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Abstract 

Hurricane frequency and magnitude intensification are expected over the 

remainder of the twenty-first century. However, uncertainty in future projections requires 

that coastal communities approach adaptation decisions with caution. Traditional or hard 

adaptation approaches are disruptive, costly, and inflexible, and are typically irreversible.  

Soft adaptations, like policy and management solutions, are largely unenforceable. When 

they are enforced, they have been overly prescriptive as viewed by communities that are 

not currently experiencing widespread coastal flooding or damage from intensified 

hurricanes.  Hard, natural adaptations have emerged as an opportunity to partially or 

temporarily mitigate the growing risk of recurrent and extreme flooding, without the 

large capital investments required for traditional hard approaches, particularly where 

natural marine infrastructure like barrier islands, mangroves, and wetlands already exist. 

Despite growing popularity, most decision frameworks for natural adaptations have not 

leveraged intensification expectations for hurricane events, nor have they considered 

economic feasibility of risk reduction. This research uses multi-hazard damage evaluation 

software and spatial analysis, to investigate placement of dredged sediment as a barrier 

island maintenance technique to determine its economic viability, as compared with 

traditional engineering solutions such as stormwater system capacity expansion, seawalls, 

and breakwaters. The efficacy of this strategy is tested against 18 time- and 

intensification-calibrated threat scenarios, and is applied to existing barrier islands at 

Tyndall Air Force Base. The scenarios act as a range of investment opportunities and 
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implementation guidance policies that are geared towards protection of the installation. 

They are intended to be partial measures that provide time for decisions to consider 

whether flooding realities are consistent with projections, and which, if any of the more 

invasive, hard adaptation strategies are appropriate given budget constraints. 

The results illustrate that protection of Tyndall’s 7 square miles of existing barrier 

islands could help avert facility and infrastructure damage from high-intensity hurricane 

surge events predicted at 2100 by up to 3 orders of magnitude compared to a status quo 

scenario. Additionally, even minor island maintenance efforts at lower risk scenarios 

slows the impact of predicted flooding levels. The broader implications suggest that 

planners should look to preserve and buttress natural infrastructure that provides surge 

protection and wave attenuation based on its ability to mitigate damages from rising sea 

levels and the tradeoffs between damage avoided and maintenance costs. 
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I.   Introduction 

 Extreme weather is likely to become more frequent and intense over the coming 

century as a result of climate changes to include warmer oceans, intensified hydrology, 

and rising global sea levels; ultimately this puts coastal communities at risk. (Fraza & 

Elsner, 2014, Fischer, et al 2021). As cities continue to develop waterfront property, there 

will be greater pressure to protect built assets from the increased recurrent and extreme-

event drive flooding, using robust infrastructure (Dugan et al, 2011). Communities 

historically have had the opportunity to adjust to inundation and surge events in two 

ways: traditional built infrastructure that is robust, but brittle, and policy adaptions, which 

are soft and resilient, though both options present planners, engineers, and decision 

makers challenges (Woods, 2015). Hard, or built infrastructure solutions have benefits if 

certainty and risk are appropriately forecast. However, prediction uncertainties create 

planning problems for local, state, and national officials, given the long temporal threat 

horizons, i.e., decades and centuries, over which climate change is believed to influence 

coastal communities. Factors that traditionally impact the intensity of extreme weather 

events, e.g., mean sea surface temperature, sea level, and tide conditions, have been 

shown have an exceedance probability growth of roughly 40% by 2100 (Kossin, 2020). 

The scales of probabilistic and magnitude change in extreme events create a demand 

signal for adaptative coastal communities, which drives discussions that center on the 

protection of existing public and private infrastructure assets.   
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 While traditional engineering solutions are effective in flood prevention, they are 

time intensive, cost prohibitive, and difficult to repair after damaging events. They are 

also brittle, in that once overcome, they are of no value or in some cases, compound or 

exacerbate damage and suffering.  For example, levee failures and elevation deficiencies 

in New Orleans during Hurricane Katrina resulted in prolonged overtopping and surge 

inundation which would have been brief if constructed properly (Van Heerden et al, 

2007).  Structures like seawalls and breakwaters are damaging to local ecology, which 

further disrupts coastal environmental communities (Morris et al, 2017).  In addition, 

protective coastal infrastructure is difficult to design given the uncertainty surrounding 

environmental predictions that drive design, and uncertainty within assumed risk 

determines the success of the selected response mechanism. The natural reaction is to 

overbuild infrastructure, or design with large factors of safety.  The risk of this approach 

is that overbuilt infrastructure may never be challenged near its design capacity, which is 

considered an excess in the public eye. The alternative—underbuilt infrastructure—has 

clear disadvantages.  The vast majority of communities have difficulty adapting to 

increased risk dynamics (Baldwin 2021). 

Communities may not have to invest heavily in sunk cost-based protection against 

a projected, but uncertain future events. Traditional structural controls can and do work 

well, until the design criteria are overwhelmed; for example, a seawall at a certain height 

will be effective until a wave event surpasses the design elevation. Alternative solutions 

with option value provide an opportunity to leverage lower cost investments, e.g., beach 
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restoration, such that the public can invest incrementally in lower cost protection 

intervention, which enables decision makers to take a “wait and see” approach before 

making sunk cost investment decisions (Contento et al, 2019).  

 Soft adaptations, such as policy and regulatory improvements, are interventions 

that require little capital, as compared to hard adaptations, and high levels of 

implementation and enforcement knowledge and authority. However, soft adaptations are 

generally believed to have decreased certainty of protection due to localized, highly 

variable measures, and difficulty in management and control of implementation across 

large geographic areas (Wagner et al, 2014). For example, increased regulation on coastal 

development has strong socioeconomic impact, particularly where local government 

revenues are based on waterfront property taxes (Shi et al, 2018).  These same regulations 

have the potential to create climate slums, where communities are consistently devastated 

by climate change, because they lack the fiscal resources to withstand losses (Ajibade, 

2014; World Economic and Social Survey, 2016). Another drawback associated with 

policy enforcement is developer withdrawal, which forces abandonment of coastal 

housing projects.  This course of action is politically and socioeconomically unpalatable, 

and could lead to regret in terms of needlessly abandoned or undeveloped high-value real 

estate, if predictions never come to pass. Additionally, soft adaptation measures typically 

have large overlap with other physical alternatives. 

 Ecologically focused solutions, like marshes, wetlands, reefs, and dunes, can be 

used to defer or eliminate the need to invest in expensive, and potentially ecologically 
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destructive engineering measures for coastal protection.  However, these practices lack 

extensive, large-scale studies of application. Previous studies have proven natural 

infrastructure efficacy against Category 1 storm damage and surge flooding; specifically, 

marshes with and without sills protected estuarine shorelines from erosion better than 

bulkheads during Hurricane Irene (Gittman, 2015). Other research revealed that damage 

to existing vegetation and structures was recovered within 13 months (Gittman et al, 

2014). This timeline, and resilience, cannot be matched by traditional engineering 

solutions with respect to funding and execution. Moreover, natural infrastructure, like the 

alternatives mentioned above, minimize coastal flooding, with a cost-to-benefit ratio that 

is nearly seven-to-one in the Gulf Coast (Reguero et al, 2018). U.S. Coastal Wetlands 

provide an estimated $23.2 billion in protection from damage every year, but have not 

been proven to be competitive with built adaptations or be effective long-term against 

higher intensity flood events that are predicted over the next hundred years. 

