrier designs proposed by Jonkman et al. (2015) and JSU, 60 



to allow water flow into the bay. This modification, however, could allow fore-runner surge in 61 

Galveston Bay and prevent the bay from being sealed at low tide (Merrell, 2021). 62 

 63 

Figure 1. Schematic illustration of the study area: (a) HGA with the recommended plan for the Galveston 64 

Bay Storm Surge Barrier System, the yellow stars are NOAA tide stations; (b) Gulf of Mexico, the red 65 

box indicates the HGA 66 

In this study, we evaluate the long-term feasibility and effectiveness of the proposed Ike 67 

Dike under present and end-of-century climate scenarios by quantifying coastal flood risk in the 68 

HGA. The coastal flood risk associated with storm surges strongly depends on storm intensity 69 

and SLR (Woodruff, Irish, & Camargo, 2013). To account for different scenarios, we conduct 70 

numerical simulations under several sets of synthetic hurricane tracks, both without and with the 71 

Ike Dike, for present and future climate scenarios, and different SLR projections in storm surge 72 

models. Prior to the simulations, a hydrodynamic model, a wave model, and a hurricane wind 73 

and pressure model are validated using data from Hurricane Ike. The simulated flood depths are 74 



used to predict probabilistic flood depths for specific annual exceedance probabilities. A 75 

common method to relate flood damage to residential buildings to flood depth is through a 76 

damage function (Suppasri et al., 2013). By applying several damage functions to residential 77 

properties in the HGA, we estimate flood risk under different flooding scenarios to evaluate the 78 

effectiveness of the Ike Dike. Furthermore, since our study takes into account several input 79 

parameters, including climate models, SLR, and damage functions, we evaluate the robustness of 80 

storm surge risk and the performance of the Ike Dike with respect to these parameters. This 81 

approach aims to identify the significant factors to be considered in future coastal flood risk 82 

studies. Figure 2 illustrates the flowchart of the study that highlights the specific objectives 83 

mentioned above.  84 

The remainer of the paper is structured as follows. Section 2 details the materials and 85 

methods used in this study, and Section 3 describes the results of the probabilistic flood depth 86 

predictions and flood risk estimations. These findings are discussed in Section 4, and the overall 87 

study is summarized and concluded in Section 5.  88 

 89 

Figure 2. Flowchart of the study 90 

 91 



2. MATERIALS AND METHODS 92 

2.1. Model Setup and Validation 93 

2.1.1. Hydrodynamic and wave model domains and setup 94 

For conducting our storm surge simulations, the Delft3D Flexible Mesh (D-Flow FM) suite 95 

was selected (Deltares, 2024a). D-Flow FM solves the unsteady shallow water equations for an 96 

incompressible fluid over an unstructured grid, which allows for flexible and detailed resolution 97 

of complex geometries. To capture the interactions between wave dynamics and current flows, 98 

D-Flow FM is integrated with the third-generation spectral wave model Simulating Waves 99 

Nearshore (SWAN) (Deltares, 2024b). SWAN works on a structured grid and solves the spectral 100 

action balance equation responsible for the generation, propagation, and dissipation of waves. 101 

The domain of the model encompasses the northwest region of the Gulf of Mexico, 102 

geographically ranging from 22°N to 32°N and from 100°W to 86°W. Within the flow model, 103 

the grid consists of approximately 280,000 cells of varying resolutions to accurately capture 104 

different scale features. The grid resolution is finer in the HGA with cells sized 60 m × 60 m, 105 

whereas further offshore, the resolution is coarser with cell sizes of 5 km ×10 km. The grid of the 106 

wave model is distinct from that of the flow model and consists of multiple nested grids. The 107 

outermost grid covers the full extent of the modeling domain, matching the flow model’s spatial 108 

reach. Nested within this, the intermediate nested grid covers the HGA with a resolution of 500 109 

m × 500 m, and the smallest grid focuses on the coastline and Galveston Island with a finer 110 

resolution of 150 m × 150 m (Xu et al., 2023). Figure 3 illustrates the domain and grid structures 111 

of the flow and wave models. 112 

Model stability is a critical concern, and setting a proper simulation time step is essential for 113 

maintaining it. The flow model has a time step automatically adjusted to keep the maximum 114 

Courant number less than 0.5, while the wave model is run in its stationary mode and updates 115 

hourly. The coupling of the flow and wave models takes place at intervals of 1 hour, allowing for 116 

interaction between models without compromising the stability or accuracy of the simulations.  117 



 118 

Figure 3. Domain and grid structures of the models, where blue indicates the coastline: (a) full extent of 119 

the domain and grid of the flow model, the red box indicates the refined grid; (b) the refined grid of the 120 

flow model in the HGA; (c) full extent of the domain and grid of the wave model, the red box indicates 121 

the nested grids; (d) the nested grids of the wave model in the HGA 122 

We sourced global bathymetry from the General Bathymetric Chart of the Oceans 123 

(GEBCO) 2023, providing a 15-arc second spatial grid (GEBCO, 2023). For high-resolution 124 

topography data in the HGA, we used the National Centers for Environmental Information 125 

(NCEI) Coastal Relief Model with a 1-arc second grid (NOAA, 2023). For depicting variations 126 

in land and ocean roughness in the flow model, Manning’s n coefficients are derived according 127 



to land cover classifications from the National Land Cover Database (NLCD) (Bunya et al., 128 

2010; Dewitz, 2023). In addition, the air-sea drag coefficient is crucial for both storm surge and 129 

wave prediction (Charnock, 1955). In the study, we compared the air-sea drag coefficients of 130 

Makin (2005) and Zweers, Makin, de Vries, and Burgers (2010), then adopted Zweers et al. 131 

(2010)’s one. For scenarios that include the Ike Dike barriers, these structures are implemented 132 

as fixed weirs in D-Flow FM; these prohibit flow exchange between the two adjacent cells up to 133 

an assigned crest level. 134 

 135 

2.1.2. Hurricane model 136 

To simulate the hurricanes in the hydrodynamic model, hurricane track data are spatialized 137 

into spiderweb pressure and wind velocity fields to serve as input data to the storm surge and 138 

wave models. Using Holland’s model (Holland, 1980), the air pressure and tangential wind 139 

velocity fields are computed as follows:  140 

 𝑃(𝑟) = 𝑃𝑐 + (𝑃𝑛 − 𝑃𝑐) exp (−
𝐴

𝑟𝐵
), (1) 

 𝑉𝑔(𝑟) =
√
𝐴𝐵(𝑃𝑛 − 𝑃𝑐) exp (−

𝐴
𝑟𝐵
)

𝜌𝑟𝐵
+
𝑓2𝑟2

4
−
𝑓𝑟

2
, (2) 

where 𝑃(𝑟) is surface pressure at a distance 𝑟 from the center of hurricane, 𝑃𝑐 is central surface 141 

pressure, 𝑃𝑛  is ambient surface pressure (=1015 hPa), 𝑉𝑔(𝑟)  is tangential wind velocity at a 142 

distance 𝑟 from the center of the hurricane, 𝜌 is density of air (=1.2 kg/m³), 𝑓 is the Coriolis 143 

parameter, and 𝐴  and 𝐵  are Holland model parameters. By comparing the accuracy of the 144 

hurricane models using different methods of estimating model parameters (Vickery & Wadhera, 145 

2008; Willoughby & Rahn, 2004), the parameters are estimated by Holland, Belanger, and Fritz 146 

(2010) as follows: 147 

 𝐴 = (𝑅𝑚𝑎𝑥)
𝐵, (3) 

 𝐵 =
𝜌𝑒(𝑉𝑚𝑎𝑥)

2

𝑃𝑛 − 𝑃𝑐
 , (4) 



where 𝑅𝑚𝑎𝑥  is the radius of maximum sustatined wind, 𝑒  is the Euler number, and 𝑉𝑚𝑎𝑥  is 148 

maximum 10-m ground relative wind speed. Since 𝑉𝑔(𝑟)  cannot represent the hurricane’s 149 

asymmetric structure due to the interaction with steering flow caused by hurricane translation, 150 

the original Holland model was improved to represent the translation. Xie, Bao, Pietrafesa, Foley, 151 

and Fuentes (2006) is used to implement new wind vector, which achieves better accuracy than 152 

rescaling 𝑉𝑔(𝑟) with any additional coefficient (Kalourazi, Siadatmousavi, Yeganeh-Bakhtiary, 153 

& Jose, 2020): 154 

 𝐕(𝑟, 𝜃) = 𝐕𝐠(𝑟, 𝜃) + 0.5𝐕𝐭, (5) 

 𝐕𝐠(𝑟, 𝜃) = (
𝑉𝑔(𝑟) cos(𝜃 + 𝛽)

