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Preface 

In recent years, some very costly storms have motivated consideration of possible resiliency 
investments to Department of the Air Force (DAF) installations, a number of which face 
exposure to flooding, high winds, and wildfire hazards. This report provides a data-driven 
approach that the DAF could use to identify installations that are exposed to these three hazards 
and highlights a set of installations that merit a closer look. The presented analysis should be 
viewed as a first step toward more thoroughly cataloging installation exposure to natural hazards, 
rather than as a definitive or comprehensive assessment. 

This report discusses the challenge of formulating enterprise-wide policies regarding this 
complex and potentially expensive problem, compares policy options for handling the high 
winds hazard, and provides an approach for evaluating the suitability of backup operating 
locations that considers co-vulnerability to natural hazards of alternate operating locations.  

The research reported here was commissioned by the Deputy Chief of Staff for Logistics, 
Engineering and Force Protection (AF/A4), and conducted within the Resource Management 
Program of RAND Project AIR FORCE as part of a fiscal year 2020 project entitled “Basing and 
Resilience,” which sought to assess the implications of natural hazards to installations and 
identify options to mitigate the effects. This report should be of interest to installation planners, 
those who allocate funding to installations and infrastructure, and operators and mission owners 
responsible for continuity of operations plans.  

RAND Project AIR FORCE 
RAND Project AIR FORCE (PAF), a division of the RAND Corporation, is the Department 

of the Air Force’s (DAF’s) federally funded research and development center for studies and 
analyses, supporting both the United States Air Force and the United States Space Force. PAF 
provides the DAF with independent analyses of policy alternatives affecting the development, 
employment, combat readiness, and support of current and future air, space, and cyber forces. 
Research is conducted in four programs: Strategy and Doctrine; Force Modernization and 
Employment; Manpower, Personnel, and Training; and Resource Management. The research 
reported here was prepared under contract FA7014-16-D-1000.  

Additional information about PAF is available on our website:  
www.rand.org/paf/ 

This report documents work originally shared with the DAF on August 12, 2020. The draft 
report, issued on September 15, 2020, was reviewed by formal peer reviewers and DAF subject-
matter experts. 

 
 
 
 

http://www.rand.org/paf/
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Summary 

Issue 
In 2018, a hurricane directly hit Tyndall Air Force Base (AFB), causing $4 billion in damage. 

Flooding at Offutt AFB in 2019 caused an estimated $420 million in damage to buildings, 
runways, and other assets. Although there was no notable physical damage to the base, a wildfire 
at Vandenberg AFB in 2016 delayed a scheduled rocket launch and came dangerously close to 
two space launch pads. Events such as these have raised questions about how the Department of 
the Air Force (DAF) could better position itself to become more resilient to natural hazards. To 
better understand its exposure to these and other natural hazards, the DAF has typically taken a 
bottom-up approach, soliciting inputs at the installation level to understand the scale of the 
problem and to develop installation-specific solutions. This report illustrates an alternative 
approach, by highlighting data sources and approaches that the DAF could take to develop an 
enterprise-wide view of installation exposure to natural hazards and develop policies targeted at 
improving installation resilience to natural hazards.  

Approach 
Our approach combines data on base boundaries, geospatial data on the location of airfield 

and select electric power infrastructure on and near a base, and publicly available data on 
national hazard exposure. The granularity of available data governs the extent to which we were 
able to characterize exposure, and, as such, the analysis presented in this report should be viewed 
as a first step toward more thoroughly cataloging installation exposure to natural hazards. We 
characterize installation-level exposure in Chapter 2. In Chapter 3, we extend the unit of study in 
two ways. First, we consider specific assets1 that compose the base (e.g., runways, taxiways, 
electric power infrastructure, etc.) to provide a more granular, asset-level assessment of exposure 
to flood and wildfire. Second, we expand the unit of study for wildfires to include critical 
infrastructure assets that lie outside the base perimeter but whose exposure to fires would affect 
operations on the base. In Chapter 4, we compare the costs of preemptively hardening a set of ten 
installations to high wind events against the potential costs of rebuilding post-disaster. The 
analysis aims to highlight and compare a set of policy choices that the DAF faces in making 
investments to preempt or mitigate the effects of natural disasters. Finally, in Chapter 5, we use 
hazard seasonality data to examine how the DAF might select sites for continuity of operations.  

 
1
 In the Mission Assurance Strategy Implementation Framework (Department of Defense [DoD], 2013), DoD 

defines an asset as “a distinguishable entity that provides a service or capability. We use assets to refer specifically 

to physical elements of installations that contribute to mission performance. We consider three classes of installation 

assets in this analysis: assets that support airfield operations, select electric power infrastructure assets, and 

buildings. We provide additional detail in Chapter 3 on the specific assets we include in our analysis. 



 x 

Conclusions 
The uneven exposure of installations and the presence of multiple hazards mean that for the 

DAF to get the most out of its resilience resources, it should look critically at the entire 
enterprise. Some installations face high levels of exposure to the natural hazards considered in 
our analysis. We also find that for some hazards (such as flooding), although only a relatively 
small fraction of an installation might be exposed to the hazard, this exposure could have a 
disproportionate effect on mission performance because the exposure area intersects key 
mission-enabling assets. A few installations facing multiple hazards deserve special attention 
because it will be difficult to formulate policies that effectively address this multi-hazard 
exposure. Of the installations and hazards we analyzed, the following coastal installations stand 
out as facing multiple hazards: Eglin, Hurlburt, Keesler, Langley, MacDill, Patrick, and Tyndall.  

Enterprise-wide views such as those presented in this report are particularly useful from a 
strategic decisionmaking standpoint because they provide the DAF with information needed to 
decide how to allocate resilience resources across the enterprise in such a way that reduces risk 
to key missions. Although we argue that the DAF should be able to improve decisionmaking by 
taking some decisions at the enterprise level, we stress that the uncertainties surrounding these 
decisions will be great, and there is no substitute for deeper-dive assessments conducted locally.  

For instance, although we estimate costs of future damage in our Chapter 4 case study and 
discuss historical frequency of severe wind events, in reality, the actual future costs from storm 
damage are highly uncertain. Furthermore, the frequency and scale of these natural hazards could 
change in the coming years because of climate change. As a result, the process and inputs that 
the DAF selects for making investment decisions regarding natural hazard resilience should be 
flexible, allowing for updates as new information becomes available. The combination of 
potentially large investment costs, coupled with uncertainty about their efficacy and the 
magnitude and scale of future hazards, makes for an extremely complex environment for policy 
choices. 

Key Recommendations 
• Ensure that the data needed to implement policies aimed at reducing flood risk are 

available. 
• Assess whether building standards are suited to historic and possible future wind 

exposure for each installation. 
• Work with communities to address regional flooding and wildfire concerns.  
• Pay special attention to installations that are exposed to multiple hazards. 
• Develop a capability to assess installation exposure to natural hazards, and establish 

requisite funding mechanisms and resources at the enterprise level to address identified 
problems—a prerequisite is to develop a system that tracks the frequency, severity, and 
costs of hazards. 

• Consider ways to incorporate natural hazard–related risks into key DAF decisions, such 
as new construction, major renovations, installation design, and mission assignment.  
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Chapter 1. Introduction 

The Department of the Air Force (DAF) has suffered several natural hazard events in recent 
years that have disrupted missions, have been costly, and will require years from which to 
recover. The financial losses incurred from natural hazard–related damages on DAF installations 
are considerable. Flooding at Offutt Air Force Base (AFB) in 2019, for example, caused an 
estimated $420 million in damage to buildings, runways, and other assets.2,3 The estimated cost 
to repair and rebuild Tyndall AFB after Hurricane Michael made landfall in 2018 is $4.1 billion.4 
Congress continues to urge DoD to identify installations that are subject to these hazards and 
take steps to mitigate future damage. For instance, Section 2801 of the fiscal year 2020 National 
Defense Authorization Act requires installation master plans to include consideration of 
installation resilience to a range of threats and hazards, including “extreme weather events, mean 
sea level fluctuations, wildfires, flooding, and other changes in environmental conditions.” The 
DAF has traditionally relied on individual installations to assess and remediate the natural 
hazards they face. Although installations must be involved in assessing the potential damage and 
developing solutions to future storms and hazards, an installation-driven approach alone is 
insufficient because it cannot account for enterprise-wide priorities.  

Infrastructure investment decisions, particularly as they relate to boosting resilience to 
natural hazards, are inherently complex.5 There are many variables to consider, such as the 
relevant set of hazards, the level of potential exposure, potential damage, the supported missions, 
the life cycle costs of mitigation options, and the expected performance improvement that 
resilience investments provide. More fundamentally, natural disasters are inherently low-
probability events, but they have the potential to result in high financial and mission disruption 
costs, which further complicates policy choices. Some investments might pay off, but only if a 
future event occurs. There is no substitute for conducting in-depth, installation-specific 
vulnerability assessments to inform resilience investment decisions. However, these assessments 
can be very resource- and time-intensive, and they cannot all be done at once for a large portfolio 
of assets, such as the large real property portfolio that the DAF owns and operates. 

 
2
 Associated Press, 2019.  

3
 In the Mission Assurance Strategy Implementation Framework (Department of Defense [DoD], 2013), DoD 

defines an asset as “a distinguishable entity that provides a service or capability.” We use assets to refer specifically 

to physical elements of installations that contribute to mission performance. We consider three classes of installation 

assets in this analysis—assets that support airfield operations, select electric power infrastructure assets, and 

buildings. We provide additional detail in Chapter 3 on the specific assets we include in our analysis. 

4
 Estimated cost referenced from Tyndall replacement cost estimate provided by the DAF.  

5
 There are several definitions of resilience, but most are variations of “the ability to withstand and recover from 

disruptions.” The Strategic Posture Annex to the U.S. Air Force Strategic Master Plan defines resilience as “the 

ability of the Air Force units to continue to conduct air, space, and cyberspace operations despite disruption whether 

natural or man-made, inadvertent, or deliberate.” Given its DAF focus, we find this definition particularly relevant 

to this report. (U.S. Air Force, 2015).  
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Understanding to what extent installations are exposed to hazards can provide insight into where 
it makes the most sense for the DAF to target risk mitigation efforts, which is particularly 
important in resource-constrained environments. Trade-offs regarding which investments to 
make and where (geographically) are best made at the enterprise level, so that selected 
mitigations minimize risk to DAF operations as a whole.  

Changing climate conditions further complicate these decisions by creating uncertainty about 
exposure to natural hazards over time. Although not all natural hazards are affected by climate, 
for those that are, it is important to consider how changing climate conditions might influence 
hazard frequencies and intensities and on what time scales. Furthermore, many DAF installations 
are (or will be) exposed to more than one type of hazard or climate-related effect, such as coastal 
flooding and extreme rainfall or drought, extreme heat, and wildfire risk. The specific impacts of 
climate change vary considerably with geography, and the changes might not be uniform across 
the enterprise. Thus, understanding the specific climate and weather dynamics at each base is 
critical to planning. These considerations should inform long-term planning and infrastructure 
investment decisions to ensure that the DAF is resilient to future hazards. 

Although there is a growing field of natural hazard research focused on developing climate-
informed hazard projections, at present, climate projections largely focus on variables that are 
anticipated to change over time (e.g., temperature, precipitation) rather than on the effects of 
these changing variables on weather systems—these effects manifest as natural hazards (e.g., 
floods, fires). For instance, climate-related changes such as heavier precipitation, snowmelt, 
increased frequency of higher-intensity hurricanes, and higher seas hold the potential to increase 
future flooding. Similarly, warmer temperatures and drier conditions—both linked to climate 
change—hold the potential to increase wildfire incidence and magnitude.  

Despite this challenge, the DAF can prepare by better understanding current exposure to 
natural hazards (the focus of Chapters 2 and 3), developing capabilities to generate and assess 
alternative options for mitigating the effects of exposure to natural hazards and to make decisions 
under uncertainty (Chapter 4), and systematically accounting for natural hazards in contingency 
planning (Chapter 5).  

We are not the first to address the topic of installation resilience to natural hazards. There 
have been several efforts within DoD seeking to better understand the exposure and vulnerability 
of military installations to different natural hazards and climate-related effects. Notably, the Air 
Force Civil Engineer Center (AFCEC) Severe Weather/Climate Hazard Screening and Risk 
Assessment Playbook, published in April 2020, outlines a framework for evaluating installation 
exposure to natural hazards and associated probabilistic current and future risks. The Department 
of Defense Climate-Related Risk to DoD Infrastructure Initial Vulnerability Assessment Survey 
(SLVAS) Report, published in 2018,6 tackles the question of installation vulnerability using a 
bottom-up, survey-based approach that relies on subjective assessments provided by individual 
installations. The Naval Facilities Engineering Command (NAVFAC) Climate Change: 
Installation Adaptation and Resilience Planning Handbook, published in 2017, provides a 

 
6
 Office of the Under Secretary of Defense for Acquisition, Technology, and Logistics, 2018. 
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framework and methodology for considering climate-related impacts to built and natural 
infrastructure in installation-level plans and projects. Regional-scale data on projected sea level 
change and extreme water levels for DoD coastal sites can be found using the Strategic 
Environmental Research and Development Program and Environmental Security Technology 
Certification Program (SERDP-ESTCP) Regionalized Sea Level Change and Extreme Water 
Level Scenarios explorer.7 These projections are intended to be used to perform screening-level 
vulnerability analyses. We did not use outputs from this tool in our analysis, but the regionally 
adjusted sea level change projections could be used to provide a more nuanced assessment of 
installation and asset exposure for coastal bases. The Air Combat Command (ACC) Severe 
Weather Readiness Assessment, published in 2018, reviewed DAF preparedness to mitigate the 
risk of, respond to, and recover from a select set of severe weather events. Although that 
assessment is a useful resource for understanding the drivers of costs and benefits of severe 
weather mitigations, it does not contain the sorts of enterprise-wide inputs needed to complete 
the analysis we undertake in this report. Additionally, the U.S. Army Corps of Engineers 
(USACE) Climate Assessment Tool provides a method for assessing installation exposure to 
“coastal and riverine flooding, drought, desertification, wildfire, and permafrost thaw,”8 with 
outputs in the form of installation maps and geospatial data. The tool was developed to assess 
exposure of Army locations, but the Office of the Assistant Secretary of Defense, Sustainment 
(OASD[S]), provided funding to USACE to expand the scope of the tool to include the ability to 
assess DAF and Navy installations.9 The updated tool was released after this project was 
completed and is therefore not used in our analysis. USACE has also developed a web-based Sea 
Level Tracker, which shows the actual sea level rise (SLR) versus the projected SLR at select 
locations using the National Oceanic and Atmospheric Administration’s (NOAA’s) tide gauge 
data.10 We did not use outputs from this tool in our analysis, but the tool could be used to inform 
the prioritization of deeper-dive vulnerability assessments. For example, if faced with the choice 
of selecting one of two installations with similar present-day hazard exposure profiles for a more 
in-depth vulnerability assessment, the DAF might choose to prioritize the installation that has 
experienced higher SLR than what was projected. Finally, the Colorado State University Center 
for Environmental Management of Military Lands climate modeling effort, funded by AFCEC, 
generated future climate projections for more than 60 DAF sites. It is possible that the outputs of 
that effort could be used to supplement analysis presented in this report, but at the time of this 
writing, we were unable to access the materials needed to evaluate the usefulness of the outputs 
of the effort for our analysis. More information on each of the efforts can be found in Appendix 
A. 

 
7
 The explorer is available at a Common Access Card–enabled website: https://sealevelscenarios.serdp-estcp.org/ 

(DoD Regionalized Sea Level Change & Extreme Water Level Scenarios, undated). 

8
 Department of the Army, Assistant Secretary of the Army Installations, Energy, and Environment, 2020.  

9
 Office of the Assistant Secretary of Defense, Sustainment, 2019. 

10
 Sea Level Tracker, undated. 

https://sealevelscenarios.serdp-estcp.org/
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The analysis described in this report augments these efforts by providing an enterprise-wide 
view of installation exposure to natural hazards that could be used as an initial screen and for 
prioritizing where deeper-dive assessments should be conducted. Enterprise-wide views such as 
those provided in this report are particularly useful from a strategic decisionmaking standpoint in 
that they provide the DAF with information needed to decide how to allocate resilience resources 
across the enterprise in a way that reduces risk to key missions. 

A common thread runs through the different analyses presented in this report: the quest to 
use credible and accessible enterprise-wide data that can provide an initial view of the 
implications of natural hazard exposure for installation and (in some cases) mission 
vulnerabilities and resilience, hazard-related infrastructure investment costs, and continuity of 
operations (COOP) planning. Keeping with this theme, several of our recommendations 
(discussed in Chapter 6 and throughout the report) pertain to enterprise-level analysis and 
decisionmaking because of concern that existing mechanisms within the DAF for strategically 
prioritizing and making investments to improve resilience to natural hazards fall short in at least 
two ways. 

First, current processes for allocating infrastructure dollars primarily rely on metrics for 
assessing and mitigating normal wear and tear, with system reliability under normal operating 
conditions as the driver. They generally do not account for system performance under different 
threats and hazards, most of which are unlikely to occur with predictable frequencies and could 
exceed historic severity levels because of climate change. Take, for instance, the Facilities, 
Sustainment, Restoration, and Modernization (FSRM) account under the operations and 
maintenance appropriation, which is a main source of funding for infrastructure projects. To 
access these funds, installations submit projects through the Air Force Comprehensive Asset 
Management Plan (AFCAMP) process for consideration. The funds are managed by the Air 
Force Installation and Mission Support Center (AFIMSC), with AFCEC executing the 
prioritization process. AFCEC’s prioritization model takes as inputs three main aspects of each 
project: the probability of failure (PoF) of relevant assets, the consequence of failure (CoF), and 
estimated life cycle cost savings (if any) afforded by funding the project. The PoF is solely a 
function of an asset’s condition index, which in turn is a function of its age and projected 
remaining useful life. The CoF is driven by the Mission Dependency Index (MDI)11 and a 
priority assigned by the major command (MAJCOM). Estimated cost savings are calculated 
using a savings-to-investment ratio.12  

Of these three inputs, the PoF could account for asset and installation resilience to events 
such as natural hazards. But in its present form, with only the condition index driving this value, 
the PoF does not account for historical or projected incidence rates of natural hazards or other 
threats, which would also affect the probability of asset failure.  

Second, even though installation-provided inputs such as those that inform the allocation of 
FSRM dollars are aggregated centrally (by AFCEC/AFIMSC), there is no way for the DAF to 

 
11

 The MDI has limitations, as described in the “Discussion” section of this chapter. 

12
 Air Force Civil Engineer Center Planning and Integration Directorate, undated. 
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validate these bottom-up inputs through a strategic lens. That is, project scores are largely taken 
at face value (minus the inclusion of MAJCOM priority points) and do not systematically take 
stock of the collective effect that funding a set of projects might have on mitigating classes of 
risks to the enterprise. For instance, there is currently no mechanism that would favor selecting a 
set of projects distributed among DAF installations that would together reduce mission risks 
stemming from exposure to high wind events.  

These constraints should not preclude the DAF from continuing to take steps to better 
understand where there are gaps across the enterprise when it comes to natural hazard 
preparedness. The analysis presented in this report aims to further this understanding. And as this 
understanding evolves, so should mechanisms for translating findings such as those presented in 
this report into actions that can be taken with the health of the DAF enterprise (not just 
individual installations) in mind. Looking ahead, if and as the DAF prepares to put into action a 
plan to implement the sorts of analyses we outline in this report and, ultimately, to incorporate 
considerations of natural hazard–related risks into different decision processes, several questions 
will need to be addressed—e.g., how frequently assessments such as those described in this 
report should occur, who should manage associated processes, and what sorts of investment 
dollars can and should be used to improve installation resilience to natural hazards. We reserve 
discussion of these important considerations for future work. 

The next section provides a high-level overview of the hazards we include in our analysis. A 
more detailed discussion of the data and methods used to characterize installation-level exposure 
to these natural hazards is provided in Chapter 2.  

Overview of Natural Hazards Included in This Report 
We consider three hazards: flooding, fires, and high winds. We selected these hazards 

because they have affected DAF installations in the recent past, resulting in significant mission 
and financial impacts.  

Flooding 

Flooding is one of the most common environmental hazards in the world and can result from 
or be amplified by weather-related events (e.g., heavy rainfall events, thunderstorms and 
hurricanes, snowmelt) or human factors (e.g., the built environment, stormwater infrastructure). 
There is no set numerical threshold that defines a flooding event, but flooding is generally 
described as a temporary overflowing or inundation of water onto normally dry lands. The major 
types of floods are flash floods, urban flooding, riverine flooding, and coastal flooding.13  

Flooding happens today and will continue to happen in the future irrespective of changing 
climate conditions. However, future climate projections suggest that the global intensity of 

 
13

 Melillo et al., 2014. 
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storms will increase in the future,14 as will the geographic distribution of severe storms.15 Such 
changes in frequency and intensity could have implications for the nature of flooding in the areas 
that experience these changes. In the United States, hurricane intensity and rainfall are projected 
to increase in the Atlantic and eastern North Pacific. Landfalling atmospheric rivers16 are also 
projected to increase in frequency and severity on the West Coast.17 These precipitation events 
are associated with severe flooding in the western United States and are projected to increase in a 
future, warmer world with higher levels of water vapor in the atmosphere. 

Changing climate is also affecting the nature of rainfall in many areas. An increasing 
percentage of land in the United States receives precipitation in the form of large, single-day 
precipitation events.18 This trend is expected to continue and increase by the end of the century. 
These heavy precipitation events might also contribute to increased flooding; however, trends in 
flooding are harder to discern because there are other controlling factors that govern flood 
statistics, such as land use, land cover changes, and water management. Precipitation changes 
will differ regionally, with some areas experiencing increases and some experiencing decreases 
in precipitation. For instance, the Northern Great Plains, the Midwest, and the Northeast are 
projected to experience increases up to 20 percent in the north central U.S. by the end of the 
century), and the Southwest is projected to experience decreases (20 percent or more in the 
spring).19  

As atmospheric and ocean temperatures continue to rise, we can expect to experience a 
correlated rise in sea levels. SLR is caused by thermal expansion (water expands as it warms) 
and melting of land-based ice, such as glaciers. There is already evidence that sea levels are 
rising, and the rate of increase since the early 1990s is almost double that of the rate since 
1900.20 Future SLR is uncertain and highly dependent on the level of greenhouse gases in the 
atmosphere.21 The global mean sea level rise scenarios used by the climate community range 
from about one foot to 6.5 feet by 2100.22 In the United States, areas in the northeast Atlantic and 

 
14

 See Knutson et al., 2015, and Bhatia et al., 2018, for more details regarding tropical cyclone-related flooding. See 

Easterling et al., 2017, and Hayhoe et al., 2018, for a discussion of increasing rainfall regionally.  

15
 Reidmiller et al., 2018, Chapter 2. 

16
 Atmospheric rivers are narrow streams in the atmosphere that move with the weather and carry a large amount of 

water vapor. When they make landfall, they can release the water vapor as snow or rain (Reidmiller et al., 2018). 

17
 Reidmiller et al., 2018, Chapter 2. 

18
 Reidmiller et al., 2018, Chapter 1. 

19
 Reidmiller et al., 2018, Chapter 2. 

20
 The U.S. government has been measuring and collecting sea level data for over 200 years. In the most recent 

Intergovernmental Panel on Climate Change report, tidal records and satellite data were used to determine that the 

average rate of global SLR from 1993 to 2010 was almost double the rate of global SLR from 1901 to 2010 (about 

0.13 inches per year and about 0.07 inches per year, respectively). 

21
 The ocean is absorbing the majority of the excess heat in the atmosphere from emissions. Global climate models 

use future emissions scenarios to project future climate conditions. These representative concentration pathways 

“drive climate model projections for temperature, precipitation, sea level, and other variables under futures that have 

either lower or higher greenhouse gas emissions” (Reidmiller et al., 2018). 

22
 Sweet et al., 2017. 
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western Gulf of Mexico are projected to experience higher SLR than the global average; areas in 
the Pacific Northwest and Alaska are projected to experience lower SLR than the global 
average.23 A key risk from SLR is that it can exacerbate storm surge, which makes flooding from 
storm events more likely. 

Wildfires 

Wildland fires24 are a natural ecological disturbance that are needed to promote ecosystem 
health by reducing vegetation that can fuel severe wildfires and improving the habitat for 
wildlife. However, uncontrolled burning can threaten lives and natural and cultural resources, 
particularly near the wildland-urban interface (WUI),25 which has rapidly expanded with urban 
development, putting an increasing number of communities at risk.26 The expansion of the WUI 
has contributed to an increase in the severity of wildfires because of changes to the landscape 
and fire suppression activities, which have prevented smaller, more frequent natural fires from 
running their course as part of the natural cycle. 

Wildland fires can start from natural causes (i.e., lightning strike), though most are caused by 
humans accidentally or intentionally.27 Wildfires can occur at any time throughout the year, but 
the potential for a wildfire is much higher during periods of little to no precipitation, which can 
make vegetation dry and more combustible. The likelihood, intensity, and behavior of a fire are 
determined by such factors as fuel source, moisture content, geographic distribution, topography, 
amount of fuel, and ignition source. Over the last few decades, the wildland fire management 
environment has changed: Fire seasons are longer; the fires are larger, burn more acres on 
average, and exhibit more extreme fire behavior; and suppression activities are becoming more 
common in the WUI.28 

Similar to flooding, wildfires happen today and will continue to happen into the future 
regardless of changing climate conditions. U.S. wildfires already show an increasing trend in the 
frequency and the number of acres burned, particularly in the western United States and interior 
Alaska.29 Changing climate could increase the likelihood and the intensity of wildfires in areas 
that experience prolonged drought. Furthermore, increasing temperatures will contribute to more 

 
23

 See Sweet et al., 2017, details on the expected relative SLR for U.S. coastlines that take regional factors into 

account. 

24
 It is useful to note the difference between a wildland fire and a wildfire. A wildland fire is “any nonstructure fire, 

other than prescribed fire, that occurs in the wildland” and a wildfire is an unplanned, unwanted wildland fire (U.S. 

Forest Service, undated-a). 

25
 The WUI is the area in which urban development and wildlands touch. 

26
 In 2018, the U.S. Forest Service reported that the “WUI grew rapidly from 1990 to 2010 in the U.S., expanding 

from 30.8 to 43.4 million homes (a 41% increase), covering from 581,000 to 770,000 km
2
 (33% growth), making it 

the fastest growing land use type in the conterminous U.S.” (Radeloff et al., 2018). 

27
 National Parks Service, 2018.  

28
 U.S. Forest Service, undated-b. 

29
 Reidmiller et al., 2018, Chapter 1. 
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dry and combustible lands in the future even in areas not historically associated with drought. 
The Fourth National Climate Assessment reports that the “average annual temperatures have 
increased by 1.8 degrees Fahrenheit across the contiguous United States since the beginning of 
the 20th century”30 with Alaska warming at twice the rate of the global average since the mid-
1900s.31 In the next few decades, the average global annual temperature is expected to increase 
by about 2.5 degrees Fahrenheit, irrespective of future emissions,32 but it could increase by 3 to 
12 degrees Fahrenheit by 2100,33 depending on which emissions pathway the world follows.  

 

High Winds 

Wind is a result of differences in atmospheric pressure caused by temperature differentials. 
The larger the pressure differential, the faster the air will move from high pressure to low 
pressure. High winds can be associated with tornadoes, hurricanes, severe thunderstorms, and 
other weather-related phenomena.34 They can also be amplified by the topography of a particular 
locale, such as mountainous regions, valleys or gorges, or where the terrain is particularly 
complex. In these areas, wind speeds can be unpredictable. 

High winds could be experienced at any time during the year and throughout the U.S. Indeed, 
almost all states have experienced at least one severe windstorm, such as a tornado or 
hurricane.35 However, there are times during the year when these hazards are more common and 
regions where they are more likely to occur (e.g., tornadoes are most common in the Great 
Plains, southeast, and Midwest; hurricanes make landfall on the southeast more frequently than 
in other parts of the country). In the United States, tornadoes occur most frequently between 

 
30

 Reidmiller et al., 2018, Chapter 2. 

31
 Reidmiller et al., 2018, Chapter 26. 

32
 This is because of the emissions that are already in the atmosphere.  

33
 The Fourth National Climate Assessment Climate Science Special Report indicates that there is high confidence 

in these estimates, which means there is “moderate evidence (several sources, some consistency, methods vary 

and/or documentation limited, etc.), medium consensus” to support the numbers. See Wuebbles et al., 2017, for a 

discussion of how the report documents and treats uncertainties in the scientific understanding of climate change. 

The Intergovernmental Panel on Climate Change Fifth Assessment Report provides additional context at the global 

scale and can highlight potential hazards faced by DAF bases in locations beyond the United States. State-level 

climate assessments are a resource for obtaining regional- and local-scale projections for some states at a higher 

geographic resolution than those provided in the U.S. National Climate Assessment (see, e.g., Kirchhoff et al., 

2019).  

34
 Winds associated with thunderstorms are typically called straight-line winds or damaging winds to distinguish 

them from tornadic winds that are associated with rotation. NOAA classifies damaging winds as any winds 

exceeding 50–60 miles per hour (mph) (National Severe Storms Laboratory, undated-a). 

The National Weather Service uses the Enhanced Fujita (EF) scale to categorize the strength of a tornado from 0 

(65–85 mph 3-second gust) to 5 (greater than 200 mph 3-second gust), and it uses the Saffir-Simpson Hurricane 

Wind Scale to categorize the strength of a hurricane from 1 (74–95 mph sustained winds) to 5 (157 mph or higher 

sustained winds; National Weather Service, undated-a; National Weather Service, undated-b). 

35
 Federal Emergency Management Agency, undated.  
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March to August,36 but they can happen at any time during the year; hurricanes are most 
common in June through November, with the peak lasting from mid-August to mid-October.37  

Future climate projections suggest that changing climate will cause an increase in the 
frequency of higher-category hurricanes.38 The science is less certain on the linkages between 
climate change and tornadoes or other high wind events. A 2016 National Academies of Science 
report on attribution of extreme weather events to climate change suggests that severe 
thunderstorms, such as those that cause tornadoes, and tropical cyclones rank lowest among 
extreme weather events in terms of how well the scientific community understands the effects of 
climate change on the type of event and the ability to attribute any one event to climate change.39 
This does not mean that there are no effects of climate change on the intensity or frequency of 
tornadoes or other high wind events, just that there is not enough evidence yet to draw strong 
conclusions. However, there is some evidence to suggest that there is increased variability and 
clustering of tornadoes in the United States.40 There is also some evidence of the increasing 
strength of tornadoes.41 

Organization of the Rest of This Report 
In Chapter 2, we provide a high-level view of the exposure of DAF installations to flooding, 

wildfires, and high winds. We use as inputs to this chapter hazard exposure datasets and base 
boundary data to characterize exposure at the base level. In Chapter 3, we extend the unit of 
study in two ways. First, we consider specific assets that compose the base (e.g., runways, 
taxiways, electric power infrastructure, etc.) to provide a more granular assessment of exposure 
that accounts for the exposure of specific airfield and on-base select electric power assets to 
flood. Second, we expand the unit of study for wildfires to include critical infrastructure assets 
that lie outside the base perimeter but whose exposure to fires would affect operations on the 
base.  