 Despite the significant contributions of the aforementioned studies, a framework 

must be developed to enable engineers, ecologists, and community planners to investigate 

the tradeoffs between hard, soft, and adaptive infrastructure alternatives to achieve 

protective aids and evaluate risk to proposed benefits. This study aims to resolve part of 

this gap with the proposal of risk reduction versus investment decision framework.  Here, 

a case study of maintenance of existing natural infrastructure is tested against intensified 

hurricane-driven flood conditions through the end of the century. The results of the study 

and the value of the framework enable stakeholders to address forecast uncertainty, and 
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make well-timed investment decisions that allow for adaptability, as climate changes. 

The intent of this research is to create a replicable methodology that, at the census-tract 

level, determines if the impact of natural infrastructure is a worthwhile investment for 

any coastal community that is subject to recurrent or extreme-event drive flooding.  

 

Background and Case Study 

 Through intensified weather events or sea-level rise, climate change impacts the 

Department of Defense (DoD), which possesses a number of coastal installations, 

operationally and functionally (GAO, 2019). In an effort to address these concerns, a plan 

was published in September 2021 recapturing U.S. efforts over the last decade, with 

renewed focus (DOD, Office of the Undersecretary of Defense (Acquisition and 

Sustainment), 2021). A companion piece published in November describes five major 

lines of effort (LOE). This study is aligned with LOE Number 3, protection of military 

installations via resilient built and natural infrastructure, which highlights the need for 

community and defense collaboration (Office of the Deputy Assistant Secretary of 

Defense for Environment and Energy Resilience, 2021). Florida ranks in the top five 

states for military spending, and is also home to six of the ten most climate-vulnerable 

military installations (GAO, 2019).   

 Tyndall Air Force Base was selected as a case study due to the availability of data 

and recent exposure to weather damage, and candidacy for alternative solutions. The 

justification for resilient infrastructure can be made based on the catastrophic hurricane 
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season in 2018, when Hurricane Michael devastated Tyndall Air Force base. The only 

Category 5 storm to hit the Florida panhandle resulted in damages over $25 Billion across 

the region, destroying valuable power sources, homes, and left a wake of destruction 

heretofore unseen by the region (Rodysill et al, 2020).  Between wind fields and surge-

driven flooding, the base sustained $5 billion in damage that will require a decade-long 

reconstruction effort. In addition to storm surge, recurrent flooding and rising sea levels 

threaten mission security as weather events intensify.  Although the base has now 

experienced a catastrophic storm event, and forecasts show intensified future storms for 

the region, reconstruction efforts are ongoing and thus should be focused on adaptations 

that lower the probability of future damages. 

 The location of the installation provides natural resources that can be encouraged 

to deliver supplementary defense in the face of rising construction costs and forecast 

uncertainty. Barrier islands, located south of the installation and across the surrounding 

area, minimize coastal flooding naturally. Notably, these structures are sensitive to 

changing climates, and respond in one of three ways: migration towards land, complete 

disintegration, or drowning in place (Moore, et al, 2010). As sea level rises, even without 

exacerbated wave conditions created by hurricanes, barrier islands are lost and no longer 

provide wave attenuation. If maintained, these structures could provide additional 

protection against intensified conditions, and have a lower up-front implementation cost 

than other traditional solutions, like stormwater sewer capacity expansion or elevation of 

existing facilities. However, an in-depth study of efficacy has not been conducted for 
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smaller communities with respect to future intensified predictions. This research is 

intended to evaluate the efficacy of barrier island maintenance against a do nothing 

alternative in an effort to protect the base against intensified storm surge events. 

 

Problem Statement 

 Future climate conditions will drive intensified extreme event flooding and stress 

coastal infrastructure. Coastal communities and DoD installations alike are at risk of 

increased damages, and must adapt to dynamic weather events. Current protective 

techniques tend to be reactive and bypass unconventional, proactive and approaches with 

option value. Traditional engineered solutions are effective, but cost prohibitive, 

disruptive, and time intensive. Natural infrastructure is low cost and noninvasive, yet 

lacks modeling and analysis required to trigger implementation practices.  

 This thesis models the damage posed by intensified hurricane events over the 

remainder of the 21st century, and proposes natural solutions to bolster protections 

traditionally offered by barrier islands versus a do nothing alternative.  This approach 

holds to the potential to be a cost-saving alternative to total reconstruction of stormwater 

infrastructure and raised building foundations, but that aspect is not studied within this 

research. Additionally, barrier island maintenance can reduce recurrent flood 

vulnerability, and provide tangential environmental and recreational benefits.  This study 

uses Federal Emergency Management Agency (FEMA) Hazus flood modeling software 

to forecast future probabilistic storm surge based on sea-level rise, tide conditions, and 
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intensified wind fields, and produce flood vulnerability maps for pre- and post-adaptation 

states.   

Research Objectives 

This thesis is focused on development of a framework to evaluate the performance of 

barrier islands as a protective infrastructure asset to reduce future extreme event-driven 

flooding from intensified climate conditions. To accomplish this, research has addressed 

the following: 

1. Do barrier islands reduce built infrastructure damage tied to hurricane-drive storm 

surge? 

2. Does barrier island maintenance offer a cost-effective alternative? 

3. Is there an appropriate mechanism in place for coastal installations to pursue 

solutions of this type in a fiscally-constrained environment? 

Scope and Approach 

To accomplish stated research objectives, this thesis follows a traditional format in which 

Chapter 2 discusses relevant literature associated with traditional, natural, and soft 

infrastructure solutions, intensified climate conditions, and DoD investment pathways 

related to construction techniques. Chapter 3 details thesis data and methodology and 

Chapter 4 covers results and creates an opportunity portfolio that allows stakeholders and 

decision makers to balance risk, benefit, and uncertainty with respect to adaptation 

implementation through the end of the century.  
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II.  Literature Review 
Chapter Overview 

 The purpose of this chapter is to summarize the relevant research and previous 

work associated with extreme-event intensification, current U.S. and Air Force policy, 

and adaptation opportunities not otherwise explored in the introduction. These topics are 

combined with the case study data and results in Chapters 3 and 4 to articulate the 

conclusions of this thesis discussed in Chapter 5. 

 

Extreme Event Intensification 

 Hurricanes cause the most death and destruction of all recorded weather events in 

U.S. History. The 2017 Hurricane season produced the highest costs to date: $306.2 

billion dollars of damage across 16 named storms. Extreme weather events are growing 

in number and intensity. From 2018 to 2020, there were 50 weather and climate related 

disasters with losses exceeding $1 billion, and extreme event strength and frequency are 

predicted to increase through the end of the century (NOAA Office for Coastal 

Management, 2022) 

 Hurricanes are becoming more destructive with added climate change triggers, 

such as rainfall production, rising global temperature, and most notably, sea-level rise. 

Heavy rainfall leading to inland flooding accounts for 60% of non-surge related deaths 

from tropical storms (National Weather Service, 2022). Hurricanes and Tropical 

Cyclones in the Atlantic basin are stalling more frequently, leading to slow-moving 

storms that produce higher levels of rainfall that existing stormwater infrastructure is 
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unable to manage, leading to unprecedented flood damages (Hall, 2019). Greenhouse 

gases are widely responsible for heightened temperature around the globe, and the ocean 

has absorbed 90% of excess heat. Warmer water leads to higher wind speeds, and 

probability of storms reaching named storm status increases each decade (Kossin, 2014, 

IPCC Working Group II, 2018). Global sea level hit a new record high in 2020 and the 

rate accelerates every year, which impacts what is often the most destructive aspect of a 

hurricane: the resultant storm surge (Lindsey, 2020; NOAA, 2022). Heavy rainfall and 

tidal conditions, increasing temperature, and rising sea levels are considered in the 

following study as intensification factors. These factors, coupled with a range of threat 

profiles and time horizons, form the basis for Chapter 3 of this thesis. Three of the most 

damaging storms from the 2020 season experience rapid intensification prior to landfall. 