𝑉𝑔(𝑟) sin(𝜃 + 𝛽)
) , 𝐕𝐭 = (

𝑉𝑡 cos 𝛼

𝑉𝑡 sin 𝛼
),   (6) 

where 𝐕 is the wind velocity vector at a distance 𝑟 from the center of the hurricane and at an 155 

azimuth of 𝜃, 𝑉𝑡 is the hurricane translation speed, 𝛽 is the angle of inflow, and 𝛼 is the angle 156 

from the direction of the hurricane translation. 𝛽  represents the friction effects caused by 157 

hurricane translation obtained as follows (Graham & Nunn, 1959):  158 

 𝛽(𝑟) =

{
 
 

 
 

10𝑟

𝑅𝑚𝑎𝑥
, 𝑟 < 𝑅𝑚𝑎𝑥

10 + 75 (
𝑟

𝑅𝑚𝑎𝑥
− 1) , 𝑅𝑚𝑎𝑥 ≤ 𝑟 < 1.2𝑅𝑚𝑎𝑥

25, 𝑟 ≥ 1.2𝑅𝑚𝑎𝑥

 (7) 

 For storm surge simulations, it is necessary to use at least 10-minute average wind speeds 159 

since these provide a more stable estimate of the wind’s force over time, compared to shorter 160 

averaging periods (Deltares, 2024c). The 1-minute average wind speeds from our track data were 161 

converted to 10-minute average wind speeds using a Gust factor, which is a numerical value that 162 

represents the ratio between the peak wind gust over a specific duration and the average wind 163 

speed for a period of time (Krayer & Marshall, 1992). The conversion factor from 1-minute to 164 

10-minute average wind speeds is determined by dividing the 10-minute Gust factor (1.08) by 165 

the 1-minute Gust factor (1.32). As a result, we get a conversion factor of 0.818, which must be 166 

applied to  𝑉𝑚𝑎𝑥 for each hurricane so that the equivalent 10-minute average wind speed can be 167 

estimated. 168 

 169 



2.1.3. Model Validation to Hurricane Ike 170 

To ensure the reliability and accuracy of our models, we validated the model by comparing 171 

the model outputs against water level (Figure 4), wind speed, and pressure (Figure 5) observed 172 

during Hurricane Ike, as well as overland inundation extent and depth (Figure 6). The tropical 173 

cyclone extended best track dataset (EBTRK) from Regional and Mesoscale Meteorology 174 

Branch (RAMMB) was used for the meteorological boundary condition input (Demuth, DeMaria, 175 

& Knaff, 2006). We validated model results against observed data from NOAA tide stations 176 

around Galveston Bay: 8771341 Galveston Bay Entrance (T1), 8771450 Galveston Pier 21 (T2), 177 

8771013 Eagle Point (T3), and 8770613 Morgans Point (T4), which are illustrated in Figure 1. 178 

Wind speed and pressure were also compared against observations from T1, T3, and T4. The 179 

observed wind data recorded were at 1.5 m above the ground and provided as 5-minute averages, 180 

needing a conversion to make it compatible with the model outputs. Using Krayer and Marshall 181 

(1992) and Allen, Pereira, Raes, and Smith (1998) the data was converted to 10-minute average 182 

wind speed at 10 m above the ground. Simulated inundation depth was compared to the 183 

Hurricane Ike inundation depth map created by the Harris County Flood Control District 184 

(HCFCD) (HCFCD, 2009). When simulating storm tide conditions for Hurricane Ike within the 185 

model, we applied astronomical tide data on the open boundary derived from regional and local 186 

models provided by OSU Tidal Inversion Software (OTIS) for the Gulf of Mexico with a 1/45° 187 

resolution (Egbert & Erofeeva, 2002). The performance of the model was evaluated using 188 

statistical measured of relative root-mean-square error (RRMSE) and R-squared values, 189 

described in Table 1. RRMSE is calculated as: 190 

 𝑅𝑅𝑀𝑆𝐸 = √
1

𝑁

∑ (𝑥𝑖 − 𝑥̂𝑖)2
𝑁
𝑖=1

∑ (𝑥̂𝑖)2
𝑁
𝑖=1

, (8) 

where 𝑁  is the length of data, 𝑥𝑖  is 𝑖 -th modeled data, and 𝑥̂𝑖  is 𝑖 -th observed data. These 191 

demonstrate strong agreement between modeled and observed data, affirming the reliability of 192 

the simulations conducted within our study. 193 



 194 

Figure 4. Comparison of the modeled water level to the observed water level during Hurricane Ike at 195 

different tide stations (relative to MSL): (a) T1 (8771341 Galveston Bay Entrance); (b) T2 (8771450 196 

Galveston Pier 21); (c) T3 (8771013 Eagle Point); (d) T4 (8770613 Morgans Point) 197 



 198 

Figure 5. Comparison of the modeled wind speed or pressure to the observed wind speed (converted to 199 

10-minute average 10-m ground wind speed) and pressure during Hurricane Ike at different tide stations: 200 

(a) wind speed at T1 (8771341 Galveston Bay Entrance); (b) wind speed at T3 (8771013 Eagle Point); (c) 201 

wind speed at T4 (8770613 Morgans Point); (d) pressure at T1; (e) pressure at T3; (f) pressure at T4 202 



 203 

Figure 6. Comparison of the maximum modeled inundation depth to the observed inundation depth map 204 

during Hurricane Ike: (a) observed flood depths (HCFCD, 2009) (b) simulated flood depths 205 

 206 

Table 1. Goodness of fit for modeled water level, wind speed, and pressure compared to the observed 207 

data at different tide stations during Hurricane Ike 208 

Parameter Station RRMSE R² 

Water level 

T1 0.0321 0.9343 

T2 0.0244 0.8707 

T3 0.0200 0.9194 

T4 0.0387 0.7373 

Wind speed 

T1 0.0509 0.8365 

T3 0.0412 0.7613 

T4 0.0637 0.7651 

Pressure 

T1 0.0029 0.8463 

T3 0.0025 0.9141 

T4 0.0026 0.8740 



 209 

2.2. Probabilistic Flood Depth Predictions 210 

2.2.1. Climate scenarios and synthetic hurricane tracks 211 

For this study, we utilized sets of synthetic hurricane tracks statistically downscaled from 212 

three different CMIP6 general circulation models (GCMs) under present and projected future 213 

climates by WindRiskTech (Emanuel, Sundararajan, & Williams, 2008). The GCMs used 214 

include: the Canadian Earth System Model (CanESM), the Geophysical Fluid Dynamics 215 

Laboratory (GFDL) model, and the Hadley Centre Global Environmental Model (HadGEM). 216 

From each GCM, the synthetic dataset comprised 4,500 hurricane tracks spanning a period of 30 217 

years. The present dataset covers the years 1981 to 2010 based on the simulations of 20
th

 century 218 

climate, while the future dataset is for 2071 to 2100 under the Intergovernmental Panel on 219 

Climate Change’s (IPCC’s) very high greenhouse gas (GHG) emission scenario SSP5-8.5 220 

(Shared Socio-economic Pathway) (IPCC, 2023). Each track in the dataset contains data at 2-221 

hour intervals, including information on the cyclone’s geographical position (latitude and 222 

longitude), central surface pressure, maximum 10-m ground relative wind speed, and the radius 223 

of maximum winds.  224 

Since limitations of our available computing facilities made it impractical to simulate all 225 

4,500 hurricane tracks, we narrowed down our focus to those cyclones that could have a major 226 

impact on the HGA. To select the relevant cyclone tracks for simulation, two main filtering 227 

criteria were considered: landfall location and storm intensity. First, only the tracks are included 228 

where the hurricanes made landfall to the west of the longitudinal line 93.78°W, which is 229 

approximately 50 kilometers east of Galveston Bay. This ensured that the simulated storms were 230 

ones that could affect the HGA. Then, the Saffir-Simpson Hurricane Wind Scale was used to 231 

categorize the storms based on their maximum wind speeds (Simpson, 1974). We focused on 232 

major hurricanes, which are defined as category 3 (with wind speeds of 111 – 129 mph), 233 

category 4 (130 – 156 mph), and category 5 (157 mph or higher). Only hurricanes that reached 234 

these thresholds when positioned north of 27.5°N, in proximity to Galveston Bay, were 235 

evaluated with hydrodynamic simulations. There are also other important metrics to be 236 

considered in selecting cyclones, such as angle of approach, radius of maximum winds, and 237 

hurricane translation speed (Chouinard, Liu, & Cooper, 1997; FEMA, 2008). The synthetic 238 



hurricane tracks applied here account for a large range of variation in each of these metrics. 239 

However, the research team lacked sufficient computational power to simulate storm surge for 240 

all synthetic tracks in the database, so a choice we made to only consider major hurricanes 241 

(category 3, 4, or 5) that make landfall with 50 km of HGA. 242 

As a result, 118 synthetic tracks were selected for the CanESM under the present climate 243 

scenario and 191 tracks under the future climate scenario. For the GFDL model, 284 and 484 244 

tracks were selected for the present and future climate, respectively. For the HadGEM, 206 245 

tracks were used for the present climate and 269 tracks for the future climate. Figure 7 illustrates 246 

the synthetic tracks and the number of tracks for each climate scenario. In order to consider the 247 

potential impacts of back surge, all the hurricanes were simulated until they dissipated over land, 248 

which occurred after they passed over Galveston Bay.  249 



 250 

Figure 7. Illustrations of the synthetic tracks selected for simulations with the number of tracks under 251 

different climate scenarios: (a) CanESM for the present climate; (b) CanESM for the future climate; (c) 252 