In Chapter 4, we compare the costs of preemptive versus reactive action taken to mitigate the 
effects of exposure to high winds and discuss ways to frame policy choices informed by this 
comparison. In Chapter 5, we use seasonal trends for fire and high wind hazards to analyze how 
well pairs of locations are suited to serve as backup locations for each other. Chapter 6 provides 
an overview of key takeaways and recommendations for the DAF. 
 
  

 
36

 The “tornado season” shifts “from the Southeast in the cooler months of the year, toward the southern and central 

plains in May and June, and the northern Plains and Midwest during early summer” (National Severe Storms 

Laboratory, undated-b). 

37
 NOAA, 2016. 

38
 See, for example, Kossin et al., 2020.  

39
 National Academies of Sciences, Engineering, and Medicine, 2016. 

40
 Brooks, 2014. 

41
 Elsner, 2019. 
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Chapter 2. A Base-Level View of Exposure to Natural Hazards  

This chapter characterizes potential installation exposure to flooding, high winds, and 
wildfire hazards for a set of 63 DAF active-duty parent installations in the United States.42 We 
set out to understand the extent to which just using hazard exposure and base boundary datasets 
(described in Table 2.1) can provide meaningful insights regarding installations that merit a 
closer look. In Chapter 3, we dig a bit deeper by characterizing exposure along two additional 
dimensions—affected assets on the base (e.g., runways, taxiways, etc.), and exposure of assets 
(e.g., electric power infrastructure) that lie outside the base and whose loss would affect base 
operations. Conducting these additional analyses required supplementing the hazard and base 
perimeter data used in this chapter with asset airfield and utility asset inventory data.  

By exposure, we mean, simply, the presence of a hazard in a particular location. This 
definition of exposure does not account for how susceptible, or vulnerable, a particular asset or 
set of assets is to that hazard. Assessing vulnerability requires detailed information on a local 
scale, which is not consistently or comprehensively available at the enterprise level.  

There are several publicly available data sources that can be used to assess exposure to 
natural hazards in the United States. As we describe in more detail in this chapter, there are 
trade-offs among the spatial coverage, quality, and resolution of publicly available exposure 
data. Data available at the national scale are incomplete or were often produced at coarse 
resolutions, which limits the feasible unit of analysis to assess exposure. Despite these 
limitations, and as we show in this chapter, it is possible to use available information to identify 
areas where the DAF might want to focus efforts on deeper, installation-level vulnerability 
assessments. 

We focus on natural hazards that have the potential to cause damage to infrastructure. 
However, we recognize that natural hazard events do and will continue to affect other aspects of 
DAF missions, such as operations or training. Although it is important to understand and account 
for these sorts of implications in planning efforts, these aspects are beyond the scope of this 
analysis. We begin this chapter by describing the exposure data that we used in this analysis, the 
limitations of the data, and our method for analysis. We conclude by identifying exposure of 
DAF locations to each hazard. The findings presented in this chapter can be used as a screen for 
prioritizing where to perform more-detailed analyses. 

 

 
42

 We only included the primary site for the installation (i.e., where command operations is located), termed the 

parent base in the dataset. There were no parent bases for Hawaii in our dataset (Joint Base [JB] Pearl-Harbor 

Hickam was excluded because it is under the Navy’s administration). We did not assess exposure for bases outside 

the United States because publicly available hazard exposure data for other countries is sparse. 
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Data and Methods 
Publicly available sources of data that can be used to assess installation exposure to natural 

hazards vary in their spatial coverage, resolution, and how well they represent the physics of the 
hazard at varying scales (e.g., U.S. national-scale flood models have been criticized for 
oversimplifying the flooding process, which could be underrepresenting the risk of flooding 
across the country).43 We sought authoritative data sources that could provide the most complete 
data on a national scale that were derived using a standardized method to support comparison 
across installations. Table 2.1 provides a summary of the data we used to assess exposure to 
flooding, wildfire, and wind; it also identifies some of the limitations for use in assessing DAF 
installation exposure to natural hazards.  

There are several other sources of hazard exposure data that are relevant to the analysis 
presented in this report, particularly for flood. Table 2.2 lists some of these alternative data 
sources, ways in which they could be used, and their limitations. Lack of enterprise-wide 
availability was the primary reason we chose not to use these data sources. Although our analysis 
does not rely on the data sources listed in Table 2.2, we do reference some of the sources in this 
chapter and the next—either to highlight opportunities for local planners to use these data where 
available or to discuss ways in which our analysis could be augmented in the future.  

 

 
43

 Using a new 30-meter resolution-flood model, Wing et al., 2018, estimates that the “total US population exposed 

to serious flooding is 2.6–3.1 times higher than previous estimates.” 
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Table 2.1. Summary of Data Sources Used in Installation Exposure Analysis 

Data Source Short Description Use in This Analysis 
Date of the Data 

Source 

Limitations for Use in Enterprise-Wide 
Exposure Analysis and for Interpretation of 

Results 
DoD Site Boundaries 
dataset from the Homeland 
Infrastructure Foundation-
Level Data (HIFLD) Open 
Data 

Geospatial dataset that contains 
“authoritative boundaries of the 
most commonly known” 
installations 

Base boundaries September 29, 2019 • Not a comprehensive collection of all DoD 
facilities 
 

Federal Emergency 
Management Agency 
(FEMA) National Flood 
Hazard Layer (NFHL) 
Database 

Geospatial database with current 
effective flood hazard data that are 
used to inform insurance rates 
assessed by the National Flood 
Insurance Program (NFIP) 

Current flooding 
exposure 

October 4, 2017 • Missing or incomplete data for some AFBs. 
For example, not all bases have a 
designated Special Flood Hazard Area 
(SFHA) delineated by the 1-percent annual 
exceedance probability (AEP), and very few 
have an alternate return interval of the 0.2-
percent AEP. 

• Variety of vintages, qualities, and 
methodologies used to determine flood risk 

• Maps do not take into account potential 
flooding caused by intense rainfall, future 
climate projections, or potential land use 
changes  

• Base flood elevations (BFEs) are available 
only for a limited number of AFBs 

NOAA SLR and Inundation 
projections 

Geospatial database that shows 
the “potential scale of flooding” in 
coastal areas due to SLR. SLR and 
inundation are mapped in one-foot 
increments. 

Future permanent 
inundation resulting 
from SLR  

July 2019 • Might not capture all local hydrological 
features of a particular site that influence 
susceptibility 

• Do not take into account physical dynamics 
of flooding or impacts of storm events 

U.S. Forest Service Wildfire 
Hazard Potential (WHP) 
Index 

Geospatial data that indicate the 
potential for a wildfire that would be 
difficult to suppress 

Wildfire exposure 2018 • Meant for large-scale planning, so 
resolution is coarse (270 m) 
 

FEMA Wind Zones Delineates four wind zones across 
the United States consistent with 
the American Society of Civil 
Engineers (ASCE) 7-98 design 
wind speed–measuring criteria 

Wind exposure 2011 • Underlying data not publicly available; only 
visual inspection of the map is feasible 
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Table 2.2. Potential Additional Data Sources for Installation-Level Current Flooding and Future 
SLR Projection Analysis 

Data 
Source 

Short 
Description 

Potential 
Use in 

Subsequent 
Analysis 

Limitations for Use in Enterprise-
Wide Exposure Analysis and for 

Interpretation of Results 

Installations Where It 
Could Have Additional 

Insight or Value 

FEMA Flood 
Insurance 
Rate Maps 
(FIRMs) with 
BFEs 
assigned to 
SFHAs 

Zones A and V 
in more-recent 
modeling efforts 
might have 
elevations 
(NAVD88) that 
indicate the 
water surface 
elevation of the 
flood event 

Depth of 
current flood 
exposure 
(and 
potential 
vulnerability 
of assets) 

• Only nine bases provide this level 
of detail, typically in coastal 
areas, but not systematically 
selected 

• Also needs to be combined with 
either a Digital Elevation Model 
(DEM) or asset elevations 
(unavailable in the GeoBase data 
to which we had access) 

• Several coastal bases 
(Dover, Eglin, Hurlburt, 
Keesler, Langley, 
MacDill, Patrick, and 
Tyndall) 

• Only inland base is 
Kirtland (though much 
of it not digitally 
available, and there is 
an area including Zone 
AH indicating shallow 
ponding) 

FEMA 
FIRMs with 
Zone B or X 
Delineating 
the 0.2-
percent 
annual 
chance 
event (ACE) 
(500-year) 
floodplain 

Some flood 
insurance 
studies also 
include areas 
with a lower 
probability of 
higher-
consequence 
floods (often for 
critical 
infrastructure) 

Alternative 
probability of 
current flood 
exposure 

• Only four bases had available 
data, and only two of those have 
the floodplain impacting assets or 
airfields 

• Wright-Patterson has a 
substantial additional 
area impacting airfield 
assets, and Dover has 
some additional minor 
flooding on the support 
side 

• Eglin and Buckley also 
have small areas 
mapped on the 
perimeter of the base 

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

SLOSH is a 
numerical model 
to compute 
storm surge 
above predicted 
tides, based on 
storm track, 
intensity, size, 
and forward 
speed, as well 
as undersea 
bathymetry and 
above-ground 
topography  

Exposure 
area or flood 
depth to 
historic or 
synthetic 
tropical 
storms and 
hurricanes 

• Relatively coarse vertical and 
horizontal resolution  

• Available along the East and Gulf 
Coasts where SLOSH grids have 
been established, spanning 
counties or states 

• Requires selection of storm 
parameters (category, track, etc.) 
or summing maximum of 
maximums that could give an 
excessive or biased set of 
assumptions 

• Typically used for evacuation 
hazard planning rather than area 
exposure or asset vulnerability 

• All East and Gulf Coast 
bases: Dover, Langley, 
Charleston, Patrick, 
MacDill, Tyndall, Eglin, 
Hurlburt, and Keesler 

• Interpolates flood 
depth over time 

• Allows for rapid refresh 
during anticipated 
storm events for 
multiple storm 
parameters 
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Data 
Source 

Short 
Description 

Potential 
Use in 

Subsequent 
Analysis 

Limitations for Use in Enterprise-
Wide Exposure Analysis and for 

Interpretation of Results 

Installations Where It 
Could Have Additional 

Insight or Value 

U.S. 
Geological 
Survey 
(USGS) 
DEMs and 
other similar 
datasets 
from state, 
local, tribal, 
and 
territorial 
governments 

National dataset 
of interpolated 
bare earth or 
reflected surface 
elevation point 
clouds vary in 
horizontal 
resolution (for 
example, from 
approximately 
1m to 30m of 
varying vintages) 
as well as 
vertical. 
Nationwide light 
detection and 
ranging (LIDAR) 
within past 
decade at fine 
resolution 
anticipated by 
2023. 
 

Sensitivity to 
current flood 
exposure 

• LIDAR not yet available via 
USGS for 25 bases 

• Uncertainty of using a +/– 
measurement increment from 
FEMA FIRM elevation (or 
interpolated) represents a 
meaningful change in probability 

• Altus, Arnold, Beale, 
Cannon, Charleston, 
Davis-Monthan, Dover, 
Edwards, Eglin, 
Eielson (interferometric 
synthetic aperture 
radar), Ellsworth 
(partial), Elmendorf, 
Fairchild (partial), 
Goodfellow, Hanscom 
(partial), Hill (different 
vintages), Hurlburt, JB 
Andrews, Joint Base 
San Antonio (JBSA) 
Lackland, Keesler, 
Langley, Laughlin, 
Little Rock, Los 
Angeles, MacDill, 
McConnell, McGuire, 
Nellis, Offutt, Shaw, 
Sheppard, Travis, 
Tyndall, Vance, 
Vandenberg (partial) 
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Data 
Source 

Short 
Description 

Potential 
Use in 

Subsequent 
Analysis 

Limitations for Use in Enterprise-
Wide Exposure Analysis and for 

Interpretation of Results 

Installations Where It 
Could Have Additional 

Insight or Value 

Local 
surveys or 
regionally 
based 
engineering 
flood models 

Communities 
(including AFBs) 
can commission 
high-resolution 
flood models 
such as the 
USACE 
Hydrologic 
Engineering 
Center's River 
Analysis System 
to understand 
exposure and 
vulnerability 

Greater 
floodplain 
fidelity and 
perhaps 
alternative 
probability of 
current flood 
exposure 

• Individual base engineers would 
likely be most aware of these 
efforts, though some products are 
included in GeoBase. The data’s 
provenances are uncertain, 
especially whether conditions are 
existing/proposed or 
characterized completely. 

• Some have different flood 
probabilities of local planning 
interest (for example, 33-percent 
or 10-percent ACE) 

• Beale (1-percent ACE 
to be determined 
[TBD]), Buckley 
(appears to be both 1-
percent and 0.2-
percent ACE context 
outside base), Cannon 
(proposed 10-percent 
ACE, proposed 1-
percent ACE, playas, 
and detention basins), 
Charleston (other 
parcels of JB), Davis-
Monthan (1-percent 
ACE), Dyess (1-
percent and 0.2-
percent ACE 
floodways), Eielson (1-
percent ACE), 
Ellsworth (1-percent 
ACE), F. E. Warren (1-
percent ACE), JBSA 
(33-percent and 0.2-
percent ACE), 
Elmendorf (individual 
river or creek 1-percent 
ACE), Little Rock (1-
percent with BFEs), 
Nellis (TBD), Peterson 
(1-percent ACE), 
Schriever (1-percent 
ACE and 100' buffer), 
Scott (1-percent ACE 
by creek), Whiteman 
(1-percent ACE) 

USGS DEM See above Exposure to 
future 
coastal flood 
events with 
SLR 

• Similar limitations to USGS DEM 
utility for current flooding hazards 
per above 

 

• Standards of 7' SLR 
above FEMA FIRM 
BFE only applicable to 
Tyndall, per Air Force 
guidance 
 

NOAA SLR 
depth from 
DEM 

Similar to the 
NOAA SLR 
scenarios, 
except with 
depth of 
inundation 
based on 
underlying DEM 

Vulnerability 
to future 
SLR 

• Mingles planning (exposure) and 
design (vulnerability) analyses  

• Would need to combine with 
asset elevations (unavailable in 
GeoBase) 

• Available for all coastal 
bases (including 
Vandenberg) 

• Affords relative 
sensitivity analysis and 
can highlight where 
small changes in 
elevation can impact 
large exposure areas 
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Data 
Source 

Short 
Description 

Potential 
Use in 

Subsequent 
Analysis 

Limitations for Use in Enterprise-
Wide Exposure Analysis and for 

Interpretation of Results 

Installations Where It 
Could Have Additional 

Insight or Value 

Local 
surveys or 
regionally 
based 
engineering 
flood models 

Communities 
can commission 
high-resolution 
flood models 
such as ADCIRC 
(Advanced 
Circulation) to 
understand 
exposure and 
vulnerability 

Exposure 
and/or 
vulnerability 
to future 
SLR and/or 
flood events 

• Individual base engineers would 
likely be most aware of these 
efforts, though these efforts 
would likely have different 
baseline assumptions or 
modeling techniques. 

• Langley via Hampton 
Roads and perhaps 
others 

 

Installation Boundaries 

We started by defining the installation perimeters for each installation. We used the 
“DSL_Boundaries_US” dataset from the HIFLD secure portal.44 Our criterion for inclusion was 
DAF active-duty parent installations,45 which excludes annexes, training ranges, missile fields, 
outlying sites (e.g., radar or other tracking or sensor sites),46 and installations associated with 
other services (e.g., JB Pearl Harbor-Hickam is not included in our analysis because it is under 
the Navy’s administration). A consequence of using this criterion is that some installations with 
critical and/or well-known missions are not included (e.g., Cape Canaveral Space Force Station 
is an associated site of Patrick,47 Creech is an associated site of Nellis). Additionally, only the 
DAF components of JBs are included (e.g., we only use the base perimeter for the Langley part 
of JB Langley-Eustis). The final set of installations we use in this analysis includes 63 DAF 
active-duty parent bases, listed in Tables 2.3 through 2.5 (which appear later in this chapter).48  

 
44 The dataset was created on September 30, 2019, and contains the “authoritative boundaries of the most commonly 
known” installations in the United States but is not a comprehensive collection of all DoD facilities. We downloaded 
the dataset from the sensitive but unclassified Department of Homeland Security (DHS) Geospatial Information 
Infrastructure Portal (see https://gii.dhs.gov/gii/home). There is a publicly available counterpart to this dataset 
available from the HIFLD Open Data portal (see https://hifld-geoplatform.opendata.arcgis.com; HIFLD, undated). 
The data we used for analysis are a For Official Use Only (FOUO) resource, but our use of these data did not result 
in an FOUO derivative product, per the guidance in the HIFLD data catalog, which states “Data and derived 
products shall be handled as Unclassified - FOUO with the exception of maps and charts produced from this data at 
a scale of 1:100,000 or smaller.” The sites included in this dataset were selected by the Defense Installation Spatial 
Data Infrastructure program within the Office of the Deputy Assistant Secretary of Defense for Infrastructure, 
Business Systems, and Information from the Real Property Asset Database (HIFLD, undated). 
45 A parent base is the primary site of an installation (i.e., the site where installation command operations are 
located).  
46 We excluded these sites for scoping purposes. We recognize that these locations and/or assets could be exposed 
and vulnerable to natural hazards and suggest that the DAF consider including them in future analyses.  
47 The report discusses numerous installations, most of which are formally considered AFBs. For the remainder of 
the report, these formal designations will be omitted, unless it is necessary for clarity.  
48 There are 65 DAF active-duty parent bases listed in the dataset. We removed the U.S. Air Force Academy and 
Brooks, which was closed in 2011 (but is still managed by AFCEC for environmental compliance). 

https://gii.dhs.gov/gii/home
https://hifld-geoplatform.opendata.arcgis.com
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Flood Exposure Data Sources 

We assessed installation exposure to two types of flooding. The first consideration was 
current flooding, for which we use the FEMA-designated SFHA, or the zone with a 1-percent 
AEP.49 The second criterion was future permanent inundation resulting from SLR, which 
references NOAA SLR projections in foot increments. These scenarios account for the local 
effects of flooding directly attributable to SLR, as well as tidal flooding exacerbated by SLR. 
NOAA’s and thereby our analysis do not account for inundation from storm surge in addition to 
SLR. 

Current Flooding—FEMA’s NFHL Dataset 
To assess exposure to current flooding, we used FEMA’s NFHL dataset, a geospatial 

database with the current effective flood hazard data that are used to inform insurance rates 
assessed by the NFIP. Specifically, we used the SFHA50 as delineated on the Flood Insurance 
Rate Maps (FIRMs). FIRMs are the official flood hazard maps generated for the NFIP using 
information compiled for a Flood Insurance Study (FIS).51 The SFHA is the zone modeled to be 
flooded by the 1-percent AEP and is understood to be exposed to high-consequence, low-
probability flooding. We used these data because FEMA’s NFHL is the best single source of 
publicly available, geospatial, current flood risk data at the national scale. Additionally, because 
the SFHA is a standard measure across flood maps, the area of overlap between an installation 
and the SFHA can be directly compared across the country as a measure of relative exposure.52 
Finally, Congress directed DoD to disclose whether new construction projects fall within the 
SFHA when submitting funding requests.53  

There are some limitations to using these data. Although the NFHL database contains flood 
maps that cover about 90 percent of the U.S. population,54 it does not provide complete data for 
all installations included in our analysis. Figure 2.1 shows the spatial extent of flood maps within 
the NFHL database (areas in red indicate that flood maps are available). Flood maps might not 

 
49 DAF planners refer to the AEP as the ACE. We refer to it as AEP in this report. The 1-percent AEP event is also 
commonly described as the 100-year floodplain. 
50 For information on the zones included in the SFHA, see FEMA, 2020.  
51 An FIS has all of the technical details on the sources of flooding, historical events, analysis of transects near sites, 
flood elevation, flood profiles, etc., used to assess flood risk for a community. It is FEMA’s document of record for 
flood risk data for a community. Although there are standards and guidelines for completing an FIS, there is a wide 
variety of vintages so they are not directly comparable between communities. The current FIS standards can be 
found at FEMA, 2019a.  
52 FEMA is constantly revising maps across its administrative regions on a watershed and county-level basis, with 
updates prioritized by factors such as relative severity of impact, population density, currency/accuracy of data, etc. 
For installations spanning multiple counties, such as Wright-Patterson, their flood data may come from different 
years. There are adjacent map tiles where the data and methodologies could differ substantially, and we note that 
these differences might also be amplified when comparing bases in different regions across very different terrains 
and flooding threats. 
53 John S. McCain National Defense Authorization Act, P.L. 115-232, Sec., 2805, Note to 10 USC 2855. 
54 FEMA, 2018.  
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be available for a particular area for a variety of reasons, including that FEMA has not completed 
a formal study of the area, FEMA has determined it is not a flood hazard area, the area is federal 
land, or the community is not participating in the NFIP. As a result of missing or incomplete 
data, some installations that have experienced significant flooding in the past or that are known 
to be susceptible to flooding are not captured in our analysis. We discuss missing and incomplete 
data for our sample of installations in the findings section of this chapter.  

The hazard literature has also raised concerns about how well FEMA’s maps represent 
current flood risk.55 Because flood risks are dynamic, flood hazard maps should be updated 
periodically to reflect changes in water flow or drainage patterns to accurately represent the 
current flood risk. FEMA has been working to update the nation’s maps, using the latest data, 
technology, and methods, but these studies are resource intensive and the maps cannot all be 
updated at once. Thus, the flood maps might not be updated as frequently as the risks change, 
and this results in different vintages, qualities, and methodologies that underlie the flood hazard 
maps.56 This could mean that FEMA’s current effective hazard maps might be underestimating 
or overestimating the actual flood risk for a given community if the map is old.  

Figure 2.1. NFHL SFHA Data Availability for the Continental United States 

 
SOURCE: FEMA NFHL Viewer. 

 
55 See Wilson and Kousky, 2019. 
56 With newly improved data and models of flood hazard, the delineation of the SFHA in theory becomes more 
accurate. Typically, this results in an expansion of the areas delineated as the SFHA and a better characterization of 
the flood elevation surface, especially in rural places where computational limitations might have previously existed. 
Newer versions also typically include the 500-year floodplain (an 0.2-percent AEP), which could be useful for 
setting standards for bases outside of the 100-year floodplain. Because not all maps delineate the 500-year 
floodplain, we did not use it for this analysis, but base planners could use this information on a case-by-case basis, if 
available. 
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Additionally, FEMA maps, which look primarily at coastal storm surge, watershed-scale 
riverine drainage, or the floodway impacts of mitigating infrastructure, do not necessarily 
account for the potential risk of pluvial flooding, which is localized flash flooding from intense 
rainfall (often in areas with poor drainage from lack of permeable soils or inadequate conveyance 
infrastructure). Other flood hazard modeling efforts have shown that these risks could be 
substantial in certain places.57 Furthermore, because FEMA only uses one or two values from the 
flood probability distribution, we might not know the relative sensitivity of the flood hazard area 
from infrastructure or terrain effects, and so the maps might be underestimating the amount of 
land that should be characterized as high risk for flooding because there are other flood 
controlling factors that are not accounted for in their methodology, such as recent land use 
changes and changing climate.58 

Finally, some FEMA FIRMs are published with BFEs that represent the modeled water 
surface height of a 1-percent AEP. Unfortunately, these were only available for nine of the bases 
in our analysis, eight of which are coastal.59 Using DEMs provided by USGS or NOAA, base 
planners could interpolate the potential flood depth. In coastal areas, these DEMs are publicly 
available at 1m resolution, and additional LIDAR flights might be available at higher 
resolutions.60 But, as we noted in Table 2.2, this information is not uniformly available outside 
coastal areas. We did not use flood depth data because asset elevation information was 
unavailable from GeoBase, and we could not make a reliable determination whether a building’s 
sill elevation or critical infrastructure may in fact be exposed (for example, whether a generator 
is located on a pad, or switchgear is in the basement or roof). Consequently, we are not certain of 
the relative severity of flood risk, and we characterize exposure to current flooding by 
calculating the percentage of the base area that overlaps with the SFHA (presented in this 
chapter) and the percentage of a particular asset type that falls within the SFHA (presented in 
Chapter 3).61  

Future Coastal Flooding: NOAA SLR and Permanent Inundation Projections 
We also consider the other end of the risk spectrum—future potential high-frequency, daily 

exceedance flooding events stemming from SLR. To assess exposure to this class of future 

 
57 The First Street Foundation created its own national-scale flood model, called Flood Factor, that suggests that the 
federal maps underestimate the risk of flooding across the nation. Flood Factor identified “around 1.7 times the 
number of properties as having substantial risk” compared with FEMA’s estimates of properties that fall within the 
SFHA (First Street Foundation, 2021). See Appendix D for more details regarding the First Street flood model. See 
also Wing et al., 2018, for another modeling effort that suggests that FEMA’s maps might be underestimating the 
portion of the U.S. population at risk for serious flooding by 2.6 to 3.1 times. 
58 See Wilson and Kousky, 2019. 
59 These bases were Dover, Eglin, Hurlburt, Keesler, Kirtland (much of which is mapped Zone D and not digitally 
available, but some areas around the airfield are also designated AH, which indicates shallow ponding of 1–3ft 
depth), Langley, MacDill, Patrick, and Tyndall. 
60 Some coastal regions might have access to more advanced flood risk models or might wish to use models such as 
NOAA’s SLOSH that can model the impacts of particular storms. 
61 See Wilson and Kousky, 2019. 
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flooding, we used NOAA’s SLR inundation projections (which include local effects, such as 
subsidence).62 These data show the “scale of potential flooding” relative to a local highest high 
tide63 for projected SLR for areas that are hydrologically connected64 to the ocean and for nearby 
low-lying areas that might also flood. In Tyndall’s case, 7 feet of bathtub inundation above Mean 
Higher High Water are equivalent to an extreme scenario in 2080, a high scenario in 2090, and 
an intermediate high scenario in 2100. The inundation projections are available for SLR at one-
foot increments. Higher levels of potential inundation represent more-extreme SLR scenarios and 
could also be a useful proxy for understanding the compounding impacts of storm surge with a 
lower level of SLR. The SLR maps are generated using a modified bathtub modeling approach,65 
which takes into account tidal variability and the hydroconnectivity of inundated areas. However, 
the approach does not take into account the physical dynamics of flooding or the impacts of 
storm scenarios. Both of these effects could result in a substantially larger amount of land 
inundated as a consequence of SLR. Additionally, because these are remotely sensed data, they 
might not capture all the hydrologic features of a particular site (e.g., stormwater infrastructure, 
canals, ditches) that influence that site’s actual susceptibility to flooding.  

We used NOAA’s data because they are widely used in the climate community and are 
considered an authoritative dataset. The NOAA dataset is the best single source of publicly 
available geospatial future coastal flood risk data at the national scale. 

Method of Flood Analysis 
For both current flooding and future SLR-induced permanent inundation, we merged the 

HIFLD database perimeters with the respective hazard dataset (NFHL for current flooding, 
NOAA SLR projections for future coastal flooding) using ArcGIS. We tagged, with the 
installation name, all areas of overlap of the base area and the SFHA in the NFHL and the base 
area and the projected inundation under two future SLR scenarios: three-foot SLR and seven-
foot SLR.66 We exported the results to Excel, summed the flooded area, and calculated the 
percentage of installation area that was flooded. 

 
62 The data we used in this analysis are current as of July 2019. Geospatial data can be downloaded from the NOAA 
website or viewed using NOAA’s web-based Sea Level Rise viewer, found at https://coast.noaa.gov/slr/ (National 
Oceanic and Atmospheric Administration Office for Coastal Management, undated). 
63 Consistent with other inundation studies, NOAA uses the local Mean Higher High Water tidal datum as the base 
elevation because this tidal datum “represents the elevation of the normal daily excursion of the tide where the land 
area is normally inundated.” This tidal point is important to consider when trying to determine the extent of potential 
land inundation of abnormal events, such as storm surge or sea level change. For more information on this topic, see 
National Oceanic and Atmospheric Administration Office for Coastal Management, 2020.  
64 Hydrologically connected means that there is an interconnection between water bodies such that the “use of either 
results in an impact to both” (Law Insider, 2020). 
65 Simple bathtub models treat the ocean like a bathtub, where the lower areas flood first, then the higher areas flood 
until the water keeps rising at the same rate everywhere. It is a passive approach to flood mapping and might 
underestimate the amount of land at risk of flooding because of SLR. See Anderson et al., 2018. 
66 These are commonly used scenarios in hazard planning and cover the space of plausible to extreme SLR by 2100. 
For instance, the DoD Coastal Assessment Regional Scenario Working Group released a report in April 2016 that 

 

https://coast.noaa.gov/slr/
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For current flooding, we performed this analysis for all installations for which digital data 
were available in the NFHL (N = 43 installations).67 For future coastal flooding, we assessed 
exposure to SLR for installations that are within a 20-kilometer buffer from the NOAA-defined 
coastal shoreline.68 Using this criterion, 15 installations were identified for analysis (see Table 
2.3 for this list of installations). Ground elevation data (where available) and visual inspection 
using NOAA’s Sea Level Rise Viewer revealed that four of the 14 installations were sufficiently 
elevated to avoid exposure up to ten feet of SLR (Andrews, Travis, McGuire, and Los Angeles 
AFBs). Therefore, we did not perform SLR exposure calculations for these four installations. 