Hurricane Michael, the most damaging storm ever to hit the Florida panhandle, also 

experience rapid intensification. The additional threat of rapid intensification creates an 

added challenge for coastal communities and DoD officials alike, as dynamic storm 

intensities and trajectories can be crucial during response efforts.    
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Figure 1. Hurricane Michael Intensification Timeline. Rapid intensification refers to how 

quickly wind speeds increase during extreme events. Hurricane Michael’s intensification 

timeline was anomalous in many aspects, but particularly with respect to intensification 

and wind speed (Figure: NOAA, Seinkbeil, et al 2020). 

 

Current U.S. and Air Force Investment Policy 

 Federal interest in coastal protection via natural infrastructure was catalyzed by 

Superstorm Sandy in 2012, resulting in a push towards resilient infrastructure solutions as 

part of the Disaster Relief Appropriations act in 2013.  The Obama Administration 

published a Climate Action Plan soliciting sustainable and innovative solutions that 

considered investment into natural infrastructure (Executive Office of the President, 

2013). Most recently, the Biden administration published Executive Order (EO) 14057, 

Catalyzing Clean Energy Industries and Jobs Through Federal Sustainability which states 

that “through a coordinated whole-of-government approach, the Federal Government 



14 

 

 

shall use its scale and procurement power to achieve climate resilient infrastructure and 

operations” among many other initiatives. Many administrations over the last decade 

have attempted to bolster resilience and natural solutions to climate change through 

investment in coastal restoration efforts such as The Disaster Recovery Reform Act of 

2018, which provides a singular potential source of funding for climate resilience projects 

through Presidential appropriation of grants (FEMA, 2021). This funding source is one of 

few that encourage implementation of pre-disaster hazard mitigation projects rather than 

reactive investments. As of 2019, the Government Accountability Office identified 

alternative options for funding through collaboration with states, local authorities, and 

private partners, bolstered by federal incentives and policy-based adaptations. However, 

the federal government does not have a strategic approach to guide investment, leading to 

funding and execution pathways that are ill-defined and undeveloped (GAO, 2019). 

 The United States Air Force, like other branches, must allocate funding across 

people, equipment, and infrastructure. Although at face value budgets appear large, the 

infrastructure portfolio is expansive and aging rapidly and funding must be spread to 

slow failure conditions. On an annual basis, each base compiles a comprehensive list of 

asset conditions, value, an importance to mission continuation; this information in filed 

into an asset management plan that then informs an integrated priority list of 

infrastructure in need of repair or construction to ensure mission success. Preventative 

efforts, like coastal restoration, will typically score poorly against degraded assets that 

currently contribute to the mission. Notable exceptions to this policy are the Oyster 
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Restoration at MacDill Air Force Base and the four pilot projects currently underway at 

Tyndall Air Force Base to restore barrier islands, repair damaged wetlands, and trap 

sediment (Kirkpatrick, 2004, Tyndall Program Management Office, 2021). These 

opportunities are funded through the Department of Defense’s Readiness Environmental 

Integration Program, intended to assist military installations in funding innovative 

projects. However, these opportunities are joint-efforts with contributing partners and 

require collaboration and provided capital for award (Warns, 2021). Opportunities of this 

type are the start of an important paradigm shift from reactive investment to proactive 

defense against climate change, and require more research and proven efficacy to trigger 

implementation.  

 

Adaptation Opportunity 

 Coastal management offers two opportunities most frequently: traditional 

constructed infrastructure and soft, policy adaptation to offset damages wrought by 

extreme storm events. Built infrastructure such as seawalls, breakwaters, levees, and 

culverts, has dominated protection opportunity due to the expertise and experience with 

this approach, with significant weaknesses. These include a lack of adaptability, short 

lifespan, aggravation of adjacent coastlines, and negative impact on local ecosystems 

(Spalding et al., 2014; Gittman et al, 2016, Hauser et al, 2015).   

 Risk reduction efforts in the form of policy adaptation typically recommend 

modification of structures or retreat, which are both met with economic opposition. 
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Coastal counties account for less than 10% of U.S. total land mass excluding Alaska, yet 

contribute of 46% of U.S. Gross Domestic Product (NOAA, 2019). Additionally, soft 

adaptations are difficult to enforce and even more challenging to adopt in communities 

where revenue is primarily dependent on property taxes associated with coastal sightlines 

and laws and constituents limit revenue generation elsewhere (Shit et al, 2018).  

 Natural infrastructure alternatives have been found to benefit coastal communities 

in several studies, while also providing risk reduction in the form of wave attenuation and 

surge reduction (Ferrario et al., 2014, Spalding et al., 2014, Sutton-Grier et al, 2015). Co-

benefits to the community include fishery habitat creation, carbon storage, and 

recreational uses. Furthermore, natural alternatives have the potential to self-recover after 

an extreme event and are on average less expensive to implement than traditional options 

(Gittman et al, 2015). This option has little cost-to-benefit research documented at a local 

scale and lacks a defined mechanism for implementation. Additionally, protection 

provided by natural adaptations is variable in nature and dependent on geography and 

storm type; thus, additional research is necessary (Sutton-Grier et al, 2015). 

 

Extreme Event Modeling 

 Although prevalent in nearly every locale, extreme event modeling is challenging 

for risk and emergency management due to a lack of widely available tools, guidance, 

time and financing to undertake rigorous risk assessment (Natsev and Todorov, 2012). 

Frequency of occurrence for extreme events has escalated in the last decade, and existing 
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literature cites forecasts historic data from National Weather Service, Weather Research 

and Forecasting, and National Oceanic and Atmospheric Administration to predict the 

damages associated with future event probability (Busal et al, 2020). Though other 

products exist, like Hazus-MH, developed by FEMA, has proven to be a popular tool in 

the United States due to nationally applicable standardized data, comprehensive database 

of predefined structures, and open-source software (Scawthorn et al. 2006a ,Gutenson et 

al, 2015, Ghimire and Sharma, 2021). For the purposes of this study, Hazus was selected 

for use because it incorporates flood depth grids, and the result of interest was surge flood 

depth. Additionally, Hazus reports damage at the census tract level, which is effective for 

the case study selected as Tyndall Air Force Base is contained within its own census 

block. 

 

Summary and Way Forward 

 Though the aforementioned studies have provided significant contribution to 

natural infrastructure alternatives and implementation recommendations for flooding, 

there is a lack of research with respect to adaptation performance against extreme events 

and their predicted intensification through the end of the century. Chapters 3 and 4 are 

intended to narrow the gap in available research on performance of alternatives against 

extreme events and provide a replicable framework for coastal communities to assess loss 

avoidance opportunities, risk intensification, and funding pathways. 
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III.  Chapter 3 

Data 

 A recent assessment of modeled hurricane risk to coastal Florida indicated that 

extreme storms are characterized by intensified factors of wind speed, sea level rise, and 

mean sea level (Baldwin et al, 2021). In light of extreme-event projections, performance 

of barrier islands has not been modeled to determine efficacy as a protective solution 

against storm surge. To build an evaluation framework for barrier island performance 

against future events, four inputs were required: a storm profile, threat scenario, time 

horizon, and intensification factors. Using the Federal Emergency Management Agency’s 

(FEMA) Hazus, a storm modeling software designed to analyze simulated events down to 

the census tract level, these inputs were combined to create a loss avoidance estimate 

with respect to maintenance of existing barrier islands. 

 The storm profile selected for evaluation was Hurricane Michael, provided 

through the National Oceanic and Atmospheric Association (NOAA) Hurricane Center. 