GFDL-6.0 for the present climate; (d) GFDL-6.0 for the future climate; (e) HadGEM-6.0 for the present 253 

climate; (f) HadGEM-6.0 for the future climate 254 

 255 



2.2.2. Relative sea level rise 256 

In future climate scenarios, SLR is considered one of the most significant factors affecting 257 

coastal areas, making them increasingly vulnerable to the impacts of storm surges (Yang et al., 258 

2014). There are two components to SLR: global SLR and regional SLR. The cumulative effect, 259 

which is known as relative SLR, is determined by summing the global and regional SLRs. 260 

Global SLR is predominantly driven by global warming, which contributes to rising sea 261 

levels through mechanisms such as the melting of ice sheets and glaciers, as well as the thermal 262 

expansion of seawater (Sweet et al., 2022). The extent of future global SLR strongly depends on 263 

GHG emission scenarios. To align with the scenarios conceived in our GCMs, we assume a very 264 

high GHG emission scenario. According to IPCC (2023), under this scenario, the global SLR 265 

relative to the baseline period of 1995 – 2017 is projected to be 0.20 – 0.29 m by 2050, 266 

escalating to 0.63 – 1.01 m by 2100. For the purposes of extreme value analysis and flood 267 

mapping across specific return periods, a constant SLR must be presumed for the future storm 268 

events in 2071 – 2100. Therefore, a steady global SLR is assumed corresponding to the estimate 269 

for the year 2085, which is the midpoint of the 30-year period to be used in the extreme value 270 

analysis as a consistent SLR value, projected to be 0.48 – 0.75 m. Three global SLR scenarios 271 

are utilized for the research: 0.48 m (scenario 1), 0.57 m (scenario 2), and 0.75 m (scenario 3). 272 

On the other hand, regional SLR is influenced by changes in the ocean’s circulation patterns 273 

and density, alterations in Earth’s gravity and rotation, and vertical land movements including 274 

both subsidence and uplift (Sweet et al., 2022). Therefore, it has to be evaluated separately from 275 

global SLR. According to (Sweet et al., 2022), regional SLR in the HGA relative to 2000 is 276 

projected to reach 0.6 m by 2100 and 0.9 m by 2150. By interpolation, we estimate that the 277 

regional SLR by 2085 would be approximately 0.51 m. Considering both global and regional 278 

SLR projections, three relative SLR scenarios are constructed for our research: 0.99 m (scenario 279 

1), 1.08 m (scenario 2), and 1.26 m (scenario 3), which are the projected relative SLR by 2085. 280 

These scenarios are instrumental in evaluating the potential risks and impacts of storm surge on 281 

coastal regions in the face of climate change. 282 

Each flooding scenario is constructed by combining an SLR projection, a GCM, and either 283 

the presence or absence of the Ike Dike barriers (Table 2). 284 



Table 2. Flooding scenario numbers under different GCMs, SLR projections, and the presence or absence 285 

of the Ike Dike barriers, where X means ‘without the Ike Dike’ and O means ‘with the Ike Dike’ 286 

Present / 

Future 
 SLR scenario GCM Ike Dike 

Flooding 

Scenario # 

Present - 

CanESM 
X 1 

O 2 

GFDL-6.0 
X 3 

O 4 

HadGEM-6.0 
X 5 

O 6 

Future 

SLR Scenario 1 

(0.99 m) 

CanESM 
X 7 

O 8 

GFDL-6.0 
X 9 

O 10 

HadGEM-6.0 
X 11 

O 12 

SLR Scenario 2 

(1.08 m) 

CanESM 
X 13 

O 14 

GFDL-6.0 
X 15 

O 16 

HadGEM-6.0 
X 17 

O 18 

SLR Scenario 3 

(1.26 m) 

CanESM 
X 19 

O 20 

GFDL-6.0 
X 21 

O 22 

HadGEM-6.0 
X 23 

O 24 

 287 

2.2.3. Tidal boundary conditions 288 

This study assumes a constant tide level representing the mean higher high water (MHHW) 289 

condition (Ke et al., 2021), which is the average of the highest tidal levels recorded daily over a 290 



19-year period, as observed at tide stations (NOAA, 2000). This assumption implies that the 291 

MHHW occurs simultaneously at all locations across our model, simplifying the baseline water 292 

level against which storm surges are evaluated. To determine the MHHW level specific to the 293 

HGA, the observed MHHW from nearby tide stations was arithmetically averaged, resulting in a 294 

tidal level of 0.18 m relative to mean sea level (MSL). This MHHW level is then consistently 295 

added to the initial water level in our model, which operates at a datum of MSL. For the present 296 

climate scenarios, the initial water level is set as 0.18 m, reflecting the MHHW without 297 

additional SLR. Considering relative SLR projections and MHHW, the initial water level for 298 

simulations is adjusted to 1.17 m, 1.26 m, and 1.44 m for SLR scenarios 1, 2, and 3, respectively. 299 

As in the setup for validation, to mitigate long wave reflections at the model boundaries, we 300 

employ a weakly reflective Riemann boundary condition (Deltares, 2024a). 301 

 302 

2.2.4. Extreme value analysis 303 

By simulating storm surges for each scenario using the hydrodynamic model, we produce 304 

30-year annual flood maps that present the maximum flood depths experienced at every location 305 

within a given year. From the annual maximum flood depths, we then generate maps 306 

representing specific annual exceedance probability floods. To achieve this, extreme value 307 

analysis is conducted using probability distribution functions, allowing us to estimate the flood 308 

depths associated with specific return periods at each computational cell of the storm surge 309 

model. The process is summarized as follows (Bedient, Huber, & Vieux, 2019):  310 

1. Rank the annual flood depths recorded over 30 years for each model grid cell in 311 

descending order. If there are 𝑛0  zeros out of 30 (= 𝑛 ) data, calculate the discrete 312 

probability of zero depth occurrence (𝑃0) as 𝑃0 = 𝑛0/𝑛. 313 

2. Fit the non-zero flood depth data to an appropriate probability distribution. The 314 

maximum likelihood estimation (MLE) method is employed to derive the parameters of 315 

the distribution. Denote the cumulative distribution function (CDF) of this distribution 316 

function of non-zero data as 𝐹𝑋,0. 317 

3. Adjust the total probability within the distribution to reflect the probability of non-zero 318 

events, scaling the overall probability mass to (1 − 𝑃0) instead of 1. The base value of 319 



the CDF is set to 𝑃0 to account for the occurrence of zero-depth events. The CDF for the 320 

full dataset (𝐹𝑋) is geven by:  321 

 𝐹𝑋(𝑥) = {
𝑃0, 𝑥 = 0

𝑃0 + (1 − 𝑃0)𝐹𝑋,0(𝑥), 𝑥 > 0
 (9) 

4. Match 𝐹𝑋  to the theoretical plotting position (𝐹𝑚) which calculates the expected CDF 322 

value for each rank 𝑚 given by Gringorten (1963): 323 

 𝐹𝑚 = 1 −
𝑚 − 0.4

𝑛 + 1 − 0.8
. (10) 

The goodness of fit of the probability distribution is evaluated using root-mean-square error 324 

(RMSE) and the R-square values. These metrics assess the accuracy and the strength of 325 

the fit. 326 

5. Compute the flood depth for a given return period. 327 

The generalized extreme value (GEV) distribution probability distribution is adopted in this 328 

study. The GEV distribution is particularly suitable for our purpose because of its flexibility and 329 

its widespread adoption in extreme value analysis (Ke, Jonkman, van Gelder, & Bricker, 2018; 330 

Loaiza et al., 2022; van den Brink, Können, & Opsteegh, 2003), and it has been widely used in 331 

significant projects, such as Federal Emergency Management Agency’s (FEMA’s) flood map 332 

project (FEMA, 2023). The CDF of the GEV distribution is expressed as follows: 333 

 𝐹𝑋,0(𝑥) =

{
 
 

 
 
exp [− {1 + 𝜉 (

𝑥 − 𝜇

𝜎
)}
−
1
𝜉
] , 𝜉 ≠ 0,   1 + 𝜉 (

𝑥 − 𝜇

𝜎
) > 0

exp {−exp (−
𝑥 − 𝜇

𝜎
)} , 𝜉 = 0

, (11) 

where 𝜉 is a shape parameter, 𝜇 is a location parameter, and 𝜎 is a scale parameter. The value of 334 

𝜉 determines the form of the distribution: Frechet distribution for 𝜉 > 0, Gumbel distribution for 335 