Wildfire Exposure Data Source 

We used the U.S. Forest Service WHP69 Index to assess exposure at the installation level. 
The WHP is an index that “depict[s] the relative potential for wildfire that would be difficult for 
suppression resources to contain.”70 The index was developed to help fire managers make 
strategic decisions about fuel management over very large areas of land (on the order of millions 
of acres). The index was derived from estimates of burn probability generated by the large-fire 
simulation system (FSim),71 vegetation and fuels data from LANDFIRE,72 and historical records 

 
accompanies a database with regionalized sea level scenarios for three future time horizons (2035, 2065, and 2100) 
for 1,774 DoD sites worldwide (see Hall et al., 2016). The regionalized scenarios were based on five global 
scenarios ranging up to 2 meters (7 feet) at the end of the century. We also included a 3-foot scenario to illustrate the 
effects of a high scenario within a project design life of 50 years associated with the Hampton-Langley Air Force 
Base Joint Land Use Study 2018 Addendum (City of Hampton and Joint Base Langley–Eustis Langley Air Force 
Base, 2018). Note that the 7-foot SLR scenario exceeds the range of variability in the global mean SLR cited in 
Chapter 1, but we use this scenario to illustrate the impact that more aggressive climate change can have. 
67 Some bases in our dataset have a FIRM that can be downloaded as a PDF and used for visual inspection, but the 
map has not been digitized. Our method of analysis requires digital data to be able to calculate the percentage of 
base area in the SFHA. Therefore, for bases that show area in the SFHA on a printed FIRM but do not have digital 
data available, we were not able to calculate the percentage of base area in the SFHA. These are denoted in Tables 
2.5 and A.4 with “no digital data available.” 
68 This is the same criterion used to select bases for inclusion in the SERDP-ESTCP Regionalized Sea Level Change 
and Extreme Water Level Scenarios explorer, available at a Common Access Card–enabled website: 
https://sealevelscenarios.serdp-estcp.org/ (DoD Regionalized Sea Level Change & Extreme Water Level Scenarios, 
undated). 
69 Previous versions in 2007 and 2012 were known as the Wildland Fire Potential map. 
70 Dillon, 2018. 
71 FSim is a fire behavior modeling system developed by the U.S. Forest Service that simulates fire behavior for the 
contiguous United States. The model consists of four modules (weather, fire occurrence, fire growth, and fire 
suppression) and generates “burn probabilities and fire behavior distributions at each landscape location” (Finney et 
al., 2011). The 2018 WHP uses estimates from an FSim that was run in 2016.  
72 The USGS LANDFIRE program is a “a multi-partner program [that] produces . . . geospatial data and databases 
that describe vegetation, wildland fuel, and fire regimes across the United States and insular areas.” Data that cover 
the continental United States (CONUS) and Alaska can be viewed with an online mapping application or 
downloaded for analysis from https://landfire.cr.usgs.gov/about.php (LANDFIRE, undated). The 2018 WHP uses 
2012 LANDFIRE data. 

https://sealevelscenarios.serdp-estcp.org/
https://landfire.cr.usgs.gov/about.php
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of fire occurrence from the national Fire Program Analysis (FPA) system.73 The 2018 WHP is 
presented in two forms at 270-meter resolution: as a continuous integer ranging from zero to 
98,762 and as a grouped (or “classified”)74 index of five classes of very low, low, moderate, 
high, and very high. The higher WHP values represent areas that have a higher likelihood of 
experiencing extreme fire behavior under favorable weather conditions. 

The WHP is not a wildfire outlook or forecast. Because it is based on landscape conditions at 
the end of 2012, it might not reflect current conditions in all areas, particularly those that have 
experienced devastation from natural hazards in recent years (such as the hurricanes in the 
southeastern United States in 2017 or the wildfires in California in 2016, 2018, and 2020) or 
where land use has changed substantially. 

We use these data because they provide a standardized scale of relative potential exposure, 
which can be compared across installations in the United States. The data are national in scale 
and already incorporate relevant data from other data sources (as described above) that are 
important for assessing exposure to wildfire risk. Other publicly available data products and tools 
include data on historic wildfire perimeters, the severity and size of historical fires,75 current 
wildfire perimeters, current wildfire points, and several different datasets with structure locations 
and service area boundaries. Each of these data sources could be used to inform planning at a 
local scale or to assess the seasonal exposure of installations. We use one such dataset in the 
analysis of installation co-vulnerabilities presented in Chapter 5.  

Method of Wildfire Analysis 
We calculated two wildfire exposure measures: an installation-level WHP average and the 

percentage of installation area that has a value within the “high” and “very high” classes (i.e., 
values of 402 or greater). The purpose of this analysis is to screen for installations that might 
have higher relative exposure to wildfire, so we only calculated the percentage of installation 
area for the top two classes. 

To calculate the installation-level average, we took an average of the WHP values within the 
installation perimeter.76 The calculated average does not take into account the WHP index for 

 
73 The 2018 WHP uses FPA data from 1992 through 2013. The FPA contains spatial wildfire occurrence data for the 
United States. Details on the system can be found at U.S. Department of Agriculture, undated. 
74 The U.S. Forest Service uses the term “classified” to describe its grouped index mapping product. This should not 
be confused with the federal government’s use of this term to describe levels of security classification. 
75 One such dataset is the Fire Occurrence Database developed and maintained by the Monitoring Trends in Burn 
Severity (MTBS) program, an interagency program conducted by the USGS and the U.S. Forest Service. The fire 
occurrence database maps the severity and size of large fires in the United States from 1984 to the present. These 
data are generated at 30-meter resolution using Landsat satellite program data. We did not use these data in the base-
level or asset-level exposure analysis because they only provide data on historical fire occurrence but not where 
there is potential for wildfire. Historical events are important to consider in hazard planning, but the past is not 
necessarily a good predictor of the future. The WHP incorporates point locations of historical fires in the index in 
addition to looking at other factors that influence fire behavior. 
76 We performed the calculation using ArcGIS, which only captures the value of a grid cell in analysis if the 
centroid of that grid cell falls within the base perimeter. This means that the calculated average might not take into 
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adjacent lands, but we do consider this aspect of exposure in the analysis presented in the next 
chapter.  

To calculate the percentage of installation area in the “high” or “very high” classes, we 
summed the area of the WHP grids for these two classes that fall within the installation 
perimeter.77  

Wind Exposure Data Source 

Severe wind events can be the result of several different kinds of storms: hurricane, tornado, 
severe thunderstorms, and other weather-related phenomena. We sought a data source that could 
apply a single measure of exposure to wind, irrespective of the cause of the wind. FEMA’s Wind 
Zone Map provides a generic categorization of wind exposure in four zones across the United 
States: zone 1 (lowest) through zone 4 (highest).  

Determination of the FEMA wind zones is consistent with the design wind speed measuring 
criteria (3-second gust, 33 feet above grade, exposure C) outlined in ASCE standard 7-98, 
Minimum Design Loads and Associated Criteria for Buildings and Other Structures. The ASCE 
standard 7 outlines the minimum wind speed to which buildings in a particular area should be 
designed to withstand (the current version of the standard is 7-16, issued in 2016).78 The 
minimum design wind speeds associated with each zone are 130 miles per hour (mph) for zone 
1, 160 mph for zone 2, 200 mph for zone 3, and 250 mph for zone 4. The basic wind speed maps 
included in the standard are derived from data from more than 1,000 U.S. weather recording 
stations. The standard also identifies special wind zone regions where winds can be 
unpredictable, such as in mountainous regions, in valleys or gorges, or where the terrain is 
particularly complex. In these areas, the wind can develop speeds that are much faster than any 
generalizable value.79 

The DAF might be able to use data from the ASCE for installation-specific assessments. A 
web-based ASCE 7 Hazard tool80 allows users to look up site-specific information for 
determining building loads for wind hazards (as outlined in the ASCE 7-10 and 7-16 standards). 
Because the standard is used for determining loads for buildings and structures, it does not 
provide any sort of classification by geographic region. Therefore, we could not use the tool to 

 
account all values within the base perimeter, and, in some cases, this means that the true average might actually be 
lower or higher than the calculated average.  
77 Similar to the base average calculation, the calculated percentage of base area in the high or very high classes is 
influenced by the number of grid cells with centroids that fall within and along the base perimeter. Thus, the 
calculation could be undercounting the percentage of base area that falls in those two classes if there are several grid 
cells in those classes with centroids outside of the base perimeter. 
78 The measuring criteria for design wind speed has not changed since version 7-98. 
79 The standard suggests that when “selecting basic wind speeds in these special regions, use of regional climatic 
data and consultation with a wind engineer or meteorologist is advised” (ASCE/SEI 7-16, Section C6.5.4.1). 
80 The tool is available at https://asce7hazardtool.online (ASCE 7 Hazard Tool, 2018). 

https://asce7hazardtool.online


 24 

get an installation-level value of wind exposure. However, this tool could be useful for detailed 
exposure analysis as part of a deeper-dive vulnerability assessment.81  

Other publicly available data products that could be used to assess severe wind risk and 
inform hazard management planning efforts include the NOAA Storm Prediction Center tornado 
and severe wind data and the NOAA National Hurricane Center hurricane tracking data 
(HURDAT).82,83 These datasets include severity, data, locations and tracks of tornadic winds, 
severe winds, and tropical weather systems. We did not use these data in the exposure analysis 
because they do not provide a standardized measure of potential exposure across the United 
States, but they do provide historical reference on location, timing, and severity of past tornadoes 
and hurricanes—information that can be used in analyses, as will be addressed in Chapters 4 and 
5. 

Method of Analysis 
To assess installation-level exposure to wind, we visually inspected the FEMA wind zone 

map to identify the wind zone for each installation included in our analysis. 

Findings 

Exposure to Current Flooding  

We assessed exposure to current flooding for 43 installations for which NFHL digital data 
was available. Figure 2.2 shows the percentage of installation area that falls within the SFHA, 
which ranges from 0 percent to just over 80 percent. Installations have been grouped into five 
bins, with shading indicating the fraction of the installation within the SFHA. Note that this 
portion of the analysis does not take into consideration where on the base the flooding is 
projected to occur, only that there is overlap with the SFHA and the base area. The majority of 
installations (30 out of 43) have less than 20 percent of their area in the SFHA, and almost half 
of the bases (19 out of 43) have less than 5 percent of their base area in the SFHA.  

 
81 Note that because the wind zone data we use is a categorical representation of a continuous variable, there is a 
risk of over- or underestimating wind exposure for bases falling close to or on the boundary between two zones. 
Higher-fidelity, site-specific data could be used for these bases to make a determination of the most accurate wind 
zone assignment. Of the installations we include in this analysis, two bases are situated close to the 3/4 boundary; 
two bases are situated close to 2/3 boundary; and one base falls close to the 1/2 boundary. 
82 NOAA Storm Prediction Center, 2016. 
83 National Hurricane Center and Central Pacific Hurricane Center, undated-a.  
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Figure 2.2. Base-Level SFHA Exposure for DAF Active-Duty U.S. Installations 

 

SOURCE: RAND analysis of FEMA NFHL and HIFLD data. 

Table 2.3 shows base-level SFHA exposure values for installations with at least 20 percent of 
the base area in the SFHA. We selected these installations for the asset-level exposure analysis 
presented in Chapter 3. The raw percentages for the full set of bases can be found in Appendix B, 
Table B.1.  
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Table 2.3. Base-Level SFHA Exposure Calculations for DAF Active-Duty U.S. Installations with 20 
Percent or More of the Base Area in the SFHA 

Installation Name 
Percentage Area of Base (AF Component) 

in SFHA 

Langley  82% 

MacDill  81% 

Wright-Patterson  65% 

Tyndall  55% 

Eielson  52% 

Hurlburt Field 39% 

Moody  36% 

Barksdale  36% 

Robins  33% 

Columbus  29% 

Maxwell  24% 

Seymour Johnson  23% 

Luke  23% 

Keesler  22% 

Dyess  20% 

 
There are only two bases with greater than 75 percent of their base area in the SFHA: 

Langley and MacDill (as highlighted in Figure 2.3). This is not surprising, as both of these bases 
experience recurrent flooding. Figure 2.3 shows SFHA maps for Langley (left) and MacDill 
(right). The orange line represents the perimeter of the base; the blue shaded areas represent the 
SFHA. Note that a high level of potential exposure does not necessarily indicate vulnerability. 
Other factors need to be considered, such as where the flooding will occur, what assets are within 
those zones, and the severity of the flood. The first two considerations we address in the next 
chapter; the third consideration we are unable to assess using this particular dataset because the 
NFHL does not indicate the depth of the flood. 
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Figure 2.3. Area in the SFHA (blue) Within the Perimeters (orange line) of Langley AFB (left) and 
MacDill AFB (right)  

 

SOURCE: RAND analysis of FEMA NFHL and HIFLD data. 
NOTES: Figures 2.3, 2.4, 2.7, and 3.2 include intellectual property of Esri and its licensors and are used under 
license. Copyright © 2020 Esri and its licensors. All rights reserved. 

It is important to note that the area affected by flooding on some bases could be sensitive to 
small changes in elevation—for example, the rest of MacDill’s runways fall just outside the 
shaded blue areas as that elevation is only slightly less probable to flood than the 1-percent ACE 
zone and for planning purposes would be considered at a reduced risk. FEMA does offer 0.2-
percent ACE products, but only four installations within our analysis had additional flood risk 
probability information available in Zones B or X (depending on the effective date of the map). 
Figure 2.4 shows the 1-percent AEP and 0.2-percent AEP zones for Wright-Patterson AFB as an 
example. Appendix D offers a note on the potential considerations of alternative probabilistic 
flood data across a broader range and greater number of risk thresholds and a comparison to 
Figure 2.4. 
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Figure 2.4. Wright-Patterson AFB FEMA 1-Percent and 0.2-Percent AEP Zones 

 
SOURCE: RAND analysis of FEMA FIRM and HIFLD data. 

Key findings from our analysis of SFHA exposure include the following: 

• The majority of the bases in our sample have less than 20 percent of the base area within 
the SFHA, with almost half showing less than 5 percent of base area in the SFHA. 

• There is no discernible regional exposure pattern for the bases included in our analysis. 

Exposure to Future SLR 

We assessed coastal flooding exposure under three SLR scenarios (three feet and seven feet) 
for ten DAF bases. NOAA’s projections suggest that states on the East Coast and along the Gulf 
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Coast will experience higher levels of inundation due to SLR than the West Coast. 
Correspondingly, bases on the East Coast and the Gulf Coast could have higher exposure to the 
effects of SLR than those on the West Coast. Figures 2.5 and 2.6 show the projected percentage 
of base area inundated under the three-foot and seven-foot SLR scenarios, respectively.  

Figure 2.5. Projected Percentage of Base Area Inundated Under Three-Foot SLR Scenario 

 

SOURCE: RAND analysis of NOAA SLR and inundation projections and HIFLD data. 
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Figure 2.6. Projected Percentage of Base Area Inundated Under Seven-Foot SLR Scenario 

 

SOURCE: RAND analysis of NOAA SLR and inundation projections and HIFLD data. 

Table 2.4 shows the projected percentage of base area inundated under the two SLR 
scenarios. The impact of localized coastal topography is apparent, with installations on former 
tidal wetlands or mangrove forests, such as Langley AFB and MacDill AFB, being extremely 
sensitive to changes in sea level. In contrast, others, such as Vandenberg AFB, have a hilly 
topography that minimizes the potential percentage change in exposure relative to base area. 

Table 2.4. Base-Level SLR Exposure Calculations for Select Coastal DAF Active-Duty U.S. 
Installations 

Installation Inundation: 3-Foot SLR Inundation: 7-Foot SLR 
MacDill  35% 79% 

Patrick  20% 88% 

Langley  20% 80% 

Tyndall  15% 36% 

Keesler  3% 5% 

Dover  1% 5% 

Eglin  1% 3% 

Hurlburt Field 1% 2% 

Vandenberg  0% 1% 

Charleston  0% 0% 
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Figure 2.7 shows projected SLR and inundation areas for Langley AFB (left) and MacDill 
AFB (right). The orange line represents the perimeter of the base; the blue shaded areas represent 
the projected inundation area under the three-foot SLR scenario. 

Figure 2.7. Projected Three-Foot SLR and Inundation for Langley AFB (left) and MacDill AFB 
(right) 

 

SOURCE: RAND analysis of NOAA SLR and Inundation projections and HIFLD data. 

Note that the severity of projected inundation will likely vary by the depth of flooding. 
NOAA provides DEMs of coastal areas in order to assess the potential depth of inundation from 
its SLR scenarios. Although we did not use DEMs in this first-order analysis, they could be used 
in subsequent analyses to gain a deeper understanding of the nature of exposure of coastal bases 
to SLR-induced inundation.  
 

Key findings from our analysis of SLR exposure include the following: 
• Five of the ten bases we assessed for SLR exposure are located in Florida (MacDill 

AFB, Patrick Space Force Base [SFB], Tyndall AFB, Eglin AFB, and Hurlburt 
Field), and three of those (MacDill AFB, Patrick SFB, and Tyndall AFB) are in the 
top four bases for exposure to SLR. This suggests that the DAF might want to focus 
efforts on understanding better how SLR and coastal flooding is projected to impact 
Florida in the future, though there are other regions that warrant a closer look as well. 
Not surprisingly, Langley also has high relative exposure to SLR and inundation. 
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• At three feet of SLR, MacDill AFB, Patrick SFB, and Langley AFB are all projected 
to have greater than 20 percent of inundation; at seven feet of SLR, Tyndall AFB also 
has greater than 20 percent of inundation.  

• Similar to our analysis for SFHA exposure, a higher relative measure of exposure for 
SLR does not necessarily indicate a higher level of vulnerability. Conversely, a small 
fraction of the base being subject to inundation could still be a cause for concern 
because this is a measure of future average sea level at high tide. Our analysis does 
not address consequences of storm surges at those increased sea levels.  

Exposure to Wildfire  

We assessed exposure to wildfire for 59 bases. The 2018 WHP Index does not include values 
for Alaska, so we do not have data for four bases in our list. Figure 2.8 shows the U.S. Forest 
Service–categorized WHP. Higher WHP values appear primarily in the western United States, 
though there are pockets of higher WHP in other parts of the country: in the South (parts of 
Texas, Louisiana, Mississippi, and Alabama), in the southeastern United States (Florida, 
Georgia, South Carolina, and North Carolina), in New Jersey, and in the upper part of Minnesota 
along the Canadian border.  

Figure 2.8. U.S. WHP (as of 2018) 

 

SOURCE: Dillon, 2018. 
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Figure 2.9 shows base-level average WHP index values grouped using the U.S. Forest 
Service WHP class definitions for the bases included in this analysis.84 The calculated average 
values range from 0 to 344; thus, on average, all bases fall within the “moderate” class or lower. 
Vandenberg, Eglin, Beale, Mountain Home, and Moody AFBs have the highest relative base-
level average exposure (all over 300), with values that are over 100 index points above the next 
base in the list (Kirtland at 191). These five bases also have the highest percent of base area in 
the high or very high WHP class. The base-level average WHP values and the raw percentages 
for the full set of bases can be found in Appendix B, Table B.2. 

Figure 2.9. Base-Level Average WHP for DAF Active-Duty CONUS Installations 

 
NOTE: Some bases have very limited vegetation, terrain, or access-related issues associated with fire potential, and 
so they appear in the “Non-burnable” category. 
SOURCE: RAND analysis of WHP Index and HIFLD data. 

The average base-level WHP is “low” or “very low” for 80 percent of the bases, but there are 
20 bases that have at least some portion of their base area categorized as “high” or “very high” 
WHP. Figure 2.10 shows these 20 bases. This means that a simple base average is insufficient, 
even for screening purposes. Because fires do not limit themselves to just one portion of the 
base, an enterprise-wide look at wildfire risk should flag bases with even small portions with 
high exposure. Similarly, regional exposure matters as much as within-base exposure—a concept 
we discuss further in Chapter 3. 

 
84 WHP class definitions: very low: <= 51, low: 52–156, moderate: 157–401, high: 402–1935, very high: > 1935. 
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Figure 2.10. Percentage of Base Area in the “High” or “Very High” WHP Class 

 
 
Key findings from our analysis of wildfire exposure include the following: 

• All bases fall in the “moderate” class or below (i.e., the base-level average WHP index 
value is 401 or lower) on average, with 80 percent of the bases with base-level averages 
that fall in the “low” or “very low” class (i.e., the base-level average WHP index value is 
156 or lower). 

• Vandenberg, Eglin, Beale, Mountain Home, and Moody AFBs have the highest relative 
base-level average exposure (all over 300), with values that are more than 100 index 
points above the next base in the list (Kirtland AFB at 191). These five bases also have 
the highest percentage of base area in the “high” or “very high” WHP class. 

• Although no base-level averages fall within the “high” or “very high” WHP class, there 
are 20 bases where exposure of some portion of the base falls in the “high” or “very 
high” category (see Table B.4 for the list of these bases).  

• As with flooding, caution should be taken in interpreting the percentage area of the base 
that falls within the “high” or “very high” class because this analysis does not consider 
where on the base higher relative values of exposure exist. The size and the configuration 
of the base and base assets could influence the severity of the exposure. However, unlike 
water, fire behavior can be unpredictable and jump to nonadjacent spaces, which makes it 
hard to model what a fire might do. Water flows, on the other hand, have directionality.  

Exposure to High Winds 

We assessed exposure to high winds at 62 bases (there are no wind zone data for Eareckson). 
Figure 2.11 shows the FEMA wind zones for CONUS (Appendix Table B.3 lists these bases). 
The black markers represent the bases included in this analysis. Not surprisingly, wind zones that 
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correspond with the higher design wind speeds (zones 3 and 4) overlap, geographically, with 
areas that are prone to tornadoes and hurricanes.  

 
Key findings from our analysis of wind exposure include the following: 
• Half of the bases included in this analysis are in wind zone 3 or 4.  
• The full breakdown is as follows: 14 bases (23 percent) are in wind zone 4, 18 bases (29 

percent) are in wind zone 3, and 15 bases (24 percent) each are in wind zones 2 and 1. 

Figure 2.11. CONUS FEMA Wind Zones 

 

SOURCE: RAND reproduction of FEMA wind zones. 

A Multi-Hazard View of Installation Exposure 

Table 2.5 shows the relative levels of exposure for each hazard for a subset of the bases 
included in this analysis. Installations have been included in the table if they meet any of the 
following criteria: 

• The have greater than 20 percent of the base area in the SFHA. 
• They are within 20 km of the coastline and not sufficiently elevated to avoid exposure up 

to ten feet of SLR. 
• They have any portion of their base area in the “high” or “very high” WHP classes. 
• They are in wind zones 3 or 4.  

The shades of orange in the table represent the relative level of exposure for a given hazard, 
where darker shades indicate higher levels of exposure. Bases with missing flood data are 
denoted with either “digital data not available,” which means that a FIS has been conducted and 
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there is an effective FIRM but the map has not been digitized into the NFHL,85 or “data not 
available,” which could mean that the area is unmapped (FEMA has not performed any studies 
or the area has not been included)86 or that the flood risk is undetermined (designated zone D, 
which means that there is possible flood risk, but no formal study has been conducted).87 We also 
encountered cases where map tiles are “not printed” in the NFHL database.88 Review of the 
FIRMs in these instances revealed that these areas were determined by FEMA to be areas of 
minimal flood hazard (zone X) and, thus, not in the SFHA. Bases where at least one tile is “not 
printed” are marked with asterisks. For those where the entire base area is not printed, we show a 
value of zero for the percentage of base area within the SFHA. 

Unsurprisingly, many bases are exposed to more than one hazard, some to a higher degree 
than others. For example, a high percentage of base area for Langley and MacDill AFBs is 
exposed to both current flooding and future SLR-induced permanent inundation, relative to other 
bases in the analysis. Wright Patterson has a high percentage of base area exposed to current 
flooding and is also located in wind zone 4. Vandenberg AFB has the highest base-level average 
WHP out of the installations included in this analysis but has a low relative wind hazard 
exposure. Moody AFB has about one-third of its base area in the SFHA, has a high base-level 
average WHP (relative to other bases), and is also exposed to relatively high winds in wind zone 
3. 

A multi-hazard exposure view highlights that not every base is equally susceptible to natural 
hazards. Some installations that are exposed to multiple hazards are critical to DAF operations. 
For installations in this category, a comparative analysis of the costs of keeping the installation 
open (to include hazard mitigation and repair/rebuild costs) and the difference between the 
anticipated and actual operational benefits the installation is able to provide reliably needs to be 
conducted. A multi-hazard view also motivates the need to consider different types of mitigation 
options for different bases. Making decisions about what sorts of mitigation options to invest in 
is more complicated for bases that are exposed to more than one hazard. If a base is exposed to 
two hazards—e.g., flooding and high winds—then spending all available resources on just 
mitigating one would not improve the overall resilience of the base.  

 
85 As discussed previously, some bases in our dataset have a FIRM that can be downloaded as a PDF and used for 
visual inspection, but the map has not been digitized. 
86 There are four instances where the map tiles in the NFHL viewer indicate “Area Not Included” (ANI). This is the 
case for Elemendorf, McConnell, Offut, and Whiteman. The ANI designation is used when an area in not included 
“because it is Federal land, such as a military installation; because it is not a flood hazard area; or because the 
community is not participating in the NFIP. ANIs are predetermined by FEMA and the community of interest” 
(email communication with FEMA map specialist on July 20, 2020). We know that military installations are not 
categorically excluded because there are maps available for other installations. For the four bases listed above, we 
were not able to determine the reason that the area was not included, just that it was not included in the map.  
87 FEMA, 2011. 
88 When an area is determined to have a single flood zone designation, FEMA does not publish the map panel 
because it is determined not to be cost-effective (email communication with FEMA map specialist on July 20, 
2020).  
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Table 2.5. Multi-Hazard Table for Select DAF Active-Duty U.S. Installations 

 
Current 

Flooding Future Coastal Flooding Wildfire Wind 

Installation 

Percentage Area of 
Base (DAF 

Component) in 
SFHA 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 3-
Foot SLR Scenario 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 7-
Foot SLR Scenario 

Percentage Area of 
Base (DAF 

Component) in 
“High” or “Very 

High” WHP 
Classes 

Base-Level Average 
WHP Wind Zone 

Altus AFB 17% n/a n/a 0% 4 4 

Arnold AFB* 19% n/a n/a 0% 59 4 
Barksdale AFB 36% n/a n/a 0% 53 4 
Beale AFB data not available n/a n/a 9% 326 1 

Cannon AFB* 0% n/a n/a 1% 93 3 

Charleston AFB no digital data 
available 0% 0% 6% 107 3 

Columbus AFB 29% n/a n/a 0% 55 4 
Dover AFB 2% 1% 5% 0% 13 2 

Dyess AFB 20% n/a n/a 0% 96 4 
Eglin AFB 14% 1% 3% 15% 333 3 
Eielson AFB 52% n/a n/a data not available data not available 1 

Ellsworth AFB* data not available n/a n/a 2% 168 3 
Fairchild AFB 0% n/a n/a 1% 73 1 

Goodfellow AFB 0% n/a n/a 0% 27 3 
Grand Forks AFB 5% n/a n/a 1% 54 2 

Hill AFB* 0% n/a n/a 1% 84 1 

Hurlburt Field 39% 1% 2% 0% 118 3 
JBSA-Lackland 8% n/a n/a 0% 37 3 
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Current 

Flooding Future Coastal Flooding Wildfire Wind 

Installation 

Percentage Area of 
Base (DAF 

Component) in 
SFHA 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 3-
Foot SLR Scenario 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 7-
Foot SLR Scenario 

Percentage Area of 
Base (DAF 

Component) in 
“High” or “Very 

High” WHP 
Classes 

Base-Level Average 
WHP Wind Zone 

JBSA-Randolph 2% n/a n/a 0% 43 3 
Keesler AFB 22% 3% 5% 3% 43 3 
Kirtland AFB 0% n/a n/a 4% 191 2 
Langley AFB 82% 20% 80% 0% 7 2 
Little Rock AFB 1% n/a n/a 0% 19 4 
Luke AFB 23% n/a n/a 0% 31 1 

Macdill AFB 81% 35% 79% 0% 57 3 
Maxwell AFB 24% n/a n/a 0% 38 3 
McConnell AFB data not available n/a n/a 0% 17 4 

McGuire AFB no digital data 
available n/a n/a 4% 172 2 

Moody AFB 36% n/a n/a 15% 316 3 
Mountain Home 
AFB 

no digital data 
available n/a n/a 14% 325 1 

Nellis AFB 0% n/a n/a 1% 47 1 

Offutt AFB data not available n/a n/a 0% 3 4 
Patrick SFB 13% 20% 88% 0% 27 3 
Robins AFB 33% n/a n/a 5% 148 3 
Schriever AFB 0% n/a n/a 1% 60 2 

Scott AFB no digital data 
available n/a n/a 0% 1 4 

Seymour Johnson 
AFB 23% n/a n/a 0% 92 3 

Shaw AFB 3% n/a n/a 4% 146 3 
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Current 

Flooding Future Coastal Flooding Wildfire Wind 

Installation 

Percentage Area of 
Base (DAF 

Component) in 
SFHA 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 3-
Foot SLR Scenario 

Projected 
Percentage of Base 

Area (DAF 
component) 

Inundated Under 7-
Foot SLR Scenario 

Percentage Area of 
Base (DAF 

Component) in 
“High” or “Very 

High” WHP 
Classes 

Base-Level Average 
WHP Wind Zone 

Sheppard AFB 9% n/a n/a 1% 67 4 
Tinker AFB 9% n/a n/a 0% 1 4 
Tyndall AFB 55% 15% 36% 4% 187 3 
Vance AFB 0% n/a n/a 0% 1 4 
Vandenberg AFB* data not available 0% 1% 8% 344 1 

Whiteman AFB data not available n/a n/a 0% 5 4 
Wright-Patterson 
AFB 65% n/a n/a non-burnable non-burnable 4 

 
NOTES: Shades of orange represent the relative level of exposure for a given hazard; darker shades indicate higher levels of exposure. 
“Data not available” means that the area is unmapped or the flood hazard risk has not yet been determined with a formal study; “digital data not available” means 
that there is an effective FIRM but it has not been digitized into the NFHL yet.  
Bases with asterisks indicate that at least one map tile was “not printed.” 
Grayed-out values indicate that the threshold for inclusion was not met. 
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Discussion and Limitations 

In this chapter, we have outlined an approach for using credible, national-scale exposure data 
to provide a high-level, relative measure of base-level exposure to a set of natural hazards. The 
findings presented in this chapter can be used as a screen for prioritizing where to perform 
deeper-dive exposure and vulnerability assessments. 

Data limitations pertaining to each of the hazards affect the quality of the analysis we are 
able to provide to the DAF. For instance, SFHA data for some installations known to have issues 
with recurrent flooding (e.g., Offutt AFB) are incomplete. Even for the 43 installations that have 
digital SFHA maps, the data provide limited information because they do not estimate depth of 
flooding and ignore some possible sources of flooding. Filling such data gaps and supplementing 
the analysis with information on depth of flooding associated with being in flood-prone areas can 
provide deeper insights into installation vulnerabilities.89  

The WHP index is not a forecast, and, as such, it does not include climate projections.90 The 
index currently is based on conditions in 2012. In this chapter, we calculated the base-level 
averages and found them to be low or moderate, but some of these bases have portions that fall 
in higher-risk areas. Furthermore, for some bases with average low or moderate base-level WHP 
values, critical infrastructure assets that support base operations fall in areas with a much higher 
WHP. Although we did not adjust the WHP for future climate conditions, research along these 
lines has shown that wildfire potential increases significantly in many portions of the United 
States, with the biggest increases occurring in the Northwest, in the Southeast, and around Texas, 
and with very few areas showing a significant decrease in fire potential.91 

Finally, the wind categories used to describe exposure in this chapter and for the case study 
presented in Chapter 4 categorize wind hazard within regions. Topographic and other 
installations specific features are not captured. In addition, these categories do not allow for 
within-base differentiation of areas based on their relative wind exposure. Having more-granular 
wind data, at least for those bases that are exposed to higher wind speeds, could help to focus 
mitigation policies and actions on specific areas of the base.  