The data included temporal latitudinal and longitudinal coordinates of the historic 

hurricane in accordance with respective wind speed and radius. Additional description of 

variables is included in the Methods section. The data used is available in Table 1.  
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HAZUS TABLE FORMAT 

Latitude 
(decimal 
degrees) 

Longitude 
(decimal 
degrees) 

Time 
(hrs) 

RMW 
(miles) 

MWS 
(mph) 

Pressure 
(mbar) 

Inland  

26.6 -86.5 0 15 127 953 x 
27.1 -86.5 3 15 130 947 x 
27.7 -86.6 6 15 138 945 x 
28.3 -86.5 9 15 139 943 x 
28.6 -86.4 10 15 140 937 x 
28.8 -86.3 11 15 142 937 x 
29.0 -86.3 12 15 144 933 x 
29.1 -86.2 13 15 145 933 x 
29.3 -86.1 14 15 146 931 x 
29.4 -86.0 15 15 148 928 x 
29.5 -85.9 15.5 15 150 923 x 
29.6 -85.8 16 15 150 923 x 
29.9 -85.7 17 15 150 919 x 
30.0 -85.5 17.5 15 160 919 
30.2 -85.4 18 15 155 920 
30.4 -85.3 19 15 150 922 
30.6 -85.2 20 15 140 927 
30.9 -85.1 21 15 125 932 
31.1 -84.9 22 15 115 940 
31.1 -84.9 23 15 100 950 
31.5 -84.5 24 15 92 955 

   Table 1. Raw Storm Data: Hurricane Michael 

 To further evaluate the outputs from Hazus, a topographic digital elevation model 

(DEM) from the United State Geological Survey (USGS) for the census tract was 

incorporated into the program to assess flooding and coastal surge risk to the installation. 

This is a required input for the program to illustrate surge extent based on mean sea level 
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and the elevation of the impacted area. Additionally, median sea level and high tide 

conditions for the Panama City Beach region were procured from NOAA, to inform the 

sea level conditions at which the design storm was run, thus creating a more accurate 

worst-case scenario.  

 The threat profiles and time horizons selected for evaluation are aligned with the 

Department of Defense Sea Level Rise (DRSL) database, which are affiliated with 

politically determined climate tipping points and average design life of constructed 

measures (Lenton, 2011, Hall et al, 2016). The DRSL database has forecasted sea level 

conditions for installations at 2035, 2065, and 2100, selected for various climate tipping 

points and design life of built infrastructure. These planning horizons, which are 

considered based on a 2016 study that considered non-probabilistic but plausible future 

conditions to enable risk-based decisions on best available science. However, the study 

places the onus on the user to consider a range of possibilities to assess risk and response 

options past the 20-year recommendations, and asserts that an ongoing assessment of 

conditions should occur for the most appropriate rate of sea level rise (Hall, et al, 2016). 

Site-specific projections for Tyndall Air Force Base can be viewed in Table 2.  

Table 2. DRSL Site-Specific Sea-Level Rise projections for Tyndall AFB through 2100 

Global 
Scenario 

Site Specific Projections (ft) 
2035 2065 2100 

Lowest 0.3 0.3 0.4 
Low 0.3 0.7 1.3 
Medium 0.7 1.3 3 
High 0.7 2 4.9 
Highest 1 2.9 6.9 
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Table 2. DRSL Site Specific Projections: Tyndall AFB 

Due to uncertainty in forecast conditions as discussed in the introduction, the Coastal 

Assessment Regional Scenario Working Group (CARSWG) developed five threat 

scenarios based in NOAA data and emissions based Representative Concentration 

Pathways (RCP), and three were selected for consideration in this study: Lowest, 

Medium, and Highest. 

 Using the intensification factors outlined in previous research, multipliers fit to 

exponential trends outlined in previous literature were applied to historical hurricane data 

to determine the storm impact in each threat and time horizon (Baldwin et al, 2021). 

Intensification factors are numerical factors multiplied by wind field speeds, sea level 

rise, high tide conditions, and mean sea level. These inputs, coupled with the data 

described above, provide the baseline for a risk framework specific to Tyndall Air Force 

Base that can be replicated for coastal communities across the nation.  

 Finally, to determine the impact of the barrier islands, spatial data of the census 

tract area and surrounding marine environment was provided by ArcMap functions 

within Hazus for evaluation of the existing infrastructure against sea level rise. This data 

is open-source and available through FEMA. The spatial results allow for a basic 

economic evaluation at a cubic yard level via cost estimates from the United Sates Army 

Corps of Engineers (USACE) data from Jacksonville, Florida. (USACE Data Center, 

2018). 
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Methods  

 In any evaluation of infrastructure investment, there is the option to do nothing 

and maintain the status quo. To address the stated research objectives, three areas of 

focus were established: dynamics, economics, and policy, with respect to if barrier 

islands are effective in the face of extreme event intensification, cost of barrier island 

maintenance versus damage avoidance, and the current status of nature-based adaptations 

in political recommendation.  

 Notionally, there are three alternatives for comparison: do nothing, barrier island 

maintenance in the guise of natural infrastructure, and traditional infrastructure 

investment. Traditional infrastructure construction, such as stormwater sewer capacity 

upgrades or hardened seawalls, are always available for selection but require a larger up-

front cost that may not provide option value to the community. There is additional risk 

associated with constructed alternatives, in that increased stormwater capacity systems do 

not prevent base inundation; their purpose is floodwater removal at a faster rate. Thus, 

mission stoppage will still occur and will persist for a longer time period. However, it 

should be noted that only nature-based adaptations versus do nothing alternatives were 

considered in this research, and expense and efficacy of traditional solutions must still be 

evaluated along with economic trade-offs for a complete evaluation of alternatives. 

 While natural alternatives typically boast a lower implementation cost, there must 

still be a balance between their projected value and avoided losses. To determine the 
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value of barrier island maintenance versus the do-nothing alternative, a time and risk 

scenario portfolio was developed to offer a framework of investment options to coastal 

communities. Our portfolio shows implementation options from approximately $900,000 

to $600 Million at nine time and threat combinations to decrease associated risk based on 

the preference of the decision maker.  

 

Dynamic Analysis 

 To analyze efficacy of barrier islands, the framework evaluates storm damages for 

nine scenarios across three threat and time horizons using a ‘no action’ alternative for 

comparison. Each simulation was compared against a predeveloped baseline storm which 

mirrored aspects of Hurricane Michael. There was a total of 18 intensified design storms 

developed, for which efficacy of island maintenance was determined using relative 

damages produced by Hazus. To determine the impact of the existing barrier islands, 

each scenario was replicated with the added factor of island maintenance in the form of 

dredging. This allowed a relationship between the islands at their current elevation to be 

evaluated relative to local sea levels and projected sea levels based on census tract 

damage estimates. Because these loss estimates are relative to the data available from the 

census, this study used the ratio of adapted to unadapted damages to create a damage 

escalation factor, hereafter referred to as DEF. The resultant loss avoidance as determined 

by the simulation allowed for interpretation of island efficacy in the form relative change 

rather than precise numbers. The methodology for this is illustrated in Figure 2.  
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Figure 2. Theoretical Analysis Diagram. A baseline storm, in this case Hurricane 

Michael, was replicated in a storm simulation. This simulation was then compared 

against future hurricanes that are multiplied against factors that are intensified based on 

climate predictions for future years and risk profiles. The outputs from these simulations 

were then coupled with spatially analyzed area losses relative to the intensified values 

from existing natural infrastructure to develop a framework of protective worth. 
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Storm Inputs 

 FEMA’s Hazus Storm Simulation Software has capability of running both 

historical and probabilistic storm tracks. The latter allows users to create storms based on 

user-defined parameters. In order to illustrate the performance of barrier islands against 

future, intensified storms, raw storm data from Hurricane Michael was provided by 

NOAA’s Hurricane Center. The required data included latitudinal and longitudinal 

coordinates, wind speeds, radius to maximum wind speeds, and whether the storm was 

inland or at sea at a given time. Latitudinal and longitudinal coordinates are based on the 

storm track selected. In this case, exact coordinates were predetermined by the National 

Hurricane Center as the baseline storm was historic rather than probabilistic.  Wind 

speeds influence the model in that the higher the wind speed, the additional force behind 

storm surge calculations within Hazus. Wind speeds determine category severity for 

named storms, and this research was focused on a worst-case scenario. As with the track 

coordinates, the radius to max wind speeds and inland/at sea determinations were not 

altered from Hurricane Michael; these impact the amount of and location of affected 

areas following an extreme event. The final input for Hazus is the mean sea-level. As this 

variable increased with DRSL projections, resultant surge flood damages also increased. 