𝜉 = 0, and inverse Weibull distribution for 𝜉 < 0. In our extreme value analysis, there was an 336 

issue of excessively high flood depth estimates for the 100-year and 500-year return periods 337 

while using the Frechet distribution, corresponding to a positive value of 𝜉. To achive a more 338 

realistic estimate of flood depths, our approach is to constrain the value of 𝜉 to 0 if it is positive. 339 

These forces provide a more practical fit for the flood depth data and preventing overestimation 340 



of the flood risk for extreme events. The use of this distribution is justified by comparing its 341 

goodness of fit to that of the Gumbel and Weibull distributions, both of which are also 342 

recommended for flood map projects by FEMA (FEMA, 2023). Comparison of the results is 343 

shown in Table 3. 344 

Table 3. Comparison of goodness of fit for CDFs of the flood depth compared to the theoretical plotting 345 

position using the mean of RMSEs and R²s at all computational cells 346 

Flooding 

Scenario # 

Gumbel Weibull GEV 

RMSE R² RMSE R² RMSE R² 

1 0.0575 m 0.9179 0.0462 m 0.9419 0.0350 m 0.9627 

2 0.0432 m 0.9348 0.0356 m 0.9476 0.0305 m 0.9596 

3 0.0365 m 0.9479 0.0356 m 0.9511 0.0314 m 0.9569 

4 0.0362 m 0.9522 0.0385 m 0.9521 0.0305 m 0.9637 

5 0.0324 m 0.9495 0.0328 m 0.9497 0.0297 m 0.9526 

6 0.0351 m 0.9431 0.0351 m 0.9456 0.0303 m 0.9581 

7 0.0528 m 0.9469 0.0422 m 0.9635 0.0362 m 0.9724 

8 0.0428 m 0.9322 0.0410 m 0.9361 0.0363 m 0.9437 

9 0.0458 m 0.9587 0.0375 m 0.9692 0.0351 m 0.9745 

10 0.0435 m 0.9381 0.0394 m 0.9430 0.0380 m 0.9446 

11 0.0473 m 0.9464 0.0402 m 0.9589 0.0402 m 0.9591 

12 0.0339 m 0.9333 0.0373 m 0.9314 0.0324 m 0.9451 

13 0.0535 m 0.9461 0.0427 m 0.9632 0.0362 m 0.9727 

14 0.0435 m 0.9358 0.0418 m 0.9358 0.0366 m 0.9449 

15 0.0463 m 0.9594 0.0380 m 0.9696 0.0355 m 0.9746 

16 0.0440 m 0.9394 0.0394 m 0.9452 0.0386 m 0.9457 

17 0.0426 m 0.9556 0.0423 m 0.9582 0.0378 m 0.9634 

18 0.0340 m 0.9306 0.0375 m 0.9285 0.0327 m 0.9446 

19 0.0552 m 0.9442 0.0440 m 0.9622 0.0364 m 0.9733 

20 0.0443 m 0.9378 0.0423 m 0.9403 0.0363 m 0.9521 

21 0.0472 m 0.9596 0.0389 m 0.9698 0.0360 m 0.9749 

22 0.0440 m 0.9423 0.0388 m 0.9486 0.0388 m 0.9485 

23 0.0427 m 0.9586 0.0433 m 0.9595 0.0379 m 0.9657 



24 0.0352 m 0.9339 0.0385 m 0.9327 0.0338 m 0.9472 

 347 

2.3. Flood Risk Estimations 348 

2.3.1. Property damages and damage curves 349 

In advance of estimating the flood risk for each flooding scenario, we compute the flood 350 

damages for different annual exceedance probability floods. This study focuses on the total flood 351 

damage, which refers to the cumulative damage to residential properties in the HGA, specifically 352 

in Harris and Galveston Counties, TX. For this analysis, we utilize the database of CoreLogic, 353 

Inc., which includes the locations (latitude and longitude at the parcel level) and assessed values 354 

of residential properties as of 2021. The dataset used in the study comprises 1,243,195 residential 355 

properties in Harris County and 132,029 in Galveston County, amounting to 1,375,224 properties 356 

considered for flood damage assessment, regardless of the property’s elevation or material. 357 

Among these properties, 1,058,642 properties are owner-occupied, 281,674 are owner-absent, 358 

and remaining properties are unidentified. Figure 8 illustrates these properties on a gridded map 359 

of the HGA. 360 

To estimate flood damages, each property is matched to its corresponding computational 361 

cell on the return period flood map generated by the storm surge model. The flood depth at the 362 

property location is assumed to equal the flood depth within that cell. We then compute the 363 

damage ratio for each property using established residential building damage curves, which 364 

represent the relationship between flood depth and the damage ratio (DR). Three different 365 

damage curves are employed: (1) Xu et al. (2023), a regional damage curve derived from the 366 

Hurricane Ike event and the National Flood Insurance Program (NFIP) database, (2) North 367 

America global data from Huizinga, de Moel, and Szewczyk (2017), and (3) local FEMA survey 368 

data from Tomiczek, Kennedy, and Rogers (2014), which are illustrated in Figure 9. The flood 369 

damage for each property is then computed by multiplying the assessed property value by the 370 

corresponding DR. If the properties are not flooded, DR is set to 0 although the DR is greater 371 

than 0 with zero flood depth under the curves of Huizinga et al. (2017) and Tomiczek et al. 372 

(2014). For the future scenarios, DR is set to 1 for the properties submerged by SLR, and the 373 

flood damage caused by SLR is separated from the damage caused by storm surge to isolate the 374 



impact of the Ike Dike on storm surge risk. Finally, the total flood damage is calculated as the 375 

sum of the flood damages for all properties.  376 

 377 

Figure 8. Illustration of the locations of residential properties (black dots) included in the damage 378 

analysis  379 



 380 

Figure 9. Comparison of residential building damage curves using the data from Xu et al. (2023), 381 

Huizinga et al. (2017), and Tomiczek et al. (2014) 382 

 383 

2.3.2. Expected annual damages 384 

To quantify flood risk, the expected annual damage (EAD) is used as an estimate of the risk 385 

integrated over a range of return periods (Arnell, 1989). EAD can be approximated using the 386 

mid-range method as follows: 387 

 𝐸𝐴𝐷 =∑(𝑃𝑖 − 𝑃𝑖+1)
𝐷𝑖+1 + 𝐷𝑖

2
,

𝑁

𝑖=0

    (12) 



𝑃0 = 1, 𝐷0 = 0, 𝑃𝑁+1 = 0, 𝐷𝑁+1 = 𝐷𝑁 

where 𝑁 is the number of flood events considered, 𝑃𝑖 is the exceedance probability for the 𝑖-th 388 

flood event, and 𝐷𝑖  is the damage for the 𝑖-th flood event. This method calculates EAD by 389 

averaging the damages between successive flood events weighted by the difference in their 390 

annual exceedance probabilities. Such the method is sensitive to the selection of probability 391 

increments, so we derive EAD using three different sets of return periods for comparison: (1) 10, 392 

25, 50, 100, 500 years (FEMA, 2013), (2) 5, 10, 25, 50, 100 years (Arnell, 1989), and (3) 2, 5, 393 

10, 20, 50, 100, 500, 1000, 5000, 10000 years (Tariq, 2013).  394 

 395 

3. RESULTS 396 

3.1. Probabilistic Flood Depth Predictions 397 

Using the modified GEV distribution, we determined the flood depths for return periods of 398 

2, 5, 10, 20, 50, 100, 500, 1000, 5000, and 10,000 years for each flooding scenario. Figure A1 399 

represents the predicted 100-year flood maps for the present climate (scenarios 1 – 6), while 400 

Figure A2 shows the predictions for the future climate (scenarios 7 – 24). The results indicate 401 

that synthetic storm tracks downscaled from the GFDL model generate the largest floods in terms 402 

of depth and flooded area, followed by those from the HadGEM, with the smallest floods 403 

produced by the CanESM, regardless of whether the scenario pertains to the present or future 404 

climate. For the future scenarios, Chambers County, TX, exhibits the largest submerged area due 405 

to SLR, followed by Galveston County, TX, which includes Galveston Island and Bolivar 406 

Peninsula. Harris County, TX, is the least affected by SLR.  407 

Comparing flood maps across scenarios with and without the Ike Dike reveals that the Ike 408 

Dike effectively protects the area along Galveston Bay from storm surges. According to Figure 409 

10, the 100-year flood depth is reduced by up to 5 m under present climate scenarios, and by 1 – 410 

3 m along Galveston Bay and more than 3 m inside the existing Texas City Dike under future 411 

climate scenarios. Additionally, Figure 11 shows that most of the reduced flooded areal extent 412 

due to the Ike Dike is concentrated around Galveston Bay. However, the Ike Dike does not 413 

significantly reduce flood depth in the regions west of Galveston Island and east of the Bolivar 414 

Peninsula. In these regions, the flood depth difference does not exceed 2 m under the present 415 



climate or 1 m under the future climate (Figure 10). In some areas, the flood depth is even higher 416 

with the Ike Dike than without it, as surges that cannot pass through the Ike Dike accumulate 417 

outside it, leading to higher surges there.  418 

In the entire HGA, the area-weighted average flood depth is reduced by 1 – 1.25 m under 419 

the present climate, which represents a reduction of 35 – 37% compared to the depth without the 420 