For projected future flooding, the presented analysis considers just one aspect: SLR-induced 
permanent inundation, which does not account for other factors, such as the impacts of storm 
surge. These additional factors would exacerbate the effects of exposure to SLR.  

The data and categorization in this chapter is based on history for recurrent flooding, 
wildfire, and wind. Given climate change, the past is not the best predictor of the future when it 
comes to the incidence rates or severity of natural hazards. That said, conditions are more likely 
to worsen than improve, with current climate models projecting dry areas to experience 
increasing dryness and wildfire risk and wet areas to experience increasing precipitation and 

 
89 For a discussion of one such method, see Cohen et al., 2018. 
90 One approach to adjusting the WHP for future climate conditions is by using projected changes in the Keetch-
Byram Drought Index. Narayanan et al., 2016, provides a description of this method. 
91 Narayanan et al., 2016. 
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flooding risk.92 By developing systematic approaches to collecting and analyzing credible, 
enterprise-wide data for understanding and mitigation installation vulnerabilities to natural 
hazards today, the DAF can position itself to continue to track and react to changing conditions 
as they unfold.  

 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
92 Intergovernmental Panel on Climate Change, 2014. 
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Chapter 3. Exposure of On-Base Assets and of Areas Outside the 
Base  

The previous chapter provided a base-level view of exposure to a set of natural hazards. In 
this chapter we dig a bit deeper. For recurrent flooding, we take the analysis presented in Chapter 
2 one step further by characterizing the exposure of specific assets on bases with 20 percent or 
more of their area falling within the SFHA (listed in Table 2.2). For SLR-related exposure, we 
take a closer look at those bases with more than 15 percent of their area that would be 
permanently inundated by three and seven feet of SLR. Finally, we build on the base-level 
wildfire analysis presented in the previous chapter by considering the wildfire exposure of areas 
outside the base where key electric power assets are located. As with the analysis in Chapter 2, 
we rely on credible, enterprise-wide data that are either publicly available or accessible through 
channels within the DAF to take on these additional dimensions. And the same caveat that 
applied to Chapter 2 applies here: The presented analysis is meant to serve as a potential 
indicator of installation vulnerability to flood and wildfire events and should not be treated as a 
comprehensive vulnerability assessment, for which there is no substitute. By design, this type of 
analysis needs to be supplemented with deeper-dive assessments that take into account local 
conditions and mitigations that might have already been put in place to offset known 
vulnerabilities. In addition, this analysis can provide a means to cross-check any bottom-up 
assessments that bases might provide—for instance, in response to AFCEC’s Severe 
Weather/Climate Hazard Screening and Risk Assessment Playbook. 

We consider three classes of installation assets in this analysis: assets that support airfield 
operations, electric power infrastructure assets, and buildings. We begin the chapter with an 
overview of data sources and methods used to characterize exposure of installation assets. We 
then share findings for three hazards (SFHA, SLR, and wildfire). We conclude the chapter with a 
brief discussion of ways in which the DAF could use and expand upon the presented analysis. 

Data Sources 
We draw on three sets of data: installation boundaries for active DAF parent bases from DHS 

HIFLD, which were described in the previous chapter; airfield assets from the National 
Geospatial-Intelligence Agency–compiled (NGA-compiled) airfield foundational data (AFD);93 
and electric power infrastructure and building location data from GeoBase. We selected these 
asset categories because they are critical to mission functionality for the bulk of DAF missions. 
The AFD and GeoBase datasets, while considered authoritative sources for planning purposes, 
do have gaps, which we highlight in the sections that follow. 

 
93 As of April 26, 2018. 
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Airfield Assets from NGA AFD 

The NGA AFD94 provides a variety of processed spatial information by base drawn from 
satellite imagery. The AFD contains many categories of airfield assets for each base. We include 
the following asset types in our analysis: 

• apron or hardstand 
• fuel storage 
• hangars 
• munitions depots 
• runways 
• taxiways. 

 
We merged or appended base shapefiles for each of the asset types to produce an enterprise 

data layer. We note two key challenges with AFD data. First, some DAF active-duty parent bases 
also have civilian components. The assets of these civilian components are included in our 
analysis because they are not distinguished in the AFD shapefile (for example, Wichita Falls 
Municipal Airport has several associated hangars, buildings, taxiways, etc., adjacent to 
Sheppard). Second, airfield data are missing or incomplete for the following active parent bases: 

• Eglin  
• F. E. Warren  
• Goodfellow  
• Hanscom  
• Los Angeles  
• Malmstrom  
• Schriever  
• Vance.  

Finally, AFD only provides estimates from geoprocessing (i.e., what satellites can identify), 
so there could be discrepancies between data in AFD versus those in DAF records.95  

Electric Power Infrastructure Assets and Buildings from GeoBase 

AFCEC provided select GeoBase data pertaining to on-base electric power infrastructure 
(generators, transformers, primary underground and overhead power lines) and buildings to the 
authors. As with AFD, we observed some gaps in the GeoBase data used in this analysis. First, 
there might be missing electric power infrastructure data for certain bases. For example, MacDill 
AFB has a single generator, which seems implausible given the size of the base. Thus, in our 
analysis of power infrastructure exposure to hazards, we chose to substitute transformers for 

 
94 RAND has a forthcoming report on a data repository that includes AFD and other airfield datasets. 
95 Certain asset types might not be characterized correctly. For example, it is possible that a thin linear apron or 
hardstand might be characterized as a taxiway in the AFD. Additionally, the estimated area and perimeter totals 
might not match surveyed assessments or engineered drawings that underlie DAF records. 
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generators rather than leaving out MacDill entirely given that MacDill is nontrivially exposed to 
flood risk. 

As another example, the GeoBase data provided do not contain any information for Wright-
Patterson AFB beyond buildings. Additionally, the GeoBase data could contain assets that have 
been removed, are under construction, or are being proposed under future projects.96 These 
potentially extraneous assets could be filtered out of future analyses by coordinating with 
installation base planners to reconcile the GeoBase data. But because our analysis is meant to 
provide a first look at asset-level exposure and is not meant as a definitive assessment of 
installation vulnerabilities, we proceeded with the analysis bearing these data limitations in mind. 

In addition to providing geolocations of assets, the GeoBase data we received include data 
fields (e.g., elevation and load characteristics of generators and transformers) that could support 
detailed vulnerability assessments. But we found these fields to be inconsistently populated, so 
we excluded them from our analysis. Additional case-by-case field assessments at the base level 
could verify and supplement this data source.  

Current Flooding and Projected Future SLR-Induced Inundation 
Using ArcGIS to select assets that fall within the SFHA (current flooding) or in areas 

projected to be inundated by SLR (projected future flooding), we summed the number of assets 
that fall within these hazard areas and divided this number by the total number of assets on each 
base to arrive at an estimate of the percentage of relevant assets that are exposed to these 
hazards.97 For projected future flooding, we only included coastal bases—bases located within 
20 kilometers of the Atlantic, Gulf of Mexico, or Pacific Coasts—in the analysis.  

Current Flooding 

Figure 3.1 shows the exposure of airfield and select infrastructure assets at bases with at least 
20 percent of the base area within the SFHA.98  

 
96 For example, the operational status of generators in the dataset contained values such as in service, temporary, 
proposed, removed, abandoned, out of service, TBD, not applicable (NA), and other. About 20 percent of the entries 
contained no value. Without additional information about each of these types of values, we could not formulate 
appropriate inclusion criteria for our analysis. 
97 For this illustrative exercise, we use a binary binning of assets as being at risk or not based on their location in the 
1-percent AEP zone. Where possible, this analysis should be augmented with data on the 500-year floodplain, BFE 
data, and DEMs to develop a more comprehensive assessment of exposure to flooding. As noted earlier, these data 
are not available for all bases.  
98 Note that Figure 3.1 and the takeaways that follow are based on available data, so statements such as “All assets 
at Base X fall within the SFHA” should be read as “All assets at Base X for which we have data from AFD or 
GeoBase and SFHA information fall within the SFHA.” 
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Figure 3.1. Exposure of Airfield and Select Infrastructure Assets at Installations with at Least 20 
Percent of Their Area Within SFHA 

 
NOTE: Not all asset data were available for all bases; e.g., incomplete SFHA data were available for Offutt, and 
GeoBase lacks complete power infrastructure information for Tyndall, Wright-Patterson, and MacDill (e.g., MacDill 
only has one generator in GeoBase). 

 
Langley, MacDill, Wright-Patterson, Eielson, and Seymour Johnson AFBs stand out as 

having all assets in multiple categories in the SFHA zones. All runways are situated in the SHFA 
at Langley, MacDill, Wright-Patterson, Eielson, and Seymour Johnson AFBs. All munitions 
storage at MacDill, Tyndall, Robins, and Seymour Johnson AFBs are in the SFHA.  

Building on this analysis, we examined how additional airfield assets might be affected due 
to access constraints. Take, for instance, Luke AFB. A look at just the percentage of assets in the 
SFHA points to 65 percent of hangars being affected. But a closer look (shown in Figure 3.2) 
reveals that an additional 13 hangars (increasing the percentage of affected hangars from 65 
percent to 88 percent) are affected by potential taxiway and apron flood conditions, and 
munitions would have to be transported off the base perimeter to reach the runway.  
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Figure 3.2. Configuration Exposure of Luke AFB 

 
 
For illustrative purposes, we conducted a similar analysis for all installations for which less 

than 100 percent of runways and greater than 0 percent of taxiways or aprons are in flood-prone 
areas. The reasoning behind this choice leans on a simplifying assumption that applies primarily 
to flying missions: If all runways are subjected to flooding, then the exposure of supporting 
airfield assets becomes less important because sortie generation would be hampered anyway. 
Alternatively, if only a fraction of runways are subjected to flooding, then the extent to which 
supporting assets (such as taxiways and aprons) are affected would influence sortie generation. 
The objective of the exercise was to identify whether any additional airfield assets could become 
inaccessible because of taxiway or apron flooding. We relied on visually inspecting base maps to 
complete this portion of the analysis. In the future, geospatial analysis tools could be developed 
to automate this method of configuration exposure analysis.99  

 
99 This process would require generating an asset raster by merging the paved surfaces for each base in the NGA 
AFD data as one shapefile and building a cost surface, which provides a way to estimate the relative difficulty or 
expense of traversing a given path. Then the merged shapefile would need to be reprojected from WGS84 (a global 
decimal degree system) into state plane (in meters) on a base-by-base basis and rasterized on a five-meter grid (an 
assumed dimension to account for processing efficiencies and a 10.7-meter F-35 wingspan, for example). Next, the 
hazard layer would require some reprocessing: The FEMA SFHA layer would need to be reprojected to state plane 
(similar to the asset raster) and reclassified. Then the hazard layer could be added to the asset raster so that it yields a 
value of 1 for everything except the floodplain (where there are no data). To identify the potentially affected assets, 
a cost distance algorithm on the combined hazard and asset raster could be run. Then zonal statistics could be run for 
the average values on the resulting cost distance raster based on the hangar shapefile. Anything labeled “null” has a 
path to the runway through the floodplain and could be considered vulnerable. Most assets in our analysis were 
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Figure 3.3 shows the additional assets that could be impacted due to flooded taxiways 
limiting access. Solid colors indicate the percentage of assets affected if potential connectivity 
issues are not considered, and hashed colors show the additional percentage of assets that would 
be affected if potential connectivity issues between runways and supporting assets are 
considered. 

Figure 3.3. Additional Assets Potentially Affected Due to Flooded Taxiways and Aprons  

 
NOTE: Solid colors indicate the percentage of assets affected if potential connectivity issues are not considered, and 
hashed colors show the additional percentage of assets that would be affected if potential connectivity issues 
between runways and supporting assets are considered. 

The eight installations shown in Figure 3.3 could experience a range of additional flooding 
disruptions stemming from their configurations. For example, at the extreme, Luke AFB could 
require the route from its munitions depot to some hangars, aprons, and hardstands to go off base 
or Sheppard AFB might have limited access to one of its unflooded runways. For Sheppard, the 
remaining runway appears to be in part associated with Wichita Falls Municipal Airport and 
could be too short (6,000 feet) for some DAF operations. Luke, Sheppard, Tinker, and Altus 
AFBs have both additional taxiways and/or aprons and hardstands cut off by potential 
floodwaters. Sheppard, Luke, Tinker, and Robins AFBs all have impacted hangars. In contrast, 
this analysis did not reveal any additional impacts for Tyndall, Dyess, and Hurlburt Field.100  

Analogous analyses could be conducted for other types of assets that fall within SFHA zones. 
For instance, one way to extend the analysis for the percentage of backup generators in SFHA 
zones (shown in Figure 3.1) would be to see whether there is any pattern to the distribution of 

 
completely cut off, but for those that are not, a potential benefit of performing the analysis described here would be 
to see whether there are alternative paths from the hangar to the runway under flood conditions. 
100 We noted that Tyndall’s drone runway might have limited access, but because it was not in the NGA AFD 
shapefile, it was not included in this analysis for consistency. 
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backup generators among SFHA zones on a base. A potential implication of differences in this 
distribution is as follows: If generators in flood-prone zones are all clustered in one particular 
area of the base, then, assuming that facilities that support a particular mission or mission 
function tend to also be clustered in one area of a base, it is possible that some missions or 
functions on a base would be disproportionally affected by exposure to flooding. In turn, owners 
of those missions or functions might also be more incentivized to invest in measures (e.g., by 
moving generators to higher ground) to reduce backup generator–related mission vulnerabilities. 
Alternatively, if generators in flood-prone zones are spread throughout the base, then the effects 
of exposure to flooding might be concentrated on one or a few missions or mission functions, 
meaning that resilience investments might need to largely come from broader, installation-level 
funds.  

Completing this analysis would require making assumptions about the clustering of mission 
functions on a base, which we do not embark on here, but additional information regarding the 
geographic distribution of key mission functions supported on a base (information that could be 
gathered, for instance, through site surveys) would make it possible to gain additional insights. 
This example again highlights the need for focused, site-specific assessments for which there is 
no easy substitute at the enterprise level.  

Projected Future SLR-Induced Permanent Inundation 

Under a three-foot SLR scenario, Patrick SFB, Langley AFB, and MacDill AFB have greater 
than or equal to 20 percent of the base area projected to be inundated, with Tyndall projected to 
have 15 percent of base area inundated. This level of exposure is not negligible. Furthermore, as 
Figure 3.4 shows, the exposure of some key mission assets is even higher than the total base 
exposure (notably, each of the only munitions depots at Patrick SFB, MacDill AFB, and Tyndall 
AFB are projected to see some amount of flooding). Further analysis should consider installation 
vulnerability to storm surges with different future SLR levels.101  

 
101 Storm surges are a significant hazard of concern. There are several methods available to characterize this hazard, 
including NOAA SLOSH model output (National Hurricane Center and Central Pacific Hurricane Center, undated-
b) and bathtub overlay on FEMA coastal BFEs—see Narayanan et al., 2016, or LaTourette et al., 2018. 
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Figure 3.4. Exposure of Airfield and Select Infrastructure Assets at Patrick, Langley, MacDill, and 
Tyndall Under Three-Foot SLR Scenario 

 
 
All of the munitions storage at three of the bases face inundation.102 Fuel storage at MacDill and 
Tyndall AFBs faces disruption. Patrick SFB’s projected exposure affects the highest number of 
airfield asset categories. In contrast, under a seven-foot SLR scenario, large fractions of key 
assets at Patrick, Langley, MacDill and Tyndall face inundation, as shown in Figure 3.5.  

Figure 3.5. Exposure of Patrick, Langley, MacDill, and Tyndall Under Seven-Foot SLR Scenario 

  

 
102 Hurricane Michael did not flood the Tyndall munitions depot, but AFCEC staff confirmed that this vulnerability 
to flooding is recognized. 
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Wildfire 

Recent fire seasons have highlighted the need for DoD to take a close look at the 
vulnerability of assets in high wildfire risk zones. For instance, operations at Vandenberg AFB 
were disrupted due to a wildfire that occurred in September 2016, and Travis AFB was 
evacuated in August 2020, as this report was being finalized. Although there was no notable 
physical damage to the base, the wildfire delayed a scheduled rocket launch103 and came 
dangerously close to two space launch pads. Even if wildfires do not directly affect areas on a 
base, they can affect critical infrastructure—such as electric power—upon which DAF missions 
rely.  

We focus this portion of our analysis on the linkages among wildfires, electric power, and 
DAF mission operations. The analysis presented in Chapter 2 provides a view of wildfire 
exposure that is limited to the boundary of a base. Here we look beyond the base perimeter to 
examine the exposure of the surrounding region, particularly the exposure of key electric power 
assets that, if disrupted, could affect base operations. Although in Chapter 2 we described base-
level exposure more granularly (i.e., the percentage of the base that falls in the “high” or “very 
high” exposure category), here we use a simpler metric to characterize exposure at the base 
level—the mean WHP value for the base. We use this simpler metric because the objective of 
this analysis is to highlight discrepancies between on-base and off-base exposure. Of particular 
interest are cases where considering just on-base exposure might point to a relatively low 
exposure but accounting for the exposure of surrounding areas points to taking a closer look. 

Using high-voltage (69kV–765kV) infrastructure as a proxy for assets that would be at risk to 
wildfire exposure, we conducted an analysis that compares on-base versus off-base exposure to 
wildfire.104 We did not distinguish between above- and below-ground lines in this analysis, 
because there is a correlation between the latter and lower fire risk (in urban areas or for water 
crossings) and both could be subject to fire-related preventive shutdowns. Similarly, we did not 
distinguish between local and regional transmission versus large-scale infrastructure—for 
example, the Pacific DC [Direct Current] Intertie (or Path 65), which runs from Celilo, Oregon, 
to Los Angeles, California, near Edwards.  

We analyzed the WHP within a 20-mile radius around each base and within a one-mile 
buffer for each transmission line. This one-mile buffer is typical of planning for defensible space 
from burning embers emanating from wildland fires.105 In the case of Edwards, for example, on-
base exposure analysis indicates a relatively low mean WHP, likely a result of desert land 
deemed non-burnable by the probabilistic model that governs the calculation of the WHP index. 
Looking outside the base perimeter, however, indicates that there are several power lines that 

 
103 Office of the Under Secretary of Defense for Acquisition and Sustainment, 2019. 
104 Data source: DHS HIFLD’s Electric Power Transmission Lines dataset (HIFLD, undated). Similar assessments 
of wildfire exposure could be made for areas around power-generating stations that supply power to DAF 
installations and for relevant electric power utility service territories. 
105 Visual inspection of several bases with higher mean wildfire potentials suggested that the transition from local to 
regional transmission began within a radius of about 20 miles from outside the base perimeter, which is why we 
selected a 20-mile radius around the base to be the area of study. 
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traverse areas across the Los Angeles region mountain ranges with high levels of exposure to 
wildfire. Figure 3.6 shows this contrast between WHP on base and WHP for critical power assets 
in the broader region surrounding the base.  

Figure 3.7 plots the average base WHP and the WHP for critical power assets around each 
base. Although many of the bases have similar scores both inside and outside the base, at the 
upper left of Figure 3.7, Patrick, Keesler, and Edwards are bases with low on-base WHP values, 
but the exposure of power infrastructure in the region is high. This potential risk factor might be 
overlooked if assessments of base vulnerability do not look outside the base perimeter. In 
addition to having implications for potential vulnerability, this pattern of exposure also points to 
a need for the DAF to work closely with utilities and regional partners when developing 
resilience strategies, and not focus solely on inside-the-fence line measures. In contrast, at the 
lower right of Figure 3.7 are bases with high on-base exposure and limited regional exposure. In 
these cases, a base-only look might provide sufficient insight to develop useful resilience 
strategies. Along the diagonal are bases whose exposure to wildfire within and around the base 
are approximately matched.  

This analysis takes the WHP index on face value and does not question the factors and 
models that underlie its calculation. Discussions with DAF base planners and wildfire subject-
matter experts could help in understanding whether the analytic findings presented in Figure 3.6 
support on-the-ground experience.  

Figure 3.6. On-Base Versus Off-Base Exposure to Wildfire at Edwards AFB 

 

NOTES: The inner dot color represents the on-base average WHP, whereas the outer ring color represents the 
average WHP off base of a one-mile buffer within a 20-mile radius of the base perimeter. For example, Edwards’s 
electric power transmission infrastructure network is potentially much more vulnerable to disruption and destruction 
than its installation exposure would suggest alone. 
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Figure 3.7. On-Base Versus Off-Base Exposure for CONUS DAF Active-Duty Parent Bases 

 

NOTE: Power line buffer equals area within one mile of power lines that are within a 20-mile radius of base perimeter. 

Discussion and Limitations 

The DAF can use our analysis in at least two ways. First, the analysis can serve as a 
screening-level tool for deciding where to focus deep-dive assessments. In-depth vulnerability 
assessments can be quite resource intensive, so prioritizing where they are conducted can help to 
ensure that limited resources are strategically allocated. Second, this analysis can provide a way 
for the DAF to cross-check any bottom-up inputs provided regarding installation vulnerability to 
natural hazards—for instance, in response to the Severe Weather/Climate Hazard and Risk 
Assessment Playbook.  

An additional potential contribution of the analysis is that it highlights challenges associated 
with the availability of and access to data related to natural hazards and installation asset 
inventories that limit the conduct and quality of enterprise-wide assessments. In doing so, 
perhaps this work could serve as motivation to fill relevant data gaps.  

The presented analysis is limited in its ability to provide insights that are directly tied to 
operational impacts for a few reasons. First, data limitations precluded us from accounting for 
potential variability in the elevation of certain assets, such as generators, which might fall within 
the SFHA but could be located at elevations that render them safe from flood events. This 
limitation compounds the issue of incomplete asset inventory data. Filling these gaps would help 
to improve the fidelity of findings. 

Second, not all assets, even within the same class, equally contribute to mission performance. 
For instance, a flood event that affects a building that serves a purely administrative function is 
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likely to have less of an operational impact than one that affects a building that houses a critical 
Air and Space Operations Center (AOC) or a similar critical command and control (C2) facility. 
We did not differentiate among assets on this basis; we assumed that each asset was equally 
important. Having access to additional data that allow for a categorization of assets on the basis 
of their relative criticality to mission can help to develop a more nuanced understanding of the 
implications of asset exposure to hazards.106 There are a few available ways to categorize assets 
in this manner, but each comes with a challenge. Although the MDI is a useful construct, it might 
not accurately capture mission criticality for every asset. For instance, runways are more 
important to installations with primarily a flying mission. However, any ongoing adjudication 
notwithstanding, runways would be assigned the same MDI whether or not the primary mission 
is a flying mission. AFIMSC has started to review and adjudicate MDIs to ensure that the 
categorically assigned value accurately represents the criticality of that asset to the mission it 
supports at a given site. When it does not, the MDI is being updated accordingly, but this 
adjudication process was incomplete as of August 2020. 

Another potential source of information regarding the relative criticality of assets on a base is 
the Prioritized Asset List that is developed in accordance with the DoD Mission Assurance 
Construct107 and the Air Force Critical Asset Risk Management program.108 Prioritized Asset 
Lists identify and categorize assets into tiers based on their importance to supporting service-
level and DoD-level missions and the availability of alternative capabilities or functions. These 
lists are often classified because of the sensitive nature of the information contained within. We 
are unaware of a central repository of these lists, which makes performing enterprise-wide 
analysis challenging. However, it seems that these lists should inform, at a minimum, base-level 
vulnerability assessments.  

A third way to bin assets based on their importance to mission is to use the risk categories 
outlined in Unified Facilities Criteria (UFC) 3-301-01, Structural Engineering. This UFC 
provides technical requirements for the design and construction of buildings and structures for 
DoD. The UFC requirements have been modified from the 2018 International Building Code, 
which references the structural standard ASCE 7-16 Minimum Design Loads and Associated 
Criteria for Buildings and Other Structures. ASCE 7-16 outlines four risk categories for 
buildings and structures that inform design technical requirements. Buildings are assigned to risk 
categories categorically based on occupancy type. UFC 3-301-01 has modified the guidance in 
ASCE 7-16 to fit the needs of DoD and has added a fifth risk category that covers “facilities 
designed as national strategic military assets.”109 We attempted to assign these risk categories at 
the category code/facility asset characterization (FAC) level but were unable to perform this 
categorization across the full list of codes because the risk categories are broad and do not 
explicitly include all of the types of facilities that are common on military installations. To do 

 
106 The MDI in its current form might not accurately capture mission criticality for every asset.  
107 See DoD Instruction 3020.45 for details on the program. 
108 See Air Force Instruction (AFI) 10-2402 for details on the Critical Asset Risk Management program. 
109 Unified Facilities Criteria 3-301-01, Structural Engineering, October 1, 2019. 



 54 

this categorization, some judgment has to be made about the risk category for facilities that do 
not clearly fall into one of the risk categories defined by the UFC. 

Even with improved access to data and associated enhancements to the analysis, enterprise-
wide views of installation and asset exposure to natural hazards are inherently limited in their 
ability to provide granular insights about site-specific vulnerabilities. They can, however, serve 
as a credible starting point for prioritizations that the DAF makes regarding where to focus 
deeper assessments and, with additional inputs from installation-level engineers and planners, 
where to invest in measures aimed at reducing vulnerabilities to natural hazards.  

In these engagements with specific locations, the DAF is bound to have a different 
perspective than that of installation leadership and planners. If an installation were to suffer 
major damages from a natural hazard, the bulk of the cost to recover and rebuild the base would 
likely be covered by centralized funds. So, in addition to accounting for the variability in the 
exposure of different installations to different hazards (the focus of Chapters 2 and 3 of this 
report), the DAF will need to critically evaluate and weigh site-specific vulnerabilities revealed 
through deeper-dive assessments conducted at installations that are flagged as being problematic 
in the initial screen. Although the DAF will want to support installation efforts, the uneven 
exposure and vulnerability of installations mean that for the DAF to get the most out of its 
resilience resources, it will need to continue to conduct enterprise-wide analyses, prioritize and 
support focused assessments at specific locations, and balance installation-level concerns against 
enterprise-wide objectives. 
 
 
  



 55 

Chapter 4. Costs and Policy Choices for Preemptive Infrastructure 
Hardening Versus Post-Disaster Recovery 

Depending on their geographic location, DAF installations are at risk from a variety of 
natural hazards. The frequency and intensity of several of these natural hazards are expected to 
increase in the future,110 which would make DAF installations more susceptible to property 
damage, loss of lives, and reduced operational effectiveness. One approach to mitigating these 
risks is to make improvements to the built environment before a disaster occurs to prevent or 
reduce future damage. FEMA uses the term hazard mitigation to describe actions that reduce risk 
from natural hazards to people and property.111 Within the context of the built environment, 
hazard mitigation measures can be implemented through various strategies, such as the retrofit of 
existing infrastructure. Adding reinforcement to masonry walls in an existing building, for 
instance, could help prevent structural failure during a seismic event.112  

The degree to which an investment in hazard mitigation measures at a DAF installation pays 
off depends on a number of factors. First, the extent of damages sustained affects the calculus, 
and this is not a uniform quantity across installations or across hazards. Infrastructure type, age, 
and existing conditions prior to a disaster play a role in how assets will perform during a natural 
hazard event. An assessment of the post-disaster rebuild estimate for Tyndall indicates that 
buildings placed into service more than 40 years ago,113 specifically within the years 1970–1979, 
experienced greater levels of damage when compared with buildings placed into service within 
the last ten years.114 Second, the magnitude of disaster and frequency of occurrence can influence 
the decision to invest in hazard mitigation measures. An installation that experiences intense 
coastal storms often is likely to benefit from hazard mitigation investments more than an 
installation that experiences less intense and less frequent storms. Finally, hazard mitigation 
investments could be more cost-effective for assets that are mission critical. Retrofitting 
infrastructure that is necessary for the operation of mission and training activities is likely to 
provide more benefits for an installation when compared with retrofits for assets that are less 
critical, such as recreational facilities. 

The DAF faces a complex set of policy choices in deciding whether to invest in hazard 
mitigation or to accept risk and only make repairs as needed after experiencing natural hazard–

 
110 See, for instance, U.S. Government Accountability Office, 2019. 
111 FEMA, 2015. 
112 Hazard mitigation measures can also be applied to new infrastructure. For example, constructing buildings at an 
elevation higher than the BFE required by building codes and standards can help to mitigate risks from more-intense 
flood events in the future. 
113 Data provided by AFCEC. 
114 This could be due to the construction materials and methods used during this period, though we have not fully 
explored the reason for these differences in outcomes.  
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related damage. Both paths carry uncertainty: it is unknown, to varying degrees, whether a DAF 
installation will suffer a major event, what the level of damage might be from that event, and 
how effective pre-event retrofit investments might be in limiting damage caused by the event.115 
In this chapter, we present a case study that examines preemptive hazard mitigation costs and 
post-disaster repair and rebuild costs for a set of ten DAF bases that are at risk of exposure to 
high-wind-speed events. Using asset-level information, construction cost data, and the damage 
assessment composition from the Tyndall AFB repair and rebuild estimate, we developed and 
compared the preemptive retrofit costs and post-disaster costs to inform enterprise-level 
decisionmaking for hazard mitigation investments. (A second case study examines one type of 
flood hazard mitigation for the same set of ten DAF bases and identifies potential considerations 
for incorporating this mitigation on a base. The case study can be found in Appendix C.)  

We aim to demonstrate a systematic approach that the DAF could use to decide whether and 
where to retrofit infrastructure in anticipation of a disaster and when to wait and incur rebuild 
costs post-disaster. Note that the objective of the exercise is not to provide conclusive 
recommendations. The analysis consists of three parts: (1) estimating costs to retrofit existing 
infrastructure on DAF installations to be better prepared for future hazards, (2) comparing the 
costs of preemptive hazard mitigation investments with the costs of rebuilding after a disaster 
occurs, and (3) framing natural hazard policy choices.  

The retrofit and rebuild cost estimates for the wind retrofit case study are limited specifically 
to buildings. Although other types of infrastructure, such as electrical utilities, water distribution 
systems, and vertical structures, are important for supporting mission operations, our assessment 
of the Tyndall AFB estimated repair and rebuild costs indicates that buildings make up a large 
portion of these costs for a base. In the Tyndall estimate, 82 percent of the $4.1 billion repair and 
rebuild costs are attributed to building assets.  

We conclude the chapter with a discussion of how this type of analysis can be used by 
policymakers, acknowledging the high degree of uncertainty involved in addressing natural 
hazards.  