Because Hazus damage estimation software must run wind field damage estimation to 

produce an estimated surge map, all of the listed variables had to be considered when 

establishing a projection of Hurricane Michael into 2100. 
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As threat horizons grew in severity, damage estimates increased, although not in a linear 

fashion. Across time horizons, 2035 loss estimates were significantly lower than 2065 

and 2100 estimates in any scenario, as risk factors that contribute to intensified extreme 

event flooding like warmer oceans and higher sea levels are still manifesting in today’s 

climate.  

 

Intensification Factors 

 A previous study determined predictive multipliers for intensification factors 

based on time and threat horizons as determined by the Department of Defense Regional 

Sea Level Rise (DRSL) database for nearby Eglin Air Force Base, Florida (Baldwin, 

2021). The factors determined to have the highest impact on intensified storms are wind 

strength, sea level rise, and tidal conditions. To derive the wind strength multiplier, 

potential ranges for forecasted wind speed were evaluated and fit to an exponential trend 

line at 5% intervals based on the respective threat scenario (Bhatia et al, 2018, Baldwin et 

al, 2021). High tide and mean sea level conditions were developed through NOAA’s tide 

prediction calendar and averaged across 12 months for each respective year, 2035, 2065, 

and 2100. Through combination of the multipliers developed for wind field, DRSL 

forecast sea levels at the lowest, medium, and highest risk scenarios specific to Tyndall 

Air Force Base, and high tide conditions from the nearest NOAA station in Panama City, 

a portfolio of factors was developed from 2020-2100 and multiplied against the baseline 

storm to create a set of 9 storms, one for each year and threat scenario. Those storms 
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were then replicated with the addition of sea level rise estimates within Hazus to generate 

a forecast decision framework for risk analysis. Factors can be viewed in Table 3.   

 

Table 3. Scenario Intensification Factors. The factors outlined in this table are collected 

from previous studies and current projected data from NOAA and the DRSL database for 

Tyndall Air Force Base. These multipliers are then coupled with historical storm data to 

produce a range of intensified storms with which evaluation of barrier island efficacy is 

possible. 

Climate 
Change 
Threat 

Scenario 

Time-Horizon 
2020 2035 2065 2100 
High 

Tide (ft) 
1.17 

 
1.3 1.33 

Baseline 
MSL 
(ft) 

Wind Field 
Coefficient 

SLR 
(ft) 

Wind Field 
Coefficient 

SLR 
(ft) 

Wind Field 
Coefficient 

SLR 
(ft) 

Highest 
0.54 

1.009 1 1.08 2.9 1.25 6.9 
Medium 1.005 0.7 1.05 1.3 1.15 3 
Lowest 1.002 0.3 1.02 0.3 1.05 0.4 

Table 3. Intensification Factors 

 

Storm Simulation 

 The Hazus simulation methodology provides officials with decision support 

software for loss estimation with respect to hurricane scenarios. This capability enables 

users to visualize and communicate consequences of future hurricanes, develop risk 

reduction strategy, and mitigate storm effects. Hazus software is Geographic Information 



28 

 

 

System (GIS) based, and utilizes the National Oceanic and Atmospheric Administration’s 

(NOAA) Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model and 

Simulating Waves Nearshore (SWAN) models for surge analysis (FEMA, 2018; Baldwin 

et al, 2021).  

 

Storm Outputs 

 Simulation outputs include surge extent maps, estimated losses, and facility-type 

specific damages and losses. Due to the nature of force protection and base security, the 

facility data for Tyndall Air Force Base is not available. Thus, a building-to-building 

estimate of loss avoidance cannot be calculated for a framework of this magnitude. As a 

result, comparisons of damage estimates were evaluated to determine loss avoidance 

between no action and island maintenance alternatives using pre and post adaptation 

measures, derived by the equation below. 

𝐷𝐸𝐹 =
𝑈𝑛𝑎𝑑𝑎𝑝𝑡𝑒𝑑 𝐷𝑎𝑚𝑎𝑔𝑒𝑠

𝐻𝑢𝑟𝑟𝑖𝑐𝑎𝑛𝑒 𝑀𝑖𝑐ℎ𝑎𝑒𝑙 𝐷𝑎𝑚𝑎𝑔𝑒𝑠
−

𝐴𝑑𝑎𝑝𝑡𝑒𝑑 𝐷𝑎𝑚𝑎𝑔𝑒𝑠

𝐻𝑢𝑟𝑟𝑖𝑐𝑎𝑛𝑒 𝑀𝑖𝑐ℎ𝑎𝑒𝑙 𝐷𝑎𝑚𝑎𝑔𝑒𝑠
 

Equation 1. Damage Escalation Factor Equation 

Where the damages associated with adaptation states are produced using Hazus flood 

estimates relative to historical Hurricane Michael and i refers to a specific scenario. For 

example, the DEF calculation for 2100, High Risk scenario is shown in Equation 2. 

𝐷𝐸𝐹 ,  =
$41.5𝑀

$2.63𝑀
−

$7.2𝑀

$2.63𝑀
 = 13.04 

Equation 2. Example DEF Calculation 
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 Hurricane Michael’s simulated losses were used as a baseline assessment, as it is 

the worst storm to have hit the panhandle of Florida. Storm intensification creates 

unavoidable losses when Category 5 hurricanes are considered, but there is opportunity to 

downgrade estimated damages with intervention. 

 

Spatial Analysis 

 In order to determine the impact of island loss to sea level rise, and the 

generalized cost of maintenance, a spatial analysis of the protective infrastructure was 

assessed.  Using ArcMap, the shapefiles associated with sea rise levels indicated by high 

tide and predicted factors were combined and a spatial analysis was completed to 

determine the extent of the loss and the area in need of maintenance at a square mile 

approximation.  

 Area calculations were derived from the NOAA shapefiles through spatial 

calculation of elevation difference between existing islands and sea level. Losses 

indicated by future projections of high tide and sea level rise conditions allowed for 

calculation of the area in need of maintenance. To derive these areas, attributes were 

drawn from the metadata associated with the shapefiles. New fields were added to the 

data frame within ArcMap and maintenance area was calculated from projection 

coordinates after they were transferred spatially to a polygon representative.   
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𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑖𝑛 𝑠𝑞𝑢𝑎𝑟𝑒 𝑚𝑖𝑙𝑒𝑠 = 𝐴𝑟𝑒𝑎 (𝑚 ) ∗ 3.86102𝑥10 (
𝑚

𝑚𝑖𝑙𝑒
) 

Equation 3: Unit Conversion 

 

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝐴𝑟𝑒𝑎 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑃𝑜𝑙𝑦𝑔𝑜𝑛 𝐴𝑟𝑒𝑎 − 𝑁𝑒𝑤 𝑃𝑜𝑙𝑦𝑔𝑜𝑛 𝐴𝑟𝑒𝑎 

Equation 4: Total Remaining Area Calculation 

The area remaining, shown in Table 4, was calculated by removing all area where sea 

level will have inundated the sediment, thereby eliminating surge flooding protection.  