Ike Dike. The flooded areal extent under the present climate is reduced by 520 – 800 km², which 421 

is 6 – 6.5% of the original flooded area. For future climate scenarios, the difference in area-422 

weighted average flood depth is 0.90 – 1.05 m, for a reduction of 26 – 32.5%. The difference in 423 

the flooded areal extent is 455 – 585 km², accounting for a reduction of 3.8 – 5.1%. These results 424 

indicate that the Ike Dike can reduce both flood depth and flooded area more effectively for 425 

present climate scenarios compared to future climate scenarios. These results for area-weighted 426 

average flood depth and flooded areal extent are listed in Table 4. 427 

 428 



 429 

Figure 10. Difference in the 100-year flood depths between scenarios without and with the Ike Dike for 430 

each flooding scenario. The black solid lines are existing seawalls and the proposed barrier system, and 431 

the black dashed line is the coastline under present conditions: (a) scenarios 1 and 2; (b) scenarios 3 and 432 

4; (c) scenarios 5 and 6; (d) scenarios 7 and 8; (e) scenarios 9 and 10; (f) scenarios 11 and 12  433 



 434 

Figure 10. (g) scenarios 13 and 14; (h) scenarios 15 and 16; (i) scenarios 17 and 18; (j) scenarios 19 and 435 

20; (k) scenarios 21 and 22; (l) scenarios 23 and 24 (cont’d) 436 

  437 



 438 

Figure 11. Flooded areal extent under scenarios without (blue area) and with (pink area) the Ike Dike for 439 

each flooding scenario. The black solid and dashed lines are the same as Figure 10: (a) scenarios 1 and 2; 440 

(b) scenarios 3 and 4; (c) scenarios 5 and 6; (d) scenarios 7 and 8; (e) scenarios 9 and 10; (f) scenarios 11 441 

and 12 442 



 443 

Figure 11. (g) scenarios 13 and 14; (h) scenarios 15 and 16; (i) scenarios 17 and 18; (j) scenarios 19 and 444 

20; (k) scenarios 21 and 22; (l) scenarios 23 and 24 (cont’d) 445 

 446 



Table 4. Difference in area-weighted average 100-year flood depth and flooded areal extent between 447 

scenarios without and with the Ike Dike for each flooding scenario 448 

Present 

/ Future 

SLR 

Scenario 
GCM 

(Difference) = (No Ike Dike) – (Ike Dike) 

[Percent Reduction] 

Area-weighted Average 

Flood Depth 
Flooded Areal Extent 

Present - 

CanESM 
1.015 m 

[37.00%] 

521.32 km² 

[6.40%] 

GFDL-6.0 
1.251 m 

[35.29%] 

803.14 km² 

[5.98%] 

HadGEM-6.0 
1.245 m 

[36.40%] 

791.24 km² 

[6.25%] 

Future 

SLR 

Scenario 1 

(0.99 m) 

CanESM 
1.047 m 

[31.35%] 

584.08 km² 

[5.01%] 

GFDL-6.0 
1.001 m 

[28.85%] 

546.51 km² 

[4.21%] 

HadGEM-6.0 
1.064 m 

[32.59%] 

536.89 km² 

[4.97%] 

SLR 

Scenario 2 

(1.08 m) 

CanESM 
1.019 m 

[30.58%] 

544.49 km² 

[4.74%] 

GFDL-6.0 
0.976 m 

[28.21%] 

531.67 km² 

[4.16%] 

HadGEM-6.0 
1.051 m 

[32.44%] 

547.73 km² 

[5.12%] 

SLR 

Scenario 3 

(1.26 m) 

CanESM 
0.944 m 

[28.25%] 

485.21 km² 

[4.24%] 

GFDL-6.0 
0.902 m 

[26.13%] 

491.87 km² 

[3.86%] 

HadGEM-6.0 
0.953 m 

[29.27%] 

455.29 km² 

[4.25%] 

  449 



3.2. Flood Damages for Probability Increments 450 

By applying damage curves to the predicted probabilistic flood depths for each residential 451 

property, we estimate the total flood damages for each annual exceedance probability. Then the 452 

EAD is computed for different sets of probability increments as described in Section 2.3.2. 453 

Figure 12 presents the plots of flood damage for specific annual exceedance probabilities using 454 

different probability increment sets under flooding scenario 1. It shows that flood damages from 455 

higher annual exceedance probabilities (2, 5, and 10 years) occupy a significant portion of the 456 

shaded area, implying their importance in the estimation of EAD. Additionally, a set with a 457 

higher number of probability increments provides a more accurate EAD estimate than a set with 458 

fewer increments. Therefore, we have chosen to use the set of probability increments from 459 

(Tariq, 2013) to estimate EAD for all flooding scenarios.  460 

Figure 13 and Table 5 compare the total flood damages under scenarios without and with 461 

the Ike Dike (flooding scenarios 1 and 2, scenarios 23 and 24) for specific probability increments 462 

or return periods. Regardless of damage function applied, the total damage under flooding 463 

scenario 2, with the Ike Dike, is approximately one-third the damage under scenario 1, without 464 

the Ike Dike. Also, flooding scenario 24, with the Ike Dike, incurs total damage of about 40 – 465 

60% compared to scenario 23, without the Ike Dike. As a result, the Ike Dike is expected to 466 

reduce total damage in the HGA by about 40 – 70%, which would significantly reduce the risk 467 

zone.  468 



 469 

Figure 12. Comparison of total flood damages for specific annual exceedance probabilities under 470 

flooding scenario 1. The left-side plots use a logarithmic scale x-axis, while the right-side plots use a 471 

linear scale x-axis. The shaded area represents the EAD. Damages are estimated using three damage 472 

curves: (a) Xu et al. (2023); (b) Huizinga et al. (2017); (c) Tomiczek et al. (2014) 473 

 474 



 475 

Figure 13. Comparison of total flood damages for specific annual exceedance probabilities under the 476 

scenarios without and with the Ike Dike: (a) scenarios 1 and 2 with Xu et al. (2023); (b) scenarios 23 and 477 

24 with Xu et al. (2023); (c) scenarios 1 and 2 with Huizinga et al. (2017); (d) scenarios 23 and 24 with 478 

Huizinga et al. (2017); (e) scenarios 1 and 2 with Tomiczek et al. (2014); (f) scenarios 23 and 24 with 479 

Tomiczek et al. (2014) 480 

  481 



Table 5. Comparison of the total flood damages for specific return periods under flooding scenarios 1, 2, 482 

23, and 24 (unit: USD 1 billion) 483 

Damage 

Curves 

Return 

Period 

(year) 

Flooding Scenario # 

1 2 
Percent 

Reduction 
23 24 

Percent 

Reduction 

Xu et al.  

(2023) 

2 7.4642 1.6399 78.03% 23.807 10.246 56.96% 

5 10.146 2.8996 71.24% 31.025 15.551 49.88% 

10 11.077 3.3088 70.13% 35.983 19.131 46.83% 

20 11.677 3.6073 69.11% 38.530 22.229 42.31% 

50 12.200 3.8542 68.41% 40.332 24.235 39.91% 

100 12.495 3.9914 68.06% 41.197 25.242 38.73% 

500 12.993 4.2175 67.54% 42.391 26.691 37.04% 

1000 13.157 4.2889 67.40% 42.702 27.078 36.59% 

Huizinga 

et al. 

(2017) 

2 9.2801 2.4197 73.93% 26.121 13.295 49.10% 

5 11.884 3.7426 68.51% 32.869 18.658 43.24% 

10 12.763 4.1112 67.79% 38.081 21.845 42.64% 

20 13.249 4.4008 66.78% 40.123 24.571 38.76% 

50 13.588 4.5633 66.42% 41.440 25.862 37.59% 

100 13.776 4.6534 66.22% 42.125 26.559 36.95% 

500 14.089 4.8010 65.92% 43.184 27.687 35.89% 

1000 14.191 4.8492 65.83% 43.504 28.035 35.56% 

Tomiczek 

et al. 