Case Study: Extreme Wind Hazard 

Methodology 

We selected ten DAF bases in wind zone 3 (shown in Figure 4.1) and developed pre-disaster 
retrofit and post-disaster rebuild cost estimates (shown in Figures 4.5 and 4.6 and Tables 4.5, 4.6, 
and 4.9 through 4.12).116 We specifically chose installations in wind zone 3 because our cost 

 
115 There is a vast body of research dedicated to decisionmaking under deep uncertainty, particularly when it comes 
to decisions regarding infrastructure investments. We explore one approach in this report, but there are several 
others upon which the DAF can draw to inform such decisions. See, for instance, Groves, 2019.  
116 The selection of the ten installations included in this case study was based on three main criteria: (1) installations 
located in wind zone 3, (2) installations for which data were available through both Geobase and Data Analytics and 
Integration Support (DAIS), and (3) a mix of installations on the coast and inland near other water bodies (such as 
rivers) to cover the spread of geographic diversity of installations in the DAF portfolio. 
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modeling framework utilized insights from the post-disaster rebuild estimate for Tyndall, which 
is located in wind zone 3. This case study demonstrates an approach that could be expanded to 
include bases in any wind zone. 

Figure 4.1. Case Study Bases 

 

NOTE: Only case study bases are labeled. 

We based our approach to estimate pre-disaster hazard mitigation measures and post-disaster 
repair and rebuild costs for extreme wind events on a literature review of damage assessments, 
asset-level data for each base, and construction industry cost data. Tables 4.1 and 4.2 provide an 
outline of the methodology used to estimate the wind hazard mitigation retrofit measures and to 
estimate repair and rebuild costs, respectively. The methodology is further described below. 
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Table 4.1. Methodology to Estimate Wind Hazard Mitigation Retrofit Measures 

Step Description 
1 Develop wind hazard mitigation measures.  

2 Collect asset-level information, such as building type, age, size (area), and perimeter using 
DAF DAIS and Geobase data. 

3 Recategorize building assets into generic building types using real property asset (RPA) 
facility asset characterization (FAC) codes.  

4 Estimate quantity of building components (roof, doors, windows) by building type and size 
using the RSMeans Square Foot Estimator (SFE) tool. 

5 Collect unit price for retrofit measures through RSMeans cost database, and develop cost 
estimate for retrofit measures per building.  

6 Add cost factors to account for uncertainties such as demolition, design, and construction 
contingency. 

Table 4.2. Methodology to Estimate Repair and Rebuild Costs Post–Wind Hazard Event 

Step Description 
1 Collect replacement unit cost (RUC) information (either in $/square foot or $/building) for 

assets by FAC code. 

2 Use asset-level information from DAIS data to calculate a replacement value per building. 

3 Simulate damage to buildings based on Tyndall-like damage (based on building age) for 
three scenarios (baseline, best case, and worst case) to calculate a repair cost for each 
building at each installation. 

4 Add cost factors to account for uncertainties such as demolition, design, and construction in 
a post-disaster construction market. 

 

Preemptive Retrofit Costs 
The first step in estimating the preemptive retrofit costs was to identify which building 

components are most vulnerable during a high wind event. In a report on wind vulnerabilities, 
FEMA used post-disaster investigations to identify the building elements that are commonly 
damaged during a high-wind-speed event (defined by FEMA as wind speeds of at least 90 mph 
peak gust). FEMA-identified building elements include the roof structure, roof coverings, 
rooftop equipment, exterior glazing systems, and exterior openings.117 Additionally, FEMA notes 
several vulnerability factors that impact the structure and stability of the overall building, 
including the building age, the construction and design quality, the building code that governed 
the design and construction of the building, and any previous renovations to the building.118 
Using this information, we defined the scope of work for retrofit measures to three investments: 
(1) making improvements to the roofing membrane, (2) changing the exterior glazing systems to 

 
117 FEMA, 2019b. 
118 FEMA, 2019b. 
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be impact resistant, and (3) adding wind-resistant exterior doors to achieve improvements 
designed for high winds.  

Next, we collected information for each of the ten bases on buildings by type (using the RPA 
FAC code and FAC name in the DAIS data) and building age based on the date that the asset 
was placed in service (also in the DAIS data). Using Geobase data, we determined the area and 
perimeter of each building. When perimeter data were not available in Geobase, we used the 
building area provided by the DAIS database to derive the building perimeter.119 We only 
included buildings with an RPA utilization rate greater than 0 percent (as identified in the DAIS 
database) in this case study.120 Some inputs required to estimate costs for the hazard mitigation 
measures were not available through either the Geobase or DAIS data, including the quantities of 
building elements (such as the number of doors and windows) and other building details (such as 
the number of stories, the building height, and the roof area). We estimated these attributes based 
on the building type and size.  

In the third step, we recategorized building assets into generic building types using RPA 
FAC codes, because the RSMeans construction cost estimating tool uses generic building types 
that do not match the RPA FAC names exactly.121 We developed a mapping system to match the 
RPA FAC name to one of the “Building Type” data field categories. For example, the FAC name 
General Administrative Building was categorized as Office, 2-4 Story in the cost estimation 
model. 

For the fourth step, we used the SFE tool (part of RSMeans), to estimate the cost of building 
components using the input parameters referenced in Table 4.3.122 For each of the building types, 
we used the SFE tool to extrapolate quantities for the building components needed to estimate 
costs (number of exterior doors, square foot of roof area, square foot of exterior windows).  
  

 
119 We assumed that the area listed in the DAIS database represented the area of a one-story square building. 
Therefore, we derived the perimeter estimate by taking the square root of the listed area and multiplying that value 
by four.  
120 The repair and rebuild estimate for Tyndall provided by AFCEC did not consider the assets with a utilization rate 
of 0 percent. Therefore, for consistency with the methodology used in the Tyndall rebuild and repair estimate, we 
only included assets with a utilization rate greater than 0 percent.  
121 RSMeans is a widely used proprietary construction cost database developed by Gordian. 
122 As its name implies, the SFE estimates construction costs based on the size of the project and accounting for 
regional variation in labor and other costs.  
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Table 4.3. SFE Model Input Parameters 

Model Input Parameter Source of Data 
Building Area - “Areasize” from Geobase, or  

- “RPA Total unit of Measure Quantity” from DAIS 

Building Perimeter - “Perimeters” from Geobase, or  
- Extrapolated using area from DAIS  

Building Type - “RPA Predominant Current Use FAC Name” from DAIS 

Wall/Framing Type - RAND assumption based on design criteria for facility 
types listed in UFC-3-301-01 

Number of Stories - Default value from SFE tool 

Story Height - Default value from SFE tool 

 
In step five, we used the RSMeans cost database to estimate the costs to retrofit each 

building. The database provides unit costs for the scope of retrofit work based on the building 
parameters. We did not have sufficient information for all buildings at every base to calculate a 
specific building cost estimate. For these buildings, we used an average cost per building based 
on building type. Cost factors to account for uncertainties such as design contingencies and 
demolition were incorporated into the estimate as added percentages on top of the retrofit 
costs.123 For example, a 12-percent cost factor was applied to account for design and planning 
fees. We summed the retrofit costs across building assets to obtain a total cost for wind hazard 
mitigation measures for each base. Finally, we adjusted the cost database for each location to 
account for the relative price differences across construction markets based on cost data in 
RSMeans. 

It is important to note that we assumed that all of the buildings on a base would require the 
same level of protection. In reality, a more granular assessment would consider the expected life 
span of each building and whether any previous enhancements might have already improved its 
wind resilience. In addition, the DAF might wish to prioritize buildings that are most critical to 
the base and mission operations. As discussed in Chapter 3, although there are a few different 
ways in which buildings could, in theory, be categorized, each has its pitfalls. An extension of 
the presented analysis would be to use some measure of the relative importance of each building 
to the primary mission carried out at a base to set priorities among mitigation options. We did not 
have the data to include these other factors in our case study.  

Post-Disaster Repair and Rebuild Costs 
In October 2018, the eye of Hurricane Michael, a category 5 storm, blew over Tyndall AFB. 

At landfall, the peak windspeed was 160 mph. It is only the fourth storm to hit the United States 

 
123 The cost factors added were based on similar cost factors included in the Tyndall repair and rebuild estimate 
provided by AFCEC. Other factors account for costs such as sustainability, skilled labor costs, cost escalation due to 
unique site conditions, and cost escalation due to inaccuracy of estimating quantities.  



 61 

as a category 5 storm at landfall.124 According to the rebuild data provided by AFCEC, 
approximately 750 assets at Tyndall were damaged by the storm. Because our cost estimation 
model is based on the age of a building, we filtered the data for assets for which the year of 
construction was included. This resulted in a set of 711 assets, of which approximately 40 
percent required a full replacement and the remainder required only repairs. The Tyndall 
example suggests that after a disaster occurs, it is likely that not all of the buildings on a base 
would need to be replaced; some buildings, depending on their level of damage, could be 
repaired. We replicate this finding in our cost estimation model. 

Following Hurricane Michael, DAF engineers binned the damage level for each asset at 
Tyndall AFB into one of four categories (15-percent damage, 35-percent damage, 65-percent 
damage, and 100-percent damage) to prepare a post-disaster repair and replacement estimate. We 
used the cost estimates prepared by DAF engineers for Tyndall and the age and type of buildings 
from GeoBase and DAIS to create a “Tyndall-like” damage baseline for our case study, shown in 
Figure 4.2. The baseline case shows that there is considerable variability in the damage sustained 
at Tyndall stemming from the age of the buildings.  

We applied the Tyndall AFB damage composition template to other installations based on 
the age and type of each building at those locations. Then, we simulated the level of damage that 
a building might sustain during a wind hazard event for two other scenarios as defined in Table 
4.4 and illustrated in Figures 4.3 and 4.4. We categorized the damage composition by the age of 
the building (grouped by decade from 1940 to 2020) and ran a simulation to assign building-
level damage at each base. We made this simplifying assumption regarding the correlation 
between building age and damages sustained for the purposes of this illustrative case study. In 
reality, a building-by-building analysis will be needed to identify which buildings should be 
retrofitted. 

Each simulation consisted of randomly assigning one of the four damage levels (15 percent, 
35 percent, 65 percent, 100 percent) to a building but keeping the ratio of damage consistent for 
buildings in each of the age bins in Figures 4.2 to 4.4. For example, if one of the figures shows 
that 20 percent of buildings of a particular age suffered 35-percent damage, the random 
assignment determines which 20 percent of the buildings in that age bin get the 35-percent 
damage.  

Because the costs of buildings in each category vary, these random assignments do change 
the cost profile. We ran a total of 1,000 simulations to capture the variation in building 
assignment at each base.  
  

 
124 National Oceanic and Atmospheric Administration, 2019. As noted earlier, FEMA defines wind speeds of over 
90 mph as high-wind-speed events. A 160-mph event is a highly stressing event.  
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Table 4.4. Damage Composition Scenarios 

Scenario Description 
Baseline Unaltered damage composition from Tyndall repair and replacement 

estimate 

Best case Modified the baseline damage composition for Tyndall by increasing 
the “15% Level Repair” category by 20 percentage points and 
decreasing the “65% Level Repair” and “100% Level Repair” 
categories by 10 percentage points each 

Worst case Modified the baseline damage composition for Tyndall by increasing 
the “100% Level Repair” category and the “65% Level Repair” 
category by 10 percentage points each and decreasing the “15% 
Level Repair” categories by 20 percentage points 

Figure 4.2. Baseline Damage Assessment of Tyndall  
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Figure 4.3. “Best Case” Scenario Damage Assessment 

 

Figure 4.4. “Worst Case” Scenario Damage Assessment 
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Having defined a level of damage across each base, we then estimated a price to rebuild or 
repair that damage using asset RUCs listed in a pricing guide for DoD facilities. We mapped the 
RUCs to each building using the RPA FAC code and priced them in terms of cost per square foot 
of building area or cost per building. For example, the RUC for an aircraft maintenance hangar 
(FAC 2111) is $283 per square foot, and the RUC for a strategic missile launch facility (FAC 
1451) is $6.4 million per building. We applied these cost estimates to the buildings at each base 
to calculate a total replacement value per building for the buildings that had a utilization rate 
greater than 0 percent. Finally, we added costs for contingencies, design costs, demolition, and 
other uncertainties that were also used in the AFCEC Tyndall estimate.125 

Comparing Preemptive Retrofit and Post-Disaster Rebuild Costs 

Retrofit costs vary between $206 million to $676 million across the ten bases included in the 
case study, as illustrated in Figure 4.5.126 The cost drivers of the retrofit estimates are the 
number, size, and types of buildings. Increases in both the number and size of the buildings 
result in an increase in the retrofit costs specifically due to the square footage of the roof area and 
the quantity of other building components that would need to be modified to accommodate high-
wind-speed events (e.g., exterior doors and exterior windows). The number of building 
components is dependent not only on the size of the building but also on the building type. For 
example, a hospital is likely to have more exterior windows than an aircraft hangar, which will 
require more investments for impact-resistant glazing.127  

 

 
125 We used the same costs listed in the Tyndall repair and rebuild estimate provided by AFCEC except for the 
disaster construction market escalation factor. The Tyndall estimate used 50 percent as an escalation factor, but we 
used 20 percent based on findings from a technical paper that examined post-disaster construction demand surge 
(see Olsen and Porter, 2011).  
126 Here and elsewhere, costs are in fiscal year 2020 dollars.  
127 We used the RSMeans SFA tool to estimate the quantity of building components by building type and size.  
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Figure 4.5. Estimated Wind Hazard Retrofit Costs (in millions of dollars) for Select DAF Bases in 
Wind Zone 3 

 

NOTES: This figure includes only buildings with utilization rates greater than zero. For the “Detailed Cost Model” 
category, all data were available. For the “Average Building Type Cost Model,” estimates for some missing data were 
used. 
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Comparing Figure 4.5 and Table 4.5, we see that Eglin AFB, Patrick SFB, and Lackland 
AFB have many more buildings than the other locations, in some cases several multiples more, 
while Keesler AFB has the fewest. The cost per building is more consistent for each installation, 
with Robins and Keesler AFBs being the most expensive and Patrick SFB being the least 
expensive. The estimate in Figure 4.5 is also influenced by the types of buildings on each 
installation.  

Table 4.5. Number of Building Assets Included in Analysis 

Base 
Number of Buildings 
Included in Estimate 

Average Retrofit Cost 
per Building 

Cannon  624 $422,289 

Eglin  1,317 $490,453 

Ellsworth  493 $626,099 

Keesler  251 $1,007,407 

Lackland  845 $800,441 

Patrick  937 $418,794 

Robins  517 $1,223,689 

Seymour Johnson  486 $499,989 

Shaw  411 $500,899 

Tyndall  488 $569,399 

 
Rebuild estimates are influenced by similar factors but differ in some ways. Unlike the 

retrofit costs, we present the repair and rebuild cost estimates for each base as a range due to the 
uncertainty of not knowing the intensity of a future hazard event as well as the extent of damage 
a building will sustain. Not only did we vary the level of damage across the entire base (Figures 
4.2 to 4.4), but we also varied which specific set of buildings was damaged. Similar to the 
retrofit estimate, the cost range for the rebuild estimates depends on the quantity and type of 
buildings. Unlike the retrofit estimate, the age of the buildings also influences cost because we 
assumed that the damages Tyndall experienced were representative of the extent of damage a 
building would face after a major storm and that the level of damage and age of the building 
have some relationship. 

Figure 4.6 shows the results of a simulation of damage across the ten locations. It shows 
large differences between four locations—Lackland AFB, Eglin AFB, Robins AFB, and Patrick 
SFB—compared with the other locations. This suggests that installations could face essentially 
the same hazard (in this example, our baseline case, blue shading, represents the same Tyndall-
like damage), but the variation in the assets exposed to that hazard could translate into very 
different consequences to different installations. Although the cost to rebuild Tyndall AFB was 
quite substantial, had the storm path been 60 miles west, it would instead have passed over Eglin 
AFB. Although we cannot say exactly how Eglin would have weathered such a storm, Eglin has 
three times the number of buildings. These differences are reflected in our rebuild cost estimates 
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in Figure 4.6, which show that even the most favorable cases at Eglin are more costly than 
Tyndall and that for the average of the baseline cases in Table 4.6, the cost to rebuild Eglin could 
be more than two times greater than Tyndall.128 

Figure 4.6. Post-Disaster Rebuild Costs and Retrofit Costs 

 
NOTES: This figure shows the results from our simulation of damage to each installation. The three scenarios 
(baseline, best case, and worst case) map the level of damage shown in Figures 4.2–4.4 to each location. Each point 
represents one simulation in which damages to each building were randomly assigned based on damage 
composition. 

  

 
128 The rebuild estimate for Tyndall provided by AFCEC included a total cost of approximately $4.1 billion. Our 
rebuild estimate for Tyndall is lower than the AFCEC estimate due to two main factors. First, the disaster market 
escalation factor used in the AFCEC estimate is higher than the factor used in our cost estimating model (50 percent 
versus 20 percent). Second, the AFCEC estimate for Tyndall includes 746 assets, which includes buildings, utilities, 
and other structures, such as towers. The number of assets included in the rebuild estimate we developed was 488 
and only included buildings.  
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Table 4.6. Average Estimated Wind Hazard Repair and Rebuild Costs (in billions of dollars) 

Base Name 
Baseline  
Scenario 

Best-Case  
Scenario 

Worst-Case  
Scenario 

Cannon  $1.6   $1.2   $1.9  

Eglin  $4.2   $3.2   $5.2  

Ellsworth  $1.8   $1.4   $2.2  

Keesler  $1.9   $1.5   $2.4  

Lackland  $6.1   $4.7   $7.5  

Patrick  $4.1   $3.2   $5.0  

Robins  $6.1   $4.8   $7.5  

Seymour Johnson  $1.6   $1.2   $1.9  

Shaw  $1.4   $1.1   $1.7  

Tyndall  $1.7   $1.3   $2.1  

 
In the analysis presented thus far, we have only considered costs associated with repairing or 

rebuilding the building envelope. However, a severe wind event could not only damage the 
building envelope—it could also affect the equipment and personnel inside. Similarly, if the 
damage to a building disrupts a DAF mission, then the time to reconstitute is another cost to the 
DAF in terms of reduced mission capacity or readiness. Data were not available to systematically 
estimate these costs across installations, and thus we did not include these costs in our 
analysis.129 However, as the DAF considers policy choices, it should separately assess the 
implications of potential mission interruptions and the value of hedging against potential mission 
loss.  

Furthermore, the turnover of the buildings through DAF property management, the time 
needed to implement any policy investment, and the time before the next wind event could all 
influence outcomes. Although we did not incorporate all of these dimensions in our analysis, in 
the next section, we explore how different assumptions about the frequency and location of 
events might alter the decision of where to invest in hazard mitigation measures. 

Formulating Policy Choices for Mitigating Effects of Wind Exposure 

An investment of $2.3 to $3.9 billion for hazard mitigation at ten installations is not trivial 
for the DAF, and if none of these installations experience a storm, the benefits for the investment 
will not accrue. Decisions to invest in hazard mitigation retrofits must necessarily be made under 
uncertainty because the likelihood of experiencing a storm of a certain intensity cannot be 
predicted with high confidence, nor can the level of damage a given building might experience 

 
129 FEMA Hazus methods use simplified rules for determining damage to building contents depending on general 
building stock code (e.g., 50 percent of structure damage cost). These methods cannot be readily applied in the DAF 
context, given specialized building contents, but they could serve as a lower bound of damages in subsequent 
analysis. 



 69 

during a storm. These investment decisions present a definite near-term cost with an uncertain 
possibility of moderating future expenditure. Formulating effective natural hazard investment 
policies entails grappling with uncertainties about the three main elements of the decision in the 
context of the case study presented in this chapter: (1) the estimate of the needed retrofit, (2) the 
estimate of the possible future damage, and (3) some expectation about future hurricanes and 
other severe wind events. Although it is not possible to predict with certainty the frequency or 
intensity of future hazards, we can suggest an approach to help inform these difficult decisions. 

The estimated cost to retrofit is perhaps the most easily characterized. The DAF can fairly 
accurately predict the costs to retrofit its buildings; however, this input to the decision still comes 
with uncertainty about the efficacy of the enhancements for the wind events that installations will 
face in the future. A number of factors contribute to wind damage to buildings, including wind 
speed, duration, and wind directional change.130 The retrofits in the case study presented in this 
chapter are theoretically designed for 155 mph winds based on assumptions of the wind speed 
and the duration of exposure. It is very hard to simulate these conditions, so these estimates are 
necessarily uncertain, and sometimes buildings might fail before their design thresholds are met, 
or, conversely, buildings rated for lower wind speeds might survive exposure to a storm with 
max winds above their threshold.131  

The second decision factor, the estimate of possible future damage, carries greater 
uncertainty. It is not possible to predict future damage with precision, as the damage could range 
from zero (requiring no or minimal repairs) to complete destruction (requiring a complete 
rebuild). In this case study, we used historic damage at Tyndall AFB as a reference point to 
estimate future damage, which we bound with a high and low case by varying the damage 
composition by about 20 percent. We argue that this is a defensible approach, but it is not the 
only approach, and the DAF will not always have a recent historical example to use as a 
reference point. Ultimately, it is up to the decisionmakers to determine which estimates are most 
relevant based on the policy context and goals. If the goal is to minimize costs, the accuracy of 
the damage prediction becomes more important because whether the cost to retrofit and the 
avoided damage costs balance out is going to come down to the actual damage suffered. If the 
goal is to avoid very bad outcomes, it could be more important to characterize what is at stake 
based on the value of the buildings and other assets at each location and their contribution to the 
mission. Ultimately, choosing what future damage scenarios are considered will depend on the 
policy goals and judgment of DAF decisionmakers.132   

 
130 Czajkowski, 2014. 
131 This was the experience at Tyndall (discussion with Tyndall reconstruction planning staff, December 2019). 
132 In addition, DAF policymakers will need to choose a relevant time horizon, which will most likely be tied to the 
estimated remaining life span of the important infrastructure at each installation. DAF and DoD policies include a 
few different planning horizons for different contexts. E.g., UFC 2-100-01 on installation master planning states the 
following regarding scenario planning: “To support decision-making such as future facility siting, scenarios should 
cover the design life of a new asset, which is typically 50 or more years.” AFI 32-1015 on integrated installation 
planning notes that planning efforts should span a range of time horizons, to include “short-term (0-7 years), mid-
term (8-25 years) and long-term (26 years and greater) time horizons.”  
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DAF policymakers will recognize that the third decision factor, the future hurricane profile, 
is unpredictable. One potential way to deal with this uncertainty is to use the historical hazard 
occurrence of hurricanes and tornadoes to estimate potential future revisit rates, as we present in 
Tables 4.7 and 4.8. To formulate policies about hurricanes and other hazards involves making 
some assumptions about their future prevalence and severity, and we think that process logically 
starts with an examination of the past. However, as discussed in Chapter 1, historical data might 
not be a good predictor of the future, particularly as the world continues to experience changing 
climate. We suggest that the way to approach this factor is to use this information as a policy 
assumption about the future hazard environment with an expectation that there will be variability 
in the future and not to frame these assumptions as future predictions. In part, this approach is 
about clearly defining terminology, but it could be helpful because we think a DAF audience will 
have experience dealing with analytic assumptions and can recognize them as informed choices. 
Predictions, in contrast, can imply an unjustified level of certainty about future events. It is 
important to note that the assumption should not imply false precision; instead, it should 
acknowledge that the character of these hazards can change over time. The DAF can make 
reasonable policy decisions without high-confidence predictions, which are not feasible about 
future hazards.  

A category 5 hurricane making landfall is a historically unusual event in the United States. 
Similarly, severe tornadic events have also historically been infrequent for a given location, even 
in areas that climatologically experience more tornadoes. Tables 4.7 and 4.8 show the average 
number of years between events for hurricanes and tornadoes of different magnitudes for each of 
the ten bases included in this case study. Additionally, the tables show in the first row the 
number of years between events impacting any of the ten bases. The values in Table 4.7 are 
derived from NOAA’s HURDAT database and represent 169 years of Atlantic hurricane data.133 
The values in Table 4.8 are derived from NOAA’s Storm Prediction Center severe weather 
database and represent 69 years of tornado climatology data.134 
  

 
133 We only included storms of each category that passed within 50 nautical miles (nm) of each of the DAF 
installations. When there were multiple points of a storm track within 50 nm of a DAF base, we used the category of 
the storm at the point where it passed closest to a DAF base. Then, assuming that the frequency of storm occurrence 
at a given location is Poisson distributed, the average return time between storms was calculated by the method 
outlined in NOAA Technical Memorandum NWS NHC 38 (Neumann, 1987) as 1/(m × e – m), where m is the 
average number of storms per year.  
134 We only included tornadoes that passed within 25 nm of each DAF base. The average return time was calculated 
analogously to the method outlined for Table 4.7. 
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Table 4.7. Average Number of Years Between Tropical Cyclones, by Category 

Installation 

Category 
4 or 

Greater 
Category 

3 
Category 

2 
Category 

1 
Tropical 
Storm 

Across any of the 10 bases 85 10 11 5 3 

Cannon  NA NA NA NA NA 

Eglin  NA 29 57 35 10 

Ellsworth  NA NA NA NA NA 

JB Lackland (Kelly Field) NA NA 169 169 85 

Keesler  169 29 43 20 9 

Patrick  NA 169 43 29 8 

Robins  NA NA NA NA 14 

Seymour Johnson  NA NA NA 35 8 

Shaw  NA NA 169 85 8 

Tyndall  169 35 43 16 12 

 
NOTES: Return times are in years. Return times in red represent cases where there is only one 
observation across the entire range of data, and, thus, there is very high uncertainty in that value. Cells that 
are blank are where no events of that magnitude were observed at that location.  
SOURCE: NOAA HURDAT. 

 
 

At least one of the ten bases included in our case study has had a category 1 hurricane pass 
within 50 nautical miles (nm) roughly every five years and has had category 2 and 3 storms 
every decade. Category 4 and 5 hurricanes were rare over the 169 years covered by the dataset, 
but these ten bases experienced two, translating to an 85-year return rate. Although the incidence 
rate is very low for the higher-category hurricanes, it is important to note that the calculated 
return rates are very uncertain because of the limited historical record for rare events. Notably, 
the difference between a 169-year return rate and an 85-year return rate is just one storm over 
nearly 200 years of recordkeeping. An appreciation of the sensitivity of policy assumptions about 
future hazard revisit rates is particularly important for the largest and most destructive hazards. 
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Table 4.8. Average Number of Years Between Tornadoes, by EF Scale 

Installation 
EF4 or 
Greater EF3 EF2 EF1 EF0 

Across any of the 10 bases 36  4 3 4 7 

Cannon  NA 70 18 24 5 

Eglin AFB  NA 70 18 9 4 

Ellsworth  NA NA 24 36 13 

JB Lackland (Kelly Field) NA 70 10 5 5 

Keesler  NA 18 11 5 4 

Patrick SFB  70 24 13 5 4 

Robins  NA 15 9 4 7 

Seymour Johnson  70 15 10 5 3 

Shaw AFB  NA 70 13 6 5 

Tyndall  NA 70 36 8 5 

 
NOTES: Return times are in years. Return times in red represent cases where there is only one 
observation across the entire range of data, and, thus, there is very high uncertainty in that value. Cells that 
are blank indicate that no events of that magnitude were observed at that location.  

 
Another notable factor for decisionmaking is that the damage that can be caused by 

hurricanes does not scale linearly. A previous analysis of the damage caused by hurricanes 
between 1900 and 2005 normalized the costs by setting the average of all category 1 hurricane 
costs equal to 1 in order to easily see how costs scaled over the five hurricane categories. 
Average storm damage costs for hurricanes of categories 2 through 5 scaled to six times, 17 
times, 87 times, and 92 times the cost of a category 1 storm, respectively.135 Thus, a category 5 
hurricane has historically been 92 times more costly than a category 1. Again, we do not 
highlight this point for predictive purposes, but to emphasize that even if more severe storms 
continue to occur less frequently than less severe storms, they can still do outsized damage.  

Tornado prevalence follows a similar pattern to hurricanes. Tornadoes have had a revisit rate 
of three to four years for categories 1 through 3. The more destructive EF categories 4 and 5 
have had a revisit rate for these ten bases of 36 years. As with hurricanes, the damage suffered 
from these different storm categories is not linear.136 

These historical data provide information about the prevalence of these wind events over a 
specific time period, but the prevalence in the future is uncertain. Although it is tempting to 
simply apply historic incidence data as predictive, doing so could lead to considerable error. As 
raised previously in this chapter (and in Chapter 1), climate change is likely to influence the 
frequency and intensity of different storm events. Indeed, there is already evidence that hurricane 
intensity is increasing (see discussion in Chapter 1). Furthermore, global weather patterns are 
cyclical in nature, but over very long time periods. So, although the data used to inform the 
hurricane and tornado revisit rates presented in Tables 4.7 and 4.8 derive from lengthy historical 

 
135 Weinkle et al., 2018. 
136 Simmons, Sutter, and Pielke, 2013. 
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records (169 and 70 years, respectively), the natural variation in global weather patterns might 
only present on a much larger scale and therefore might not be fully captured in the available 
historical record.137  

The hazard exposure analysis in the previous chapters faced this same uncertainty. We 
utilized the best available national level data, but these datasets were constructed with historic 
data. We highlight this uncertainty in this chapter because we are now addressing the policy 
implications of this exposure. This uncertainty about future hazards is already part of DAF 
policy through the building design standards it follows. For instance, the wind-speed thresholds 
for ASCE 7 risk category III and IV buildings have an estimated return period of 1,700 years. 
That is, the thresholds for wind tolerance in building design standards are set to withstand storms 
of a magnitude expected at that frequency. This is obviously much less frequent than the return 
rates in Tables 4.7 and 4.8, and they are not the only return period metric used in building design, 
but it does illustrate that, at some level, the DAF already uses these types of return estimates in 
decisionmaking.  

The DAF has historically left hazard mitigation decisions to installations. As this section has 
highlighted, there are numerous uncertainties about costs, the potential effectiveness of hazard 
mitigation measures, and the frequency and intensity of future hazard events. Incorporating all of 
these uncertainties into policies and decisionmaking is challenging enough at an installation 
level, let alone when formulating policies at the enterprise level. Under the current policy 
environment, to arrive at an enterprise view, the DAF faces the difficult task of validating and 
making sense of individual installation approaches to natural hazard mitigation. In the next 
section, we complete our policy illustration and suggest a systematic, replicable approach for 
future DAF decisionmaking that considers the future uncertainties highlighted in this section.  

A Break-Even Analysis of Event Locations and Frequencies 

Our estimate of the wind retrofit cost (Figure 4.5) spans a range for the different installations 
from $206 million to $676 million, with the variation in costs due to the number, size, and type 
of buildings at each location. A portfolio approach would point to retrofitting all ten locations, 
for a total estimated cost of $3.92 billion. Such an investment would be made in order to avoid 
future rebuild costs, which are summarized in Table 4.9, for each of the three assessed levels of 
damage (best case, baseline, and worst case) presented earlier in the chapter. Normally, these 
future costs would be adjusted when comparing them to current costs, but such adjustments 
depend on assumptions about the time horizon (when the hazard will be suffered, which is 
unknown) and the appropriate discount rate. Given how low real discount rates are now, the 
adjustment would result in a modest downward adjustment to these estimates.  
  