 

Table 4. Area Lost Values, 2100. These areas reflect the 2100 horizon of threat scenarios. 

The total area of the barrier islands in front of Tyndall AFB is 7.08 mi2, and sit lower in 

elevation than most of the base. However, their presence prevents additional surge from 

inundating the base, and at a High Threat scenario, nearly 83% of the islands are lost.  

 

Threat 
Scenario 

Area Lost to 
SLR (sq mi) 

Percentage 
Total Area Lost 

(%) 
Low 0.723 10.2 

Medium 4.37 61.7 
High 5.84 82.5 

Table 4. Area Lost Values, 2100 Scenarios 

 The volume of barrier islands in need of restoration was determined by 

multiplying area lost by the height of SLR at each scenario, creating an overestimated 
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approximation of dredged material required to sustain the barrier islands. The protective 

infrastructure assessment is illustrated in Figure 4. 

 

Figure 3. Protective Infrastructure Assessed. The area highlighted in purple indicates 

barrier island formations that currently exist in St Andrew Bay, south of Tyndall Air 

Force Base.  

 

Economic Assessment  

 An abbreviated economic analysis was performed to evaluate the efficacy in 

investment of strategic sediment placement for existing island maintenance, and an 

estimate for future investment was created using the United States Army Corps of 

Engineers (USACE) dredging estimates of $14.86 per cubic yard for Jacksonville, 

Florida, as it is the closest regional office to Tyndall Air Force Base (USACE Data 

Protective Infrastructure Assessed

Legend

Protective Infrastructure

Census Tract

County Boundary

0 2.5 51.25
Miles

±
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Center, 2018). This estimate, multiplied by the area losses to sea level rise associated 

with the range of forecasted possibilities, generates a decision framework for leaders to 

execute short-term, nature management loss prevention adaptations.  For the purposes of 

this study, dredging is defined as the removal of sediments and placement thereof to 

maintain the deposit location where it currently exists. Dredging estimates were used 

over pure material costs due to inclusion of transportation, engineering and design by 

cubic yard, in addition to material restriction considerations, as Florida is one of five 

states that regulate source material for dredging projects on beaches (NOAA, 2000). This 

tradeoff analysis generalized and highly dependent on volumetric approximation, which 

is overestimated due to available data and breadth of study. Further economic evaluation 

in future studies could consider continuity of maintenance or time-step based strategies, 

alternative stabilization measures and techniques, and increased construction costs. The 

economic conclusions presented in this research are dependent on the loss estimation, 

which is relative to damage escalation and not exact.  
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IV.  Chapter 4 

 Results 

 Damage estimates increase with threat intensity linearly for low and medium risk 

scenarios, and exponentially for high-risk scenarios as seen in Figure 5. 

 

Figure 4. Predicted Surge Damage Increase. The estimated damages from surge flooding 

without barrier island maintenance increase linearly and exponentially depending on the 

threat scenario. Cost estimates must be considered conservatively as true facility impact 

is not available through analyses of this type; these estimates reflect census-tract level 

data without military facilities included.  
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Each intensified storm scenario culminates in additional surge flooding damage; 

however, barrier island preservation reduces potential loss in every time step and threat 

scenario. At shorter and less intensified scenarios, the value of island preservation is 

marginal at 6%, i.e., it does not provide a meaningful reduction in losses when compared 

to the do nothing alternative.  However, for long-term and higher risk scenarios, loss 

avoidance is much greater with maintenance than without. Furthermore, barrier island 

preservation costs outlined in this framework are overestimated due to the of calculation 

basis of a rectangular volume rather than a nonstandard volume, which is what would be 

necessary for true island preservation, as illustrated in Figure 5. 
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Figure 5. Volume Overestimation Illustration. Available dredged sand cost estimates are 

in cubic yards from USACE, and this research took a basic estimation approach to 

determine how much material would be necessary to buffer island losses with increased 

sea level conditions. However, due to the nature of island variability with tidal 

conditions, storm seasons, and sand trapping efforts, this estimate is overestimated. 

Figure 5a is an illustration of current barrier islands, where 5b illustrates the 

overestimated volume calculation. 5c illustrates a more accurate illustration of volume 

calculation that should be evaluated in future studies. 
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 Across 18 storms, flood damage increases follow exponential trend lines for each 

threat horizon. At higher wind speeds, damage estimates from wind max out from 

available data values, and surge losses continue to rise. The main difference between 

storms at higher threat levels at the end of the century was primarily determined by surge 

extent and wave height, as Hazus flood estimations are most sensitive to mean sea level 

when computing damages. Additionally, there is a maximum wind speed allowable in 

Hazus simulations, and intensified hurricanes like those simulated in this research reach 

maximum speeds by the end of the century. As storms continue to intensify and barrier 

islands are lost to sea level rise, surge wave height and progression onto shore rises 

exponentially, further highlighting the need for protective solutions.   Area loss values 

can be seen in Figure 6 for High-Risk, 2100 scenarios, and it is clear that without 

intervention, median sea level will overwhelm the islands that currently provide 

protection to the installation by the end of the century. 
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Figure 6. Area Losses for High Risk, 2100 Scenarios. Figure 6a is the surrounding area of 

assess protective infrastructure, where 6b. shows a magnified illustration of the spatial 

analysis of area loss with respect to sea level rise scenarios at 2100. Investment costs and 

loss avoided values derived from this study can be seen in Table 5. 

Protective Infrastructure Assessed

Main Barrier Island

Legend

Protective Infrastructure

Census Tract

County Boundary

0 2.5 51.25
Miles

±

Area Lost to SLR

Low Threat - 10.2%

Med Threat - 61.7%

High Threat - 82.5%

Remaining Island Area

0 2.5 51.25
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Table 5. Investment vs DEF. Table 5 illustrates the results from this assessment from all 

9 time and threat horizons and their decrease in damage from the do-nothing alternative. 

Although investments range from under $1 million to well over $ 600 million, it is 

important to note that each time step shows a decrease in possible damages.  

Area Lost (sq mi) Scenario SLR (ft) Investment 
Damage 

Escalation 
Factor 

2035 
0.20 Low 0.3 $897,592 0.06 
0.72 Medium 0.7 $7,765,318 0.23 
0.72 High 1 $11,093,311 0.49 

2065 
0.20 Low 0.3 $897,592 0.41 
0.72 Medium 1.3 $14,421,304 0.54 
1.99 High 2.9 $88,547,023 2.28 

2100 
0.72 Low 0.4 $4,437,324 0.53 
4.37 Medium 4 $ 268,203,424 1.72 
5.84 High 6.9 $ 618,279,473 13.04 

Table 5. Investment vs DEF 

  

To better visualize the values in Table 5, damage escalation increase is reflected in Fig. 7. 

As worst-case events intensify, increased loss is unavoidable as illustrated by the gray 

bars; losses against storms of heightened magnitude should be expected. However, with 

use of adaptation, damages can be deescalated. The degree to which losses are avoided is 

equivalent to the excess loss produced by unadapted scenarios, reflected in red.   
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Figure 7. Relative Losses. In Figure 7, damages associated with surge flooding from increased 

intensity hurricanes are reflected through 2100. Because the selected baseline storm was a 

Category 5, future storms of this type are projected to be equally devasting, thus incurred 

damages should be expected no matter the adaptations adopted. However, implementation of 

natural infrastructure solutions like barrier island maintenance shows a clear decrease in damage 

escalation between alternatives. 
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Figure 8. Surge Maps: 8a. Tyndall Air Force Base Census Tract Digital Elevation Map, 

8b. Hurricane Michael Baseline Surge Extent, 8c. High Risk, Year 2100 Scenario without 

Adaptation, 9d. High Risk, Year 2100 Scenario with Adaptation 

 

 The final output is a map of the surge wave extent against the elevation map. 