(2014) 

2 5.3163 1.1166 79.00% 17.327 7.0646 59.23% 

5 7.3442 2.0492 72.10% 23.088 10.776 53.33% 

10 8.0874 2.3941 70.40% 26.961 13.426 50.20% 

20 8.5370 2.6495 68.96% 29.209 15.822 45.83% 

50 8.9248 2.8507 68.06% 31.074 17.729 42.94% 

100 9.1507 2.9644 67.60% 32.076 18.797 41.40% 

500 9.5476 3.1534 66.97% 33.704 20.493 39.20% 

1000 9.6835 3.2149 66.80% 34.237 21.012 38.63% 

 484 



3.3. Flood Risk Estimations 485 

The EAD calculated using three damage curves under all flooding scenarios is summarized 486 

in Table 6. The EAD varies depending on the synthetic storm data, and the damage curve used, 487 

and the SLR scenario. For the present scenarios, the EAD due to storm surges ranges from USD 488 

6.24 to 15.85 billion per year (bn/yr) without the Ike Dike, and from USD 2.62 to 6.16 bn/yr with 489 

the Ike Dike. For the future scenarios without the Ike Dike, EAD ranges from USD 14.46 to 490 

25.96 bn/yr under SLR scenario 1, from USD 14.87 to 26.66 bn/yr under SLR scenario 2, and 491 

from USD 15.83 to 28.16 bn/yr under SLR scenario 3. With the Ike Dike, EAD ranges from 492 

USD 5.78 to 14.72 bn/yr under SLR scenario 1, from USD 6.14 to 15.65 bn/yr under SLR 493 

scenario 2, and from USD 7.27 to 17.25 bn/yr under SLR scenario 3. The EAD increases as the 494 

sea level rises and decreases with the presence of the Ike Dike.  495 

Table 7 presents the difference in EAD between scenarios without and with the Ike Dike, 496 

illustrating the economic impact of the Ike Dike. The EAD difference ranges from USD 3.62 to 497 

10.16 bn/yr under present scenarios, from USD 8.68 to 12.47 bn/yr under the SLR scenario 1, 498 

from USD 8.74 to 12.54 bn/yr under the SLR scenario 2, and from USD 8.58 to 12.33 bn/yr 499 

under the SLR scenario 3. For the overall trend in the future, the mean EAD difference across all 500 

GCMs and damage curves used is USD 10.824 bn/yr under SLR scenario 1, USD 10.779 bn/yr 501 

under SLR scenario 2, and USD 10.559 bn/yr under SLR scenario 3. Although the EAD 502 

difference decreases as sea level rises, the change in difference is relatively minor. 503 

Absolute values of EAD difference are higher under future scenarios than under present 504 

scenarios. On the other hand, the percent reduction of the EAD is 58 – 68% under present 505 

scenarios, which is higher than under future scenarios. The future scenarios incur a percent 506 

reduction of 43 – 60% under SLR scenario 1, 41 – 59% under SLR scenario 2, and 39 – 56% 507 

under SLR scenario 3, showing a clear decreasing trend as sea level rises. These results are 508 

attributed to the fact that the absolute EAD without the Ike Dike increases with higher SLR 509 

values and stronger hurricane intensity. Regardless of the scenario, it is demonstrated that the Ike 510 

Dike substantially reduces the EAD in both present and future scenarios, highlighting its 511 

effectiveness in mitigating storm surge risks. 512 

 513 



Table 6. Comparison of the EAD caused by storm surge and SLR estimated by different damage curves 514 

for each flooding scenario (unit: USD 1 bn/yr) 515 

Flooding 

Scenario # 

Storm Surge 

SLR 
Xu et al.  

(2023) 

Huizinga et al. 

(2017) 

Tomiczek et al. 

(2014) 

1 8.1281 9.4370 6.2424 

0 

2 3.1473 3.7434 2.6253 

3 14.060 15.850 10.479 

4 4.5671 5.6864 3.7831 

5 13.197 15.491 9.8559 

6 4.8879 6.1621 3.9471 

7 21.401 22.712 15.935 

3.6328 

8 8.9297 11.071 6.2996 

9 24.055 25.957 17.946 

10 12.021 14.715 8.4168 

11 19.552 21.211 14.460 

12 8.2012 10.370 5.7848 

13 21.991 23.212 16.419 

3.9558 

14 9.4539 11.524 6.6800 

15 24.619 26.658 18.469 

16 12.963 15.645 9.0630 

17 20.122 21.753 14.873 

18 8.7786 10.861 6.1373 

19 23.115 24.252 17.384 

4.5552 

20 10.787 12.905 7.6938 

21 26.038 28.161 19.619 

22 14.595 17.250 10.244 

23 21.400 22.951 15.853 

24 10.406 12.594 7.2691 

 516 



Table 7. Difference in EAD caused by storm surge between scenarios without and with the Ike Dike for 517 

each flooding scenario (unit of difference: USD 1 bn/yr) 518 

Present 

/ Future 

SLR 

Scenario 
GCM 

Difference in EAD 

[Percent Reduction] 

Xu et al.  

(2023) 

Huizinga et al. 

(2017) 

Tomiczek et al. 

(2014) 

Present - 

CanESM 
4.9808 

[61.28%] 

5.6936 

[60.33%] 

3.6171 

[57.94%] 

GFDL-6.0 
9.4929 

[67.52%] 

10.163 

[64.12%] 

6.6963 

[63.90%] 

HadGEM-6.0 
8.3086 

[62.96%] 

9.3286 

[60.22%] 

5.9088 

[59.95%] 

Future 

SLR 

Scenario 1 

(0.99 m) 

CanESM 
12.471 

[58.27%] 

11.641 

[51.25%] 

9.6354 

[60.47%] 

GFDL-6.0 
12.034 

[50.03%] 

11.242 

[43.31%] 

9.5292 

[53.10%] 

HadGEM-6.0 
11.351 

[58.05%] 

10.841 

[51.11%] 

8.6752 

[59.99%] 

SLR 

Scenario 2 

(1.08 m) 

CanESM 
12.537 

[57.01%] 

11.688 

[50.35%] 

9.7390 

[59.32%] 

GFDL-6.0 
11.656 

[47.35%] 

11.013 

[41.31%] 

9.4060 

[50.93%] 

HadGEM-6.0 
11.343 

[56.37%] 

10.892 

[50.07%] 

8.7357 

[58.74%] 

SLR 

Scenario 3 

(1.26 m) 

CanESM 
12.328 

[53.33%] 

11.347 

[46.79%] 

9.6902 

[55.74%] 

GFDL-6.0 
11.443 

[43.95%] 

10.911 

[38.75%] 

9.3750 

[47.79%] 

HadGEM-6.0 
10.994 

[51.38%] 

10.357 

[45.13%] 

8.5839 

[54.15%] 
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4. DISCUSSION 520 

4.1. Sensitivity of Storm Surge Risk to Damage Curve 521 

To evaluate the variability of EAD with respect to different damage curves, we compute the 522 

coefficient of variation (CV) of EAD for each flooding scenario as follows (Table 8): 523 

 𝛿 =
𝜎

𝜇
, (13) 

where 𝜇 and 𝜎 are the mean and the standard deviation, respectively, of the three EAD values 524 

across three damage curves for each flooding scenario. The present scenarios show CVs around 525 

0.20. For future scenarios without the Ike Dike, the CV ranges from 0.17 to 0.20, while it ranges 526 

from 0.25 to 0.29 with the Ike Dike. These results indicate that the presence of the Ike Dike has a 527 

minimal impact on the sensitivity of EAD in the present scenarios, while EAD is more sensitive 528 

to the damage curve when the Ike Dike is considered in the future. It suggests that the selection 529 

of the damage curve in future scenarios becomes more critical when assessing the effectiveness 530 

of the Ike Dike based on EAD estimation. 531 

Additionally, we compare the sensitivity to the choice of damage curve and other 532 

parameters by computing the CV of EAD across different GCMs (Table 9) and SLR scenarios 533 

(Table 10). For the sensitivity to GCM choice, the CV ranges from 0.2 to 0.29 for present 534 

scenarios, around 0.1 for future scenarios without the Ike Dike, and around 0.2 with the Ike Dike. 535 

These results imply that storm surge risk is more sensitive to the choice of the GCM for present 536 

climate scenarios, while the damage curve has a greater impact than the GCM for future climate 537 

scenarios. Meanwhile, the CVs of EAD across different SLR scenarios are less than 0.05 without 538 

the Ike Dike and around 0.1 with the Ike Dike. Therefore, the result is less sensitive to SLR 539 

scenario compared to the choices of damage curve and GCM. When comparing the sensitivity of 540 

EAD between the scenarios without and with the Ike Dike, the CV of EAD is higher with the Ike 541 

Dike than without it for every future scenario, while no clear trend appears under present 542 

scenarios.  543 
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Table 8. Comparison of the coefficient of variance of EAD across different damage curves for each 545 

flooding scenario and the difference between the scenarios without and with the Ike Dike 546 

Present / 

Future 
 SLR scenario GCM Ike Dike 

Coefficient of Variance 

EAD of 

Each Scenario 
EAD Difference 

Present - 

CanESM 
X 0.2024 

0.2215 
O 0.1764 

GFDL-6.0 
X 0.2031 

0.2093 
O 0.2044 

HadGEM-6.0 
X 0.2206 

0.2237 
O 0.2224 

Future 

SLR Scenario 1 

(0.99 m) 

CanESM 
X 0.1796 

0.1296 
O 0.2726 

GFDL-6.0 
X 0.1848 

0.1171 
O 0.2697 

HadGEM-6.0 
X 0.1911 

0.1381 
O 0.2825 

SLR Scenario 2 

(1.08 m) 

CanESM 
X 0.1763 

0.1267 
O 0.2636 

GFDL-6.0 
X 0.1834 

0.1084 
O 0.2636 

HadGEM-6.0 
X 0.1901 

0.1350 
O 0.2755 

SLR Scenario 3 

(1.26 m) 

CanESM 
X 0.1706 

0.1199 
O 0.2505 

GFDL-6.0 
X 0.1807 

0.1015 
O 0.2521 

HadGEM-6.0 
X 0.1860 

0.1252 
O 0.2653 
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Table 9. Comparison of the coefficient of variance of EAD across different GCMs for each flooding 548 

scenario and the difference between the scenarios without and with the Ike Dike 549 

Present / 

Future 

SLR 

Scenario 
Ike Dike 

Coefficient of Variance 

Xu et al.  