 
137 Gray et al., 2004. 
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Table 4.9. Rebuild and Retrofit Costs Used in This Analysis (billions of dollars) 

Base 

Best-Case 
Scenario 
Rebuild 

Baseline 
Scenario 
Rebuild 

Worst-Case 
Scenario 
Rebuild Retrofit Costs 

Eglin 3.22 4.19 5.2 0.646 

Patrick 3.17 4.06 4.98 0.392 

Lackland 4.71 6.10 7.49 0.676 

Cannon 1.2 1.56 1.94 0.284 

Robins 4.75 6.12 7.53 0.633 

Ellsworth 1.37 1.76 2.15 0.309 

Tyndall 1.31 1.69 2.07 0.278 

Seymour Johnson 1.23 1.58 1.94 0.243 

Shaw 1.05 1.36 1.69 0.206 

Keesler 1.47 1.90 2.35 0.253 

All ten bases 23.48 30.32 37.34 3.92 

NOTE: Amounts represent the average estimated cost in billions of dollars, with no 
discounting applied to future costs. 

 
To assess the implications of different investment options, we estimated costs associated with 

varying the frequency of future events and the combination of bases involved. We considered 
two investment schemes: one in which the four most-costly-to-rebuild bases—Eglin AFB, 
Patrick SFB, Lackland AFB, and Robins AFB—are retrofitted, and one in which all ten bases are 
retrofitted. A third option is no retrofit investment. We summarize the range of costs in the zero 
to two event cases in Table 4.10. We made a simplifying assumption in this analysis that retrofit 
investments have 100-percent efficacy against all future events (i.e., the retrofit fully protects a 
building from incurring any damage from any future hazard events). 

Table 4.10. Baseline Costs of Policy Choices Depending on Number of Future Events (billions of 
dollars) 

Policy Choice  No Events One Event Two Events 
No retrofit  0 1.4 to 6.1 2.9 to 12.2 

Retrofit ten bases 3.9 3.9 3.9 

Retrofit four largest bases 2.3 2.3 to 4.2 4.7 to 8.3 

NOTES: Cumulative costs in billions of dollars reflect the average rebuild costs of baseline case and retrofit costs, if 
any. The cost ranges presented for the “One Event” and “Two Event” cases include the cost of the relevant retrofit 
plus the lowest and highest rebuild estimate. Retrofit investments are assumed to effectively prevent future damage. 
Table 4.9 presents the full range of costs for the three cases. 

 
In the “no retrofit” case, if the DAF suffers one event in the future, whether the retrofit 

investment represents a savings depends on which installation is hit. If the event happens to hit 
one of the six with the lowest rebuild costs, the DAF would still spend less than the $3.92 billion 
retrofit expense for all ten bases. If the event happens at one of the four with the highest rebuild 
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estimates, the DAF would spend between $140 million and $2.2 billion more than the total 
retrofit cost.  

We can do similar calculations of the other damage cases we calculated previously. In Table 
4.11, the best-case scenario and worst-case scenario damages are included. These cases show 
similar patterns as the baseline case scenario but highlight how damage levels could influence 
the total costs to the DAF in future scenarios.  

Table 4.11. Costs of Policy Choices, Including Best-Case and Worst-Case Values (billions of 
dollars) 

Policy Choice No Events One Event Two Events 

No retrofit: best case 0 1.0 to 4.7 2.2 to 9.4 

No retrofit: baseline 0 1.3 to 6.1 2.9 to 12.2 

No retrofit: worst case 0 1.6 to 7.5 3.6 to 15 

Retrofit ten bases 3.9 3.9 3.9 

Retrofit four largest bases: best case 2.3 2.3 to 3.8 4.7 to 7.5 

Retrofit four largest bases: baseline 2.3 2.3 to 4.2 4.7 to 8.3 

Retrofit four largest bases: worst case 2.3 2.3 to 4.6 4.7 to 9.2 

NOTES: Cumulative costs in billions of dollars reflect the average rebuild costs of baseline case and retrofit costs, if 
any. The cost ranges presented for the “One Event” and “Two Event” cases include the cost of the relevant retrofit 
plus the lowest and highest rebuild estimate. Retrofit investments are assumed to effectively prevent future damage. 
Table 4.9 presents the full range of costs for the three cases. 

 
Another way to frame this choice is to assess how many events would need to occur before 

the DAF is certain that the retrofit will pay off. We considered zero to seven future major wind 
events involving this set of bases. We assumed that all ten bases included in this analysis had an 
equal probability of getting hit by high winds, that hits were completely independent of each 
other, and that a base could be hit multiple times. We also assumed that a retrofitted base, if hit 
by high winds, had no cost to rebuild138 and that a base, if it was not upgraded, had a specified 
rebuild cost if hit by a storm.  

This analysis looks for break-even cases—that is, cases in which the cost of rebuilding had 
the investment not been made equals the cost of the base retrofitting investments—for scenarios 
representing varying numbers of hits. Take, for example, a scenario in which one base is hit by 
high winds and suffers Tyndall-like damage. There are ten possible outcomes, depending on 
which base is hit. Across these outcomes, how often does the investment “break even” in the 
four-base investment versus the ten-base investment? As shown in Table 4.12, in the one-event 
scenario, four of the ten outcomes for both the four- and ten-base scenarios have rebuild costs 
that exceed the cost of investing in retrofit measures. 

 
138 This assumes that if the DAF made this investment that the damage to the built infrastructure would be 
negligible even if one of these installations suffers a severe wind event in the future. In essence, this could be 
considered the maximum upper-bound of benefit for the retrofit investment. 
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Table 4.12. One Future Event Scenario Outcomes (billions of dollars) 

Base Hit by 
Windstorm 

Rebuild Cost, No 
Retrofits 

Rebuild and 
Retrofit Cost of 

Four Bases 

Rebuild and 
Retrofit Cost, All 

Ten Bases 
Eglin 4.19 2.34 3.92 

Patrick 4.06 2.34 3.92 

Lackland 6.1 2.34 3.92 

Cannon 1.56 3.90 3.92 

Robins 6.12 2.34 3.92 

Ellsworth 1.75 4.10 3.92 

Tyndall 1.68 4.03 3.92 

Seymour Johnson 1.58 3.93 3.92 

Shaw 1.36 3.71 3.92 

Keesler 1.89 4.24 3.92 
NOTES: Billions of dollars. Each row represents an outcome. For a one-event scenario, there are ten 
possible outcomes—one for each of the ten bases getting hit by a windstorm. The green highlighted rows 
represent outcomes where the rebuild cost (had the investment not been made) exceeds the retrofit 
investment cost. 

 
If one base were to be hit once, the retrofit is cost advantageous if one of Lackland AFB, 

Eglin AFB, Robins AFB, or Patrick SFB is hit, but not for the other locations. That is because in 
the “retrofit four bases” case, if one of the other bases is hit, the DAF would have spent $2.3 
billion to protect the four that did not get hit, plus the cost to recover the one that did get hit. And 
in the “retrofit ten bases” case, the $3.9 billion to retrofit all ten bases is greater than the cost to 
rebuild any one of the six least expensive installations.  

We can expand this analysis to estimate how many times a severe wind event would need to 
occur before a cost advantage is certain no matter which combination of locations is involved. In 
this analysis, all outcomes have equal probability—that is, each base has an equal likelihood of 
being hit one to seven times. The number of outcomes is given by the formula for combinations 
with repetitions139:  

(10 + % − 1)!
(10 − 1)! %! =

(9 + %)!
9! %!  

 
where r is the number of storm hits. Thus, for seven storm hits, there are 11,440 possible 
outcomes. For each scenario, the number of outcomes where the cost of retrofitting investment 
was less than the cost of rebuilding had no retrofitting investment been made were counted.  

Table 4.13 summarizes the results of this analysis. It shows that if at least one base is hit, for 
both the four- and ten-base investment schemes, the retrofitting investment becomes increasingly 
likely to pay off the more hits that are expected. In the ten-base investment, the retrofitting 
investment always pays off as long as at least three bases are hit and require a rebuild—it does 
not matter which of the ten bases are hit. This approach provides a way to bound the decision 
space without having an accurate prediction of the number of future events.  

 
139 Repetitions are allowed, in this case, assuming that a base can be hit multiple times.  
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For the four-base cases, the cost advantage comes when the future damage occurs to the four 
large bases, so there are possible combinations that do not include any of them until the seventh 
event. This means that the cost advantage is not as robust to assumptions about the number of 
events as it is in the ten-base case. This finding, however, does not imply that the four-base case 
is a clearly inferior option: It has a lower initial cost and is advantageous if any of the four large 
bases is hit only once. Again, this points to the importance of specifying a goal. Retrofitting four 
bases pays off in fewer future scenarios but avoids the most costly outcome. Retrofitting ten 
bases pays off after fewer future storms. A policy of no retrofitting pays off with no future events 
and in some cases even after one or two events, but if any of the most costly bases are hit or if 
numerous bases suffer future storms, it risks the most costly future rebuilds.   

Table 4.13. Percentage of Outcomes Where Investments in Retrofitting at Least Break Even  

Number of 
Events 

Retrofit Four Largest Bases 
(best case/baseline/worst 

case) 

Retrofit Ten Bases 
(best case/baseline/worst 

case) 
1 40% 20%/40%/40% 

2 62% 62%/62%/85% 

3 75% 84%/100%/100% 

4 82% 100% 

5 87% 100% 

6 91% 100% 

7 93% 100% 
NOTES: If only one value is shown, the outcomes are the same for all three cases. This analysis 
used the baseline rebuild and retrofit costs from Table 4.9. The number of events represents the 
number of storms hitting a base and could, in the seven-event case, be seven unique bases or the 
same base being hit seven times—this analysis does not distinguish between those scenarios.    

  
This case study does not provide a clear answer; however, it does provide some enterprise-

level insights that the DAF could use to gather more information to consider costs associated 
with different policy options and future major wind events. First, it identifies four of the ten 
bases that would incur much greater rebuild costs if a major wind event were to occur there. It 
describes the source of those costs as coming from the number, age, and replacement costs of 
those buildings. Second, the analysis provides a rough estimate of the costs to potentially retrofit 
buildings at these installations. These retrofit estimates are essentially installation-wide, but the 
DAF might be able to tailor such investments to focus resilience investments on the buildings it 
values the most, either due to their contribution to mission performance or the value of the 
equipment they house. The principal limitations of this approach include the following:  

• There is no consideration of the dynamics of when storm hits occur versus when 
investments in retrofitting are made.  

• This approach assumes that all base hits are equally likely. For example, in the seven-
event scenario, it is considered equally likely that one base gets hit seven times in a row 
and that seven unique bases are all hit once—in reality, the probabilities of these two 
outcomes are not equal.  
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• This approach relies on one historic rebuild cost estimate to drive the rebuild cost 
analysis. Although we did vary the composition of buildings that would experience high 
and low levels of damage, we acknowledge that future damage is unpredictable.  

• This approach assumes that a complete rebuild is required if a base is hit and that 
retrofitting a base can completely eliminate the possibility of damage—in reality, some 
scenario between these two extremes is more likely to occur. The DAF might be able to 
formulate more-tailored wind hazard policy choices by identifying buildings that are 
important to mission assurance and those that protect valuable assets. It might then tailor 
its retrofit investments to reduce the loss of equipment or mission disruption.  

 
This case study has illustrated how the DAF can frame hazard policy choices by exploring a 

range of future costs and events. It sought to shed light on the dynamics of investment and 
rebuild costs and the conditions under which investments are the most likely to pay off as a basis 
for policy decisions under uncertainty. The approach does not seek to make point predictions 
about unknowable future events, but instead to identify uncertainties, such as storm revisit rates 
and future damage, and explore ranges of plausible futures to frame meaningful policy choices.  

To the extent that the DAF seeks to avoid future hazard damages that can be costly in both 
financial terms and mission disruptions, it will need a fairly sophisticated assessment process. 
Such a process would seek to assess installation exposure to the full range of natural hazards, 
assess the implications of climate change on those hazards in the future, estimate the range of 
potential damage to those hazards, and identify options to mitigate that damage. Devices such as 
the AFIMSC’s Storm Damage Tracker provide a useful way to track damages resulting from a 
natural disaster and estimates of investments needed to mitigate those damages. In addition to 
this type of tracking, to the extent that the DAF invests in hazard mitigation to avoid future harm 
(not just to rebuild from past events), it should track those investments as well. Doing so will 
help to ensure that any new investments are made in consideration of past efforts.  
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Chapter 5. Accounting for Natural Hazard Seasonality in COOP 
Planning 

If a primary operating location can no longer support a mission, activation of a COOP plan 
should result in the continuation of mission-essential functions (MEFs) at an alternate operating 
location. However, in order for this process to be successful, that alternate operating location 
must be available—that is, it must not also be incapacitated by either the same event or another 
unrelated event. There are many scenarios in which two locations could be disabled at the same 
time—simultaneous attack, impact from a widespread natural hazard (such as a hurricane), or 
impact from unrelated natural hazards that happened to occur at the same time. Currently, the 
DAF lacks the ability to systematically consider in COOP planning the likelihood that both 
primary and alternate operating locations for a given mission might be exposed to natural 
hazards at the same time.  

This chapter presents an analytic framework and methodology to utilize natural hazard data 
to consider co-vulnerability to natural hazards in alternate operating location selection. The 
analysis considers four natural hazards—fire, hurricane, severe wind, and tornadic wind—and 
explores the seasonality of those hazards to assess how well pairs of locations are suited to serve 
as backup locations for each other.140 The underlying assumption of the analysis is that if two 
locations experience their peak infrastructure risk from any (or multiple) of these natural hazards 
at the same time, they are poorly suited to serve as backup locations for each other. Using this 
methodology, this chapter presents two case studies that explore secondary operating locations 
for AOCs and the ability of Distributed Common Ground Systems (DCGSs) to provide seamless 
support for each other.  

Background 

The goal of COOP planning is to ensure the continuity of MEFs. This planning involves 
several components, including a full enumeration and prioritization of MEFs, defining orders of 
succession or delegation of authority, and identification of communication redundancies and 
capabilities. Another critical component is identifying relocation sites for missions that can be 
moved.141  

In order for a COOP plan to be successful, MEFs must continue seamlessly. If movement to 
a secondary operating location is required, that secondary operating location must be available 
(among many other considerations, including availability of transportation, availability of 
personnel, and others). Guidance in AFI 10-208 stipulates that secondary operating location site 

 
140 Note that the hazard datasets used for fire and wind in this chapter differ from those used in Chapters 1 and 2, 
which do not include a seasonality component. 
141 U.S. Air Force, AFI 10-208, 2018. 
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selection should consider “geographical dispersion” and that COOP plans should be exercised 
annually. However, beyond this guidance, there are no institutionalized mechanisms to evaluate 
quantitatively the suitability of secondary operating locations.  

Although COOP plans for task critical assets can be evaluated as part of the DoD-wide 
mission assurance process,142 relatively few facilities fall under that designation and face that 
degree of institutionalized scrutiny. Within the DAF, COOP planning responsibilities reside at 
the MAJCOM level143 and, depending on the MAJCOM, they could be pushed further down to 
the wing level. There is limited institutional oversight, at the Headquarters Air Force or 
MAJCOM level, into COOP planning and COOP plan assessment. Thus, there is a gap in how 
COOP plans are assessed and evaluated.  

The analysis presented in this chapter offers a data-driven methodology to assess co-
vulnerabilities in COOP plans to four natural hazards. Applying this analysis to COOP plans 
could enable decisionmakers to have greater visibility into the strengths and weakness of COOP 
planning across the DAF.  

Data Available to Analyze Natural Hazard Seasonality Trends 

Seasonality trends for four hazards—fire, tornadic wind, severe wind, and hurricanes—were 
considered in this analysis. For each hazard, the number of events that occurred in each month 
were counted over the full range of data available in order to determine when, for a given 
location, that hazard historically occurred. The locations considered are 92 DAF installations.  

How events are counted is an important component of the analysis. In general, we have 
chosen a severity threshold for each hazard that reflects the point at which a COOP plan is likely 
to be activated.144 Each of the subsequent sections describes how the hazard occurrence data are 
aggregated for each hazard in a localized way for each base.  

Fire 

Fire data were derived from the MTBS Fire Occurrence Database, which maps all fires in the 
United States from 1984 to the present.145 From the Fire Occurrence Database, the relevant fields 
included in the analysis were the burn ignition location—given as a latitude and longitude—the 
total acres burned, the fire type, and the ignition date. Only fires of the “wildfire” type were 
included in the analysis, which excluded controlled burns.  

For a fire event to be counted in a given location, the distance from the ignition point of the 
fire to the location must be less than or equal to one-quarter of the fire’s diameter. Unlike for the 

 
142 Office of the Under Secretary of Defense for Policy, DoDI 3020.45, 2018.  
143 U.S. Air Force, AFI 10-208, 2018.  
144 It is important to note that these severity thresholds could be set differently, and this would change the results of 
the analysis. Later sections of this document outline different ways in which events can be included or excluded in 
order to reflect local decisionmaker priorities.  
145 MTBS Database, undated.  
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other hazards, there is no specific severity threshold other than proximity to the burn area.146 We 
estimated the fire circumference using the total area burned. This estimates distance from the 
ignition location impacted by fire by assuming a symmetric, circular burn radius centered around 
the ignition location. This is, of course, a significant simplification, but it provides a reasonable 
proximity threshold that provides insight into fire-season dynamics and seasonality and 
somewhat accounts for variations in fire size.147  

Tornadic Wind 

Tornado data were derived from the NOAA Storm Prediction Center severe weather 
database, which includes severe weather events for all 50 states from 1955 to the present day.148 
Relevant fields considered in the analysis were severity, date, and location (given as latitude and 
longitude). In general, each tornado is counted once, although long-track tornadoes that cross 
multiple state lines are counted once per state.149  

For a tornado to be counted for a given location, it must occur within a 40-mile radius of that 
location.150 Depending on the mode of analysis, severity cutoffs based on the EF rating of the 
tornado can be applied to exclude lower-intensity tornadoes. The default for the analysis is to 
include only tornadoes with an EF rating greater than or equal to 2.151  

Severe Wind 

Severe wind was also derived from NOAA’s Storm Prediction Center severe database and 
was analyzed similarly to tornado data. Severe wind events include a measured wind speed,152 as 
well as location data in the form of latitude and longitude. For a severe wind event to be counted 

 
146 Burn area is a reasonable analogue for severity and is included here through the proximity threshold—large fires 
will have a larger circumference, and, thus, bases can be farther from the ignition point for that fire to be counted 
compared to smaller fires. The proximity threshold as a multiple of fire diameter was selected as a reasonable 
starting point, although seasonal dynamics, relative fire prevalence across locations, and the overall results of the 
analysis are relatively insensitive to small variations in this proximity threshold. 
147 This approach, although approximate, is more appropriate than using a static distance from a location as the 
threshold for counting a fire. With a static distance, this does not allow for consideration of large fires, which might 
start at relatively distant locations but could still impact a location. The best course of action is to use satellite maps 
of burned areas, rather than estimating the impact radius of the fire, but these data were not available for this study.  
148 NOAA Storm Prediction Center, 2016. 
149 Unlike hurricane data, this database has the limitation that it does not provide high-fidelity track data for long-
track tornadoes. This could lead to undercounting tornado events, because the database does not provide information 
on every point in that tornado’s path. However, this problem is likely to be relatively limited in scope because most 
tornadoes are of relatively short path length, and, for many of the longest-track tornadoes, there are multiple entries 
when the tornado crosses state lines.  
150 NOAA metrics typically report tornadic probabilities within 50 miles of a point—this was chosen to be slightly 
more conservative metric than that. 
151 EF2 was selected as the 95th percentile of all tornadic events, and we selected it to match the severe wind 
threshold described below. 
152 Severe wind events with no severity information—generally some older entries—were not included in the 
analysis.  
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for a given location, it must occur within a 40-mile radius of that location. Similar to the tornadic 
wind analysis, severity thresholds can be used to exclude lower-intensity wind events. The 
default of the analysis is to include only wind events with a wind speed greater or equal to the 
95th percentile of all wind events, which was a cutoff of 69 mph.  

Hurricanes 

Hurricane track data were derived from NOAA’s HURDAT database153 which includes 
tropical system track and severity data. Data from 2004 onward include radii describing the 
maximum reach of tropical storm and hurricane-force winds154 from the center of the storm. 
Because this additional fidelity was useful for analysis, only data from 2004 onward were used in 
the analysis. The sampling rate for wind and other data varies by storm but was at least once per 
day and was sometimes greater than four times per day.  

In order to count a storm as impacting a given location, that location must be within the 
tropical depression wind-speed radius for at least one point of the storm’s track.155 Although a 
storm might be within a close enough distance to be counted multiple times per track, each storm 
is only counted once per location.  

Geographic Fidelity of the Analysis 

As discussed in the previous section, local seasonality profiles were derived for each hazard 
for specific DAF installations. These seasonality profiles were determined by counting events 
that occurred within a specific radius of a location, which varied depending on the hazard. This 
analysis considers 92 DAF installations, which are plotted in Figure 5.1.  

 
153 National Hurricane Center and Central Pacific Hurricane Center, undated-a.  
154 34 mph, and 74 mph, respectively.  
155 Radii are given for various quadrants of the storm (e.g., the distance from the eye that tropical storm–force winds 
extend for the northeastern quadrant, etc.). This reflects the asymmetry of wind distributions in hurricanes. 
However, to simplify the analysis, the largest radius was used for the purposes of this analysis. That is, whatever the 
farthest distance from the eye that tropical depression–level wind speeds extended, this distance from the eye was 
used to determine whether the storm was counted for a given location.  
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Figure 5.1. The Locations of the 92 DAF Installations Considered in This Analysis 

  

Method 

We first assessed when over the course of a calendar year any of four hazards that could 
cause infrastructure damage and, thus, activation of a COOP plan were most likely to occur in a 
given location. We then found locations that did not share this infrastructure risk profile—these 
are locations where infrastructure-disrupting hazards typically occur at different times during the 
year than they do at the primary location. Strictly from the perspective of coincident natural 
hazard exposure, these locations are the best options for secondary operating locations because 
they are the most likely to be available and free of infrastructure disruption when the primary 
operating location is most likely to need a secondary operating location.  

This analysis was conducted in three steps:  

1. We aggregated hazard occurrence data into seasonality profiles. 
2. We combined four hazard seasonality profiles into an all-hazard seasonality profile. 
3. We cross-correlated to compare all-hazard seasonality profiles across locations. 

The first two steps are illustrated in Figure 5.2.  



 84 

Figure 5.2. Overview of Analytic Process to Generate All-Hazard Seasonality Profile for Eglin 

 

NOTES: In the top panel, the number of events for each hazard type over the full range of historical data at Eglin are 
counted to produce the hazard occurrence data. Then, these are normalized to show a hazard seasonality profile that 
displays when that hazard is most likely to occur in that location. Finally, each hazard seasonality profile is weighted 
by a prevalence factor, which reflects the overall prevalence of that hazard in that location relative to other locations 
in the analysis, and combined in a weighted average to form the all-hazard seasonality profile. Peaks in this profile 
reflect the times, for that location, when infrastructure damage due to any of the four hazards is most likely to occur.  

We discuss each of these steps in detail in the following sections. Additionally, we describe 
ways to modify the analysis to reflect decisionmaker priorities.  
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Aggregating Hazard Occurrence Data into Seasonality Profiles by Location 

As described in the previous section, we gathered historical occurrence data for each hazard 
from a variety of sources and compiled them for each DAF base in the United States to show 
hazard frequency by month. These data for each hazard at each location, when normalized, are 
the hazard seasonality profile.156 The following shows how the normalized hazard data is 
calculated:  

 
where Ns,H,m is the normalized hazard data for a given month (m), hazard (H), and location (s) 
and Cs,H,m is the counts of hazard (H) in location (s) in month (m). Figure 5.2 shows, graphically, 
the results of this normalization for Eglin. In this case, normalization enables comparison of the 
fractional share of hazards that occur over a calendar year (i.e., the seasonality) while accounting 
for differences in event frequency (for example, hurricanes happen less frequently than 
tornadoes) and the differences in time frame of available data (e.g., more than 50 years for 
tornadic and severe wind data but only a handful of decades for fire data).  

Combining Seasonality Profiles for Each Hazard to Form an All-Hazard Profile by 
Location 

Because we are agnostic as to which specific hazard might render a secondary location 
unusable, just that the secondary location is unavailable, this portion of the analysis compares 
seasonal trends across all hazards, not just within the same hazard type. That is, we are equally 
interested in identifying a secondary location that is unsuitable because it is likely to experience 
a tornado when the primary location is experiencing a hurricane as we are in identifying two 
locations that are both likely to be hit by a tornado at the same time.  

Completing this analysis requires consideration of all four hazards at a given location, but 
combining occurrence data from four hazards is not a trivial task. The principal problem is that 
the magnitude of a single event is not equivalent across hazards—one tornado does not 
necessarily equal one hurricane or one forest fire in magnitude. Different severity levels are also 
difficult to compare across hazards. Although there are scales that assign severity to hurricanes 
and tornadoes based on their characteristics (e.g., wind speed), there is no such scale for severe 
wind or for forest fire, and even if there were, it would be difficult to compare a category 5 of 
one hazard type to another. In typical multi-hazard risk analysis, many of these problems are 
avoided by finding a common outcome metric against which to assess hazards, such as measures 

 
156 This analysis assumes that there is sufficient historical sample size for all hazards and locations. A value of “0” 
in a given month indicates that a hazard has not previously occurred in this month and location per historical data. 
This does not mean that this hazard has no possibility of occurring at that location (i.e., it could occur in the future), 
but this analysis does not consider this uncertainty and relies solely on historical record. 
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of damage.157 This approach enables expression of probabilities in a common measure across 
hazards.  

In this analysis, however, our goal is to compare the timing of different hazards, which does 
not require outcome data that would have also been difficult to find for the full range of locations 
and hazards considered in this analysis. We made two choices that enable the conduct of this 
analysis. First, we set minimum severity thresholds so that events counted in the analysis were 
those that could require activation of a COOP plan. Using this binary outcome measure makes 
comparing disparate events that might have vastly different outcomes in terms of infrastructure 
damage a much simpler problem.158 Although the outcomes of two events might be very 
different—for example, a derecho with 100-mph winds causing a long-term power outage versus 
the direct impact of a category 5 hurricane causing the total destruction of a facility—this does 
not matter for the purposes of this analysis: The events are treated equivalently because they are 
both of sufficient severity to be potential COOP-plan-activating events.  

Second, we combined the normalized hazard seasonality profiles into the all-hazard 
seasonality profile rather than the raw count data. These normalized seasonality profiles show 
when a hazard of sufficient severity (to initiate a COOP) is most likely to occur within the 
calendar year for a given location. These measures are directly comparable against each other 
because they show—for a given hazard and location—the probability that, if a COOP-initiating 
event occurs from that particular hazard, it occurs in that month. By using these normalized 
measures, problems associated with the vastly different numbers of events across hazards are 
avoided.  

The missing piece needed, however, to directly compare different hazard types is some 
accounting of the relative frequency with which one hazard occurs over another at a given 
location. The analysis needs a way to account for the fact that although tornado season peaks in 
May for both Alaska and Kansas and that their normalized seasonality profiles for tornadoes look 
very similar, the overall prevalence of tornadoes is vastly different between these two states. To 
consider prevalence, we calculated the occurrence of each hazard at each location relative to the 
proportion of occurrences at all locations. This calculation yielded a normalized prevalence 
weighting factor. The prevalence weighting factor for hazard, H, and location, s, is given as 

 

 

 
157 Kappes et al., 2012.  
158 This is a significant simplification because determining the true threshold of severity at which a COOP plan 
would need to be activated is highly dependent on location—and geography. For example, a hardened facility might 
not need to enact its COOP plan for even a very severe wind event. Similarly, a category 1 hurricane hitting a 
location accustomed to hurricanes (such as Florida) might not require activation of a COOP plan, while that same 
hurricane hitting a location that gets very few hurricanes (such as Delaware) might. Discussed later in this section 
are some methods to include more-localized information about facility resilience in the analysis, but, in the absence 
of more-specific local vulnerability and resilience information, this limitation remains.  
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where n is the number of locations considered in the analysis. In words, this prevalence factor is 
the sum of all events that occurred in a year of a single hazard at a single location divided by all 
the events that occurred across all locations in the analysis. If all events occurred at a single 
location, the prevalence weighting factor would be 1, and if no events occurred at that location, 
its value would be 0.  

Using the prevalence weighting factor, we computed the prevalence-weighted hazard data by 
multiplying the weighting factor by the normalized hazard data:  

 
Finally, the all-hazard seasonality profile for a location is given as the weighted average across 
all four hazards:  
 

 
Figure 5.2 showed the all-hazard seasonality profile for Eglin. It is important to note that the 

all-hazard seasonality profile does not have an analogue to a measure of probability. The profile 
does not provide any information on the overall probability that a COOP-causing event will 
occur in a given year, for example. Rather, how each hazard is weighted reflects a decision about 
the degree to which the seasonality of that data should be considered in further steps of an 
analysis. If a hazard is one that is likely to cause a disruption—either because it occurs 
frequently in that state (as is the default of the analysis) or is of particular concern to a 
decisionmaker for any other reason—it should be weighted more heavily. To bring this back to 
the Alaska/Kansas example, this means that the tornado seasonality profile will be a strong 
driver of secondary operating location choice for AFBs located in Kansas but will have a very 
minimal impact on secondary operating location choice for Kansas.  

Cross-Correlating All-Hazard Seasonality Profiles for Pairs of Locations 

In the previous step, for each location, we created all-hazard seasonality profiles that reflect 
the peaks when hazards are most likely to occur, weighted by the relative prevalence of hazards 
in that location. For all pairs of locations, we then calculated a Pearson correlation coefficient to 
determine the degree of correlation between the all-hazard seasonality profiles. A score of –1 
indicates perfect anti-correlation, and a score of 1 reflects perfect correlation.  

In Figure 5.3, the most and least correlated locations to Eglin are shown with their 
corresponding scores. As can be seen from the plot, Hurlburt Field has its peak hazard 
occurrence at the same times as Eglin, making it a poor secondary operating location. It is the 
most likely location to be experiencing a hazard disruption at the same time that Eglin is most 
likely to need to move to its secondary operating location. On the other hand, Little Rock AFB 
has very low hazard exposure at the times when Eglin has its peak exposure, making it an 
excellent secondary operating location.  