These shapefiles show the extent to which surge inundates the research area. Figure 9a 

illustrates the census tract, and 9b shows how far the baseline extent of surge for 

Hurricane Michael went onshore. 9c and 9d show the reach of surge is clearly limited by 

use of adaptive solutions. These results, coupled with the loss avoided, is the result of 

barrier island intervention. Barrier island maintenance, on average, is less costly than 
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recovering installations from flood damage and the secondary and tertiary effects of surge 

inundation. Mold mitigation efforts alone cost the Air Force hundreds of millions of 

dollars as a direct result of Hurricane Michael flood damages. Investment into natural 

infrastructure alternative, and barrier island maintenance in particular, is a clear choice to 

reduce annualized losses without overinvesting in solutions that may not prove valuable 

as climate changes.  
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V.   Chapter 5 

Discussion on Policy and Community Implications 

 The Department of Defense has been working to increase resilience of 

installations for the better part of a decade, by integration of climate information into 

playbooks and building codes (Department of Defense, 2021). The FY2020 Energy and 

Water Development appropriation bill included investments required to improve and 

maintain flood control projects, but was mainly focused on waterways needed for the 

national supply chain. In 2021, the Biden Administration issued Executive Order (EO) 

14008, Tackling the Climate Crisis at Home and Abroad, in an effort to spur the design 

and implementation of climate policy as it relates to national security. However, current 

funding avenues impinge on execution of projects with prevention focus due to the 

requirement that projects focus on mission-dependency and rapidly degrading and aging 

infrastructure rather than climate resilience. Priority lists, like those used by the 

Department of the Air Force, are poised to make the most of dwindling budgets but 

cannot compete with the massive portfolio of infrastructure in need on investment. A 

behavioral shift is necessary to aid in implementation pathways for projects that are 

prevention based, like coastal ecology management and strategic sediment placement as 

evaluated in this research. 

 Since conception nearly a century ago, beach nourishment and coastal 

management of natural protective infrastructure has grown steadily with rising sea level 

and further understanding of negative effects of built marine infrastructure. While beach 
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replenishment goes beyond replacement of lost sediment, this study only considers 

dredging as a form of coastal nourishment, and additional strategies should be evaluated. 

Following policy and construction adaptations, over 475 U.S. communities restored 

beaches and natural sediment collection points with over 1.5 billion cubic yards of sand, 

and 83% of the total volume of sand placed in these nourishment efforts were placed by 

six states: California, Florida, New Jersey, North Carolina, New York, and Louisiana. 

(Elko et al, 2021). Only three of the previous states, California, North Carolina, and 

Florida, include specific sand requirements in their policy (NOAA, 2000). The United 

States is also a signatory on The London Convention on the Prevention of Marine 

Pollution, which stipulates that alternative for marine placement should consider the 

long-term impacts of the placement activities. Certain states, like California, encourage 

dredged sediment use as a resource in long term management strategies (EPA, 2017), 

which should be a strategy that is adopted nationwide. If additional states adopted similar 

management strategies for sediment placement, maintenance of existing natural 

infrastructure could be a viable risk reduction asset that is both affordable and practical 

for coastal communities. It should be noted that the line between hard and natural 

strategies and soft policy adaptations is not crisp. There is inherent overlap between 

tangible and soft adaptations, in that if there is a stipulation or requirement published to 

encourage natural adaptations or protect coastal communities, physical adaptations will 

accompany a soft policy recommendation. 
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 Efficacy of dredging to support natural sediment placement can be contested 

based on material quality, as sediments that are relocated can contain pollutants. Open 

water placement preserves the impact of natural sediment deposition and avoids the 

majority of negative life-cycle impacts associated with containment islands (Bates et al, 

2015). However, strategic sediment placement like what is suggested by this research is 

being pursued at Tyndall Air Force base as a pilot project with funding from REPI and in 

accordance with Florida regulation. The Second Line of Defense Project through the 

Tyndall Program Management Office will encourage utilization of innovative methods to 

build and reinforce enlarged dunes on the south side of the installation by St Andrew 

Bay, with a final intent to increase dune construction as protective barriers in front of 

vulnerable areas on the base. This effort is intended to reduce erosion and place native 

oyster reefs, and restore tidal flats while also creating new barrier islands to increase 

habitats for threatened and endangered species. Combined with the results of this study, 

the efforts of the pilot projects could prove to be valuable justification for other coastal 

communities to implement natural protective infrastructure and thus achieve risk 

reduction against intensified surge events with option-value. 

 Extreme surge events impact entire communities and military installations alike. 

When the surrounding community around a base is affected, there are secondary and 

tertiary effects that challenge operational ability. Supply chains for materials and 

equipment, power and communications service, and transportation networks all 
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contribute to operations assurance and are highly impacted by surge events that will 

accompany intensified hurricanes.   

 

Opportunity Pathways 

 To determine the appropriate response for decision makers, the next step for this 

thesis is a Dynamic Adaptive Policy Pathway (DAPP), which is an approach that aims to 

support the development of an adaptive plan that is able to deal with conditions of deep 

uncertainty. Future research should evaluate expected cost of doing nothing and 

traditional alternatives with additional variables. The value we postulate from this 

research is that natural infrastructure gives decisionmakers the ability to stave off over 

expenditure and establish an optimal path forward to minimize regret. 

 Future evaluation of alternatives would deliver a framework that can identify true 

climate tipping points with cost relative to damages expected, rather than an expected 

outcome of natural infrastructure implementation versus do nothing alternatives. This 

research was motivated by a notional pathway for investment opportunity, illustrated in 

Figure 9, but requires a third dimension, rate of investment, to fully weigh the benefits of 

engagement.  In any future endeavor, there is the option to do nothing and maintain the 

status quo. Notionally for this study, there are two other alternatives for comparison: 

barrier island maintenance in the guise of natural infrastructure, and traditional 

infrastructure investment. Traditional infrastructure construction, such as stormwater 

sewer capacity upgrades or hardened seawalls, are always available for selection but 
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require a larger up-front cost that may not provide option value to the community. There 

is additional risk associated with constructed alternatives, in that increased stormwater 

capacity systems do not prevent base inundation; their purpose is floodwater removal at a 

faster rate; thus, mission stoppage will still occur and will persist for a longer time period 

is selected. Natural infrastructure options are often a smaller investment, and allow for 

future climate predictions to be realized prior to triggering implementation of cost-

prohibitive solutions. The subway chart below the notional cost timelines indicates a 

suggested cost pathway: through selection of natural alternatives at a prescribed year, risk 

reduction is achieved at a lower construction cost, and selection of this option permits 

transfer to other alternatives when deemed beneficial.   
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Figure 9a. Notional Investment vs Time and 9b. Investment Pathway. At the lowest cost, 

there is a do-nothing alternative that quickly becomes the most expensive option in the 

face of intensified storms. At a slightly higher implementation cost, natural infrastructure 

staves off increased investment strategies by decreasing damages associated with extreme 

event flooding. The intersection of these points illustrates where decisions makers have 

the opportunity to jump off one pathway in favor of another to better serve the interests of 

the installation. These jumps are shown in a suggested pathway in the subway chart 

illustrated in 9b. 
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Research Applications 

 The results of this study indicate that investment into barrier island maintenance 

decreases surge extent, thereby creating loss avoidance for necessary networks. 