(2023) 

Huizinga et al. 

(2017) 

Tomiczek et al. 

(2014) 

Present - 

X 0.2717 0.2651 0.2852 

O 0.2205 0.2465 0.2087 

Difference 0.3080 0.2831 0.2958 

Future 

SLR 

Scenario 1 

(0.99 m) 

X 0.1045 0.1041 0.1086 

O 0.2087 0.1936 0.2041 

Difference 0.0472 0.0356 0.0567 

SLR 

Scenario 2 

(1.08 m) 

X 0.1016 0.1055 0.1088 

O 0.2160 0.2045 0.2134 

Difference 0.0523 0.0383 0.0550 

SLR 

Scenario 3 

(1.26 m) 

X 0.0997 0.1079 0.1075 

O 0.1942 0.1827 0.1915 

Difference 0.0586 0.0456 0.0618 
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Table 10. Comparison of the coefficient of variance of EAD across different SLR scenarios for each 551 

future flooding scenario and the difference between the scenarios without and with the Ike Dike 552 

Present / 

Future 
GCM Ike Dike 

Coefficient of Variance 

Xu et al.  

(2023) 

Huizinga et al. 

(2017) 

Tomiczek et al. 

(2014) 

Future 

CanESM 

X 0.0393 0.0336 0.0445 

O 0.0985 0.0807 0.1046 

Difference 0.0086 0.0160 0.0053 

GFDL-6.0 

X 0.0410 0.0418 0.0458 

O 0.0987 0.0808 0.1003 

Difference 0.0256 0.0153 0.0086 

HadGEM-6.0 

X 0.0456 0.0405 0.0475 

O 0.1252 0.1036 0.1212 

Difference 0.0182 0.0276 0.0088 

 553 

Overall, the choice of damage curve significantly influences the estimation of EAD 554 

depending on flood depth. As shown in Figure 9, the DR provided by different studies varies 555 

with flood depth. Xu et al. (2023) show lower DRs compared to Huizinga et al. (2017) and 556 

Tomiczek et al. (2014) when flood depths are less than approximately 0.27 m. For depth between 557 

0.27 m and 0.18 m, Xu et al. (2023) have lower DRs than Huizinga et al. (2017) but higher than 558 

Tomiczek et al. (2014). At depths greater than 1.8 m, Xu et al. (2023) provide the highest DR 559 

compared to the other two damage curves. As a result of our EAD estimation described in 560 

Section 3.3, we found that the highest EAD was calculated using Huizinga et al. (2017), 561 

followed by Xu et al. (2023), and the lowest using Tomiczek et al. (2014). This pattern aligns 562 

with the range of flood depths from 0.27 m to 1.8 m, suggesting that most of the vulnerable 563 

properties in the HGA are most frequently affected by storm surges with an annual average flood 564 

depth within this range. Approximately 90% of the residential properties in this study are located 565 

in Harris County, TX, which experiences the least flooding from storm surges within the HGA. 566 



The remaining properties are in Galveston County, TX, which also experiences less flooding 567 

compared to Chambers County, TX. Consequently, floods with high annual exceedance 568 

probabilities, which significantly contribute to overall flood damage, tend to exhibit lower 569 

depths. 570 

 571 

4.2. Impact of Sea Level Rise 572 

In the future climate scenarios, the EAD due to SLR alone (no storm surge) is estimated as 573 

USD 3.63 bn/yr for SLR scenario 1, USD 3.96 bn/yr for SLR scenario 2, and USD 4.56 bn/yr for 574 

SLR scenario 3, as presented in Table 6. These estimates show a linear relationship between 575 

EAD and SLR (Figure 14). The EAD values due to SLR are lower compared to those caused by 576 

storm surges across all flooding scenarios with the same SLR. This indicates that the direct 577 

impact of SLR on flood risk is less hazardous than that of storm surges. However, it is observed 578 

that EAD due to storm surges also increases as the sea level rises (Figure 15). Although EAD 579 

from storm surges is more sensitive to hurricane intensity compared to SLR, as indicated by the 580 

variations of EAD attributed to different GCMs and SLR scenarios in Figure 15, this observation 581 

highlights the importance of considering SLR in evaluating future storm surge risk.  582 

To investigate the impact of SLR on the effectiveness of the Ike Dike, we evaluated the 583 

variability of storm surge EAD differences between scenarios without and with the Ike Dike 584 

across different SLR scenarios (Figure 16). Our findings conclude that SLR does not have a 585 

major impact on the effectiveness of the Ike Dike in reducing storm surge risk, compared to the 586 

influence of hurricane intensity and the choice of damage function. Notably, the effectiveness of 587 

the Ike Dike is most sensitive to the choice of the damage curve for the future scenarios. This is 588 

supported by comparing the CV of EAD differences between scenarios without and with the Ike 589 

Dike. The CV across different SLR scenarios ranges from 0.005 to 0.03 (Table 10), which is less 590 

than that across different GCMs (0.035 – 0.06) (Table 9) or damage curves (0.1 – 0.14) (Table 8). 591 

 592 



 593 

Figure 14. Plot of EAD caused by SLR alone. 594 

 595 



 596 

Figure 15. Plot of EAD due to storm surge vs. the SLR scenario for different GCMs and damage curves: 597 

(a) without the Ike Dike; (b) with the Ike Dike 598 



 599 

Figure 16. Plot of difference in EAD due to storm surge between the scenarios without and with the Ike 600 

Dike.  601 

 602 

4.3. Cost-Effectiveness of the Ike Dike 603 

We assess the cost-effectiveness of the Ike Dike using a benefit-to-cost (B/C) ratio, 604 

considering the Ike Dike feasible if the B/C ratio is greater than 1 (Davlasheridze et al., 2019). 605 

The EAD difference is used to represent the benefit, while the cost estimate includes construction 606 

costs and operation and maintenance costs over 50 years. According to the economic analysis in 607 

the USACE’s report (USACE & GLO, 2021b), the average annual construction cost is USD 608 

1.077 bn/yr, and the average annual operation and maintenance cost is USD 0.131 bn/yr, 609 

amounting to a total average annual project cost of USD 1.208 bn/yr amortized over 19 years, in 610 

2021 dollars. These estimates assume that construction begins in 2025 and ends in 2043, with 611 

operations and maintenance continuing for 50 years from 2043 onwards. The analysis used the 612 

FY 2021 federal interest rate of 2.5% based on the year of 2043. Table 11 presents the B/C ratio 613 

calculations for each flooding scenario. For the present scenarios, the B/C ratio ranges from 2.99 614 

to 8.41, demonstrating the feasibility of the Ike Dike under the present climate and MSL. For the 615 



future scenarios, the B/C ratio ranges from 7.23 to 10.38, indicating the Ike Dike is even more 616 

economically beneficial under future climate conditions with increased sea levels. These results 617 

imply that the Ike Dike is a cost-effective solution for mitigating storm surge risks under both 618 

current and future conditions. 619 

However, the estimated B/C ratios are much higher compared to the values reported by 620 

USACE and GLO (2021b). The equivalent annual net benefits for residential and commercial 621 

structures are USD 1.529 bn/yr under the low SLR scenario (0.43 m by 2085), USD 1.959 bn/yr 622 

under the intermediate SLR scenario (0.64 m by 2085), and USD 3.320 bn/yr under the high 623 

SLR scenario (1.34 m by 2085). This results in B/C ratios of 1.266, 1.622, and 2.748, 624 

respectively (Table 12). The USACE’s study utilized over 120 events of historical hurricanes and 625 

tropical storms from the year 1851 to the present, which have significantly lower intensity and 626 

frequency compared to the synthetic hurricanes used in this study. The synthetic tracks were 627 

statistically downscaled from GCMs under the SSP5-8.5 scenario, which is very conservative, 628 

meaning it represents the worst possible case or extreme hazard scenario, with respect to both 629 

storm intensity and SLR. Our findings indicate that coastal flood risk and the effectiveness of the 630 

coastal barrier are more sensitive to storm intensity than to SLR. Consequently, the B/C ratio is 631 

also more affected by the variance of the climatological variables. Moreover, our scenario is the 632 

most conservative among the SSP-based scenarios projected by the IPCC, suggesting that the 633 