/+!,#,$ = +!,#,$*	.!,# 

01!,$ =2 /+!,#,$
)

#'%
 



 88 

Figure 5.3. Best and Worst Secondary Operating Locations for Eglin 

 

Decisionmakers Can Change Parameters of the Analysis to Reflect Priorities or Local 
Conditions Not Reflected in the Data 

A decisionmaker or planner using this kind of analysis can choose which hazards to consider 
and which severity thresholds to use in the analysis. This might be relevant, for example, if a 
location has made significant infrastructure improvements such that a particular kind of hazard is 
no longer considered likely to lead to a COOP-causing event. Similarly, if detailed engineering 
data are available for a facility that rates wind speeds that the structure can withstand, it might be 
prudent to increase the severity threshold for severe wind events or tornadoes to match that 
threshold, as that facility would be expected to withstand lower-intensity events.  

These kinds of changes could be made to the all-hazard seasonality profile for a given 
location by changing the weighting factors for each hazard or by adjusting the severity threshold 
for events when historical occurrence data are aggregated. In Figure 5.4, we show several 
different all-hazard seasonality profiles for Eglin, including the “weight by prevalence” approach 
described in the previous section, a “wind excluded” weighting scheme that entirely excludes 
severe wind events while weighting all other hazards equally, and a “high wind severity 
threshold” option that includes only the top 0.1 percent of wind events. The “high wind” severity 
threshold option tracks very closely with the “weight by prevalence” option, with both showing 
late summer as the time of most concern. The “wind excluded” case highlights peak prevalence 
periods in March, May, and September.  
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Figure 5.4. Different Weighting Schemes to Generate Different All-Hazard Seasonality Profiles for 
Eglin 

 

A C2 and Intelligence, Surveillance, and Reconnaissance Case Study 

We now apply this approach in a proof-of-concept example by examining the suitability of 
C2 and intelligence, surveillance, and reconnaissance facilities—AOCs and DCGSs— to serve 
as backup locations for each other (e.g., for other AOCs and other DCGSs). Additionally, for 
AOCs, we evaluate potential locations for centralized backup facilities based on their suitability 
from the perspective of hazard seasonality.  

AOC Case Study: Choosing COOP Sites 

AOCs are complex C2 nodes that could require unique technological capabilities at 
secondary operating locations, limiting the number of viable COOP sites. For example, 
geographic AOCs utilize the Falconer system, which is a unique and complex software system 
that is not widely available outside of AOC facilities. This analysis considers the viability of 
AOCs serving as backup locations for each other. Our analysis considers the geographic and 
functional AOCs based in the United States, which are listed in Table 5.1.  
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Table 5.1. AOCs Considered in This Analysis 

Name Type Base State 

611 Geographic JB Elmendorf-Richardson Alaska 

612 Geographic Davis Monthan Arizona 

601 Geographic Tyndall Florida 

623 Functional Hurlburt Florida 

613 Geographic Hickam Hawaii 

618 Functional Scott Illinois 

608 Functional Barksdale Louisiana 

624 Functional Lackland Texas 

 
First, we evaluated pairs of AOCs based on their suitability to serve as backup locations for 

each other. For simplicity, we assumed that a functional AOC could serve as a backup for a 
geographic AOC, and vice versa. Table 5.2 shows the results of this analysis. Each matrix 
element shows the correlation coefficient of the all-hazard seasonality profiles between the row 
and column locations. Values close to 1 represent poor choices for secondary operating 
locations, while values close to –1 represent better choices for secondary operating locations. As 
might be expected, AOCs that are located in close proximity to each other in Florida—Hurlburt 
and Tyndall—are likely to experience infrastructure-disrupting hazards at the same time. On the 
other hand, the 611th at Elmendorf, Alaska, and the 612th at Davis Monthan, Arizona, are good 
secondary operating locations for the AOCs in Florida, Louisiana, and Hawaii. The 624th—in 
Texas—has a similar all-hazard seasonality profile to many other AOCs, which could reflect its 
relatively high prevalence of all four hazards. This could make the 624th a particularly difficult 
AOC to find a suitable backup location for, if the candidate set is limited to just other functional 
AOCs. 
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Table 5.2. Suitability of AOC Pairs as Secondary Operating Locations 

 611 612 601 623 613 618 608 624 

611 1 0.9 –0.1 –0.1 –0.1 0.8 –0.1 0.5 

612 0.9 1 0.1 0.1 –0.1 0.8 0.1 0.7 

601 –0.1 0.1 1 1 –0.1 –0.2 0.9 0.3 

623 –0.1 0.1 1 1 0 –0.2 0.9 0.4 

613 –0.1 –0.1 0 0 1 –0.1 0.1 0.2 

618 0.8 0.8 –0.2 –0.2 –0.1 1 –0.1 0.8 

608 –0.1 0.1 0.9 0.9 0.1 –0.1 1 0.5 

624 0.5 0.7 0.4 0.4 0.2 0.8 0.5 1 

NOTES: Cells are colored based on the favorability of AOC pairs as backup  
locations. Green indicates higher suitability, and red indicates lower suitability. 

 
This analysis can also be used to find a potential new location for a centralized backup 

facility for AOCs. We calculated the hazard seasonality correlation score between each AOC and 
92 DAF installations. Additionally, we calculated the distance between each installation and each 
AOC.159 Figure 5.5 plots the mean hazard seasonality correlation score of each base to all AOCs 
against the average distance of each base to all AOCs. AFBs in the lower left quadrant of the 
graph represent locations with all-hazard seasonality profiles that were less correlated, on 
average, to each AOC and provide the most central location to all AOCs. These locations—
Montgomery, Maxwell, and McChord—might be good choices for a centralized AOC backup 
facility.  

 
159 The distance calculated is great circle distance, rather than driving distance.  
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Figure 5.5. Analysis of Potential Centralized Backup Locations for AOCs 

 

NOTES: Each point on the scatter plot represents an AFB. The three most suitable locations—by their centrality and 
low mean correlation score—are labeled on the plot.  

DCGS Case Study: Network Stability 

DCGSs are an intelligence enterprise system—the AN/GSQ-272 Sentinel weapons system—
that are spread out over multiple sites.160 The goal of the DCGS system is to provide distributed 
support for analysis of airborne sensor data and the dissemination of intelligence products in a 
distributed way. That is, rather than having stovepiped areas of responsibility, DCGSs can work 
collaboratively to share resources and expertise across sites to produce intelligence products 
more rapidly and with fewer resources for multiple areas of responsibility.161  

Because of their networked capability, a DCGS might also be expected to provide backup for 
another DCGS that is not operational for some reason, such as a natural disaster. To explore this 
in more detail, we applied our analytic framework to the three core DCGS sites in the United 
States: DCGS-1 at Langley, DCGS-2 at Beale, and DCGS-5 at Hickam. Specifically, we 
compared the all-hazard seasonality profiles of these three sites against each other to see the 
degree to which peaks in hazard exposure overlap across sites. As Figure 5.6 shows, the sites for 
the three U.S.-based DCGSs are well situated to support one another. DCGS-1 and DCGS-2 
have peak hazard exposure that is mostly anti-correlated to each other, and DCGS-5 has minimal 
hazard exposure throughout the peak times of exposure for the other DCGSs. This suggests that, 
were any of the core U.S. DCGS sites to experience a disruption at their most vulnerable times of 

 
160 U.S. Air Force, 2014.  
161 Deptula and Marrs, 2009. 
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the year, there would be at least one other DCGS site available to provide backup. Of course, 
there could be other constraints on DCGS availability that are not at all considered in this 
analysis—such as operational tempo demands on personnel or available expertise at one site 
versus another—but, purely from an available infrastructure perspective, DCGSs are well 
positioned to provide continuous, networked support.  

Figure 5.6. Timing of Peak Infrastructure Vulnerability for U.S.-Based Core DCGSs 

 

Discussion 

The case studies illustrate how a deeper understanding of hazard seasonality could be used to 
inform COOP planning. Key benefits of this approach are that it is almost entirely driven from 
data that already exist, removing the significant barrier of data collection to end users. Potential 
applications of the approach include the following:  

• Quantitative evaluation of COOP plans for their adequacy to hedge against natural 
hazard–related risks. Such an evaluation at the MAJCOM or Headquarters Air Force 
level—which, with the methods laid out here, is fully automatable given inputs of 
primary and secondary operating locations—could provide enterprise-wide visibility into 
where weaknesses in COOP planning exist. Additionally, this mode of analysis can 
identify when over the course of a year existing plans might be at risk.  

• Selection guidance for secondary operating locations. Using this fully automatable 
methodology, COOP planners can rapidly assess the suitability of secondary operating 
locations based on their likelihood of being available at their times of peak need.  

• Investment guidance for hardening of key COOP sites. If COOP sites are identified as 
being vulnerable to natural hazards at the same time as the primary operating location 
that they serve but cannot be moved for practical reasons, the results of this analysis can 
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help guide decisions about hardening measures that would increase the likelihood that the 
COOP site is available when it is most likely to be needed.  

• Insight into the seasonality of infrastructure-disrupting hazards at an enterprise 
level. Most commanders are aware of their local hazards and when they are likely to 
occur. However, it might not always be straightforward for MAJCOMs or Headquarters 
Air Force to see, at an enterprise level, when peak infrastructure exposure to natural 
hazards occurs. This analytic framework, which aggregates multiple hazards, can provide 
a clear snapshot of when infrastructure disruptions are most likely to occur.  

There are other applications of this kind of data, but these four provide key capabilities that 
are currently missing from the DAF’s planning repertoire. In general, exhaustive COOP planning 
could require resources that are not readily available, but it is of critical importance to the 
continuity of mission critical functions. This analysis and its potential applications can be used to 
increase the fidelity of COOP planning decisions with minimal time, effort, and resources.  
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Chapter 6. Conclusions and Recommendations 

Natural hazards are not a new problem, but the DAF might not be well positioned to make 
systematic decisions about natural hazard threats and resilience investments. Currently, the DAF 
favors installation-level approaches to assess natural hazard risks, develop plans and proposals to 
address these risks, and instigate funding requests. Given the scope of natural hazard threats 
across many DAF installations, an enterprise perspective is needed to appropriately trade off 
competing interests and to gather the information needed to make decisions about where and 
how much risk to buy down or accept.162 Such an approach would not exclude installations. 
Installations must be involved in every aspect of assessment and the development of options, but 
this is an argument for an additional enterprise-level capability, which is currently nascent.  

Scope of Exposure to Natural Hazards 

The DAF operates many installations, each facing unique natural hazard profiles. The 
frequency and scale of these natural hazards could change in the coming years due to climate 
change. Climate projections largely focus on variables that are anticipated to change over time 
(e.g., temperature, precipitation) rather than on the effects of these changing variables on weather 
systems and their influence on the natural hazards we address in this report. DAF installations 
already face flood, wildfire, and wind hazards, but in the future the characteristics of these 
hazards could change. For instance, climate change will increase average sea levels, placing 
stress on coastal bases.  

The presented analysis of all but SLR-induced permanent inundation is based on historical 
data (rather than projections), but the DAF can assume changes in the severity of all considered 
hazards in planning efforts. This calls into question a rear-facing strategy that only considers 
historic incidents. The growing influence of climate change warrants proactive measures that put 
installations in a better position to handle extreme future events. But these decisions are not easy 
because they could involve substantial costs and would come with such uncertain benefits. 

Despite this challenge, the DAF can categorize installations both on the basis of exposure to 
natural hazards and potential implications for assets that make up installations, as we have 
shown. The following sections summarize key findings for each hazard considered in this report. 

Current Flooding as Indicated by SFHA 

Exposure to recurrent flooding is common. Of the 43 bases with digital flooding maps, 15 
have 20 percent or greater of their land area in the flood zone. But this figure does not reflect the 
full DAF exposure because SFHA data are incomplete or missing for some installations, or 

 
162 A similar argument could be made by the Office of the Secretary of Defense to use this type of information to 
assess DoD installations; however, the Office of the Secretary of Defense is arguably less equipped to estimate 
mission impact, and there should be alignment of resources and decision authority.  
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because the definition of the SFHA for mapped locations does not fully capture the nature and 
extent of flood risk. For instance, we know that Offutt has been subjected to major flooding, but 
FEMA’s NFHL dataset does not contain data for Offutt. Although the national data do not 
provide estimates of the extent of flooding within the flood zone, our asset-level analysis allows 
more-detailed assessment of whether different infrastructure categories fall within these zones. 
We found that some bases could face severe disruptions (Langley, MacDill, Wright-Patterson, 
Tyndall, Eielson, Hurlburt, Robins, Seymour Johnson, Luke, Keesler, Dyess, Sheppard, Tinker, 
and Altus AFBs) even if only a small fraction of the base falls within the flood zone, while 
others appear to be well sited for flood (Figure 3.1). As noted earlier, our analysis should merely 
be seen as a starting point for deeper dives that, where possible, account for additional data on 
the extent of flood risk (e.g., BFE and DEMs), and consider a broader range of AEP events. 

Projected Future Flooding as Measured by SLR-Induced Inundation  

Ten coastal bases are at risk to SLR. A three-foot SLR scenario will inundate 20 percent or 
more of MacDill AFB, Patrick SFB, and Langley AFB. Tyndall also could have a large fraction 
of its land inundated. This inundation could have disproportionate consequences for some 
missions. Even the remaining other six coastal airfields could face problems from SLR because 
these projections are for the average future high tide but do not consider storm surge that these 
coastal installations will face. Note that the estimates of future inundation in this analysis are 
highly conservative measures of flood exposure. In reality, coastal infrastructure will be exposed 
to flooding from storm surge long before it becomes inundated due to SLR, and the impact will 
be even greater if the infrastructure is also in an area prone to inland flooding from severe 
rainfall events. 

Historical Exposure to Wildfire 

DAF installations in general are situated in areas with moderate overall wildfire conditions. 
We relied on the WHP to assess exposure, which is a measure of how combustible a given area 
is, what firefighting capabilities exist in the area, and the ability to access the area to facilitate 
suppression efforts. Although this finding should be encouraging, it does not mean that wildfire 
precautions should not be observed at some locations, particularly in the western United States. 
Furthermore, some installations for which the average WHP is low or moderate at the base level 
have portions of the installation that fall in higher risk classes. We also note that a few locations 
have nearby power transmission infrastructure that bisects a much higher potential wildfire zone.  

Historical Exposure to Wind 

About 30 bases fall within the two highest wind zones. As shown in Figure 2.8, these wind 
categories provide a coarse categorization of wind variation at a regional level. This regional 
standard is useful to easily compare installations. There are other data sources that can provide 
more-granular historic data for each installation. Building standards relevant to wind hazards are 
derived from this historic data. The DAF assessment of the Tyndall hurricane damage found that 
damage levels were tied to building age. With one data point we cannot be certain that this 
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relationship is meaningful, but if there is a relationship between building age and storm 
resilience, that could influence future asset management decisions. 

Multi-Hazard Exposure 

Many installations face multiple hazards, particularly several coastal bases, as shown in 
Table 6.1. A comparative analysis of the costs of keeping open an installation that is susceptible 
to multiple hazards (to include hazard mitigation and repair or rebuild costs) and the difference 
between the anticipated and actual operational benefits the installation is able to provide reliably 
can offer useful insight. Making decisions about the sorts of mitigation options to invest in is 
more complicated for bases that are exposed to more than one hazard. If a base is exposed to two 
hazards—e.g., flooding and high winds—then spending all available resources on mitigating just 
one would not improve the overall resilience of the base.  
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Table 6.1. Bases Facing Multiple Hazards 

Installation 

Current 
Flooding 

Projected Future 
Flooding (SLR-

Induced 
Permanent 
Inundation) Wildfire Wind 

At Least 20 Percent 
of Base Area (DAF 

Component) in 
SFHA 

Some Portion of Base 
Area (DAF 

Component) Inundated 
Under 3-Foot SLR 

Scenario 

Some Portion of Base 
Area (DAF Component) 
in "High" or "Very High" 

Classes 
Base in Wind Zone 3 

or 4 
Barksdale 
AFB P n/a  P 

Cannon AFB*  n/a P P 
Charleston 
AFB 

no digital data 
available 

 P P 

Columbus 
AFB P n/a  P 

Dyess AFB P n/a  P 

Eglin AFB  P P P 
Ellsworth 
AFB* data not available n/a P P 

Hurlburt Field P P  P 

Keesler AFB P P P P 

Langley AFB P P   

Macdill AFB P P  P 

Maxwell AFB P n/a  P 

Moody AFB P n/a P P 

Patrick SFB  P  P 

Robins AFB P n/a P P 
Seymour 
Johnson AFB P n/a  P 

Shaw AFB  n/a P P 
Sheppard 
AFB  n/a P P 

Tyndall AFB P P P P 
Wright-
Patterson 
AFB 

P n/a non-burnable P 
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Recommendations 

Flood 

Ensure that the data needed to implement policies aimed at reducing flood risk are 
available. Congress has mandated that future construction consider flood exposure, with DAF 
guidance following suit. For instance, UFC 2-100-01 requires that installations “identify and 
assess risks to the installation from the effects of extreme weather and climate change” as part of 
installation master planning efforts” and identifies the DoD Climate Vulnerability Assessment 
Tool and the DoD Regional Sea Level Database as a relevant tool for scenario planning. 

To ensure that such guidance is implementable, the DAF should work with relevant parties to 
develop or improve the quality of flood hazard maps for installations. Not all installations have 
digital SFHA maps, and particularly not for multiple AEPs. Beyond that, for a set of installations 
with large portions of the base falling within SFHA zones, the DAF might want to invest in 
better assessments of the depth of flooding at these locations to give more fidelity to flooding 
estimates. Collaborative efforts, such as the one AFCEC has undertaken with Colorado State 
University to develop climate projections for DAF installations, are a step in the right direction. 
The DAF already has geospatial data for most of its installations. It could conduct further 
scoping with digital terrain maps and, for some installations, more detailed hydrological 
modeling to better characterize the possible extent of future flooding. Particularly as new 
construction is sited, more proactive efforts to keep up-to-date flood zone maps of sufficient 
quality can inspire confidence that the new locations are out of the flood zone.  

Different approaches, including highly localized options (at the building level) and 
larger-scale mitigations (e.g., building levees), should be considered for different types of 
flood exposure. For installations with just pockets of area falling within flood zones, the 
mitigation option set might be limited to moving key functions elsewhere or entirely moving 
specific buildings out of the flood zone. On the other hand, for installations with many assets in 
the flood zone, alternatives that can protect large areas might be more attractive. But they will 
seldom be something the DAF can pursue on its own. 

Wildfire 

As with flood protection, DAF hazard mitigation for wildfire should be a combination 
of DAF investments and community best practices and preparedness. DAF assessments of 
wildfire exposure should not be limited to installation boundaries; they should instead consider 
the surrounding areas to identify potential problems and motivate strategies to engage with 
surrounding communities. Furthermore, the DAF should work with federal management 
agencies (e.g., the Forest Service), state- and county-level development planners, and regional 
utilities to improve preparedness in the face of wildfires. 

Wind 

Assess whether building standards are suited to historic and possible future wind 
exposure for each installation. One of the values of the wind zones is that they are linked to 
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building standards for wind resilience. The DAF should consider whether the wind standards for 
these zones are likely to meet the needs of the Air and Space Forces in the future. This could 
require installation-level wind hazard assessments, which might be useful for devising more-
granular wind hazard policies, or similar insights about other hazards. More-granular historic 
data are available. The DAF will also want to consider whether some sort of hedging is prudent 
to account for possible deviations from historic norms due to climate change.  

Building codes are also tied to a formal DAF/DoD Risk Category (I–V) that are assigned to 
each building and represent the increasing importance for the building to provide protection from 
high wind speeds. These categories are important because some severe wind events, like 
tornadoes, can come with little warning and, therefore, little time to prepare or evacuate, so DAF 
personnel and equipment need to be sheltered in these cases. To the extent that the DAF is using 
these categories, it should determine whether the categorization is being kept up to date (because 
building functions change) and that the standards tied to these categories are appropriately drawn 
and reflect the wind hazard at each installation (as also found by the ACC Severe Weather 
Readiness assessment). 

Multi-Hazard and Cross-Hazard 

Work with communities to address regional flooding and wildfire concerns. Boosting 
resilience to natural hazards requires coordination with communities that surround and support 
installations—hazards do not confine themselves to base boundaries, so neither should 
remediations. In particular, flooding and wildfire risk are better considered with a mix of DAF 
and community priorities and funding. In some cases, the best remediation will be to build levies 
and other water-channeling investments that will typically be designed to protect a community, 
not just a base. In fact, such structures might not be on or near installation property, but the base 
might depend on that investment, even when the decision and most or all of the investment is 
provided by others. Thus, a key DAF capability required to effectively posture for natural 
hazards is an ability to work with other services, federal agencies, and state and local 
governments. 

Develop a system to track hazard events across the enterprise to capture frequency, 
severity, and costs—this can be particularly useful for contingency and COOP planning. 
Given that the DAF has faced some very expensive consequences of numerous natural hazards, it 
is important to track past damages but also to establish a mechanism for tracking how damages 
change over time. Data repositories such as AFIMSC’s Storm Damage Tracker are a useful first 
step and provide a way to systematically track damages and estimates of mitigation costs 
associated with natural disasters.163  

Identify installations facing risks from multiple hazards and identify options to address 
their full range of hazards. Installations facing risks from multiple hazards will pose the 
greatest challenge to DAF policymakers. This report has identified a set of seven locations facing 
multiple hazards for the three hazards we considered, using the data available. The DAF might 

 
163 Aragon, 2020.  



 101 

wish to expand this to other hazards and to fill data gaps. In the meantime, the DAF can begin to 
identify options to address the full range of hazards facing the installations in Table 6.1. We 
anticipate that multi-hazard remediation will often be very costly, which will force some difficult 
choices. The DAF will need to estimate costs to address these challenges over a long-range 
planning horizon. It will also want to consider whether shifting missions to other locations meets 
DAF objectives regarding cost and mission. For some locations, the DAF should also consider 
whether moving to other locations is the best option, not only for the cost of remediation but also 
for the anticipated future mission disruptions from natural hazards. Many installations are seen to 
benefit the DAF in unique ways. Bases facing multiple threats might require reassessment of the 
anticipated benefits versus actual installation availability to provide those benefits reliably.  

Use hazard data to inform COOP planning. As we discussed in Chapter 5, there could be 
a growing number of decisions that require some consideration of natural hazards. In that case 
study, we showed how the DAF could use existing hazard data to identify appropriate COOP 
sites at a location that faces counter-cyclical hazards to better ensure that the planned COOP site 
will not also be debilitated by storms when it is needed. 

Develop a capability to assess installation exposure to natural hazards, and establish 
requisite funding mechanisms and resources at the enterprise level to address identified 
problems. Such a capacity will help the DAF to identify gaps in current knowledge, put in 
context installation-level inputs, and formulate enterprise-level policies. The combination of 
potentially large investment, recovery, or remediation costs, coupled with uncertainty regarding 
the efficacy of selected mitigations and the number and magnitude of events, makes for an 
extremely complex environment for policy choices related to natural hazard risk mitigation. 
Although installation leaders are equipped to identify potential risk mitigation strategies for their 
individual installations, they are not in a position to balance these dimensions at the enterprise 
level to form policies and commit resources that mitigate risk on behalf of the DAF. At the 
enterprise level, the DAF is uniquely positioned to utilize expertise, enterprise-wide data, and 
analytic tools and balance the many competing interests.  

There are several options for how the DAF might organize to manage natural hazard-related 
risks to installations and missions. Regardless of the approach the DAF takes to address this 
challenge, there is a need to develop a capability to assess natural hazards and to allocate and 
track resources at the enterprise level. These investments will need to be tracked so that over 
time the DAF can continue to allocate resources against the largest needs in ways that build upon 
past efforts.  

Consider ways to incorporate natural hazard–related risks into key DAF decisions, 
such as new construction, major renovations, installation design, and mission assignment. 
As the case study in Chapter 4 highlights, investments to retrofit against future wind events are 
very costly. They might pay off in financial terms if DAF installations experience a major future 
event, and in some cases such investments might only be cost effective after several future 
events. The kind of break-even estimates featured in the wind case study suggest an approach to 
considering this uncertainty about future events. Although our cost estimates are crude, they 
provide insight into the rough order of magnitude of costs that might be required to rebuild (or of 
the inverse, the damages that might be avoided) should one or more installations face a severe 



 102 

wind event. The DAF might be able to devise policies that can retrofit select buildings at lower 
cost than we presented in the case study. And it should strive to consider designs for future 
buildings that can provide protection from hazards in cost-effective ways. In many cases, the cost 
to build resilience into building designs and construction will be much more cost-effective than 
making post-construction retrofit enhancements. 

Our analysis focused on specifying the conditions under which investments pay off, but this 
is only one aspect of the considerations that will likely go into DAF decisionmaking. There are 
other costs not included in our analysis, such as the loss of building contents and the mission 
degradation. We do not know the extent to which the DAF can estimate such costs, but to the 
extent that this is possible, the analysis presented in Chapter 4 could be modified to account for 
them.  

Investments in resilience also represent an investment in mission assurance, and not all 
missions are equally affected by disruptions to infrastructure. The DAF conducts many different 
types of missions, some highly mobile (e.g., flying missions), others movable (e.g., AOCs), and 
still others that are entirely tied to specific locations (e.g., large phased-array radar). As the DAF 
develops risk mitigation policies related to natural hazards, it should focus particularly on 
missions that are tied to specific locations because they are disadvantaged compared with a 
mobile mission that has a strong possibility of evading a storm.  

Although the DAF will be able to improve decisionmaking by taking some decisions at the 
enterprise level, we stress that the uncertainties surrounding these decisions will be great, so the 
DAF should assume that these decisions will not be clear-cut. Regardless, taking an enterprise-
level view of installation resilience is the best way to ensure that scarce resources are allocated in 
such a way that reduces risk to key DAF missions.  
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Appendix A. Recent DoD Natural Hazard Efforts 

This appendix provides additional information on the completed and ongoing DoD efforts 
that address the topic of installation resilience to natural hazards that were introduced in Chapter 
1. 

AFCEC Severe Weather/Climate Playbook 

The AFCEC Severe Weather/Climate Playbook, published on April 24, 2020, outlines a 
framework for evaluating installation exposure to a variety of natural hazards164 and associated 
probabilistic current and future risks. The framework consists of three high-level steps: screen 
hazards, assess risk, and determine next steps. The playbook provides several sources of hazard 
information to use to identify relevant current hazards (hazards that have already occurred or 
have the possibility of occurring in the next 25 years) and future hazards (hazards that are related 
to long-term changes in “weather patterns, temperature, precipitation, hydrology, or sea level” 
and could occur 25 years or more in the future) for a given installation. Information sources 
include various installation plans (energy, emergency management, installations development, 
natural resource management), DoD reports and climate assessment tools, DAF weather 
assessments, and DAF climate projection modeling performed by Colorado State University. The 
identification of hazards and assessment of risk rely on a combination of bottom-up input from 
subject-matter experts, existing risk assessments, and the application of the DoD risk assessment 
framework for future hazards. 

DoD Climate-Related Risk to DoD Infrastructure Initial Vulnerability 
Assessment Survey (SLVAS) Report 

The DoD Climate-Related Risk to DoD Infrastructure Initial Vulnerability Assessment 
Survey (SLVAS) Report, published on February 23, 2018, tackles the question of installation 
vulnerability using a bottom-up, survey-based approach that relies on subjective assessments 
provided by individual bases. The survey was completed for more than 3,500 sites worldwide 
and asked that installations identify any negative effects from extreme weather on a variety of 
DoD asset categories or off-site supporting services, such as utilities or emergency response. The 
results of the survey indicated that negative effects from drought were reported the highest 
number of times, followed by wind and then non–storm-surge-related flooding (782, 763, and 
706 times, respectively). Around 10 percent of sites reported effects from extreme temperatures, 

 
164 At a minimum, installation staff are required to evaluate “storm surge flooding, non-storm surge events such as 
coastal and riverine flooding, tropical cyclones (includes hurricanes/typhoons), high winds, tornadoes, extreme cold, 
extreme heat, drought, wildland fires, permafrost changes, ecosystem shifts, desertification, volcanoes, earthquakes, 
tsunamis, subsidence/sinkholes, and climate projections for changes in flooding inundation, precipitation changes, 
and temperature changes” (Air Force Civil Engineer Center, 2020). 
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and around 6 percent reported effects from storm-surge–related flooding and wildfire. Airfield 
operations, transportation infrastructure, energy infrastructure, training/range facilities, and 
water/wastewater systems were the top five asset categories with one or more reported effects. 
Around 50 percent of sites reported no effects to any of the asset categories included in the 
survey. 

NAVFAC Climate Change: Installation Adaptation and Resilience Planning 
Handbook 

The NAVFAC Climate Change: Installation Adaptation and Resilience Planning Handbook, 
published in January 2017, provides a framework and methodology for considering climate-
related impacts to built and natural infrastructure in installation-level plans and projects. The 
purpose of the handbook is to help Navy Master Development Planners identify and develop 
potential adaptation alternatives to address physical impacts that could result from projected 
climate change. Many of the examples in the handbook focus on addressing flooding and storm 
surge coastal hazards.  

The framework outlined in the handbook follows four stages, each with several steps to 
complete the stage: (1) establish scope and characterize impacts, (2) identify and screen action 
alternatives, (3) calculate benefits and costs of action alternatives, and (4) assemble portfolio of 
action alternatives. The first stage is focused on identifying and characterizing relevant potential 
future climate impacts for a given area. The second stage is focused on evaluating the financial 
and technical feasibility and the appropriateness (using a set of questions outlined in the 
handbook) of a set of adaptation actions. This stage also asks planners to characterize the 
approach in the context of four strategies for making decisions under uncertainty (no regrets, 
reversible and flexible, safety margin, and reduced time horizons). The third stage involves 
conducting a benefit-cost analysis for the options identified in stage two. The fourth stage 
focuses on bringing together all the information gathered and learned in the previous three stages 
into a portfolio of actions that consider key future variables that could influence when a given 
investment might be most effective. 

USACE Climate Assessment Tool 

The USACE Climate Assessment Tool provides a method for assessing installation exposure 
to “coastal and riverine flooding, drought, desertification, wildfire, and permafrost thaw,”165 
without outputs in the form of installation maps and geospatial data. The tool was developed to 
assess exposure of Army locations, but OASD(S) provided funding to USACE to expand the 
scope of the tool to include the ability to assess DAF and Navy installations. As of April 2020, 
the tool was ready for deployment and included 73 Army installations. The Army is also 
developing an Army Climate Resilience Handbook that will provide guidance to installation 

 
165 Department of the Army, Assistant Secretary of the Army Installations, Energy, and Environment, 2020.  
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planners for developing resilience measures for their installations, including using the USACE 
Climate Assessment tool to inform these planning efforts. 

USACE Sea Level Tracker 

USACE has developed a web-based Sea Level Tracker, which shows the actual SLR versus 
the projected SLR at select locations using NOAA tide gauge data.166 There are four sections to 
the tracker: a data entry panel, where the user can select the location and gauge; the location 
map, which shows the location of the gauge; the visualization tab, which shows the historical 
hydrologic behavior (taking into account historic trends of SLR) for the given location; and a 
data table tab, which allows the user to explore the raw data. 