Investment with respect to this research is grossly underestimated, and future economic 

analyses with this study as a baseline could be useful in illustrating return on investment 

and further advocation efforts for preservation projects of this type. Barrier island 

maintenance expense is dependent on the rate at which mean sea level rises, which makes 

a difficult planning horizon when considering protective options into 2100. Small scale 

efforts over the course of a decade would allow for investment returns in line with 

intensification factor manifestation without cost prohibitive measures. 

 

Limitations 

 Areas where this research can be improved include forecasting accuracy of 

damage predictions, as the current results are a low estimate of the potential damage risk 

to Tyndall Air Force Base because military facilities are not reflected in their entirety in 

the program due to security constraint. 

 Additional limitations to this research include the lack of a facility specific 

evaluation with respect to storm surge. Due to data restrictions and information available 

through Hazus, only generalized loss predictions can be evaluated. Hazus utilizes data 

from the census, which means that only disclosed facilities can be considered. Due to 

data masking for military facilities, Hazus was used to produce generalized flood damage 
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estimates for consideration in this study. In the case of coastal installations, census tract 

data is less valuable than building specific damages when advocating for centralized or 

federal funding. Additional limitations that are associated with the intensification analysis 

include factor variability within forecast predictions: sea level rise estimates from DRSL 

are based in bounded probability scenarios developed in 2016. These scenarios may shift 

with time, and sea level impacts all of the factors that are included in intensification 

scenarios, like wind speed and rainfall, adding additional changeability that was not 

considered for this study. Furthermore, for the purposes of this research, only one storm 

was replicated and intensified within Hazus, and followed the exact same path seen with 

Hurricane Michael. This creates assumptions within the framework, and alternative storm 

tracks and intensification scenarios, i.e., slow moving hurricanes and high rainfall 

hurricanes, should be considered. Further evaluation across different distance intervals 

would assist in proving the worth of the protective shoreline. The volume of island loss 

and thus maintenance cost is greatly overestimated, due to volume calculation based on 

rectangular shapes rather than the exact shape of the island itself. This methodology, 

however, can be repeated for coastal communities across the United States to determine 

the investment amount for their naturally occurring infrastructure. 

 Future coupling of stormwater modelling software with GeoBase GIS and facility 

data can result in flood vulnerability maps and facility specific impacts that could be 

developed for pre- and post-adaptation states. Culminations of these studies will result in 

an investment and policy analysis which could test the feasibility of natural infrastructure 
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implementation as a mechanism to avoid or delay modifications to existing stormwater 

infrastructure. Future study scenarios could be applied to advise both Department of 

Defense government entities and coastal communities for future projects aimed to 

prevent asset loss.  

  

Conclusion 

 This study resolved, at a census-tract level the opening in framework development 

through evaluation of existing infrastructure maintenance against intensified conditions 

through the end of the century. The research outlined in the introduction was 

accomplished by addressing three primary research objectives:  

1. Do barrier islands reduce built infrastructure damage tied to hurricane-driven 

storm surge? 

2. Does barrier island maintenance offer a cost-effective alternative? 

3. Is there an appropriate mechanism in place to promote solutions of this type in a 

fiscally-constrained environment? 

 

 The first objective was evaluated through simulation of extreme event flooding 

across 18 time and threat calibrated scenarios. Compared to traditional solutions, natural 

adaptations provided flexibility in the face of uncertainty, and multi-realized benefits to 

not only the installation and local community, but the environment at large.  Though the 

results are dependent on the risk tolerance of decision makers, it is clear that 
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implementation of natural adaptive solutions can offset increased damage probability 

from intensified storms, and may help avoid more costly hurricane adaptations. Under 

even the most aggressive scenario, there was a three-fold reduction in damages due to 

maintenance of barrier islands, and a blended solution of hard and soft adaptations should 

be pursued for the most impactful solution (Sutton-Grier et al, 2015).   

 

 With respect to the second objective, a surface level economic analysis revealed 

the option value of implementing the portfolio produced in Chapters 3 and 4, but has 

significant room for enhancement through additional variables and investment 

assessment.  This assessment suggests that there ‘wait-and-see’ time generated by 

implementing small, low-cost, synthetic natural infrastructure adaptations rather than no-

action alternatives.  This analysis is relevant given the DoD’s hesitance to make large 

investments in highly uncertain climate change predictions. Additionally, under less 

intense projections, barrier island maintenance and other natural infrastructure solutions 

may provide the risk reduction needed without investment into hard, expensive 

adaptations for an event that never occurs. Under the high-threat scenario at 2100, the 

reduction in surge driven damage provided by barrier islands could be enough to lower 

investment into costlier solutions and provide time for decision makers to limit 

uncertainty. The impact of natural infrastructure is resoundingly positive and should be 

afforded consideration alongside traditional adaptations.  
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 Future planning for projects of this nature allows leaders for both bases and their 

respective coastal communities to bide time while evaluating climate changes over the 

next century, the impact on extreme weather, and technological advances. Climate 

change adaptations for coastal communities require iterative research due to the fluidity 

of factors involved and the dynamic of forecast predications (Wagner et al, 2014). This 

study contributes to scholarly defense of natural innovation opportunities and provides a 

new scope that justifies the support of natural infrastructure alternative use rather than no 

action as climate factors intensify. This study also suggests use of alternative, rather than 

traditional techniques to prevent widespread damages due to flood events. The 

supplementary value of this research is that it can inform a “step-off” point where leaders 

can choose to invest alternatively when forecasted predictions become more certain, 

without over-investing in solutions that may be overly prescriptive; these adaptations can 

also have secondary returns on investment in the form of resiliency, community 

engagement, and bolstered ecosystems. 

 Extreme events range in damage type and intensity; i.e., Hurricane Michael had a 

record-breaking intensification timeline and wind speeds, and Hurricane Harvey resulted 

in historic flooding for a tropical storm (Emmanuel, 2017; Senkbeil et al, 2020). Storms 

of this magnitude result in damage with impacts that may be impossible to predict; thus, 

adaptation strategies must be variable and have the capability to be combined with other 

solutions to create an umbrella for protection. There is no one standard that can account 

for all climate change related damages, and the strategy outlined in this research can be 
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coupled with other solutions to provide loss avoidance, and encourage preventative 

construction rather than reactive implementation of traditional strategies after extreme 

events occur (Baldwin, 2021). Though this research is aimed towards Department of 

Defense installations, is replicable for coastal communities across the U.S at the census 

tract level, and provides options for loss avoidance at different investment and threat 

scenarios pending fund availability and community support.  

 The third objective was explored via thorough review of existing studies, federal 

mandates, and U.S. Air Force policy in Chapter 2. Current literature suggests that 

prevention focused construction is motivated after extensive destruction occurs, and 

typically only to return to pre-disaster state (Wagner et al, 2014; Senkbeil, et al 2020). 

Through use of the outlined methodology and framework, advocation for alternative 

natural adaptations and barrier island maintenance can be achieved at the base level or 

equivalent project execution element for communities and planners and allows for 

collaborative work funded via REPI and presidential grant, generating opportunities for 

the DoD to pursue cost sharing with other government organizations as a way to further 

reduce direct costs, and increase benefits at the regional-scale. Ultimately, natural 

infrastructure minimized coastal and surge flooding with respect to intensified hurricanes, 

and policy recommendations will need to accompany advocation for adaptations of this 

type. These opportunities are highly cost effective and adaptable, especially when 

coupled with policy efforts like no-wake zones, and other preservation focused, 

intangible efforts. 
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 The framework developed in this thesis is intended to enable engineers, 

ecologists, and community planners to investigate the tradeoffs between infrastructure 

alternatives. The results of the study and the value of the framework is through enabling 

stakeholders to address forecast uncertainty, and make well-timed investments that allow 

for adaptability as climate changes.  
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