B/C ratio estimates would align more closely with those from the USACE’s analysis if a less 634 

conservative scenario were used. Therefore, our results represent an upper bound for estimates of 635 

flood damage and risk. 636 

Although the B/C ratio provides a quantified metric that justifies the feasibility of the Ike 637 

Dike, it should not be the sole criterion for deciding on the construction of the system. The B/C 638 

ratio is based on the difference in EAD, which means it does not fully capture the absolute flood 639 

damage that could still occur from storm surges in the HGA even with the Ike Dike in place. If 640 

storm surge risk is still significant and severe to the area with the Ike Dike, an improved plan 641 

may be required to protect the HGA, even if the B/C ratio is high enough. This suggests 642 

considering not only the relative economic impacts but also the absolute flood risk with the 643 

presence of the Ike Dike. Furthermore, this study’s benefit estimation only considered residential 644 

properties in Harris and Galveston Counties, TX. It does not include commercial, industrial, or 645 



agricultural properties and lands, which are also significant contributors to the region’s overall 646 

flood risk. Especially, properties and lands in Chambers County, TX are not included in this cost-647 

effectiveness analysis while this area is mostly vulnerable to flooding from storm surges and 648 

SLR. Additionally, the USACE’s plan includes not only the Ike Dike barrier system along 649 

Galveston Island and Bolivar Peninsula but also a bay defense system along Galveston Bay, 650 

which incorporates lake and bay gate systems as well as nonstructural improvements (USACE & 651 

GLO, 2021a). These two proposed systems likely have interdependent effects on protecting the 652 

HGA. However, this study focuses solely on the Ike Dike barrier system and does not consider 653 

the bay defense system, which may influence the overall B/C analysis. Therefore, the complete 654 

economic impact of the Ike Dike on the HGA is not fully represented.  655 

Importantly, cost-benefit analysis while helping to validate the efficacy and feasibility of the 656 

proposed coastal spine, overlook equity considerations related to the differential impact (in terms 657 

of risk reduction) this project may have on homeowners with different socioeconomic and 658 

demographic backgrounds or on neighborhoods differing by social and economic makeup (Hahn, 659 

2021; Martens, 2011). The analysis conducted here was a simple, traditional one, considering 660 

only economic value, thereby neglecting the indirect costs incurred by disaster impacts on health 661 

and livelihoods. Moreover, the economic analysis does not address the ramifications of the Ike 662 

Dike on related issues of cultural importance, and social capital. Nor has this study explored how 663 

public support for the Ike Dike (e.g., (Ross & Atoba, 2022)) – a factor critical for securing and 664 

sustaining funding for the mitigation project – may change with consideration of future SLR and 665 

changing climate conditions. Critically, our analysis did not factor in future development patterns 666 

and subsequent land-use change in the HGA, which will undoubtedly have implications for the 667 

efficiency and feasibility evaluations of the proposed coastal barrier system. These factors 668 

suggest that a comprehensive socioeconomic reanalysis of the Ike Dike’s effectiveness is 669 

recommended in the future, especially if storm surge risk remains high despite the storm surge 670 

barrier system. 671 
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Table 11. B/C ratios over 50 years for each flooding scenario 673 

Present 

/ Future 

SLR 

Scenario 
GCM 

Xu et al.  

(2023) 

Huizinga et al. 

(2017) 

Tomiczek et al. 

(2014) 

Present - 

CanESM 4.1232 4.7132 2.9943 

GFDL-6.0 7.8579 8.4131 5.5433 

HadGEM-6.0 6.8780 7.7222 4.8914 

Future 

SLR 

Scenario 1 

(0.99 m) 

CanESM 10.3237 9.6366 7.9763 

GFDL-6.0 9.9619 9.3063 7.8884 

HadGEM-6.0 9.3965 8.9743 7.1815 

SLR 

Scenario 2 

(1.08 m) 

CanESM 10.3783 9.6755 8.0621 

GFDL-6.0 9.6490 9.1167 7.7864 

HadGEM-6.0 9.3899 9.0166 7.2315 

SLR 

Scenario 3 

(1.26 m) 

CanESM 10.2053 9.3932 8.0217 

GFDL-6.0 9.4727 9.0323 7.7608 

HadGEM-6.0 9.1010 8.5737 7.1059 

 674 

Table 12. Total equivalent annual damages to residential and commercial structures and net benefit 675 

scenarios reported by the USACE and GLO (2021b) (unit of damages, benefits, and costs: USD 1 bn/yr) 676 

SLR 

Scenario by 

2085 

Equivalent Annual Damages Equivalent 

Annual 

Benefits 

Total Average 

Annual Costs 
B/C Ratio 

No Ike Dike Ike Dike 

Low 

(0.43 m) 
$2.310  $0.781 $1.529 

$1.208 

1.266 

Intermediate 

(0.64 m) 
$3.328 $1.369 $1.959 1.622 

High 

(1.34 m) 
$7.735 $4.415 $3.320 2.748 

 677 



5. CONCLUSION 678 

In this study, we validated a storm surge model against the data from Hurricane Ike, and 679 

then used this model to estimate the probabilistic risk of storm surge flooding in the HGA. Flood 680 

maps were produced from storm surge simulation for different scenarios, considering both the 681 

presence and absence of the Ike Dike. These scenarios incorporated data from several GCMs and 682 

different SLR projections. Statistical downscaling of the GCMs generated synthetic tracks of 683 

hurricanes that significantly impact the HGA with storm surges. The hydrodynamic model 684 

simulated these tracks and produced flood maps for each hurricane. Annual maxima of these 685 

flood maps were used to perform extreme value analysis to construct flood maps for specific 686 

annual exceedance probabilities. By applying building damage curves on each residential 687 

property with the corresponding flood depth, flood damage was estimated for a given return 688 

period.  Finally, flood risk was quantified by expected annual damage (EAD) under different 689 

flooding scenarios, offering insights into how the Ike Dike might change flood risk under various 690 

conditions of climate change and SLR. We found that the Ike Dike would reduce probabilistic 691 

flood depth and flooded areal extent behind the barrier under both present and future conditions, 692 

leading to the reduction in flood damage on the residential properties in the HGA. This reduction 693 

mitigated the storm surge risk, demonstrating the feasibility of the Ike Dike by providing B/C 694 

ratios greater than 1 for all flooding scenarios. 695 

However, we observed a wide range of EAD values, which varied depending on the SLR 696 

scenarios, GCMs and residential building damage curves used. The sensitivity analysis of the 697 

EAD to these input parameters found that the EAD was most sensitive to the GCM for present 698 

climate scenarios and to the choice of damage curve for future climate scenarios, while being 699 

least sensitive to SLR scenarios for both present and future climate scenarios. This trend was 700 

consistent with the EAD difference that represents the effect of the Ike Dike on mitigating storm 701 

surge risk. This suggests that the choice of climate model (related to hurricane intensity and 702 

frequency) and the choice of damage function are critical factors in evaluating storm surge risk, 703 

as well as the performance of the coastal defense, while they remain robust across different SLR 704 

scenarios for future climate scenarios.  705 

Under future conditions, although the direct flood risk due to SLR is less than the risk from 706 

storm surges, the overall storm surge risk is amplified by the increased sea level. Nonetheless, 707 



the effectiveness of the Ike Dike is only marginally impacted by SLR. The selection of the 708 

properties to be used was also crucial to the risk analysis. The study used only residential 709 

properties located in Harris and Galveston Counties, TX, but Chambers County, TX, presented 710 

greater flood depth and flooded area, which is likely to significantly impact the flood risk in the 711 

HGA. Further study should pursue a more comprehensive analysis, in terms of property type and 712 

socioeconomic factors considered, of the effectiveness of the Ike Dike. 713 
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APPENDIX A: PREDICTIONS OF 100-YEAR FLOOD MAPS 728 

 729 

Figure A1. Predictions of 100-year flood maps under different flooding scenarios for the present climate. 730 

The black lines are existing seawalls (for scenarios without the Ike Dike) or the proposed barrier system 731 

(for Ike Dike scenarios): (a) scenario 1; (b) scenario 2; (c) scenario 3; (d) scenario 4; (e) scenario 5; (f) 732 

scenario 6  733 



 734 

Figure A2. Predictions of 100-year flood maps under different flooding scenarios for future climate. The 735 

black solid lines are existing seawalls (for scenarios without Ike Dike) or the proposed barrier system (for 736 

scenarios with Ike Dike), and the black dashed line is the coastline under present conditions: (a) scenario 737 

7; (b) scenario 8; (c) scenario 9; (d) scenario 10; (e) scenario 11; (f) scenario 12 738 



 739 

Figure A2. (g) scenario 13; (h) scenario 14; (i) scenario 15; (j) scenario 16; (k) scenario 17; (l) scenario 740 

18 (cont’d) 741 

  742 



 743 

Figure A2. (m) scenario 19; (n) scenario 20; (o) scenario 21; (p) scenario 22; (q) scenario 23; (r) scenario 744 

24 (cont’d) 745 
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