Colorado State University Center for Environmental Management of Military 
Lands Climate Modeling Effort 

This effort funded by AFCEC generated future climate projections for more than 60 DAF 
sites, along with maps depicting future flooding scenario and site reports that cover the potential 
effects of climate projects on natural resources, ecosystems, and biodiversity. These climate 
projections help the DAF meet the DoD requirement that integrated natural resources 
management plans consider climate change. Installations can access maps, scenarios, and site 
reports through the AFCEC Portal Installation Resources sharepoint site. 

SERDP-ESTCP Regionalized Sea Level Change and Extreme Water Level 
Scenarios Explorer 

The SERDP-ESTCP Regionalized Sea Level Change and Extreme Water Level Scenarios 
explorer167 provides users with regional scale data on projected sea level change and extreme 
water levels for DoD coastal sites (1,774 sites were included in this effort). The SLR scenarios 
were generated for 2035, 2065, and 2100 and are based on five global SLR scenarios ranging 
from 0.2 meters to 2.0 meters. The extreme water level estimates were derived from NOAA tidal 
gauge data and are meant to reflect the effects of tides and storm surge that could occur on top of 
SLR. To generate the regional-scale data, the global scenarios were adjusted on “a site specific 
basis that accounted for local vertical land movement, dynamical sea level, and icemelt from 
glaciers and ice sheets.”168 The results of site-specific adjustments indicate that these three 
factors can dramatically change the sea level at a given site and can trend in opposite directions 
(i.e., changes in sea level from one or more of these factors can cancel each other). The 
projections generated through this effort are intended to be used to perform screening-level 

 
166 Sea Level Tracker, undated. 
167 The explorer is available at a Common Access Card–enabled website: https://sealevelscenarios.serdp-estcp.org/ 
(DoD Regionalized Sea Level Change & Extreme Water Level Scenarios, undated). 
168 Hall et al., 2016. 

https://sealevelscenarios.serdp-estcp.org/
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vulnerability analyses, not engineering decisions. However, they can still be a useful starting 
point for siting decisions, engineering design considerations, or determining response options to 
an existing vulnerability. 

ACC Severe Weather Readiness Assessment 

The ACC Severe Weather Readiness Assessment, published in December 2018, reviewed 
how prepared the DAF is to mitigate the risk of, respond to, and recover from severe weather 
events. The assessment team conducted case studies for five recent severe events in 2017 and 
2018 and a sixth that presents the benefits of being prepared for severe weather for each of those 
cases. Their findings highlight that the damage and repair costs alone for the events considered in 
the case studies exceeded $8 billion and that “despite dramatic improvements in weather 
prediction capabilities, the severe weather threat remains prevalent, powerful and costly.”  

Building on findings from the case studies, the assessment team investigated ways to enhance 
readiness across functional areas. Recommendations from the assessment pertaining to facilities 
design and construction include  

• improving the resilience of facility envelopes (e.g., ensure that appropriate design 
standards are applied, ensure that appropriate risk categorization is assigned to a 
building in coordination with mission owners, conduct baseline assessments for high-
value essential military assets) 

• mandating full enclosure of aircraft sheltering inside a facility 
• reducing severe weather damage risk from landscape assets (e.g., establish 

appropriate proximity criteria for landscape elements to critical infrastructure) 
• developing and applying mission-driven and occupancy-driven tornado shelter 

criteria 
• validating facility risk categorization for aircraft maintenance hangars 
• developing policies and facilities criteria for aircraft sunshades to ensure that weather 

conditions are considered 
• establishing unified criteria for determining which facilities are suitable to serve as 

Severe Weather Emergency Operations Centers, for defining thresholds triggering for 
flood protection retrofit, and for critical utility redundancy at installations exposed to 
severe weather events 

• implementing flood resistant installation facility standards 
• upgrading criteria for screening walls in wind-prone regions 
• implementing structural retrofits when the facility risk category changes with an 

occupancy change. 
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Appendix B. Full Exposure Tables 

This appendix includes the full tables showing all calculated values for the exposure analysis 
presented in Chapter 2.  

Table B.1 shows the percentage of base area that falls within the SFHA. As noted previously, 
the NFHL data are incomplete for the set of bases included in this analysis. There are 20 bases 
for which we do not have data to assess current flood exposure using the NFHL database. Bases 
with missing data are denoted with either “digital data not available,” which means that an FIS 
has been conducted and there is an effective FIRM but the map is not digitized into the NFHL;169 
or “data not available,” which could mean that the area is unmapped (FEMA has not performed 
any studies or the area has not been included)170 or that the flood risk is undetermined 
(designated zone D, which means that there is possible flood risk, but no formal study has been 
conducted).171 We also encountered cases where map tiles are “not printed” in the NFHL 
database.172 Review of the FIRMs in these instances revealed that these areas were determined 
by FEMA to be areas of minimal flood hazard (zone X) and, thus, not in the SFHA. Bases where 
at least one tile is “not printed” are marked with asterisks. For those where the entire base area is 
not printed, we show a value of 0 for the percentage of base area within the SFHA. 
  

 
169 Some bases in our dataset have a FIRM that can be downloaded as a PDF and used for visual inspection, but the 
map has not been digitized. Our method of analysis requires digital data to calculate the percentage of base area in 
the SFHA. Therefore, for bases that show area in the SFHA on a printed FIRM but do not have digital data 
available, we were not able to calculate the percentage of base area in the SFHA. These are denoted in Table B.1 
with “no digital data available.” 
170 There are four instances where the map tiles in the NFHL viewer indicate “Area Not Included” (ANI). This is 
the case for Elemendorf, McConnell, Offut, and Whiteman. The ANI designation is used when an area in not 
included “because it is Federal land, such as a military installation; because it is not a flood hazard area; or because 
the community is not participating in the NFIP. ANIs are predetermined by FEMA and the community of interest” 
(email communication with FEMA map specialist on July 20, 2020). We know that military installations are not 
categorically excluded because there are maps available for other installations. For the four bases listed above, we 
were not able to determine the reason that the area was not included, just that it was not included in the map.  
171 FEMA, 2011. 
172 When an area is determined to have a single flood zone designation, FEMA does not publish the map panel 
because it is determined not to be cost-effective (email communication with FEMA map specialist on July 20, 
2020).  
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Table B.1. SFHA Base-Level Exposure Values for U.S. DAF Parent Bases 

Installation Name 
Percentage Area of Base (DAF 
Component) in SFHA (N = 43) 

Langley  82% 

MacDill  81% 

Wright-Patterson  65% 

Tyndall  55% 

Eielson  52% 

Hurlburt Field 39% 

Moody  36% 

Barksdale  36% 

Robins  33% 

Columbus  29% 

Maxwell  24% 

Seymour Johnson  23% 

Luke  23% 

Keesler  22% 

Dyess  20% 

Arnold * 19% 

Altus  17% 

Eglin  14% 

Patrick  13% 

Tinker  9% 

Sheppard  9% 

JBSA-Lackland 8% 

Laughlin  6% 

Grand Forks  5% 

F. E. Warren  5% 

Shaw  3% 

Dover  2% 

JBSA-Randolph 2% 

Holloman  1% 

Little Rock  1% 

JB Andrews 1% 

Kirtland  0% 

Vance  0% 

Buckley  0% 

Nellis  0% 

Hanscom  0% 
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Installation Name 
Percentage Area of Base (DAF 
Component) in SFHA (N = 43) 

Goodfellow  0% 

Cannon * 0% 

Fairchild  0% 

Hill * 0% 

Los Angeles  0% 

Schriever  0% 

Charleston  no digital data available 

McGuire  no digital data available 

Minot  no digital data available 

Mountain Home  no digital data available 

Scott  no digital data available 

Beale  data not available 

Clear data not available 

Davis-Monthan  data not available 

Eareckson data not available 

Edwards  data not available 

Ellsworth * data not available 

Elmendorf  data not available 

Malmstrom  data not available 

McConnell  data not available 

Offutt  data not available 

Peterson  data not available 

Tonopah Auxiliary Airfield Annex data not available 

Travis  data not available 

Vandenberg * data not available 

Whiteman  data not available 

NOTE: Bases where at least one tile is “not printed” are marked with asterisks. 

 
Table B.2 shows the base-level average WHP index values (ranging from 0 to 344) and the 

percentage of base area that falls in the high or very high class (ranging from 0 percent to 15 
percent) for the bases included in this analysis. 
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Table B.2. Base-Level WHP Exposure Analysis for DAF Active-Duty CONUS Installations 

Installation Name 

Base-Level 
Average WHP 
Index (N = 59 

bases) 
Base-Level WHP 

Class 

Percentage of Base Area in the 
“High” or “Very High” WHP 

Classes (i.e., WHP equal to or 
greater than 402) 

Vandenberg  344 Moderate 8% 

Eglin  333 Moderate 15% 

Beale  326 Moderate 9% 

Mountain Home  325 Moderate 14% 

Moody  316 Moderate 15% 

Kirtland  191 Moderate 4% 

Tyndall  187 Moderate 4% 

McGuire  172 Moderate 4% 

Ellsworth  168 Moderate 2% 

Robins  148 Low 5% 

Shaw  146 Low 4% 

Hurlburt Field 118 Low 0% 

Charleston  107 Low 6% 

Dyess  96 Low 0% 

Cannon  93 Low 1% 

Seymour Johnson  92 Low 0% 

Davis-Monthan  88 Low 0% 

Hill  84 Low 1% 

Fairchild  73 Low 1% 

Sheppard  67 Low 1% 

Schriever  60 Low 1% 

Arnold  59 Low 0% 

MacDill  57 Low 0% 

Columbus  55 Low 0% 

Buckley  55 Low 0% 

Grand Forks  54 Low 1% 

Barksdale  53 Low 0% 

Edwards  49 Very low 0% 

Nellis  47 Very low 1% 

Keesler  43 Very low 3% 

JBSA-Randolph 43 Very low 0% 

Maxwell  38 Very low 0% 

JBSA-Lackland 37 Very low 0% 

Travis  32 Very low 0% 

Luke  31 Very low 0% 

F. E. Warren  31 Very low 0% 

Holloman  30 Very low 0% 

Peterson  29 Very low 0% 

Patrick  27 Very low 0% 

Goodfellow  27 Very low 0% 
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Installation Name 

Base-Level 
Average WHP 
Index (N = 59 

bases) 
Base-Level WHP 

Class 

Percentage of Base Area in the 
“High” or “Very High” WHP 

Classes (i.e., WHP equal to or 
greater than 402) 

Minot  23 Very low 0% 

Little Rock  19 Very low 0% 

McConnell  17 Very low 0% 

Laughlin  14 Very low 0% 

Dover  13 Very low 0% 

JB Andrews 12 Very low 0% 

Langley  7 Very low 0% 

Malmstrom  7 Very low 0% 

Whiteman  5 Very low 0% 

Altus  4 Very low 0% 

Offutt  3 Very low 0% 

Hanscom  2 Very low 0% 

Tinker  1 Very low 0% 

Vance  1 Very low 0% 

Scott  1 Very low 0% 

Wright-Patterson  0 Non-burnable 0% 

Los Angeles  0 Non-burnable 0% 

Tonopah Auxiliary Airfield Annex 0 Non-burnable 0% 

Clear data not available n/a n/a 

Eareckson data not available n/a n/a 

Eielson  data not available n/a n/a 

Elmendorf  data not available n/a n/a 

 
Table B.3 shows the wind zone for 62 bases (there are no data for Eareckson).  
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Table B.3. Wind Zones for DAF Active-Duty CONUS Installations 

Wind Zone 4 Wind Zone 3 Wind Zone 2 Wind Zone 1 
Altus  Cannon  Buckley  Beale  

Arnold  Charleston  Dover  Clear 

Barksdale  Eglin  F. E. Warren  Davis-Monthan  

Columbus  Ellsworth  Grand Forks  Edwards  

Dyess  Goodfellow  Hanscom  Eielson  

Little Rock  Hurlburt Field Holloman  Elmendorf  

McConnell  JBSA-Lackland JB Andrews Fairchild  

Offutt  JBSA-Randolph Kirtland  Hill  

Scott  Keesler  Langley  Los Angeles  

Sheppard  MacDill  Laughlin  Luke  

Tinker  Maxwell  Malmstrom  Mountain Home  

Vance  Moody  McGuire  Nellis  

Whiteman  Patrick  Minot  
Tonopah Auxiliary 
Airfield Annex 

Wright-Patterson  Robins  Peterson  Travis  

 Seymour Johnson  Schriever  Vandenberg  

 Shaw    

 Tyndall    

 
Table B.4 shows the relative levels of exposure for each hazard for the full set of bases 

included in this analysis. 
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Table B.4. Multi-Hazard Table for DAF Active-Duty U.S. Installations 

Installation Name 

Current 
Flooding Future Coastal Flooding Wildfire Wind 

Percentage 
Area of Base 

(DAF 
Component) in 

SFHA 

Projected 
Percentage of 

Base Area 
(DAF 

component) 
Inundated 

Under 3-Foot 
SLR Scenario 

Projected 
Percentage of 

Base Area (DAF 
component) 
Inundated 

Under 7-Foot 
SLR Scenario 

Base-Level 
Average WHP WHP Class 

Percentage 
Area of Base 

(DAF 
Component) in 
"High" or "Very 

High" WHP 
Classes Wind Zone 

Altus AFB 17% n/a n/a 4 Very low 0% 4 

Arnold AFB* 19% n/a n/a 59 Low 0% 4 

Barksdale AFB 36% n/a n/a 53 Low 0% 4 

Beale AFB data not 
available 

n/a n/a 326 Moderate 9% 1 

Buckley AFB 0% n/a n/a 55 Low 0% 2 

Cannon AFB* 0% n/a n/a 93 Low 1% 3 

Charleston AFB no digital data 
available 

0% 0% 107 Low 6% 3 

Clear AFS data not 
available 

n/a n/a data not 
available 

n/a 0% 1 

Columbus AFB 29% n/a n/a 55 Low 0% 4 

Davis-Monthan AFB data not 
available 

n/a n/a 88 Low 0% 1 

Dover AFB 2% 1% 5% 13 Very low 0% 2 

Dyess AFB 20% n/a n/a 96 Low 0% 4 

Eareckson AFS data not 
available 

n/a n/a data not 
available 

n/a 0% data not 
available 

Edwards AFB data not 
available 

n/a n/a 49 Very low 0% 1 

Eglin AFB 14% 1% 3% 333 Moderate 15% 3 
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Installation Name 

Current 
Flooding Future Coastal Flooding Wildfire Wind 

Percentage 
Area of Base 

(DAF 
Component) in 

SFHA 

Projected 
Percentage of 

Base Area 
(DAF 

component) 
Inundated 

Under 3-Foot 
SLR Scenario 

Projected 
Percentage of 

Base Area (DAF 
component) 
Inundated 

Under 7-Foot 
SLR Scenario 

Base-Level 
Average WHP WHP Class 

Percentage 
Area of Base 

(DAF 
Component) in 
"High" or "Very 

High" WHP 
Classes Wind Zone 

Eielson AFB 52% n/a n/a data not 
available 

n/a 0% 1 

Ellsworth AFB* data not 
available 

n/a n/a 168 Moderate 2% 3 

Elmendorf AFB data not 
available 

n/a n/a data not 
available 

n/a 0% 1 

Fairchild AFB 0% n/a n/a 73 Low 1% 1 

F. E. Warren AFB 5% n/a n/a 31 Very low 0% 2 

Goodfellow AFB 0% n/a n/a 27 Very low 0% 3 

Grand Forks AFB 5% n/a n/a 54 Low 1% 2 

Hanscom AFB 0% n/a n/a 2 Very low 0% 2 

Hill AFB* 0% n/a n/a 84 Low 1% 1 

Holloman AFB 1% n/a n/a 30 Very low 0% 2 

Hurlburt Field 39% 1% 2% 118 Low 0% 3 

JB Andrews 1% n/a n/a 12 Very low 0% 2 

JBSA-Lackland 8% n/a n/a 37 Very low 0% 3 

JBSA-Randolph 2% n/a n/a 43 Very low 0% 3 

Keesler AFB 22% 3% 5% 43 Very low 3% 3 

Kirtland AFB 0% n/a n/a 191 Moderate 4% 2 

Langley AFB 82% 20% 80% 7 Very low 0% 2 

Laughlin AFB 6% n/a n/a 14 Very low 0% 2 

Little Rock AFB 1% n/a n/a 19 Very low 0% 4 
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Installation Name 

Current 
Flooding Future Coastal Flooding Wildfire Wind 

Percentage 
Area of Base 

(DAF 
Component) in 

SFHA 

Projected 
Percentage of 

Base Area 
(DAF 

component) 
Inundated 

Under 3-Foot 
SLR Scenario 

Projected 
Percentage of 

Base Area (DAF 
component) 
Inundated 

Under 7-Foot 
SLR Scenario 

Base-Level 
Average WHP WHP Class 

Percentage 
Area of Base 

(DAF 
Component) in 
"High" or "Very 

High" WHP 
Classes Wind Zone 

Los Angeles AFB 0% n/a n/a 0 Non-burnable 0% 1 

Luke AFB 23% n/a n/a 31 Very low 0% 1 

MacDill AFB 81% 35% 79% 57 Low 0% 3 

Malmstrom AFB data not 
available 

n/a n/a 7 Very low 0% 2 

Maxwell AFB 24% n/a n/a 38 Very low 0% 3 

McConnell AFB data not 
available 

n/a n/a 17 Very low 0% 4 

McGuire AFB no digital data 
available 

n/a n/a 172 Moderate 4% 2 

Minot AFB no digital data 
available 

n/a n/a 23 Very low 0% 2 

Moody AFB 36% n/a n/a 316 Moderate 15% 3 

Mountain Home AFB no digital data 
available 

n/a n/a 325 Moderate 14% 1 

Nellis AFB 0% n/a n/a 47 Very low 1% 1 

Offutt AFB data not 
available 

n/a n/a 3 Very low 0% 4 

Patrick SFB 13% 20% 88% 27 Very low 0% 3 

Peterson AFB data not 
available 

n/a n/a 29 Very low 0% 2 

Robins AFB 33% n/a n/a 148 Low 5% 3 

Schriever AFB 0% n/a n/a 60 Low 1% 2 

Scott AFB no digital data 
available 

n/a n/a 1 Very low 0% 4 
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Installation Name 

Current 
Flooding Future Coastal Flooding Wildfire Wind 

Percentage 
Area of Base 

(DAF 
Component) in 

SFHA 

Projected 
Percentage of 

Base Area 
(DAF 

component) 
Inundated 

Under 3-Foot 
SLR Scenario 

Projected 
Percentage of 

Base Area (DAF 
component) 
Inundated 

Under 7-Foot 
SLR Scenario 

Base-Level 
Average WHP WHP Class 

Percentage 
Area of Base 

(DAF 
Component) in 
"High" or "Very 

High" WHP 
Classes Wind Zone 

Seymour Johnson 
AFB 

23% n/a n/a 92 Low 0% 3 

Shaw AFB 3% n/a n/a 146 Low 4% 3 

Sheppard AFB 9% n/a n/a 67 Low 1% 4 

Tinker AFB 9% n/a n/a 1 Very low 0% 4 

Tonopah Auxiliary 
Airfield Annex 

data not 
available 

n/a n/a 0 Non-burnable 0% 1 

Travis AFB data not 
available 

n/a n/a 32 Very low 0% 1 

Tyndall AFB 55% 15% 36% 187 Moderate 4% 3 

Vance AFB 0% n/a n/a 1 Very low 0% 4 

Vandenberg AFB* data not 
available 

0% 1% 344 Moderate 8% 1 

Whiteman AFB data not 
available 

n/a n/a 5 Very low 0% 4 

Wright-Patterson AFB 65% n/a n/a 0 Non-burnable 0% 4 

 
NOTES: Shades of orange represent the relative level of exposure for a given hazard, where darker shades indicate higher levels of exposure. 
“Data not available” means that the area is unmapped or the flood hazard risk has not yet been determined with a formal study; “digital data not available” means 
that there is an effective FIRM, but it has not been digitized into the NFHL yet.  
Bases with asterisks indicate that at least one map tile was “not printed.” 
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Appendix C. Case Study: Flooding Event 

Estimating costs at the enterprise level to mitigate future flood is more difficult than for wind 
because flood tends to require an installation-wide approach, while wind can be addressed at the 
building level. The DAF controls its building infrastructure, but sometimes the most effective 
flood mitigation will require other entities, like USACE, and local communities.  

In this case study, we explore the costs of relocating assets outside the flood risk zone. Some 
installations have only a few buildings in the flood zone, and a relocation policy could be an 
attractive approach. As the number of buildings increases, the cost of relocation becomes 
prohibitive, but we wanted to explore how this scales so that the DAF can consider this in 
comparison with other options, which we were not able to estimate. Engineered structures, such 
as levees, seawalls, or storm surge barrier gates, for instance, can provide community-level 
protection from flood hazards. However, the costs for community-wide flood mitigation 
measures are considerable, and, in many cases, these measures will not be a DAF decision or a 
DAF-funded effort but instead a broader community initiative.173 Determining appropriate costs 
for community-wide flood mitigation infrastructure requires more-localized data and detailed 
engineering analysis.  

Other measures of flood protection can be implemented at the asset level, such as dry and 
wet floodproofing of buildings. For dry floodproofing, flood shields are installed on the 
perimeter of the building to prevent water intrusion. Wet floodproofing, on the other hand, 
allows floodwater to enter the building while ensuring that critical structures and components, 
such as electrical utility connections, are installed at higher elevations to limit the amount of 
damage.174 We explored these as alternative remedies but rejected them because they were more 
appropriate for smaller buildings, such as a single-family home. Additionally, the existing 
structure can be elevated above the BFE to avoid flood exposure as another mitigation option. 
After the 2019 flood at Offutt, the DAF implemented several of these mitigations—for instance, 
it salvaged some of the damaged newer buildings by abandoning the first floor. Congress ordered 
new buildings to be out of the flood zone.175  

Some factors to consider when deciding which of the previously mentioned flood mitigation 
measures to implement on DAF installations include the level and duration of interruption from 
potential flood damage and how floodproofing can impact potential access requirements (i.e., 
installing flood shields on the exterior doors of buildings).176 Another factor to consider is the 

 
173 In a report on flood adaptation cost estimates, the cost for a seven-meter sea wall was estimated at $31 million 
per kilometer, with operation and maintenance costs between approximately 0.5 percent to 1 percent of the initial 
investment (Aerts, 2018). 
174 FEMA, 2013. 
175 Losey, 2020. 
176 FEMA, 2013. 
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appropriateness of flood mitigation measures in the context of coastal versus riverine flooding. 
For example, activities such as dredging and widening of water channels are more appropriate to 
riverine flooding, whereas construction of breakwaters is more applicable to coastal flooding. 

Methodology 

We examined costs to relocate assets at risk of flood exposure for the ten DAF bases 
included in the wind retrofit case study.177 Flood exposure risk was characterized by an asset 
being located within the FEMA FIRM 100-year floodplain178 or the NOAA seven-foot SLR 
inundation zone,179 both of which described in greater detail in Chapter 2. Using geospatial data 
(from GeoBase) on installation assets made available by AFCEC, we identified which assets for 
each of the ten bases were located in either the FEMA floodplain or the NOAA SLR flood risk 
area. A majority of the identified asset types were buildings, but other asset types included 
structures (e.g., communication towers or pump stations) and linear structures (e.g., utility lines). 
Assets marked as demolished, temporary, nonoperational, or portable in the geospatial dataset 
were excluded from the analysis; we assumed that the DAF would primarily be concerned with 
operational and permanent assets. Table C.1 provides an overview of the quantity and types of 
assets included in the flood hazard mitigation analysis. 
  

 
177 We noted in Chapter 3 that many other DAF installations are subject to flooding, but, for illustrative purposes, 
we chose the same ten bases included in the wind retrofit case study. 
178 The FEMA FIRM 100-year floodplain is the area where there is a 1-percent probability of flood inundation to 
occur for each and every year.  
179 The NOAA seven-foot SLR inundation zone is the potential area of coastal flood inundation for a scenario in 
which the mean sea level rises seven feet.  
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Table C.1. Number and Type of Assets Included in Flood Mitigation Analysis 

Base Total Buildings Structures Linear Structures 

Keesler 50 42 8 0 

Patrick 559 469 88 2 

Robins 58 49 9 0 

Eglin 153 80 73 0 

Seymour Johnson 39 31 8 0 

Tyndall 60 54 6 0 

Lackland 17 13 3 1 

Shaw 1 0 1 0 

Ellsworth 1 1 0 0 

Cannon 0 0 0 0 

NOTES: “Structures” are facilities other than buildings (e.g., communication towers, pump stations). “Linear 

structures” are assets that span across land (e.g., roads, pipelines, runways, fences).
180

 

 

Costs to relocate assets outside the flood risk area were estimated using the RUC from the 
DoD facilities pricing guide in UFC 3-701-01; we assumed that costs to relocate would be 
comparable to constructing the same structure in a different location.181 The RUC for each asset 
was determined by mapping the Real Property Unique Identifier (RPUID), which was included 
in the geospatial data, to a FAC code from the DAIS database. The FAC codes were then 
mapped to an RUC for each given asset, which we used to calculate an estimated replacement 
cost for each asset. Other cost factors were incorporated into the final estimate to account for 
additional fees, such as design and demolition. In the event that an asset did not have an RPUID 
listed in the geospatial dataset, we used the asset description to determine the RUC. In our 
assessment, four bases, Lackland, Tyndall, Eglin, and Patrick, included a small number of assets 
that had insufficient information available to perform the replacement cost analysis.182 It is 
important to note that the cost estimating methodology we used did not consider repurposing 
existing facilities outside the flood hazard zone to accommodate existing facilities within the 
flood hazard zone, which could result in an overestimation of costs.  

Review of Flood Hazard Mitigation Costs 

The total costs to implement flood mitigation measures for the ten bases are estimated at $1.1 
billion, with costs for each base ranging from $0 to $291 million, as shown in Figure C.1. The 
variability of flood mitigation costs across the ten bases is due to both the number of assets and 
the type of assets in the flood risk area. For instance, Cannon, Shaw, and Ellsworth, which have 

 
180 Department of Defense, 2017. 
181 Department of Defense, 2020. 
182 For Lackland, Tyndall, Eglin, and Patrick, a total of three, two, two, and six assets, respectively, were not 
accounted for in the flood mitigation analysis due to insufficient information available in the geospatial and/or DAIS 
database to estimate the cost to relocate the structure.  
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the least number of assets in the flood risk zone, have the lowest flood mitigation costs out of the 
ten bases. Keesler and Tyndall have a similar number of buildings in the flood zone but vastly 
different estimated costs. Keesler has more expensive assets in the flood hazard zone, such as a 
303,000-square-foot medical center, and combined, we estimate that it has the greatest costs for 
flood mitigation out of the ten bases. Robins has a similar number of buildings at risk and 
somewhat lower costs than Keesler, whereas Patrick is the second-most costly to mitigate 
because it has an order of magnitude more buildings at risk than Keesler and Robbins.  

Figure C.1. Estimated Flood Mitigation Costs for Select DAF Bases 

 
 

Flood Hazard Mitigation Policy Considerations 

This estimate to relocate buildings out of the flood hazard zone suggests that for four of the 
bases (Lackland, Shaw, Ellsworth, and Cannon), only a small number of buildings are at risk, 
and the cost to relocate those is modest. At two others (Seymour Johnson and Tyndall), the flood 
risk to building presents a problem that might be solvable at the installation level or with modest 
engagement from the DAF. At four of the installations (Keesler, Patrick, Robins, and Eglin), the 
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magnitude of the cost to relocate endangered buildings suggests that the DAF will have to 
engage in a more detailed assessment to determine the extent of the problem and a broader set of 
remediations than simply moving each building. Other options might involve investment in a sea 
wall to protect the whole base. Furthermore, we have focused on large-scale flood protection 
measures of buildings, but the DAF will also consider risks to other assets located in potential 
flood hazard zones critical for mission operations and performance, such as airfield assets and 
power infrastructure.  

DAF policy on flood hazard mitigation measures needs to be made in tandem with policies 
on other hazards. For instance, our assessment indicates that Patrick contains 469 buildings 
located in a flood risk area. Relocating (or reconstructing) these buildings to an area outside the 
flood risk zone provides an opportunity to rebuild them to meet higher wind speeds, which can 
help mitigate potential damages from future high-wind-speed events. Patrick, Keesler, and 
Robins are three of the four most costly installations in both the wind and flood mitigation case 
studies in this chapter. For those three in particular, a policy approach that simultaneously 
considers all hazards is essential. We note that three of the installations where would be most 
costly to implement the relocation of buildings outside the flood hazard zone are three of the four 
that are most costly to retrofit.  
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Appendix D. A Note on Alternative Probabilistic Flood Data 

After our flood analysis for this report was completed, the First Street Foundation released 
country-wide flood risk information using alternative data sources and peer-reviewed research on 
June 29, 2020. Using a comprehensive, physics-based model, these data incorporate past 
hurricane, tropical storm, nor’easter, and major inland flooding events, as well as tidal, storm 
surge, pluvial (rainfall), and fluvial (riverine) flooding.183 Other parties are still reviewing model 
outputs, and the RAND team did not obtain the underlying data to verify or validate the 
approach; however, we provide this appendix as an illustrative example of proliferating 
alternative probabilistic planning resources that could enter planning best practices in the coming 
years. 

There could be several advantages for planners to using alternative probabilistic flood data, 
like the First Street Foundation Flood Factor or subscription-based offerings from catastrophe 
modeling firms, over FEMA FIRMs. For example, these products provide 

• comprehensive, continuous nationwide coverage  
• up-to-date land use and topographic data 
• greater spatial resolution and raster-based accuracy 
• consistent, physics-based methodology (with regularly incorporated model 

improvements) 
• additional sources of flood (for example, isolated pluvial inundation) 
• broader range and greater number of probability thresholds with approximate flood 

depths 
• forecasted changes in risk over time in 15- and 30-year increments. 

There are also some caveats—most importantly, none of these alternatives are yet considered 
authoritative for land use decisionmaking or public insurance rating. We also note a key policy 
difference with outreach and engagement in their development: FEMA FIRMs require extensive 
community input and review in order for the maps to be made effective subject to amendment 
and revision. 

Flood Factor and other models are proprietary products that might require purchase for 
enterprise use; however, to illustrate the potential additional available data, we include a series of 
exports from the Flood Factor web tool for Wright-Patterson AFB, which can be compared with 
the available FEMA FIRM data in Figure D.1.  

 
183 For technical documentation, please see First Street Foundation, 2020.  
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Figure D.1. Alternative Flood Risk Methodology and Multiple AEP Event Zones for Wright 
Patterson AFB Developed by First Street Foundation 

 

SOURCE: Excerpts from First Street Foundation Flood Factor model (First Street Foundation, 2021). Used with 

permission. 
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